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PREFACE

This book covers all the recent research highlights of arrhythmogenic right ventric-
ular cardiomyopathy/dysplasia (ARVC/D), a recently discovered heart muscle dis-
ease which is a major threat to the life of affected young people. It summarizes near-
ly 25 years of investigation on the etiology, genetics, pathology, clinical features, di-
agnosis, and treatment of ARVC/D. In particular, a 5-year research program
supported by grants from both the European Community and the National Heart,
Lung and Blood Institutes has contributed to the discovery of seven disease-causing
genes, thus opening new avenues for the early identification of affected patients and
prevention of sudden death.

A Workshop was held in Venice, Italy, October 3, 2005, as part of the Venice Ar-
rhythmia Meeting, where the European and American investigators presented and
discussed several major achievements which are now reported in this book. As a re-
sult of these coordinated efforts, great advances have been made in the recognition
and understanding of the disease, which are summarized in this book.

Molecular genetics has established this cardiomyopathy as a familial disorder
caused by mutation of the genes that encode cell junction proteins, resulting in de-
fective cellular adhesion with specific immunohistochemical and ultrastructural al-
terations. Remodelling at the intercalated disk may trigger a cascade of events in-
cluding apoptotic cell death, fibrofatty replacement, and electrical instability. The
left ventricle may be involved early in the course of some genetic types of this dis-
ease. This finding alters the traditional concept of a disease confined to the right
ventricle.

Genetic screening can detect symptomatic carriers in the early stage of the dis-
ease. Magnetic resonance imaging with gadolinium permits in vivo identification of
fibrous tissue. Electroanatomic mapping can reveal areas of fibrofatty replacement
of the right ventricular myocardium. The implantable cardioverter defibrillator has
been shown to prevent sudden cardiac death. Whether it should be implanted for
secondary as well as for primary prevention is still controversial.

Screening prior to participation in competitive sports has been found to be effec-
tive for the identification of subjects at risk and is life-saving by disqualifying af-
fected individuals and avoiding competitive type effort. Sudden death of young ath-
letes declined fivefold after implementation of preparticipation screening, mainly
due to identification of ARVC/D.

A panel of experts have contributed to writing this monograph, which will be an
essential reference for clinicians and scholars in human genetics, pathology, cardiol-
ogy, and radiology as well as in forensic and sports medicine.

We would like to express our gratitude to the European Commission, Brussels,
CARIPARO Foundation, Padua, and Veneto Region, Venice, for their financial sup-
port, which made this publication possible. A special thanks is given to Chiara Car-
turan and Kathy Gear for their continuous, outstanding collaboration over the years
of these investigations.

The Editors
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The first monograph on arrhythmogenic right ven-
tricular cardiomyopathy/dysplasia (ARVC/D) was
published 10 years ago [1]. Since then, there have
been major advancements in the basic knowledge of
the disease as well as a better understanding of the di-
agnosis and treatment. A workshop was held in
Venice, Italy on October 3, 2005, where research on
various aspects of this disease, both biological and
clinical was presented.

This book has assembled contributions in the form
of a monograph rather than as the publication of Pro-
ceedings. In addition, some topics were added in a sim-
ilar format to that of the first monograph [1], which
followed a meeting on ARVC/D held in Paris in 1996.

In the last 10 years our understanding of this dis-
ease has been impressive. This is the logical conse-
quence of a research strategy with clear goals.

At the turn of the millennium, following a series of
meetings of experts from both sides of the Atlantic, it
became evident that we had to merge the expertise of
scientists and clinicians attracted by the mystery of
ARVC/D and its devastating physical and social conse-
quences into an “army”for the fight against the disease.

An International Registry was considered manda-
tory in order to collect study material and concen-
trate efforts on this rare disease [2].

It was then decided to apply for grants to the Eu-
ropean Commission (EC) and to the National Institute
of Health (NIH). Two teams were created, one in Eu-
rope coordinated by Gaetano Thiene [3] and one in
North America coordinated by Frank Marcus [4]. Uti-
lizing a similar database and having some Core Labo-
ratories in common, the two projects were initiated.
The structure was somewhat different: the European
Registry enrolled patients who were both previously di-
agnosed as well as those with the recent onset of symp-
toms, whereas the North American Registry enrolled
only newly diagnosed patients. Guidelines for diag-
nostic criteria and protocols were implemented. Ge-
netic investigation was an integral part of both studies.
Fortunately, the two projects were approved and fund-
ed for 5 years, thus allowing the start of a major inter-
disciplinary study of ARVC/D. The results exceeded our

best expectations, resulting in numerous important
publications in well-recognized cardiovascular jour-
nals. In this monograph the advances in our knowledge
will be summarized in didactic presentations.

A brief overview of the major advances is as follows:
1. The genetic background of this hereditary-famil-

ial, monogenic disease has been clarified. Despite
genetic heterogeneity with rare variants, it has
been demonstrated that both autosomal and re-
cessive forms are due to defects of genes encod-
ing desmosomal proteins of the intercalated disc:
plakoglobin [5], desmoplakin, [6] plakophilin
[7], desmoglein [8], and desmocollin [9]. This ex-
plains why the disease is now called a desmoso-
mal cardiomyopathy [10, 11]. To date, seven dis-
ease genes have been identified during the course
of the EC and NIH research projects – an unbe-
lievable achievement. Genetic screening is now
feasible for the detection of gene carriers and ear-
ly clinical diagnosis [12].

2. The pathological substrate of the disease has been
clarified at the ultrastructural level with evidence
of remodeling of intercalated disc (widening of
intercellular space with abnormal desmosomes)
[13]. These structural abnormalities can poten-
tially trigger a cascade of events following parietal
stretch (apoptotic cell death, fibrofatty replace-
ment, electrical instability). There is now evi-
dence that the left ventricle is also involved. In
some variants of the disease it has been shown
that the left ventricle is primarily affected, thus ex-
panding the previous concept that the disease is
confined to the right ventricle [14-16]. The diag-
nostic role of endomyocardial biopsy has been
improved by updating morphometric parameters.

3. Both the advantages and limitations of imaging
modalities have been clarified and are beginning
to be subjected to quantitative analysis. Magnet-
ic resonance imaging is being expanded in scope
not only to study the morphology and dysfunc-
tion of the ventricles, but also to identify tissue
composition, particularly fibrosis utilizing gadol-
inium late enhancement.

Introduction: ARRHYTHMOGENIC RIGHT 
VENTRICULAR CARDIOMYOPATHY/
DYSPLASIA CLARIFIED
Gaetano Thiene, Andrea Nava, Frank I. Marcus



4. With regard to advances in the invasive diagnos-
tic techniques, electroanatomic mapping is being
evaluated to detect areas of decreased electrical
activity, which has been found to correspond to
diffuse segmental fibrofatty atrophy [17]. This
may be important not only for the diagnosis of
the disease, but also for the identification of areas
that may be the target for catheter ablation. Nev-
ertheless, the precise diagnostic role of elec-
troanatomic mapping needs further clarification.
Also the role of ablation for treatment of ventric-
ular arrhythmias needs to be reinvestigated uti-
lizing the technique of electroanatomic mapping.

5. It is indisputable that the implantable cardiovert-
er defibrillator (ICD) has been lifesaving in pa-
tients with ARVC/D who have malignant ventric-
ular arrhythmias including hemodynamically un-
stable ventricular tachycardia [18, 19]. The efficacy
of the ICD in this setting is astonishing and recalls
the miracle of the resuscitation of Lazarus, friend
of Jesus Christ, from the tomb, painted by Giotto
in the Scrovegni Chapel in Padua, where Jesus said
“veni foras, Lazare” (John’s Gospel chapter 11, line
43-44) (Fig. 1). Whether the ICD should be em-
ployed as primary as well as for secondary pre-
vention is still controversial.

6. Primary prevention of sudden death in the young
and in athletes from ARVC/D may be possible by
lifestyle changes, particularly avoiding participa-
tion in vigorous and certainly in competitive
sports. Preparticipation screening for those who
engage in competitive sports has been shown to
be highly effective for identification of the indi-

viduals at risk, including those with ARVC/D. In
Italy, sudden death of young athletes declined five
fold after the implementation of preparticipation
screening primarily due to identification of car-
diomyopathies [20]. The recognition of ARVC/D
as a disease entity, as well as the utilization of strict
diagnostic criteria [21], accounts for this impor-
tant achievement.

7. Recent developments from in vitro and in vivo
analyses of mutated proteins in transgenic mice
are providing mechanistic explanations, with tar-
geted therapies on the horizon for affected pa-
tients [22-25].
These studies suggest that sudden cardiac death in

patients with ARVC/D may be prevented by different
approaches (Fig. 2):

2 Gaetano Thiene, Andrea Nava, Frank I. Marcus

Cardiac
ARREST

SUBSTRATE TRIGGER

Arrhythmic
MECHANISM

Curative
therapy

Sports
disqualification,

lifestyle

Implant of
defibrillator

Drug therapy,
ablation

Fig. 2 • Diagram illustrating the various levels of interven-
tions for sudden death prevention in ARVC/D

Fig. 1 • The resuscitation of
Lazarus, painted by Giotto
in the Scrovegni Chapel in
Padua (C. 1304), is com-
pared to the rescue from
cardiac arrest by ICD; ecg
tracing,courtesy of Dr.Moss
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1. Avoiding the trigger, such as strenuous exercise in
patients who are identified as having the disease
by clinical or genetic screening;

2. Preventing life-threatening arrhythmias using
drug therapy or ablation;

3. ICD implantation, an extremely effective therapy
to treat life-threatening ventricular arrhythmias
that can result in cardiac arrest.
The selection of appropriate therapy for the indi-

vidual patient awaits further investigation.
All the above-mentioned therapeutic and preven-

tive measures are palliative, not curative. The defini-
tive cure of the disease is still elusive. Cardiac trans-
plantation is employed to treat end-stage cardiac fail-
ure or for refractory electrical instability, but this
therapy is not without problems, particularly the
need to prevent acute rejection as well as allograft vas-
culopathy. Prevention of myocyte apoptotic death, in-
flammation, and fibrofatty replacement, the basic
mechanisms of myocardial injury and repair, will re-
quire understanding the pathogenetic mechanisms of
ARVC/D. At present, replacement of the defective
genes (gene therapy) is theoretically possible only by
disease identification at the early embryonic stage, with
preimplantation genetic diagnosis, an issue that raises
major ethical questions [26].

Thus, although the genetic basis of ARVC/D has
been largely clarified, there is much work to be done
to better understand the cell biology of the disease,
to know how to slow disease progression, and ulti-
mately to prevent disease transmission.

Finally, some historical notes. It was in 1961 that
Professor Sergio Dalla Volta from the University of
Padua reported cases with “auricularization of the
right ventricular pressure” with an amazing fibrofat-
ty, nonischemic pathology of the right ventricle [27].
One of those patients survived until 1995, and un-
derwent transplantation due to end-stage cardiac
failure. Interestingly, the heart specimen showed se-
vere right ventricular enlargement with a nearly nor-
mal left ventricle (Fig. 3).

Attention was focused on the disease following the
clinical description of ARVC/D by Marcus et al. in
1982 [28]. In 1988 Nava et al. elucidated the pattern
of transmission in family members [29], and Thiene
et al. discovered the disease as a previously unrecog-
nized and important cause of sudden death in the
young [30]. However, the first description of the dis-
ease can be traced to the book De Motu Cordis et
Aneurismatibus by Giovanni Maria Lancisi, published
in 1736. (Dr. Arnold Katz, personal communication)
(Fig. 4). In the 5th chapter of this book, paragraph 47,
Lancisi reported a family with disease recurrence in
four generations. Signs and symptoms were palpita-
tions, heart failure, dilatation and aneurysms of the
right ventricle, and sudden death, all features consis-
tent with the current diagnostic criteria of the disease.
Thus, we know that the disease is not new, only new-
ly investigated. Nevertheless, tremendous strides have
been made in recognition and understanding of the
disease which are summarized in this monograph.

Fig. 4 • The first description of ARVC/D was reported in this
book of Giovanni Maria Lancisi, Professor of Anatomy in
Rome, 1736

Fig. 3 • The heart specimen with ARVC/D of the original pa-
tient reported by Professor Dalla Volta in 1961. The patient
underwent cardiac transplantation 35 years later because of
right ventricular failure: note the massive dilatation of the
right ventricle and the small, normal left ventricle
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Introduction

Arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D) is a progressive cardiomyopathy
with different clinical-pathological patterns: (a)
“silent” cardiomyopathic abnormalities localized in
the right ventricle in asymptomatic victims of sud-
den death; (b) “overt” disease characterized by seg-
mental or global right ventricular structural changes,
often associated with histological evidence of left ven-
tricular involvement and underlying symptomatic
ventricular arrhythmias; and (c) “end-stage” biven-
tricular cardiomyopathy mimicking dilated car-
diomyopathy, leading to progressive heart failure and
eventually requiring heart transplantation [1]. A
scoring system to establish the diagnosis of ARVC/D
has been developed on the basis of the presence of
major and minor criteria encompassing structural,
histological, electrocardiographic, arrhythmic, and
genetic features of the disease [2].

The clinical manifestations of the disease mostly
occur between the second and fourth decade of life;
they include electrocardiographic depolarization/re-
polarization changes, arrhythmias of right ventricu-
lar origin, and structural and functional abnormali-
ties of the right ventricle. In ARVC/D, the myocardi-
um of right ventricular free wall is partially or almost
entirely replaced by fibro-fatty tissue [3-5], and in-
volves the epicardium, midmyocardium, and usual-
ly spares the subendocardium. The anterior right
ventricular outflow tract, the apex, and the inferior-
posterior wall are primarily involved [6]. Ventricular
tachycardias are thought to be due to re-entrant
mechanism, due to slow conduction within the my-
ocardiocytes embedded in fibrous tissue and fat.

Familial occurrence of ARVC/D is rather com-
mon. Evidence has been found for autosomal dom-
inant inheritance with variable penetrance in about
50% of cases [7].

ARVC/D has been reported in different human
populations [8-10], although it is not known if the dis-
ease is equally prevalent in different geographical areas.

Ten years ago, we estimated that prevalence rate
of ARVC/D in the Veneto region (northeast Italy) is
about 6:10000 [11]. This figure is probably low, be-
cause many cases escape diagnosis. In Italy, 12.5%-
25% of sudden deaths in athletes under the age of 35
are due to undiagnosed ARVC/D [12].

Two international registries have been established;
one in North America and one in Europe, to deter-
mine the clinical, pathological, and genetic features
of ARVC/D, to validate diagnostic criteria, and to de-
fine strategies for disease management and sudden
death prevention [13-15].

Since identification of the first ARVC/D locus in
1994 by Rampazzo et al. [11], ten loci have been de-
tected [11, 16-24], but only five disease genes have
been identified [22-26] (Table 1.1).

Disease Genes

The first identified ARVC/D gene in a dominant
form was ryanodine receptor-2, involved in ARVD2
[25]. In ARVD2, there is fibro-fatty substitution of
the myocardial tissue, though much less pronounced
than in the typical ARVC/D. The distinctive feature
of this form is the presence of polymorphic, effort-
induced arrhythmias. RYR2 is one of the largest hu-
man genes (105 exons), encoding a 565Kda protein
located in the membrane of smooth sarcoplasmic
reticulum. The homo-tetrameric structure known as
cardiac ryanodine receptor plays a pivotal role in in-
tracellular calcium homeostasis and excitation-con-
traction coupling in cardiomyocytes [27, 28]. All
RYR2 mutations detected in ARVD2 patients were
missense resulting in substitutions involving amino
acids highly conserved through evolution in critical
domains of the protein [25, 29].

Mutations in the human RYR2 gene have also
been associated with catecholaminergic polymor-
phic ventricular tachycardia (CPVT; OMIM 604772)
[30, 31] and familial polymorphic ventricular tachy-
cardia (FPVT); OMIM 604772) [32, 33]. Putative
pathogenic mutations in RYR2 have been reported in
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20 out 240 patients referred for long-QT syndrome
genetic testing [34].

All RYR2 mutations described to date cluster in
three specific domains: the N-terminal amino-acid
residues 176-433, the centrally located residues 2246-
2504, and the C-terminal residues 3778-4959. De-
tection of RYR2 mutations in both ARVD2 and
CPVT patients raises the question of the possible ex-
istence of a single genetic defect, different pheno-
types of which might be simply due to variable ex-
pression and incomplete penetrance. Both ARVD2
and CPVT-RyR2 missense mutations would alter the
ability of the calcium channel to remain closed. In-
tense adrenergic stimulation due to emotional or
physical stress can lead to calcium overload, thus
triggering severe arrhythmias. The functional role of
mutations R176Q, L433P, N2386I, and T2504M,
previously detected in ARVD2 patients [25], was re-
cently investigated [35]. RyR2 mutants N2386I and
R176Q/T2504M exhibited enhanced sensitivity to
caffeine activation and increased Ca2+ release, in
agreement with the current hypothesis that defective
RyR2 causes Ca2+ leak. In contrast, RyR2 L433P mu-
tation showed reduced response to caffeine activa-
tion. This mutation might be interpreted as a “loss-
of-function.” Therefore, RyR2 mutations might be
either “gain-of-function” or “loss-of-function,” thus
suggesting heterogeneity in functional consequences
of RyR2 mutations. Even with this additional infor-
mation, the question of whether ARVD2 and CPVT
are different diseases due to different mutations of
the RYR2 gene still remains unsettled.

The first disease gene linked to autosomal dominant
ARVC/D showing typical right ventricular phenotype
was Desmoplakin (DSP) [22]. In 2002, genome scan in
a family with ARVC/D indicated a linkage with a region
of chromosome 6 short arm including DSP gene. DNA
sequencing of all DSP exons in the affected persons of
this family revealed a missense mutation in exon 7
(C1176G; AGC→AGG) (Fig. 1.1). The involved amino
acid (Ser299Arg) is at the center of a coiled, charged re-
gion, separating the two short helices of DSP subdo-
main Z. The amino acid substitution suppresses a pu-
tative phosphorylation site, which, on the other hand,
is fully conserved in related proteins belonging to the
same family. This mutation is thought to disrupt a pro-
tein kinase C  phosphorylation site which is involved
in plakoglobin binding and in clustering of desmoso-
mal cadherin-plakoglobin complexes.

Desmoplakin, together with plakoglobin, anchors
to desmosomal cadherins, forming an ordered array
of nontransmembrane proteins, which bind to keratin
intermediate filaments (Fig. 1.2) [36]. The primary
structure of desmoplakin contains three functional
domains: the N-terminal, which binds to the desmo-
some via connection with plakoglobin and
plakophilin; the rod segment, which is predicted to
form a dimeric coil; and the C-terminal domain,
which binds intermediate filaments [37]. Alternative
splicing of the protein produces two isoforms, desmo-
plakin I and desmoplakin II. The cDNAs encoding
these two highly related proteins differ in a 1.8 Kbase
sequence that is missing in DSPII, most likely due to
differential splicing of a longer transcript [38].
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Locus Chromosome Gene Function Mutations References

ARVD1 14q24.3 TGFb3 Cytokine stimulating Regulatory 11, 26
fibrosis and modulating mutations in 5’
cell adhesion and 3’ UTRs

ARVD2 1q42-q43 RYR2 Calcium homeostasis Missense mutations 16, 25

ARVD3 14q12-q22 unknown – – 17

ARVD4 2q32.1-q32.2 unknown – – 18

ARVD5 3p23 unknown – – 19

ARVD6 10p12-p14 unknown – – 20

ARVD7 10q22.3 unknown – – 21

ARVD8 6p24 DSP Cell-cell adhesion Missense, nonsense 22
and splice site mutations

ARVD9 12p11.2 PKP2 Cell-cell adhesion Missense, nonsense, 23
insertion/deletion
and splice site mutations 

ARVD10 18q12.1 DSG2 Cell-cell adhesion Missense, nonsense,
insertion/deletion 
and splice site mutations 24

Table 1.1 • Known ARVC/D loci and disease-genes.
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Mutations in the desmoplakin gene have been
shown to be responsible for some cases of an auto-
somal dominant skin disorder (striate palmoplantar
keratoderma) without cardiac involvement [39-41];
a dominant form of ARVC/D without skin disease

[22]; an autosomal recessive condition characterized
by dilated cardiomyopathy, woolly hair, and kerato-
derma (so-called Carvajal syndrome) [42], an auto-
somal recessive condition characterized by ARVC/D,
woolly hair, and keratoderma [43] and a left-sided
ARVC/D named arrhythmogenic left ventricular car-
diomyopathy (ALVC) [44].

Mutations in DSP gene were detected in different
families: they include twelve missense, two nonsense,
and two splice-site mutations. In our experience, DSP
mutations may account for a considerable number of
ARVC/D cases.

In 2004, Gerull et al. [23] selected plakophilin-
2 (PKP2) as candidate gene because a homozygous
deletion caused a lethal cardiac defect in mice [45].
PKP2 gene encodes plakophilin-2, an essential pro-
tein of the cardiac desmosome. By sequencing all 14
exons of the PKP2 gene, including flanking intron-
ic splice sequences, the authors identified 25 differ-
ent heterozygous mutations (twelve insertion-dele-
tion, six nonsense, four missense, and three splice
site mutations) in 32 of 120 unrelated ARVC/D
probands [23]. Plakophilin-2 is an armadillo-relat-
ed protein, located in the outer dense plaque of
desmosomes. It links desmosomal cadherins to
desmoplakin and the intermediate filament system
(Fig. 1.2). Plakophilins are also present in the nu-
cleus, where they may play a role in transcription-
al regulation [46]. Gerull et al. [23] speculated that
lack of plakophilin-2 or incorporation of mutant
plakophilin-2 in the cardiac desmosomes might
impair cell-cell contacts and, as a consequence,

Fig. 1.1 • Family pedigree of the ARVC/D index case carrying the S299R DSP mutation and sequence electropherogram
showing the heterozygous missense mutation

Fig. 1.2 • Schematic representation of relationships between
desmosomal proteins in myocardiocytes.DSC2:desmocollin-2;
DSG2: desmoglein-2; DSP: desmoplakin; PKP2: plakophilin-2;
PKP4: plakophilin-4; JUP: plakoglobin; DES: desmin



might disrupt association between adjacent car-
diomyocytes.

The frequency of PKP2 mutations among
ARVC/D cases ranged from 11% to 43% in different
studies [47-49]. These differences might be attributed
to different geographical origin of cases or simply to
selection bias.

Recently, we decided to shift from linkage studies
in ARVC/D families to a candidate gene approach.
Thus, we screened different genes encoding desmo-
somal proteins. When analyzing DSG2 gene
(Desmoglein-2, the only isoform expressed in cardiac
myocytes), we detected nine heterozygous mutations
in eight of 50 unrelated individuals with ARVC/D
which proved negative for mutations of DSP, PKP2,
and TGFβ3 genes [24]. Among these, five were mis-
sense mutations, two were insertion-deletions, one
was a nonsense and one was a splice site mutation;
one patient had two different DSG2 mutations (com-
pound heterozygote). Endomyocardial biopsy, ob-
tained from five patients, showed extensive loss of
myocytes with fibro-fatty tissue replacement. In three
patients, electron microscopy showed intercalated
disc paleness, decreased desmosome number, and in-
tercellular gap widening [24]. Mutations in DSG2
gene were also detected in an independent study [50].
It is interesting to note that, in this study, there was
one patient with compound-heterozygous mutations
in DSG2 (Fig. 1.3).

In 2005, our group identified the gene involved in
ARVD1 [26]. The large critical interval for ARVD1 in-
cluded 40 known genes; five of them (POMT2,
KIAA0759, KIAA1036, C14orf4, and TAIL1) were
unsuccessfully screened for pathogenic ARVC/D mu-
tations [51, 52]. Among genes mapped to the ARVD1
critical region and expressed in myocardium, trans-
forming growth factor-beta3 (TGFβ3) appeared to be

a good candidate, since it encodes a cytokine stimu-
lating fibrosis and modulating cell adhesion. After
previous analyses failed to detect any mutation in the
coding region of this gene, mutation screening was ex-
tended to the promoter and untranslated regions
(UTRs). A nucleotide substitution (c.-36G>A) in
5′UTR of TGFβ3 gene was detected in all affected sub-
jects belonging to a large ARVD1 family. After the in-
vestigation was extended to 30 unrelated ARVC/D in-
dex patients, an additional mutation (c.1723C>T) was
identified in the 3’ UTR of one proband. In vitro ex-
pression assays of constructs containing the mutations
showed that mutated UTRs were twofold more active
than wild type [26].

TGFβ3 is a member of the transforming growth
factor superfamily, which includes a diverse range of
proteins regulating many different physiological
processes. TGFβ1, -β2, and -β3 are the prototype of
the TGFβ superfamily. They inhibit proliferation in
most types of cells and induce apoptosis of epithe-
lial cells. Conversely, they stimulate mesenchymal
cells to proliferate and produce extracellular matrix
and they induce a fibrotic response in various tis-
sues in vivo.

Finding TGFβ3 mutations associated with ARVC/D
is very interesting, since it is well established that
TGFβs stimulate mesenchymal cells to proliferate and
to produce extracellular matrix components. Since
mutations in UTRs of the TGFβ3 gene, detected in
ARVC/D, showed enhanced gene expression in vitro,
it is likely that they could promote myocardial fibro-
sis in vivo. Myocardial fibrosis may disrupt electrical
and mechanical behavior of myocardium and extra-
cellular matrix abnormalities may predispose to re-
entrant ventricular arrhythmias. In agreement with
this hypothesis, endomyocardial biopsy in the two
probands in which TGFβ3 UTR mutations were de-
tected showed extensive replacement-type fibrosis.
Moreover, it has been shown that TGFβs modulate ex-
pression of genes encoding desmosomal proteins in
different cell types. cDNA microarray analysis, per-
formed on RNA from cardiac fibroblasts incubated in
the presence or in the absence of exogenous TGFβs,
revealed increased expression of different genes, in-
cluding plakoglobin [53]. Yoshida et al. [54] reported
that TGFβ1 exposure of cultured airway epithelial
cells increases the content of desmoplakins I and II.
This suggests that regulation of cell-cell junctional
complexes may be an important effect of TGFβs.
Therefore, overexpression of TGFβ3, caused by UTRs
mutations, might affect cell-to-cell junction stability,
thus leading to disease expression similar to that ob-
served in ARVC/D due to mutations of genes encod-
ing desmosomal proteins.

10 Alessandra Rampazzo, Gian Antonio Danieli

Fig. 1.3 • Pedigree of the proband carrying two DSG2 mu-
tations (988G>A, 1881-2A>G). Hatched symbol represents
an individual of unknown disease status.Presence (+) or ab-
sence (-) of the DSG2 mutation is indicated
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Desmosomes are important cell-cell adhesion
junctions, predominantly found in the epidermis
and heart. They couple cytoskeletal elements to plas-
ma membrane at cell-cell or cell-substrate adhesions.
Whereas adherens junctions are linked with micro-
filaments at cell-cell interfaces, desmosomes anchor
stress-bearing intermediate filaments at sites of
strong intercellular adhesion. The resulting scaffold
plays a key role in providing mechanical integrity to
tissues such as epidermis and heart, which experience
mechanical stress. Desmosomes include proteins
from at least three distinct gene families: cadherins,
armadillo proteins, and plakins (Fig. 1.2). Desmoso-
mal cadherins include desmogleins and desmo-
collins; members of both subfamilies are single-pass
transmembrane glycoproteins, mediating Ca2+-de-
pendent cell-cell adhesion. Armadillo proteins in-
clude plakoglobin and plakophilins (PKP1-3). The
plakin family proteins include desmoplakin, plectin,
and the cell envelope proteins envoplakin and
periplakin. Desmoplakin (involved in ARVD8),
plakophilin-2 (involved in ARVD9), desmoglein-2
(involved in ARVD10), and plakoglobin (involved in
Naxos syndrome, the autosomal recessive form of
ARVC/D) are desmosomal proteins. Based on present
evidence we may conclude that different defects in
proteins of desmosomal complex lead to ARVC/D.
Therefore, additional components of the desmoso-
mal complex may be targets for pathogenic muta-
tions leading to ARVC/D.

Molecular Pathogenesis

The reported involvement of different desmosomal
proteins in ARVC/D and the discovery that some
RYR2 mutations may produce ARVD2 leads us to
propose a comprehensive hypothesis on the molec-
ular pathogenesis of ARVC/D [22]. According to this
hypothesis, the predilitation of involvement of the
right ventricle in ARVC/D might be due to greater di-
latation and thinning of its wall, in comparison with
the left ventricular free wall. Possibly, defective pro-
teins in cardiac desmosomes might impair cell-to-cell
contacts and, hence, might affect the response of ven-
tricular myocardium to mechanical stretch. This al-
teration would occur preferably in myocardial areas
subjected to high strain, like the right ventricular out-
flow tract, the apex, and subtricuspid areas.

According to present knowledge, mechanical
forces applied to adherens junctions activate stretch-
sensitive calcium channels via cadherins’ mechanical
intracellular signaling [55]. Data on stretch-activat-

ed channels in ventricular cardiomyocytes point to
the relevance of these channels in transduction of
mechanical forces into a cellular electrochemical sig-
nal, via increase of intracellular calcium concentra-
tion [56-58].

Volume overload of the right ventricle in a patient
with genetically defective intercellular junctions (as
in case of mutant plakoglobin, desmoplakin,
plakophilin, desmoglein, or TGFβ3) would produce
unusual stretching resulting in excessive calcium
load. Stretching of cardiomyocytes is known to mod-
ulate the elementary calcium release process from
ryanodine receptor release channels [59]. Therefore,
a genetically impaired response to mechanical stress
might adversely affect intracellular calcium concen-
tration and excitation-contraction coupling, thus
producing arrhythmias. On the other hand, volume
overload of the right ventricle in carriers of RYR2
mutations would cause calcium overload, because of
defective Ca++ homeostasis. The existence of a dom-
inant form of ARVC/D due to RyR2 mutations sup-
ports the hypothesis of a key pathogenic role of in-
tracellular calcium overload in the molecular patho-
genesis of the disease.

Mutation Screening

We performed mutation screening in 90 unrelated
probands fulfilling the International ARVC/D Task
Force criteria; the screening by DHPLC and subse-
quent DNA sequencing involved coding sequences of
known ARVC/D genes. Plakophilin-2 was involved in
21% of cases, desmoplakin-2 in 20%, desmoglein-2
in 11%, and TGFβ3 in 2% (unpublished results). In
46% of cases no mutation was detected. This is not
surprising, since in 50% of reported ARVC/D loci
(ARVD3, ARVD4, ARVD5, ARVD6, ARVD7) the in-
volved gene has not been identified.

In our series of patients screened for mutations,
eight compound heterozygotes were detected, sug-
gesting that this condition may be more frequent
than expected among ARVC/D patients. It is difficult
to establish whether all of these cases are compound
heterozygotes for pathogenic mutations, since it is al-
most impossible to discriminate between a rare vari-
ant with pathogenic effect and a rare DNA poly-
morphism.

Present knowledge on the molecular genetics of the
dominant forms of ARVC/D may permit detection of
asymptomatic carriers in families with ARVC/D. How-
ever, it must be noted that genotype-phenotype cor-
relations may be established only for clearly patho-
genic mutations (i.e., nonsense, frameshifts, splice-site



mutations with evidence of modified RNA length, etc.)
and once all genes reportedly involved in ARVC/D
would have been screened.

Mutation screening is time- and effort-consum-
ing. Routine methods (direct sequencing of coding
segments or DHPLC followed by DNA sequencing)
reach about 98% detection rate due to undetectable
mutations in intronic sequences or in regulatory el-
ements, or unexpected large deletions. Moreover, the
presence of compound heterozygotes carrying one
mutation in a known ARVD gene and one mutation
in a gene still unknown might produce misleading re-
sults. Therefore, genetic assessment of asymptomatic
relatives of ARVC/D patients still poses several tech-
nical, clinical, and ethical problems. However, iden-
tification of additional genes involved in dominant
forms of ARVC/D and collection of data regarding
pathogenic mutations in known genes will provide
information to establish safe protocols for genetic in-
vestigation in families with ARVC/D, genetic coun-
seling, and risk assessment.
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Introduction

Arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D) is a genetically determined
heart muscle disorder that presents clinically with
ventricular arrhythmias, heart failure, and sudden
death [1, 2]. The pathological process consists of
progressive loss of ventricular myocardium with fi-
bro-fatty replacement [2]. The right ventricle is
mostly involved [1] but presentation of disease
with predominantly left ventricular involvement
has been recently reported [3].

ARVC/D usually has autosomal dominant inher-
itance [4]. Early gene identification efforts were
hampered by low penetrance, age-related expression,
and difficulty in making an accurate diagnosis [5].
The identification of ARVC/D in Greek families
with an associated hair and skin phenotype facili-
tated recognition of the first disease-causing reces-
sive gene, a deletion mutation in plakoglobin [6] and
the subsequent finding of a C-terminal mutation in
desmoplakin in Ecuadorian families [7]. The finding
of disease-causing mutations in the desmosomal
proteins plakoglobin and desmoplakin suggested
that ARVC/D is a disease of cell adhesion and pro-
vided candidate genes for studies of autosomal dom-
inant families.

Naxos Disease

History

In 1986, an autosomal recessive cardiocutaneous
syndrome of ARVC/D associated with woolly hair
and palmoplantar keratoderma was first described
in families from the Greek island of Naxos [8], from
which the sydrome took the name of [9]. The auto-
somal recessive ARVC/D in Naxos disease is similar
to autosomal dominant ARVC/D with respect to age
and mode of clinical presentation, distribution of
right ventricular and left ventricular involvement,

electrocardiographic features, natural history, and
histopathology [10-12].

Following the initial presentation, families with
Naxos disease phenotype were reported from other
areas of the world [13-19]. In some of these families,
the cardiomyopathy presented with predominantly
left ventricular involvement and early morbidity
overlapping clinically with dilated cardiomyopathy
[13, 14]. This subtype of Naxos disease [20] was ini-
tially considered as a separate entity (Carvajal syn-
drome) [21].

Clinical Presentation

Woolly hair was a common finding in all affected
members and it appeared at birth. Diffuse kerato-
derma developed later in infancy or early childhood
over the pressure areas of palms and soles (Fig. 2.1).
Keratoderma was characterized histologically as
nonepidermolytic [22] or epidermolytic [7]. Pem-
phigous like vesicular lesions on palms, soles, and
knees developed in some patients [16].

The cardiomyopathy usually presented with
ventricular arrhythmias, electrocardiographic ab-
normalities, and structural alterations fulfilling
the diagnostic criteria for ARVC/D [23]. The
symptomatic presentation was usually with syn-
cope and/or sustained ventricular tachycardia dur-
ing adolescence and young adulthood [24]. Sudden
death was the first disease manifestation in some
cases. Heart disease progressed from the right to
both ventricles. Left ventricular involvement rang-
ing from regional hypokinesia, particularly of the
posterior wall or apex, to global dilatation and dif-
fuse hypokinesia was mostly related to the age of
patients and to the rapidity of disease progression.
Congestive heart failure developed in one fourth of
patients as an end-stage feature of severe right or
biventricular involvement [25]. In the Carvajal
variant of Naxos disease, left ventricular involve-
ment appeared during childhood, suggesting a
rapid disease evolution.
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Pathology

Cardiac pathology in patients with Naxos disease re-
vealed typical features of ARVC/D (Fig. 2.2). The right
ventricle showed extensive myocardial loss with fi-
brofatty replacement at subepicardial and mediomur-
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Fig. 2.1 • Cutaneous phenotype in a homozygous carrier
of plakoglobin mutation. Woolly hair (a), striate kerato-
derma in the palm (b), diffuse keratoderma in the plantar
areas (c)

a

b

c
Fig. 2.2 • Gross
pathology of the
heart in a 33-year-
old homozygous
carrier of plako-
globin mutation
who died in se-
vere heart failure
while waiting for
heart transplanta-
tion. (a) The right
ventricular out-
flow tract seen
from inside.Trans-
mural myocardial
loss with fatty re-
placement. (b)
Posteroapical wall
of the left ventri-
cle. Myocardial
loss with fatty re-
placement in sub-
epicardial layers

b

a
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al layers being regionally transmural with aneurysms
[26]. Strands of surviving myocytes surrounded by fi-
brous tissue were embedded within adipocytes. Lym-
phocyte infiltrates were observed particularly when
the biopsy was performed at the time of clinical pro-
gression. In patients with severe biventricular in-
volvement, the left ventricle showed extensive my-
ocardial loss with fibrofatty replacement mainly at
subepicardial layers of the postero-apical wall.

Postmortem evaluation of the heart of an adoles-
cent with Carvajal syndrome showed biventricular
involvement [21]. The right ventricle was modestly di-
lated with aneurysms in the outflow tract, apex, and
posterior wall, known as the “triangle of dysplasia”. The
left ventricle was markedly dilated with aneurysms on
the posterior and anteroseptal wall. Microscopic ex-
amination showed areas of extensive myocardial loss
and replacement fibrosis particularly in subepicardial
layers, which is identical to the pathology in ARVC/D
although without the fatty component.

Molecular Genetics

The Way to Molecular Basis

The coexistence of cardiac and cutaneous abnormal-
ities in Naxos disease suggested a common patho-
genetic defect in two embryonically unrelated tissues
[8]. The skin of the palms and soles as well as heart
muscle are almost constantly subjected to mechani-
cal stress or stretch demanding proper function of in-
tercellular junctions. The identification of a mutation
in the gene encoding plakoglobin, a key cell adhesion
protein with a wide distribution among tissues in-
cluding skin and myocardium, highlighted the patho-
genesis of ARVC/D in Naxos disease [6]. Plakoglobin
mutation led to consideration of ARVC/D as a dis-
ease potentially related to a cellular-adhesion defect.
This finding stimulated research to find other genes
encoding related proteins [27]. Since then, mutations
in other desmosomal proteins including desmo-
plakin, plakophilin-2, and desmoglein-2 have been
recognized as causative genes in families with domi-
nant ARVC/D [28-32].

Cell-Cell Junctions

Myocardial cells are differentiated bipolar cells cou-
pled at intercalated discs where adherence junctions,
desmosomes, and gap junctions are located [33]. Ad-
herence junctions and desmosomes provide me-

chanical coupling, while gap junctions serve as elec-
trical coupling. In desmosomes, plakoglobin,
plakophilin-2, and desmoplakin anchor desmin in-
termediate filaments to transmembrane desmosomal
cadherins (desmoglein and desmocollin). Plakoglo-
bin and plakophilin-2 are armadillo proteins located
at the outer dense plaque of desmosomes and bind-
ing with the N-terminal of desmoplakin and with the
C-terminal of desmosomal cadherins. Desmoplakin
is a larger dumbbell-shaped molecule which makes
up the inner dense plaque with its middle coiled rod
domain and binds via its C-terminal with desmin in-
termediate filaments [34]. Plakoglobin is the only
desmosomal protein also found at adherens junc-
tions, where it is involved in linking with the actin cy-
toskeleton of adjacent myocardial cells [35]. Signal-
ing to the nucleus and involvement in apoptotic
mechanisms have also been attributed to plakoglobin
[36]. The integrity of desmosomes is important in
maintaining the normal function of gap-junction
channels responsible for electrical coupling [37].

Recessive Mutations

To date, one plakoglobin mutation and three desmo-
plakin mutations have been implicated in recessive
ARVC/D (Table 2.1).

A 2-base pair deletion mutation in plakoglobin
(2157del2TG) was identified in 13 Greek families and
one Turkish family with Naxos disease. This deletion
causes a frameshift and premature termination of
translation resulting in a truncated protein at the C-
terminal domain [6].

A deletion mutation in desmoplakin (7901del1G)
was identified in 3 Ecuadorian families with Carva-
jal syndrome [7]. This deletion causes a premature
stop codon leading to a truncated desmoplakin miss-
ing the last domain of the C-terminal.

A missense mutation in desmoplakin (G2375R)
was identified in one Arab family from Jerusalem
[16]. This mutation leads to Gly2375Arg substitution
in the C-terminal of the protein.

A nonsense mutation in desmoplakin (C3799T)
in association with a polymorphism in plakoglobin
(T2089A) was found to cause a severe form of car-
diocutaneous syndrome in a Turkish family [19].
This mutation leads to loss of most of the desmo-
plakin isoform 1 particularly affecting the C-termi-
nal area.

Genetic investigation in two Arab families from Is-
rael and one family from Saudi Arabia with cardio-
cutaneous syndrome excluded mutations in the al-
ready-described desmosomal protein genes [15, 18].



Genotype-Phenotype

Plakoglobin Mutation

Recessive ARVC/D due to plakoglobin mutation is
100% penetrant by adolescence [23]. All homozygotes
have hair and skin phenotype from infancy (Table 2.1).
The right ventricle is always involved, initially with lo-
calized kinetic abnormalities at the triangle of dyspla-
sia: the outflow tract, posterior wall, and apex. With
disease progression, the right ventricle becomes dilat-
ed and hypokinetic. The left ventricle is involved lat-
er; 10% of patients have left ventricular involvement
by the second decade of life, while 60% of those who
survive to the fifth decade of life develop left ventric-
ular involvement. Clinical events are usually related to
episodes of sustained ventricular tachycardia of left
bundle branch block morphology. Arrhythmic storms
are accompanied by step-wise structural progression
[24]. The involved myocardium reveals myocyte loss
with fibrofatty replacement mainly at subepicardial
and mediomural layers occasionally associated with
inflammatory infiltrates [26]. On immunohistology
the signal for plakoglobin and connexin 43 (the main
gap junctional protein in ventricular myocardium) is
diminished at intercellular junctions [37].

Desmoplakin Mutations

Dominant desmoplakin mutations that cause non-
syndromic ARVC/D truncate either the N- or the 

C-terminal of the protein and result in distinctive
cardiac phenotypes [28]. When the N-terminal is af-
fected, particularly the plakoglobin binding site of
desmoplakin in the outer dense plaque, the pheno-
type is typical for ARVC/D with respect to electro-
cardiographic and structural abnormalities [29].
Truncation of the molecule in the inner dense plaque
results in a broader cardiac phenotype, occasionally
with predominantly left ventricular involvement [3].

The identified desmoplakin mutations that cause
recessive ARVC/D affect the C-terminal of the protein
at the inner dense plaque of desmosomes and result
in skin and hair phenotype similar to that of plako-
globin mutation and a broadened cardiac phenotype
(Table 2.1) [3, 7, 16, 19]. Left ventricular involvement
predominates when the mutation is predicted to disrupt
the desmin-binding site at the C-terminal of desmo-
plakin [7, 19]. More than 90% of those affected showed
left ventricular involvement by childhood or adoles-
cence and early development of heart failure [19, 38].

Histopathologic features of a heart homozygote for
7901del1G desmoplakin mutation were similar to
those of the plakoglobin mutation, although the fatty
component of the usual right ventricular replacement
process was absent [21]. The immunohistochemical
signal for plakoglobin, desmoplakin, and desmin at the
level of intercalated disks was diminished [21].

Pathogenesis of ARVC/D

Genotype-phenotype studies in recessive ARVC/D
provided insights into mechanisms of myocyte cell
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Mutation PG_2157del2(TG) DP_7901del1(G) DP_G2375R DP_C3799T,
PG_T2089A

Country of origin Greece (13), Ecuador (3) Israel (1) Turkey (1)
(No. of families) Turkey (1)

Cutaneous phenotype
Hair abnormalities WH WH WH WH
Skin disorder PPK PPK Pemphigous-like PPK 

Cardiomyopathy 

Age at earliest 
diagnosis (years) 13 8 16 3

Structural Predominantly RV Predominantly LV RV involvement Severe RV and LV
characteristics involvement involvement involvement

Major arrhythmia SVT NSVT SVT NSVT

Major clinical events SYNC, HF, SD HF, SD SD HF

HF, heart failure; LV, left ventricular; NSVT, non-sustained ventricular tachycardia; PPK, palmoplantar keratoderma; RV, right ven-
tricular; SD, sudden death; SVT, sustained ventricular tachycardia; SYNC, syncope; WH, woolly hair.

Table 2.1 • Genotype-phenotype features in recessive ARVC/D
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death and arrhythmogenesis. The observation that
physical stress causes palmoplantar keratoderma
provided a working hypothesis for myocyte cell
death in ARVC/D. The observation that the
thinnest areas of myocardium such as right ven-
tricular free wall and left ventricular posterior wall
are most often involved was considered due to
these areas being more vulnerable to physical stress
or stretch. The relation of a particular mutation to
the clinical phenotype is of interest. The left ven-
tricle is predominantly involved in desmoplakin
mutations disrupting the cytoskeletal integrity, as
are those affecting the desmin binding site at the in-
ner dense plaque [3, 7, 19]. The mutated desmin-
binding site of desmoplakin possibly affects the ar-
chitecture of intermediate filaments, resulting in a
DCM-like cardiac phenotype [26]. Plakoglobin
mutation functioning at the outer dense plaque of
desmosomes is expressed with a predominantly
right ventricular phenotype that it is also observed
in dominant ARVC/D caused by mutations in the
N-terminal of desmoplakin, plakophilin-2, and
desmoglein-2 [28-32]. Anecdotal reports suggest
that fibrous rather than fatty repair occurs with
rapidly progressive disease without being mutation
specific [26, 29].

It has been considered that the surviving my-
ocardial fibers, embedded within fibrous and adipose
tissue, alter electrical properties and provide the sub-
strate for slow conduction and re-entrant ventricu-
lar arrhythmias [1]. However, gap junction remodel-
ing may be considered as an alternative pathway to
intraventricular slow conduction enhancing the risk
of ventricular arrhythmias [37, 39].

Conclusions

Recessive ARVC/D always presents in association
with hair and skin phenotype. Woolly hair is ap-
parent from birth and palmoplantar keratoderma or
similar skin defects develop during infancy or ear-
ly childhood. Mutations in genes encoding the
desmosomal proteins plakoglobin and desmoplakin
were identified to underlie this cardiocutaneous
syndrome. The heterogeneity of cardiac phenotype
may be attributed to the location of the causative
mutation in the desmosomal plaque. In the plako-
globin mutation, functioning at the outer dense
plaque of the desmosomes, the cardiac phenotype
is that of the ordinary ARVC/D with predominant-
ly right ventricular involvement (Naxos disease).
Mutations that truncate the intermediate filament-

binding site of desmoplakin result in a cardiac phe-
notype with predominantly left ventricular in-
volvement overlapping clinically with DCM (Car-
vajal syndrome). Thus, the phenotypic spectrum of
this cell-adhesion cardiomyopathy is broader than
our previous clinical view of ARVC/D as a disease
of the right ventricle.

Acknowledgements

The work was supported by European Comunity re-
search contract #QLG1-CT-2000-01091.

References

1. Marcus FI, Fontaine GH, Guiraudon G et al (1982)
Right ventricular dysplasia: A report of 24 adult cases.
Circulation 65:384-398

2. Thiene G, Nava A, Corrado D et al (1988) Right ven-
tricular cardiomyopathy and sudden death in young
people. N Engl J Med 318:129-133

3. Norman M, Simpson M, Mogensen J et al (2005) Nov-
el mutation in desmoplakin causes arrhythmogenic left
ventricular cardiomyopathy. Circulation 112:636-642

4. Nava A, Bauce B, Basso C et al (2000) Clinical profile
and long-term follow-up of 37 families with arrhyth-
mogenic right ventricular cardiomyopathy. J Am Coll
Cardiol 36:2226-2233

5. McKenna WJ, Thiene G, Nava A et al (1994) Diagno-
sis of arrhythmogenic right ventricular dysplasia/car-
diomyopathy. Task Force of the Working Group My-
ocardial and Pericardial Disease of the European Soci-
ety of Cardiology and of the Scientific Council on
Cardiomyopathies of the International Society and
Federation of Cardiology. Br Heart J 71:215-218

6. McKoy G, Protonotarios N, Crosby A et al (2000)
Identification of a deletion in plakoglobin in arrhyth-
mogenic right ventricular cardiomyopathy with pal-
moplantar keratoderma and woolly hair (Naxos dis-
ease). Lancet 355:2119-2124

7. Norgett EE, Hatsell SJ, Carvajal-Huerta L et al (2000)
Recessive mutation in desmoplakin disrupts desmo-
plakin-intermediate filament interactions and causes
dilated cardiomyopathy, woolly hair and keratoderma.
Hum Mol Genet 9:2761-2766

8. Protonotarios N, Tsatsopoulou A, Patsourakos P et al
(1986) Cardiac abnormalities in familial palmoplantar
keratosis. Br Heart J 56:321-326

9. Luderitz B (2003) Naxos disease. J Interv Card Elec-
trophysiol 9:405-406

10. Protonotarios N, Tsatsopoulou A, Scampardonis G
(1988) Right ventricular cardiomyopathy and sudden
death in young people. N Engl J Med 319:175 (letter)

11. Fontaine G, Protonotarios N, Tsatsopoulou A et al
(1994) Comparisons between Naxos disease and ar-



rhythmogenic right ventricular dysplasia by electro-
cardiography and biopsy. Circulation 90:3233

12. Fontaine G, Fontaliran F, Frank R (1998) Arrhythmo-
genic right ventricular cardiomyopathies: Clinical
forms and main differential diagnoses. Circulation
97:1532-1535

13. Rao BH, Reddy IS, Chandra KS (1996) Familial oc-
currence of a rare combination of dilated cardiomy-
opathy with palmoplantar keratoderma and woolly
hair. Indian Heart J 48:161-162

14. Carvajal-Huerta L (1998) Epidermolytic palmoplantar
keratoderma with woolly hair and dilated cardiomy-
opathy. J Am Acad Dermatol 39:418-421

15. Djabali K, Martinez-Mir A, Horev L et al (2002) Evi-
dence for extensive locus heterogeneity in Naxos dis-
ease. J Invest Dermatol 118:557-560

16. Alcalai R, Metzger S, Rosenheck S et al (2003) A reces-
sive mutation in desmoplakin causes arrhythmogenic
right ventricular dysplasia, skin disorder, and woolly
hair. J Am Coll Cardiol 42:319-327

17. Narin N, Akcakus M, Gunes T et al (2003) Arrhyth-
mogenic right ventricular cardiomyopathy (Naxos dis-
ease): Report of a Turkish boy. Pacing Clin Electro-
physiol 26:2326-2329

18. Buhari I, Juma’a N (2004) Naxos disease in Saudi Ara-
bia. J Eur Acad Dermatol Venereol 18:614-616

19. Uzumcu A, Norgett EE, Dindar A et al (2006) Loss of
desmoplakin isoform I causes early onset cardiomy-
opathy and heart failure in a Naxos-like syndrome. J
Med Genet 43:e5

20. Protonotarios N, Tsatsopoulou A, Fontaine G (2001)
Naxos disease: Keratoderma, scalp modifications, and
cardiomyopathy. J Am Acad Dermatol 44:309-310

21. Kaplan SR, Gard JJ, Carvajal-Huerta L et al (2004)
Structural and molecular pathology of the heart in
Carvajal syndrome. Cardiovasc Pathol 13:26-32

22. Coonar AS, Protonotarios N, Tsatsopoulou A et al
(1998) Gene for arrhythmogenic right ventricular car-
diomyopathy with diffuse nonepidermolytic palmo-
plantar keratoderma and woolly hair (Naxos disease)
maps to 17q21. Circulation 97:2049-2058

23. Protonotarios N, Tsatsopoulou A, Anastasakis A et al
(2001) Genotype-phenotype assessment in autosomal
recessive arrhythmogenic right ventricular cardiomy-
opathy (Naxos disease) caused by a deletion in plako-
globin. J Am Coll Cardiol 38:1477-1484

24. Protonotarios N, Tsatsopoulou A, Gatzoulis K (2002)
Arrhythmogenic right ventricular cardiomyopathy
caused by a deletion in plakoglobin (Naxos disease).
Card Electrophysiol Rev 6:72-80

25. Basso C, Tsatsopoulou A, Thiene G et al (2001) “Pet-
rified” right ventricle in long-standing Naxos arrhyth-
mogenic right ventricular cardiomyopathy. Circulation
104:e132-e133

26. Protonotarios N, Tsatsopoulou A (2004) Naxos disease
and Carvajal syndrome: Cardiocutaneous disorders
that highlight the pathogenesis and broaden the spec-
trum of arrhythmogenic right ventricular cardiomy-
opathy. Cardiovasc Path 13:185-194

27. Schonberger J, Seidman CE (2001) Many roads lead to
a broken heart: The genetics of dilated cardiomyopa-
thy. Am J Hum Genet 69:249-260

28. Rampazzo A, Nava A, Malacrida S et al (2002) Muta-
tion in human desmoplakin domain binding to plako-
globin causes a dominant form of arrhythmogenic
right ventricular cardiomyopathy. Am J Hum Genet
71:1200-1206

29. Bauce B, Basso C, Rampazzo A et al (2005) Clinical
profile of four families with arrhythmogenic right ven-
tricular cardiomyopathy caused by dominant desmo-
plakin mutations. Eur Heart J 16:1666-1675

30. Gerull B, Heuser A, Wichter T et al (2004) Mutations
in the desmosomal protein plakophilin-2 are common
in arrhythmogenic right ventricular cardiomyopathy.
Nat Genet 36:1162-1164

31. Syrris P, Ward D, Asimaki A et al (2006) Clinical ex-
pression of Plakophilin-2 mutations in familial ar-
rhythmogenic right ventricular cardiomyopathy. Cir-
culation 113:356-364

32. Pilichou K, Nava A, Basso C et al (2006) Mutations in
desmoglein-2 gene are associated with arrhythmo-
genic right ventricular cardiomyopathy. Circulation
113:1171-1179

33. Perriard JC, Hirschy A, Ehler E (2003) Dilated car-
diomyopathy: A disease of the intercalated disc? Trends
Cardiovasc Med 13:30-38

34. Green KJ, Gaudry CA (2000) Are desmosomes more
than tethers for intermediate filaments? Nat Rev Mol
Cell Biol 1:208-216

35. Zhurinsky J, Shtutman M, Ben-Ze’ev A (2000) Plako-
globin and β-catenin: Protein interactions, regulation
and biological role. J Cell Sci 113:3127-3139

36. Brancolini C, Sgorbissa A, Schneider C (1998) Prote-
olytic processing of the adherens junctions compo-
nents β-catenin and γ-catenin/plakoglobin during
apoptosis. Cell Death Differ 5:1042-1050

37. Kaplan SR, Gard JJ, Protonotarios N et al (2004) Re-
modeling of myocyte gap junctions in arrhythmo-
genic right ventricular cardiomyopathy due to a dele-
tion in plakoglobin (Naxos disease). Heart Rhythm
1:3-11

38. Duran M, Avellan F, Carvajal L (2000) Dilated car-
diomyopathy in the ectodermal dysplasia. Electro-
echocardiographic observations in palmo-plantar kera-
toderma with woolly hair. Rev Esp Cardiol 53:1296-1300

39. Wichter T, Schulze-Bar E, Eckardt L et al (2002) Mol-
ecular mechanisms of inherited ventricular arrhyth-
mias. Hertz 27:712-739

20 Nikos Protonotarios, Adalena Tsatsopoulou



Introduction

The recent genetic discoveries in arrhythmogenic right
ventricular cardiomyopathy/dysplasia (ARVC/D) per-
mit genotype-phenotype correlation in an increas-
ing number of subjects, providing better knowledge
of the diagnostic criteria, natural history, and
ethiopathogenesis of the disease. Three different
groups of genes have been found to be linked to
ARVC/D: the ryanodine receptor-2 gene (RyR2), the
gene encoding for the growth factor TGFbeta 3 and
five genes encoding for intercellular junction pro-
teins (plakoglobin, desmoplakin, plakophilin-2,
desmoglein-2, and desmocollin-2) [1-8]. Mutations
of all these genes lead to the pathogenetic process
that is the basis of the disease, consisting of myocyte
death followed by myocardial atrophy and fibro-
fatty replacement [9, 10] (Fig. 3.1). These discover-
ies have confirmed the genetic heterogeneity of
ARVC/D [11].

In our series of patients with ARVC/D, a mutation
of a known gene can be identified in about 50% of

cases, indicating that additional disease genes have
still to be detected. Genetic analysis of affected fam-
ilies found the presence of RyR2 mutations in 28%,
of TGFbeta 3 in 4%, and a gene encoding for desmo-
somal proteins (desmoplakin, plakophilin-2 and
desmoglein-2) in 68%.

ARVC/D Linked to Mutations of RyR2 Gene

Mutations of the RyR2 gene cause effort-induced
polymorphic ventricular arrhythmias (PVA) associ-
ated with mild alterations of the right ventricle or
with normal hearts [12-16]. The RyR2 receptor is
involved in the calcium release from the sarcoplas-
mic reticulum. Mutations of this gene cause mal-
function of the receptor resulting in intracellular
calcium overload [17, 18]. The calcium overload
may induce both cellular injury that triggers apop-
tosis and electrical instability due to after-depolar-
ization potentials.

Ventricular arrhythmias are usually induced
during exercise testing and the heart rate threshold
at which they appear is different in each subject.
This heart rate can be quite low, even below
100 bpm, and these subjects are particularly at risk
of sudden death, since it is common to reach this
rate in normal life. Beta-blockers have a role in rais-
ing the heart rate threshold, thus they have a pre-
ventive effect on the onset of arrhythmias. Bauce et
al. studied eight families with RyR2 mutations [14]
(Fig. 3.2). A total of 43 subjects were found to car-
ry a RyR2 mutation; among these, 28 (65%, 13
males and 15 females; mean age 28±12 years) pre-
sented with effort-induced arrhythmic symptoms
or signs (PVA in 26 cases and isolated syncopal
episodes in 2) (Fig. 3.3). Among the 26 subjects with
PVA during exercise, 15 presented with polymor-
phic ventricular complexes, either isolated or in
couplets, whereas in ten subjects, PVA progressed to
nonsustained ventricular tachycardia (VT). In one
patient a sustained VT was induced. PVA were re-
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lated to the increased heart rate with exercise, and
each subject seemed to have a reproducible heart
rate threshold at which the PVA appeared. The av-
erage sinus rate at the onset of arrhythmias was 127
±14 bpm, and in all subjects PVA disappeared dur-
ing the first minute of recovery. In two families
sharing the same RyR2 mutation, exercise testing
did not induce polymorphic ventricular arrhyth-
mias in any subject. In these families syncope and
sudden death were the only clinical manifestations
of the disease. No patient had documented PVA or
syncopal episodes before the age of 11 years. The
comparison between arrhythmic and nonarrhyth-
mic subjects carrying RyR2 mutations did not show
any statistically significant difference regarding gen-
der and age. In nine subjects arrhythmic symptoms

22 Barbara Bauce, Andrea Nava

Fig. 3.2 • Pedigrees of
two families carrying
RyR2 mutation.Note that
in family 125 no subjects
had polymorphic ven-
tricular arrhythmias, thus
sudden death was the
only clinical manifesta-
tion. Reproduced from
[14]

Fig. 3.3 • Electrocardiographic monitoring during an exer-
cise test in a 22-year-old male with RyR2 mutation and a
family history of sudden death. As the effort increases, pre-
mature polymorphic ventricular arrhythmias appear
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were not present at the first visit and appeared dur-
ing follow-up.

The twelve-lead ECG showed normal sinus
rhythm, normal atrioventricular conduction, and
normal QT interval in all mutation carriers. The sig-
nal-averaged ECG showed late potentials in five
subjects (12%), whereas the 24-h ambulatory ECG
revealed sporadic monomorphic ventricular com-
plexes in four subjects (9%). In 17 (39%) gene mu-
tation carriers, the 2D echocardiogram showed ki-
netic alterations of the RV, whereas mild structural
abnormalities as trabecular thickening and/or high-
ly reflective moderator band were found in 26 af-
fected subjects (60%). Left ventricular volume and
kinetics were normal in all subjects. In the nine sub-
jects who underwent EP study, ventricular arrhyth-
mias were not induced, even during isoproterenol
infusion.

Beta-blocker therapy was administered to the 26
patients with exercise-induced PVA and the exercise
test showed the disappearance of PVA in 17 (65%).
In the remaining subjects, arrhythmias were trig-
gered at a higher work load; thus, the antiarrhyth-
mic drug dosage was increased. At the same time,
patients were strongly advised to avoid strenuous
physical activity. During follow-up (mean 6.5 years,
range 6 months to 14 years), no patient on antiar-
rhythmic therapy had syncopal episodes or died
suddenly.

ARVC/D Linked to Mutations of Intercellular
Junction Proteins

Among the other ARVC/D causing genes, five en-
code for the desmosomal proteins: plakoglobin
(JUP), desmoplakin (DSP), plakophilin-2 (PKP2),
desmoglein-2 (DSG2), and democollin-2 (DSC2)
[1, 3-5, 7, 8].

These proteins are localized on the cell-cell
junction and are particularly abundant in epider-
midis and heart muscle, where they play an impor-
tant role in cell rigidity and strength. While DSP,
PKP2, DSG2, and DSC2 are predominantly linked
to a form of ARVC/D transmitted with an auto-
somic dominant pattern, the ARVC/D form linked
to JUP has a recessive inheritance and the clinical
phenotype is also characterized by hair and skin dis-
orders [19].

Pathology involving intercellular junction pro-
teins seems to be the most frequent in ARVC/D
(41% in a series of 80 unrelated ARVC/D probands)
[7]. For the first time this offers the opportunity to

perform genotype-phenotype correlation in a large
series of patients in an attempt to assess if different
genes and/or different mutations of the same gene
are linked to peculiar clinical features. Studies of
families carrying different ARVC/D gene mutations
provide the opportunity to evaluate the entire clin-
ical spectrum of the disease from concealed forms to
overt ones.

In a study of four families carrying a DSP muta-
tion, Bauce et al. found 26 mutations carriers [20]. Of
these, 14 (54%) fulfilled the established diagnostic
criteria of ARVC/D [21], while 12 patients did not,
although five of them had some cardiac abnormali-
ties (Fig. 3.4). The clinical presentation included pal-
pitations in six cases, sudden death in three, syncope
in one. Two patients had chest pain with ECG ab-
normalities and increased myocardial enzymes. The
coronary arteries were normal by angiography in
both. No skin and hair abnormalities were found at
physical examination.

Abnormal 12-lead ECG’s were present in 15
(58%) of the subjects, consisting of negative T waves
in the precordial leads in 12 (46%), QRS complex
prolongation (>110 ms) in V1-V3 in seven (27%),
incomplete right bundle branch block in five (19%),
qS pattern in the inferior leads in seven (27%), low
QRS voltages in the peripheral leads in five (19%),
ST segment elevation (<2 mm) in four (15%), and
epsilon waves in two (8%). Signal-averaged ECG
showed late potentials in 11 DSP mutation carriers
(42%). Ventricular arrhythmias were recorded in 12
subjects (46%), ranging from ventricular fibrillation
to monomorphic sustained VT with left bundle
branch block morphology to nonsustained VT and
isolated monomorphic premature ventricular com-
plexes (PVCs).

Abnormal echocardiographic findings were pre-
sent in 14 (54%) DSP mutations carriers, with
right ventricular involvement in 13 and left ven-
tricular involvement in seven patients. Eight pa-
tients were treated with antiarrhythmic drugs and
two received an implantable cardioverter defibril-
lator (ICD). During follow-up (range 1 to 24 years,
median 6 years), structural progression was detect-
ed at 2D-Echo in 23% of subjects, and by
ECG/SAECG in 31. Three patients died suddenly,
two had aborted SD, and one died due to heart fail-
ure. The annual disease-related and SD/aborted
mortality were 0.028 and 0.023 patient/year, re-
spectively. In conclusion, this genotype-phenotype
correlation study confirmed that ARVC/D is a pro-
gressive disease and that family members sharing
the same mutation can show different clinical be-
havior as far as timing of disease onset and pro-



gression. Moreover, ARVC/D caused by DSP muta-
tions was found to be characterized by a high oc-
currence of SD as the first clinical manifestation
and that left ventricular involvement is not a rare
feature of the disease.

Syrris et al. published a genotype-phenotype cor-
relation study of nine families carrying PKP2 muta-
tions [22]. Among the 34 subjects with a PKP2 mu-
tation, 32 had clinical evaluation and 17 (53%) were
found to fulfil the ARVC/D diagnostic criteria. An ad-
ditional nine presented some cardiac signs of the dis-
ease. Right ventricular structural abnormalities were
present in 20 (62%), mutations carriers and abnor-
mal ECG/SAECG features in 21 (66%).

Antoniades et al. studied 22 PKP2 carriers and 26
homozygous JUP carriers and found a similar cardiac
phenotype [23]. Moreover, T-wave inversion in leads
V1-V3,right ventricular wall motion abnormalities
and frequent ventricular complexes were the most
sensitive and specific markers for identification of
mutation carriers.

The desmoglein-2 gene mutation was recently
identified by Pilichou et al., who found this gene in
8 probands (5 males and 3 females). The mean age
at diagnosis/symptom onset was 38±20 years with

a range of 11 to 63 years [7]. The clinical data
showed that the first symptom consisted of sus-
tained VT in three patients, palpitations in three,
and chest pain with increased serum markers of my-
ocardial necrosis in presence of angiographically
normal coronary arteries in one; the remaining pa-
tient was asymptomatic. In addition, skin and hair
were normal in all. There was a significant difference
in the mean age at symptom onset/diagnosis be-
tween males and females (26±13 years vs. 58±4
years, respectively, p=0.001). All patients showed
ECG abnormalities, and late potentials were detect-
ed in seven subjects. Ventricular arrhythmias were
recorded in all probands and ranged from isolated
monomorphic PVCs, nonsustained VT, and sus-
tained VT with left bundle-branch block morphol-
ogy. Abnormal echocardiographic findings were
present in all probands, with right ventricular ki-
netic abnormalities involving only one region in one
patient and ≥2 regions in the remaining seven. Left
ventricular involvement was present in half of the
patients. Family members of the two index cases
were studied and five additional subjects were found
to carry a DSG2 mutation; of these, two were clas-
sified as affected.
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Fig. 3.4 • Pedigree of one family carrying a mutation of the desmoplakin gene. Subjects II-1, and III-7, who carried the DSP
mutation, did not fulfil the diagnostic criteria. However, the former died suddenly while the latter showed PVCs at 24-h
ambulatory ECG. Reproduced from [20] with permission from Oxford University Press
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ARVC/D Linked to Mutations of TGFbeta 3 Gene

Mutations of TGFbeta 3 has been found in a small
percentage of ARVC/D patients (4%). Beffagna et
al. [6] found a proband in one family with muta-
tions of this gene. Clinical analysis of 12 TGFbeta
3 mutation carriers lead to a diagnosis of ARVC/D
in nine subjects (75%). The 12-lead ECG, SAECG,
and 2D-echo findings were similar to those report-
ed in DSP and DSG2 carriers. TGFbeta 3 is a mem-
ber of the transforming growth factor family, a
large group of regulatory cytokines that has a piv-
otal role in tissue development and homeostasis
[24]. TGFbeta 3 induces a fibrotic response in var-
ious tissues in vivo [25] by promoting expression
of extracellular matrix genes and by suppressing the
activity of genes such as matrix metalloproteinas-
es, which are involved in extracellular matrix degra-
dation [26, 27]. On the basis of this information, we
hypothesized that mutations in the TGFbeta 3 gene,
which increases expression in vitro, could promote
myocardial fibrosis in vivo.

Impact of Genetic Results on Clinical 
Evaluation of Patients with ARVC/D

Increasing knowledge of the disease from studies of
genotype-phenotype correlation should facilitate as-
sessment of the incidence of the disease, modality of
disease expression and clinical presentation, the rate
of disease progression, the incidence of sudden death
and heart failure, as well as evaluation of electrical in-
stability. In addition, it should clarify the role of im-
portant diagnostic features as the ECG, echocardio-
gram, signal-averaged ECG, and cardiac magnetic
resonance.

The prevalence of ARVC/D has been estimated to
be about 1:5000; however, the detection of several
subjects carrying a gene mutation but without clin-
ical signs of ARVC/D (healthy carriers) or with a mild
form of the disease suggests that this prevalence is
greatly underestimated, at least by 50%.

The above-cited genotype-phenotype correlation
studies confirmed that ARVC/D is characterized by
a wide clinical spectrum. Some genetically affected
patients can have no symptoms, nor ventricular ar-
rhythmias, syncopal episodes, sudden death, or chest
pain. Moreover, analysis of the age of patients at dis-
ease onset showed that the disease rarely appeared be-
fore the age of 10, whereas the majority of patients
showed clinical signs of the disease between 10 and
20 years of age. Sudden death or aborted sudden

death almost always occurred in subjects without a
previous diagnosis and rarely in already diagnosed
patients; congestive heart failure was quite rare. The
degree of arrhythmic risk is difficult to quantify;
however, our data confirmed previous observations
regarding its relation to the extent of the disease,
presence of complex ventricular arrhythmias and
episodes of the “acute phase” of the disease, that in
many cases were not predictable. Moreover, evalua-
tion of families carrying DSP and PKP2 mutations
showed that ECG/SAECG and 2D-echo finding were
normal in a significant percentage of mutation car-
riers [7, 22]. Thus these diagnostic tools may not be
helpful in disease diagnosis.

The presence of healthy carriers or of mutation
carriers that show some clinical signs of the disease
without fulfilling the diagnostic criteria, led us to re-
consider the Task Force criteria published in 1994. It
is important to stress that these criteria were estab-
lished when no genetic data on ARVC/D were known.
It is clear that additional studies on genotype-phe-
notype correlation will facilitate new diagnostic pro-
tocols. At this time there are no new clinical diag-
nostic tools available.

These new protocols should consider a scale that,
on the basis of presence of one or more criteria, could
define different degrees of severity of the disease
(mild, moderate, severe). The presence of genetic
mutations should be considered a major criterion of
the disease; consequently even a healthy genetic car-
rier should have a major criterion of the disease.

In clinically affected patients, genetic information
does not modify the clinical management; that is al-
ways related to the disease extent and the degree of
electrical instability. However, the detection of a ge-
netic mutation in a subject with no clinical signs of
the disease (so-called healthy carrier) can lead to a
difficult management decision for the physician and
the patient. The aim of management should be the
avoidance of those factors that may worsen the extent
of the disease and prevent the onset of ventricular ar-
rhythmias. At present we do not have impressive da-
ta on pejorative factors, but the hypothesis that my-
ocardial cells stretching due to strenuous physical ac-
tivity can play a role in favoring the onset or
progression of the pathologic process has been ad-
vanced. It seems reasonable to advise these subjects
to limit their physical activity. It is also advisable to
suggest frequent noninvasive clinical evaluation
(ECG, SAECG, Holter, stress test, 2D-Ecocardio-
gram) in the follow-up.

Results of genotype-phenotype studies in ARVC/D
families should help to establish appropriate clinical
management in mutations carriers.



In our experience the detection of a genetic mu-
tation in a proband or family member may pose dif-
ferent management problems depending on circum-
stances as described below:
1. Presence of an ARVC/D genetic mutation in an af-

fected proband. The proband usually has an overt
form of the disease. In this subject, genetic result
leads only to a confirmation of the disease diag-
nosis but it does not modify the clinical manage-
ment that is related to the extent of the disease
and degree of electrical instability. The degree of
electrical instability is assessed on the basis of dis-
ease extent as well as presence of sustained ven-
tricular tachycardia or previous ventricular fib-
rillation. If an ICD is indicated, we always pre-
scribe antiarrhythmic drug therapy because we
are aware that each ICD shock can create a new
scar in a myocardium that already has a patho-
logic process.

2. Detection of a genetic mutation in a subject, usu-
ally a family member, with no clinical signs of the
disease. This situation can be due to the young
age of the subject who has not yet developed the
disease or to the fact that the mutation is char-
acterized by a low expression. There are no
guidelines for management of these healthy car-
riers of the disease. Since a myocardial stretch-
ing may facilitate the onset and progression of
the disease, as also confirmed by recent studies
on animal models carrying a mutation [28], in
these kind of subjects we allow only a limited
physical activity without isotonic efforts, where-
as a competitive physical activity is always pro-
hibited.

3. Identification of a genetic mutation in a subject
with minor signs of the disease. In this case we can
assume that a mild anatomic abnormality is pre-
sent. This patient may be asymptomatic and we
strongly suggest only mild physical activity and
a systematic clinical evaluation. The detection of
ventricular arrhythmias has to lead the physician
to start an antiarrhythmic therapy and to suggest
the avoidance of physical activity. On the basis
of the degree of electrical instability, we consid-
er the choice of drugs as a pyramid, which pre-
sents at the apex the association between amio-
darone+beta-blockers, then Class I antiarrhyth-
mic drugs associated with beta-blockers, then
sotalol, and finally Class I antiarrhythmic drugs
alone.

4. Identification of a genetic mutation in family
members with an overt form of the disease (pre-
viously unknown). In these cases there is a
strong correlation between the presence of a

gene mutation and disease expression; thus, the
clinical management will be the same as that of
the proband.
In a family member who does not carry a ge-

netic mutation, genetic analysis provides a defini-
tive and rewarding answer. As a consequence, sub-
jects do not need to be followed. Moreover, they
may lead a normal life and family planning, being
assured that they will not transmit ARVC/D to
their children.

In subjects classified as affected, physical activity
must be prohibited, both in competitive as well as
noncompetitive sports. A major management prob-
lem is the detection of a genetic mutation in profes-
sional athletes, since avoidance of sports activity in
these individuals has important economic and legal
consequences. Finally, a clinical comparison among
subjects carrying different mutations has been at-
tempted, with the aim of ascertaining if these muta-
tions can be characterized by different degrees of risk
for sudden death; RyR2 mutations are always poten-
tially dangerous both in the presence or absence of ef-
fort-induced PVA. Subjects carrying this mutation
must be treated with beta blockers, which have been
shown to be effective in the majority of cases, and to
avoid physical activity.

For subjects carrying DSP, PKP2, DSG2, and TGf-
beta3 mutations, our preliminary data has not shown
significant clinical differences among the different
gene mutations; nonetheless, analysis of larger series
of patients with long follow-up may provide genet-
ic-phenotype correlations.

In conclusion, advances in the genetics of
ARVC/D has not helped the clinical management of
affected patients, since therapeutic decisions relate
to clinical features and degree of electrical instabil-
ity. At this time, we are not able to modify the dis-
ease progression with certainty. Nonetheless, genet-
ic analysis of family members allows the early de-
tection of subjects at risk of life-threatening
ventricular arrhythmias and sudden death. In these
subjects it is important to eliminate those factors
that theoretically favor the onset of the clinical dis-
ease. We do not have a clear knowledge on pejora-
tive factors, even if we hypothesize that myocardial
cell stretching due to strenuous physical activity can
favor the onset of the pathologic process. In these
subjects physical activity has to be limited or pro-
hibited; moreover, they must be followed systemat-
ically with frequent noninvasive clinical evaluations
with the aim of promptly identifying the onset of
electrical instability and in order to prevent serious
life threatening ventricular arrhythmia by antiar-
rhythmic therapy.
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Genotype-phenotype correlation studies are pro-
viding important new information that will be com-
pleted when all affected subjects are genetically char-
acterized. Moreover, long follow-up studies will pro-
vide important information that will help in
deciding the best therapeutic strategies for ARVC/D
patients.
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Introduction

According to the 1995 WHO classification, ar-
rhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D) is defined as a heart muscle
disorder characterized by progressive fibrofatty re-
placement of right ventricular myocardium, ini-
tially with typical regional and later global right and
some left ventricular involvement, with relative
sparing of the septum [1]. The residual myocytes
interspersed among adipocytes and fibrous tissue
provides the ideal substrate for re-entrant life-
threatening ventricular arrhythmias [2-8]. In 1982,
Marcus et al. [2] reported the first clinical series in
adults, pointing out the peculiar fatty “dysplasia” of
the right ventricular free wall in the absence of an
ischemic milieu. In their original series, morpho-
logic findings were obtained from 13 adult pa-
tients, 12 who had surgery and one who died be-
cause of pulmonary embolism and had postmortem
investigation. Aneurysms were described in the so-
called triangle of dysplasia, i.e., the right ventricu-
lar outflow tract, the apex, and the inferior wall.
Furthermore, a marked decrease in myocardial
fibers with myocardium usually replaced by fibro-
sis and fat was evident. In the areas of “dysplasia,”
there was thickened whitish sclerotic endocardium.
At higher magnification, hypertrophy or degenera-
tion of the few remaining myocytes with dysmor-
phic and picnotic nuclei was detected, as well as a
variable amount of histiocytic and lymphocytic in-
flammatory infiltrates.

The morphologic features of the disease have
been systematically assessed only in the late 1980s.
Thiene and collaborators [3] investigated a series of
juvenile sudden deaths that occurred in the Veneto
region in Italy and recognized that the disease is a
major cause of sudden death in the young, ranking
second only to atherosclerotic coronary artery dis-
ease. They described two distinct patterns of
ARVC/D, based upon the nature of myocardial tissue
replacement, i.e., mostly fatty tissue (fatty or lipo-

matous pattern) or fibrous and fatty tissue (fibro-fat-
ty or fibrolipomatous pattern).

In this chapter we will focus the attention on
what has been learned about the pathology of
ARVC/D, from postmortem or from endomyocar-
dial biopsy (EMB) investigation. In particular we
will deal with the gross and histologic diagnostic
criteria, to clarify the significance of fatty infiltra-
tion and to assess whether the involvement of the
right ventricle must be considered the conditio sine
qua non for diagnosing ARVC/D. The discovery of
disease-causing genes and the feasibility of genet-
ic analysis even at postmortem and/or in family
members of deceased patients is helpful to clarify
this issue.

The need to adopt strict criteria for diagnosis is
important for the forensic and the general pathol-
ogist. These criteria are also vital both for epidemi-
ologic purposes and for clinical implications, since
the identification of a genetic disease as a cause of
death represents the starting point for familial
screening and sudden death prevention. Interna-
tional Registries and tissue banks have been estab-
lished [9, 10], with the aim of providing not only
clinical but also morphologic diagnostic criteria for
ARVC/D.

Gross and Histologic Diagnosis

The pathologic diagnosis of ARVC/D in autopsy
hearts or those explanted at the time of cardiac trans-
plantation has been traditionally based upon gross
and histologic evidence of transmural fatty or fibro-
fatty myocardial replacement of the right ventricular
free wall. This could be considered a myocardial dy-
strophy, extending from the epicardium towards the
endocardium, sparing only the trabecular myocardi-
um [3-8].

Table 4.1 summarizes the main pathologic fea-
tures as observed in the original Padua series. At
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gross examination, the right side of the heart appears
yellowish or whitish suggesting fatty or fibro-fatty
replacement (Fig. 4.1). Right ventricular aneurysms,
whether single or multiple (Figs. 4.2, 4.3) are con-
sidered a pathognomonic feature of ARVC/D. The
heart weight is almost normal according to sex and
age, but right ventricular enlargement, whether mild,
moderate or severe, is a constant finding. The right
ventricular dystrophic process can be diffuse or seg-
mental, whereas left ventricular involvement may
not be seen on gross examination, thus explaining its
underestimated prevalence (see below). The ventric-
ular septum may be involved in about 20% of cases
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Fig. 4.1 • A 49-year-old woman who was transplanted due
to heart failure and refractory ventricular arrhythmias. (a) Ex-
ternal view of the native heart specimen obtained at cardiac
transplantation:note the yellow appearance of the right side
of heart. (b) In vitro spin-echo cardiac magnetic resonance,
short axis, shows massive right ventricular dilatation and
full-thickness myocardial atrophy with fatty tissue replace-
ment. (c) Panoramic histologic section of the right ventric-
ular free wall shows transmural fibro-fatty replacement
(Heidenhain trichrome)

b

c
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Fig. 4.2 • A 17-year-old boy who died suddenly while play-
ing soccer. (a) Basal 12 lead ECG shows inverted T waves in
the right precordial leads up to V4. (b) Transverse section
of the heart specimen showing extreme thinning of the
right ventricular free wall accounting for anterior and pos-
terior (subtricuspid) aneurysms. (c) Panoramic histologic
section of the anterior right ventricular free wall shows
transmural fibro-fatty replacement (fibro-fatty variant) (Hei-
denhain trichrome)
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and the left ventricle in nearly half of cases [4, 5]
(Table 4.1).

Hearts with end-stage disease and congestive
heart failure, obtained either at autopsy or at cardiac
transplantation [4, 11], consistently show biventric-
ular involvement. There are usually multiple right
ventricular aneurysms and a parchment-like appear-
ance of the free wall. Intracavitary mural thrombi
may be present and may be a source of pulmonary
embolism. Thickening of the endocardium is a fre-
quent finding, most probably as a result of fine
thrombus deposition and organization, usually in
conjunction with aneurysms and/or severe dilatation.
As a consequence, the trabeculae are shrunk and the
intertrabecular spaces appear enlarged, thus explain-
ing the feature of deep fissures at angiography. The

Fig. 4.3 • A 40-year-old man, previously asymptomatic, who died suddenly at rest. (a) In vitro spin-echo cardiac magnet-
ic resonance, four-chamber cut, shows increased high intensity signal in both ventricles, either transmural (right) or subepi-
cardial (left). (b) View of the right ventricular inflow with fatty appearance of the lateral wall, subtricuspid aneurysm and
endocardial fibrous thickening. (c) View of the postero-lateral left ventricular free wall: note the wave front extension of
fat from the epicardium towards the endocardium.(d) Panoramic histologic section of the right ventricular free wall shows
transmural fibro-fatty replacement (Heidenhain trichrome). (e) Panoramic histologic section of the left ventricular free wall
with fibro-fatty replacement in the outer layer (Heidenhain trichrome)

b c

d e

a

M/F 2/1
Age range (mean) 15-65 (28)
Mode of death or failure

Sudden death 24(80%)
Congestive heart failure 6 (20%)
Heart weight range (gr, mean) 270-660 (400)

RV aneurysms (triangle of dysplasia) 15 (50%)*
Inferior 12
Infundibular 8
Apical 6

LV involvement 14 (47%)**
Septal involvement 6 (20%)
Patchy inflammation*** 20 (67%)
Note: when considering only the fibro-fatty variant, values
are * 78%; ** 78%; and *** 100%; LV left ventricle; RV right
ventricle

Table 4.1 • Main clinical-pathologic features in 30 ARVC/D
cases



involvement of the ventricular septum with fibrous
scars is rare, and the left ventricle may have fibro-fat-
ty or fibrous scars at the mid-outer layers of the free
wall. In most severe, long-standing forms, biventric-
ular pump failure may lead to biatrial enlargement,
atrial fibrillation, and thrombosis of the atrial ap-
pendages.

Based upon the prevalent type of tissue accom-
panying the progressive myocardial atrophy, two
histopathologic variants have been identified, name-
ly fatty and fibro-fatty ARVC/D [3, 4]. In the fatty
(or lipomatous) variant, the adipose tissue reaches
the endocardium (transmural infiltration) and the
wall thickness may be normal or even increased
(“pseudo-hypertrophy”) (Fig. 4.4). However, a small
amount of fibrous tissue, usually focal, is always pre-
sent. It may be detectable only at higher magnifica-
tion and can be overlooked with limited histologic
sampling.

In the fibro-fatty variant, the wall is thinner,
parchment-like, and translucent which accounts for
the saccular aneurysms in the so-called triangle of
dysplasia, a feature that should be considered pathog-
nomonic of the disease.

At histology, in both variants, there is myocyte
death and degeneration as well as myocardial sub-
stitution by replacement-type fibrosis and fatty tis-

sue, indicating an injury and repair process (Fig. 4.5).
In two thirds of the cases, the fibro-fatty variant
shows inflammatory cell infiltrates (CD43, CD45RO,
and CD3 positive T-lymphocytes, plus some CD68
positive macrophages) associated with focal my-
ocyte necrosis, all features consistent with an in-
flammatory pathogenesis [4, 5, 12]. In the setting of
sporadic cases, these findings could suggest that
ARVC/D is a sequela of myocarditis, like some
forms of nonfamilial dilated cardiomyopathy. It is
not clear whether the presence of viruses represents
a cause and effect relationship or rather that the dis-
eased myocardium is more susceptible to viral in-
fection. Nevertheless, the inflammatory phenome-
non may trigger abrupt electrical instability and
cause arrhythmic death as well as lead to progres-
sion to heart failure and clinically mimic dilated car-
diomyopathy [4, 7, 8, 11].

Myocardial apoptosis is another potential mech-
anism of myocardial cell death and atrophy and sub-
sequent replacement by fatty or fibro-fatty tissue in
ARVC/D. Apoptosis was reported both in post-
mortem specimens [13] and in EMB samples of
ARVC/D patients [14]. In the latter report, Valente et
al. [14] demonstrated the presence of apoptotic my-
ocyte nuclei in 35% of cases and found a high apop-
totic index particularly in those patients with recent
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Fig. 4.4 • A 28-year-old man who died suddenly at rest (fatty variant). (a) Gross view of the right ventricular free wall shows
normal wall thickness with whitish appearance. (b) At histology, the almost transmural fatty tissue replacement reaches
the endocardium; spots of replacement-type fibrosis are also visible (fatty variant) (Heidenhain trichrome). (c) At higher
magnification, myocytolysis and fibro-fatty replacement are visible (haematoxylin-eosin)
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onset of the disease or with acute bursts of signs or
symptoms.

Because inflammation and apoptosis may be trig-
gered by several factors that have been implicated in
the etiopathogenesis of ARVC/D, including genetic
defects, they could both be regarded as secondary
rather than primary disease mechanisms.

The general and forensic pathologist have to be
aware that the diagnostic criteria for ARVC/D are
not fully established. Lack of appreciation of this
may lead to both over- and underdiagnosis. The
gross findings for ARVC/D in the right ventricle
may be minimal or even absent but the histopathol-
ogy can reveal typical ARVC/D findings of fibro-fat-
ty replacement, myocyte degeneration, and subepi-
cardial involvement in one or even both ventricles
[15, 16]. Therefore, microscopic findings can be di-
agnostic in the absence of macroscopic abnormali-
ties. This indicates that both ventricles should be ex-
tensively sampled histologically in all cases of sud-
den cardiac death.

Uhl’s anomaly should be distinguished from
ARVC/D [17, 18]. While this may be clinically diffi-
cult, the morphologic features of these entities are
distinct. Uhl’s anomaly, as described in the original
report in 1952, is defined as “an almost total absence
of the myocardium of the right ventricle” [17]. In this
parchment-like ventricle, the epicardium is applied
directly to endocardium without intervening fat. In
contrast, in ARVC/D there is at least a layer of fat and
fibrous tissue between the epicardial and endocardial
layers. Additional features in differential diagnosis in-
clude the lack of family history, infrequency of ar-
rhythmias, and a significantly earlier age of presen-
tation for Uhl’s anomaly in infancy.

To recapitulate, the gross and histopathological
features of ARVC/D support the use of the term my-
ocardial dystrophy, similar to that used in Duchenne’s
or Becker’s skeletal muscle dystrophies, which are al-
so genetically determined diseases characterized by
progressive and acquired muscular atrophy replaced
by exuberant fatty and fibrous tissue.

Fig. 4.5 • Histologic features of ARVC/D. (a) Contraction band myocyte necrosis and mononuclear inflammatory infiltrates
(haematoxylin-eosin). (b) Myocytolisis with early adipocytes and fibroblasts infiltration (haematoxylin-eosin). (c) Mature
fibrous tissue and fatty tissue with inflammatory reaction (haematoxylin-eosin). (d) Islands of surviving myocytes are en-
trapped within fibrous and fatty tissue (Heidenhain trichrome)
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Pure Fatty Infiltration of the Right Ventricle
vs. ARVC/D

At present, considerable importance is given to the
finding of fatty infiltration of the myocardium, since
cardiac magnetic resonance imaging has the ability to
identify adipose tissue in vivo with consequent diag-
nostic and therapeutic implications. It is still a mat-
ter of debate whether fatty infiltration of the right
ventricle per se should be considered a morphologic
hallmark of ARVC/D [19]. We must recognize that
the original distinction in two histologic variants, i.e.,
fatty and fibro-fatty, has been a source of confusion,
since it has not been sufficiently appreciated that even
in the fatty variant a certain amount of replacement-
type fibrosis and myocyte abnormalities should be
found to label it as ARVC/D [3].

Several authors reported that fat is a normal find-
ing in the heart in a large series of patients, particu-
larly at older age, and since they were not convinced
of the clinical or pathological significance of isolat-
ed fat infiltration, they concluded that this entity is
different from ARVC/D [20-24]. In particular, Burke
et al. [23] found that, in autopsy hearts of people dy-
ing suddenly with pure fatty infiltration, the right
ventricular myocardium was of normal or increased
thickness, the left ventricle was mostly normal and
there was no inflammation or myocyte atrophy.
Moreover, the authors pointed out that while up to
15% fatty replacement is distinctly abnormal in the
right ventricular outflow tract or posterior wall, it is
probably normal in the anterior wall near the apex.
Tansey et al. [24] found that 85% of hearts from peo-
ple who died of noncardiac causes contained at least
some intramyocardial fatty tissue, in the absence of
fibrosis or inflammation, with significantly more fat
replacement noted in the right ventricle of older sub-
jects and in females than in males.

Massive fatty infiltration of the right ventricle, with-
out any evidence of fibrosis and myocyte degeneration,
represents a questionable cause of sudden death and
does not have a familial tendency [21] (Fig. 4.6). In this
condition, the myocytes seem to be pushed apart
rather than replaced and they appear structurally nor-
mal. In contrast to fatty infiltration of the right ven-
tricle, both the so-called fatty and the fibro-fatty
ARVC/D variants consistently show degenerative
changes of the myocytes and nuclei, often resembling
those observed in dilated cardiomyopathy [25].

Thus, in addition to fat, two additional histolog-
ic features are essential in order to provide an un-
equivocal diagnosis of ARVC/D: (a) replacement-
type fibrosis; and/or (b) degenerative changes of the

myocytes. On this basis, it is clear that newly avail-
able cardiac imaging techniques, which are able to de-
tect not only fatty tissue deposition but also fibrous
tissue, such as cardiac magnetic resonance with
gadolinium enhancement, could play a key role in
differential diagnosis [19]. A corollary is that the find-
ing of fatty infiltration of the right ventricular my-
ocardium in the absence of wall motion abnormali-
ties should be interpreted with caution.

In a patient with sudden death, where extensive
right ventricular fatty infiltration is observed in the
heart, it would be preferable to state this finding with-
out implying a cause and effect relationship. In oth-
er words, this would not necessarily indicate that
death was due to ARVC/D [19]. If pathologists would
ascribe sudden death as due to ARVC/D based on
simple observation of adipose infiltration, there will
be a huge increase in its frequency as a cause of sud-
den death which in most instances will be totally spu-
rious, as forecast by Davies [26]. Noteworthy, a recent
forensic autopsy investigation reported an extreme-
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Fig. 4.6 • Adipositas cordis in a 46-year-old obese woman
(a) In vitro spin-echo cardiac magnetic resonance, short ax-
is cut, shows transmural high intensity signal in the right
ventricle, with preserved wall thickness. (b) Panoramic his-
tologic section of the right ventricular free wall shows in-
creased epicardial fat and finger-like fat infiltration of the
underlying myocardium, in the absence of fibrous tissue
(Heidenhain trichrome)
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ly high incidence (more than 10%) of ARVC/D in
people aged 1-65 years who died suddenly in France:
in the majority of cases there was not any evidence
of fibrous tissue replacement [27].

Nowadays, disease-causing genes are potentially
available for mutational analysis [28-33], even at
postmortem or in family members of sudden death
cases. In the reported genotyped ARVC/D forms,
due to desmosomal protein encoding genes, in
which the heart was available for morphological in-
vestigation, the specimens were characterized by
biventricular involvement, typical fibro-fatty re-
placement, myocyte death and nuclear abnormali-

ties [34-36]. Noteworthy, if cardiac arrest occurs in
the early phase of the disease, we have observed
massive myocyte injury, with early fibrous tissue re-
placement and very few adipocytes [36] (Fig. 4.7).
These data are consistent with those by Fletcher et
al. [37], who found that the pathology of ARVC/D
varies with age in both ventricles, fibrosis being the
earliest hallmark of ARVC/D in younger patients,
and fatty infiltration being more prominent in old-
er patients. Similar findings were reported in an ear-
lier histomorphometric EMB study from our group,
demonstrating a higher amount of fat in older pa-
tients [38]. Thus, the changing face of the disease

Fig. 4.7 • A 15-year-old boy, family member of a proband affected by ARVC/D due to desmoplakin mutation, who died
suddenly at rest despite negative cardiological screening. (a) 12 lead ECG with incomplete right bundle branch block. (b)
Cross section of the heart: there is no macroscopic evidence of fatty tissue infiltration or aneurysm, whereas a gray band
is evident in the subepicardial postero-lateral region. (c) Panoramic histologic view of the postero-lateral left ventricular
wall showing a subepicardial band of acute-subacute myocyte necrosis with loose fibrous tissue and granulation tissue
(trichrome Heidenhain). (d) Myocyte necrosis, myocytolysis, and polymorphous inflammatory infiltrates together with fi-
brous and fatty tissue repair are visible at higher magnification (haematoxylin-eosin)
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morphology, depending on its stage, should be tak-
en into consideration, when evaluating a case of
sudden death due to ARVC/D.

Recently, Garcia Gras et al. [39], reported their
findings with heterozygous desmoplakin-deficient
mice. They showed excess adipocytes and fibrosis in
the myocardium, increased myocyte apoptosis, car-
diac dysfunction, and ventricular arrhythmias, mim-
icking the phenotype of human fibro-fatty ARVC/D.
The authors provided evidence that expression and
nuclear localization of PPAR-γ, a major regulator of
adipogenesis, was restricted to fibrotic areas in
desmoplakin-deficient mouse hearts, suggesting a
possible origin of adipocytes from fibrocytes or pre-
fibroblasts, which are considered adipocyte progen-
itor cells, rather than cardiac myoblasts or resident
and circulating mesenchymal stem cells. This possi-
bility is strengthened by the colocalization of
adipocytes and fibrosis both in the hearts of desmo-
plakin-deficient mice and in the myocardium of hu-
man patients affected by ARVC/D.

ARVD2 [40] is an exception to the unifying hy-
pothesis that desmosomal protein abnormalities
cause ARVC/D. This is due to a defective ryanodine
cardiac receptor 2 (RYR2) gene, which regulates the
release of Ca++ from sarcoplasmic reticulum to cy-
tosol for excitation-contraction coupling. This vari-
ant is clinically characterized by effort-induced poly-
morphic ventricular arrhythmias, whereas the resting
12 lead ECG is normal. In a minority of cases, there
is mild right ventricular involvement. Pathologically,
the heart is usually normal or shows segmental right
ventricular fatty infiltration at the apex. Thus, the
question is whether this disease is truly an ARVC/D
variant [40, 41]. In an index case with effort-induced
polymorphic ventricular arrhythmias, d’Amati et al.
[42], in addition to segmental fibro-fatty replace-
ment, reported a specific morphological substrate
consisting of calcium phosphate deposits within car-
diac myocytes. Thus ARVD2 variant should be
viewed as an ion channel disease, with some sec-
ondary myocyte injury related to the underlying
molecular defect.

Left Ventricular Involvement

ARVC/D has been classically defined as a selective
disorder predominantly affecting the right ventricle
[1]. Since the early description in the 1980s, left ven-
tricular involvement has been recognized clinically
with greater and greater frequency [2, 43-45].

From the pathological point of view, several case
reports of ARVC/D with histologic abnormalities of

the left ventricle have been published [46-53], even
in the absence of heart failure.

In the Padua series, Basso et al. [4] indicated that
left ventricular free wall involvement is present in
nearly half of cases, all with a fibro-fatty pattern
(Table 4.1) (Figs. 6.2, 6.3, 6.8). Hearts with left ven-
tricular involvement were from older individuals,
were slightly heavier and more likely associated with
a clinical picture of congestive heart failure. Corrado
et al. [7] found a 76% incidence (32 cases) of left ven-
tricular involvement in a study of 42 hearts from six
European centers, all with fibro-fatty or mainly fi-
brous pattern. Fifteen showed only histologic
changes, whereas 17 had both gross and histologic ev-
idence of left ventricular involvement.

A study from Canada by Lobo et al. [54] found
that 45% of hearts of ARVC/D showed left ventric-
ular fibrous scars, although coronary atherosclero-
sis coexisted in some. In another North American
series by Burke et al. [23], microscopic subepicardial
left ventricular involvement was present in 64% of
fibro-fatty ARVC/D. In a French series of sudden
death due to ARVC/D, Fornes and colleagues [55]
reported a 40% incidence of left ventricular disease.
However, in all series a severe diffuse biventricular
involvement, mimicking dilated cardiomyopathy
requiring heart transplantation, appears to be rare.
Recently, d’Amati et al. [25], in a series of trans-
planted hearts, found grossly biventricular involve-
ment in 87% of cases with the so-called cardiomy-
opathic pattern vs. 9% of those with the “infiltra-
tive” (fatty) pattern.

To characterize the pathological features of left
ventricular involvement in this disease, Lobo et al.
[56] reviewed 17 hearts with ARVC/D, all with in-
volvement of the left ventricle, seven of whom had
evidence of left ventricular disease only at histology.
In the involved areas, the left ventricle or ventricular
septum were of nearly normal thickness. Full thick-
ness transmural fatty replacement of the left ventric-
ular myocardium was never observed nor were left
ventricular aneurysms. At histology, the myocardial
changes of the left ventricular free wall were typical-
ly subepicardial or midmural, with a greater amount
of fibrous tissue deposition as compared to the right.
On the basis of these findings, the authors conclud-
ed that pathologists may miss left ventricular in-
volvement on gross examination, thus suggesting
that multiple histological sections from the septum
and left ventricular free walls should always be taken
and observed.

There is a question of whether we should recog-
nize within the spectrum of ARVC/D a condition of
“pure” left ventricular involvement, without any ev-
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idence of right ventricular abnormalities, and
whether we should update the disease nomenclature
[57, 58]. The diagnosis of ARVC/D has been always
a challenge both clinically and at autopsy. For this
reason, standardized diagnostic criteria have been
proposed and, as far as pathology is concerned, the
presence of “transmural fatty or fibro-fatty myocar-
dial replacement of the right ventricular free wall” has
been usually considered the conditio sine qua non for
diagnosis. This could explain why several cases with
isolated left ventricular disease escaped the diagno-
sis of ARVC/D and were labeled as chronic my-
ocarditis. Interestingly, in a study of ARVC/D as a

cause of sudden death in Spain, Aguilera et al. [59]
widened the inclusion criterion, by considering
subepicardial or transmural fibro-fatty replacement
of the ventricular, either left or right, myocardium.
Based upon this definition, they found that ARVC/D
accounted for 21 out of 264 (6.8%) sudden deaths in
people less than 35 years of age. Noteworthy, it was
mostly consistent with biventricular disease (62%),
whereas isolated left ventricular or right ventricular
involvement were each present in 19% of cases.

Collett et al. [60] reported two cases of sudden
cardiac death with histopathological analysis, one
showing extensive left ventricular fibrolipomatous in-

Fig.4.8 • A 35-year-old man who died suddenly with an in vivo diagnosis of ARVC/D with biventricular involvement belonging
to a family found positive at genetic screening for desmoplakin mutation. (a) 12 lead ECG shows low voltage QRS complex-
es and inverted T waves in the lateral leads. (b) In vitro spin-echo cardiac magnetic resonance, short axis cut, shows biven-
tricular dilatation, transmural fatty infiltration of the right ventricular free wall and spots of fatty tissue in the postero-lateral
left ventricular free wall. (c) Panoramic histologic section of the right ventricular free wall transmural fibro-fatty replacement
of the myocardium (Heidenhain trichrome).(d) Panoramic histologic section of the left ventricular lateral wall: fibro-fatty with
prevalent fibrous tissue replacement is evident in the subepicardial and midmural layers (Heidenhain trichrome)
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filtration in the setting of a completely normal right
ventricle. In 1995 Okabe et al. [61] first proposed the
possibility of isolated “arrhythmogenic left ventricu-
lar dysplasia,” by reporting an unusual case of a pa-
tient who presented with ventricular tachycardia
originating from the left ventricle who had severe left
ventricular dysfunction and who eventually devel-
oped intractable heart failure. At autopsy, there was
fibro-fatty replacement confined to the left ventricle,
with normal coronary arteries. Since then there have
been other articles, mostly single case reports with
isolated or prevalent left ventricular involvement
[62-65]. Recently our group reported the autopsy
findings of a proband who died suddenly and be-
longed to a family with desmoplakin mutation, that
showed massive left ventricular myocardial injury
and only mild right ventricular involvement [36].
Soon after, Norman et al. [57] reported a family with
a desmoplakin mutation, in which the proband pre-
sented with sudden death and there was fibro-fatty
replacement of the left ventricular myocardium, thus
introducing the term of arrhythmogenic left ventric-
ular cardiomyopathy.

We must acknowledge that the left ventricle is
more commonly involved in ARVC/D than initial-
ly thought and it should be carefully studied with
pathologic investigation, both in patients dying sud-
denly and in those who die or are transplanted due
to congestive heart failure. As emphasized previ-
ously, in the few publications in which the hearts
came from genotyped patients, there was evidence
of biventricular disease, either prevalent right or
left. More often left ventricular involvement consists
of either isolated or prevalent fibrous tissue depo-
sition in the subepicardial or midmural layers, as
compared to the usual pathology from the right
side. These data suggest that the various locations
and amounts of the fibro-fatty tissue are different
expressions of the same disease entity. Therefore,
consideration should be given to the use of terms
like arrhythmogenic cardiomyopathy [66] or
desmosomal cardiomyopathy [67].

In Vivo Tissue Characterization by EMB

A definitive diagnosis of ARVC/D relies on histolog-
ical demonstration of fibro-fatty replacement of ven-
tricular myocardium and it is listed among the ma-
jor Task Force diagnostic criteria [68].

In vivo, the pathological specimens are obtained
through EMB. Right ventricular EMB is a well-es-
tablished procedure in the diagnosis of heart muscle
disease and seems to be particularly helpful in sus-

pected ARVC/D because of the peculiar topograph-
ic and histologic features of the disease. The fibro-fat-
ty replacement is almost transmural exclusively in the
right ventricular free wall, whereas the septum is usu-
ally spared and the left ventricular free wall, when af-
fected, shows involvement of the subepicardial-mid
layers. To avoid false negative results, biopsies should
not be taken from the septum, but the bioptome
should be directed to the free wall, with the potential
risk of perforation and hemopericardium. However,
clinically relevant complications from EMB sam-
pling are rare and are estimated at 1%-2%, with death
as an exceptionally rare event (less than 0.2%) [69].

In the 1994 Task Force diagnostic criteria only a
qualitative analysis of EMB samples was mentioned in
terms of fibro-fatty replacement [68]. However, we
should recognize that the histopathologic findings of
fatty or fibrous tissue in the myocardium is far from
specific, since fatty infiltration frequently occurs in the
right ventricle in the elderly and obese population
[70], and fibrosis can be observed in many cardiomy-
opathic and noncardiomyopathic conditions [71-75].

The key to diagnosis pertains to the site and
quantity rather than to quality of myocardial tissue
replacement [76]. Quantitative diagnostic parame-
ters have been established by histomorphometric
analysis of EMBs from patients with suspected
ARVC/D, dilated cardiomyopathy and controls. An-
gelini et al. [76, 77] obtained the following diagnos-
tic parameters in ARVC/D: myocardial atrophy with
residual myocytes less than 45% of the EMB cross
sectional area, fibrous tissue >40% and fatty tis-
sue>3%, with a 67% sensitivity and a 92% specifici-
ty for at least one parameter. It should be empha-
sized that the morphometric analysis was a mean of
the evaluation of all the specimens drawn from the
different sites of the right ventricle. It is known that
there is a difference in the percentage of tissue para-
meters among the different specimens, since the
disease is frequently segmental and, at times, only
one specimen can be informative (Figs. 6.9, 6.10).

In 1992, Pinamonti et al. [78] reported moderate-
severe fatty infiltration in 50% of EMBs taken from
25 ARVC/D patients, and it was associated with fi-
brosis in about half of the cases. No fat was detected
in six left ventricular EMBs, but fibrosis associated
with hypertrophy and myocyte attenuation was evi-
dent. Similar features were found in the Mayo Clin-
ic experience, who reported right ventricular EMB
findings with adequate tissue sampling in 13 affect-
ed patients [79]. Since the authors considered the
presence of abnormal amounts of adipose tissue as
diagnostic in either EMB specimens or explanted
hearts, only 54% of patients had characteristic histo-
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Fig. 4.9 • Endomyocardial biopsy findings in a proband af-
fected by a diffuse form of ARVC/D:all the three bioptic sam-
ples (a, b, c) present extensive fibro-fatty tissue replacement

b

a

c

Fig. 4.10 • Endomyocardial biopsy findings in a proband af-
fected by a localized form of ARVC/D:only two (a,c) out of four
bioptic samples have either extensive or focal fibro-fatty tissue
replacement, whereas the remaining two are normal (b, d)

a

b

c

d



logic features of ARVC/D, while in the remaining
46% only myocyte hypertrophy and interstitial fi-
brosis were detected. In four patients who had left
ventricular EMB, no fatty infiltration was evident,
and only myopathic changes were present.

In the series by Wichter et al. [80], abnormal fi-
bro-fatty or fatty tissue infiltration exceeding an
area of 25% in one or more biopsy samples, taken
from different regions of the right ventricle, was con-
sidered a diagnostic feature of ARVC/D. Based up-
on this definition, EMB resulted diagnostic in 66%
of patients, whereas it was normal in 28% and non-
specific in 6%.

Daliento et al. [38] compared EMB findings in 12
young vs. 17 adult patients with ARVC/D. By strict-
ly applying the histomorphometric criteria [76], on-
ly 25% of the young and 35% of the adult patients
would have had a histopathologic diagnosis at EMB.
No difference was found as far as the amount of my-
ocardium was concerned, whereas in the younger
group a greater amount of fibrous tissue and a low-
er amount of fatty tissue were found. In ten young
patients there were no adipocytes. The low prevalence
of diagnostic EMBs on the basis of histomorphome-
tric data may be the result of either sampling error
in segmental forms of ARVC/D or of the fact that, in
the early stages of the disease, histological abnor-
malities may be restricted to subepicardial regions
which are not accessible through EMB.

In a clinical-pathologic study correlating EMB
findings with cardiac imaging and electrocardio-
graphic data, fibrous substitution (>30%) was a sig-
nificant univariate predictor of late potentials in the
signal-averaged electrocardiogram and of reduced
right ventricular ejection fraction, whereas fatty tis-
sue, traditionally considered a more specific histo-
morphometric parameter, did not correlate with any
clinical feature [81]. This is in contrast with the find-
ings by Chimenti et al. [82], who demonstrated more
evident fatty replacement in the EMB samples taken
from the areas with more prominent morphofunc-
tional abnormalities.

To clarify the issue, we recently carried out an in
vitro EMB study by simulating endocardial sam-
pling in archival heart specimens in different sites of
the right ventricle as well as in the left ventricle [83].
According to our data, a ≤64% of residual my-
ocardium in right ventricular samples should be
considered as a diagnostic cut-off for ARVC/D, with
a sensitivity of 80% and a specificity of 90%. Mean
fatty tissue is a less reliable diagnostic histologic pa-
rameter, since there are no statistically significant dif-
ferences when comparing ARVC/D vs. the adipositas
cordis and the elderly, whereas fibrous tissue is in-

creased both in ARVC/D and in dilated cardiomy-
opathy. When considering the sampling site from the
right ventricular apex, the amount of fatty tissue in
ARVC/D is higher than in dilated cardiomyopathy,
but no significant differences are found vs. controls,
adipositas cordis and the elderly, thus indicating that
fatty tissue is mostly nonspecific, particularly at the
apex, whereas the residual myocardium and fibrous
tissue appear the most relevant diagnostic parameters.
Finally, no significant differences were found among
the groups when considering the septum and the left
ventricle, clearly confirming that septal and left ven-
tricular EMB are not useful for diagnostic purposes
in ARVC/D. Although histomorphometric evaluation
is mandatory, a careful qualitative assessment of resid-
ual myocytes as well as of characteristics of fibrosis
and adipocytes may be also of help and sometimes
crucial to the final correct diagnosis (Fig. 4.4).

EMB for Differential Diagnosis Between ARVC/D and
Other Arrhythmias with Right Ventricular Origin

EMB can aid in the differential diagnosis between
ARVC/D and other diseases that can mimic ARVC/D,
such as dilated cardiomyopathy, myocarditis, and id-
iopathic right ventricular outflow tract tachycardia.

Nava et al. [84] first demonstrated the role of
EMB in revealing concealed forms of ARVC/D as a
cause of apparently idiopathic ventricular arrhyth-
mias, since they observed myocardial atrophy with fi-
brous-fatty substitution by right ventricular EMB.
Recently, by correlating abnormal voltage mapping
with myocardial atrophy and fibrofatty replacement
at EMB, we also confirmed an underlying segmental
form of ARVC/D at risk of life-threatening events in
a subgroup of patients with apparently idiopathic
right ventricular outflow tract tachycardia [85].

Chimenti et al. [82] found that only 30% of pa-
tients with sporadic ARVC/D had diagnostic histo-
logic features of ARVC/D at EMB, while the major-
ity had myocarditis according to Dallas criteria. That
myocarditis can mimic the clinical picture of
ARVC/D was also reported recently by our group in
a study comparing CARTO electroanatomic map-
ping with EMB features [86]. The differential diag-
nosis is important, since prognosis and treatment are
different.

Sarcoidosis deserves special mention because af-
fected patients may present with clinical and mor-
phological features of ARVC/D, including typical
ECG features like epsilon wave and left bundle
branch block ventricular tachycardia [87-89]. Re-
cently, Koplan et al. [89] reported a series of eight pa-
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tients with recurrent monomorphic ventricular
tachycardia due to cardiac sarcoid, two of whom had
a previous presumptive diagnosis of ARVC/D. A dif-
ferential diagnosis by EMB is important, since treat-
ment with corticosteroids may benefit patients with
sarcoidosis, although results of this therapy remain
controversial.

Idiopathic giant cell myocarditis may be con-
fused with sarcoidosis, although the former is a much
more fulminant disease. Okura et al. [90] recently
compared the two entities and found that both con-
ditions frequently had ventricular tachycardia, al-
though a longer duration of symptoms and the pres-
ence of heart block should suggest sarcoidosis.

EMB to Validate Cardiac Imaging Techniques for Tissue
Characterization

EMB is the only tool available for in vivo tissue char-
acterization of the right ventricular free wall. How-
ever, it is an invasive procedure which carries a cer-
tain risk of complications, thus raising ethical con-
cerns. For these reasons, efforts have been made to
identify an alternative diagnostic tool able to provide
an in vivo tissue characterization and EMB has been
used as the reference standard to validate the sensi-
tivity and specificity.

Among imaging techniques, cardiac magnetic
resonance has been first employed for differentiat-
ing fatty tissue from normal myocardium, through
spin echo T1-weighted pulse sequences, but its di-
agnostic accuracy remains uncertain [91]. Our
group first compared the diagnostic accuracy of
EMB vs. spin echo cardiac magnetic resonance in pa-
tients with the clinical diagnosis of ARVC/D and we
found that EMB sensitivity was higher than that of
spin echo magnetic resonance (89% vs. 56%) in di-
agnosing ARVC/D [92]. More recently, the addi-
tional diagnostic value of cardiac magnetic reso-
nance has been shown using delayed-enhancement
after contrast medium gadolinium administration in
order to evaluate the presence of fibrous tissue re-
placement. To this regard, Tandri et al. [93] report-
ed an excellent correlation between delayed-en-
hancement magnetic resonance and histopatholog-
ic findings on EMB. This resulted in the superiority
of the former technique in diagnosing ARVC/D,
since it can reveal segmental forms, which could be
not be detected by EMB due to sampling error, as
well as left ventricular involvement. The latter find-
ing is important, since left ventricular involvement
may not be detected by EMB due to subepicardial-
midwall location of fibro-fatty replacement.

Finally, we demonstrated the value of three-di-
mensional electro-anatomic voltage mapping for the
diagnosis of ARVC/D, by showing that right ventric-
ular fibro-fatty myocardial replacement at EMB cor-
responds to positive CARTO mapping with low volt-
age areas [85].

In conclusion, EMB is a relatively safe interven-
tional procedure, which is useful to assess and di-
agnose ARVC/D. However, since it is an invasive
procedure, we must consider ethical and legal issues
when advising the procedure. EMB can be useful in
patients presenting with ventricular arrhythmias
when a diagnosis of ARVC/D is suspected but not
established with other noninvasive techniques. Both
the clinician and the pathologist should appreciate
that the interpretation of EMB specimens requires
knowledge of the patient’s clinical history as well as
the location of the biopsy. The recognition of
ARVC/D and the differential diagnosis with other
diseases, such as myocarditis and sarcoidosis, influ-
ences the type of therapy, risk stratification, and
prognosis.
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Introduction

Significant progress has been made in identifying sin-
gle gene mutations responsible for causing human car-
diomyopathies. Although many of these monogenic
cardiomyopathies are rare, insights into pathogenesis
by identification of the responsible mutations can
provide clues about mechanisms in more common
forms of heart disease. We have studied a group of hu-
man cardiomyopathies caused by mutations in genes
encoding proteins that function as linkers in cell-cell
adhesion junctions. These heart diseases, which we
have termed cell-cell junction cardiomyopathies, are
caused by mutations in intracellular proteins that link
adhesion molecules at adherens junctions and desmo-
somes to the myocyte cytoskeleton. Among the genes
implicated in these diseases are those encoding desmo-
plakin, plakoglobin, and plakophilin-2. These muta-
tions have both dominant and recessive patterns of in-
heritance and are associated with clinical phenotypes
of arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D) or dilat cardiomyopathy (DCM),
with or without hair and skin abnormalities [1]. Com-
mon features of the cell-cell junction cardiomy-
opathies are a high incidence of syncope, ventricular
arrhythmias, and sudden cardiac death. This observa-
tion suggests that alterations in intercellular adhesion
caused by defects in cell-cell mechanical junctions may
create anatomic substrates that are particularly con-
ducive to the development of lethal ventricular ar-
rhythmias. Our work in this area has focused on the
hypothesis that defective mechanical linkage in the
cell-cell junction cardiomyopathies causes remodeling
of gap junctions, which, in turn, can give rise to con-
duction abnormalities that may contribute to the high
incidence of sudden death in these patients.

Electrical Coupling at Gap Junctions in the Heart

Cardiac muscle is not a true electrical syncytium.
Rather, it is composed of individual cells, each in-

vested with a continuous lipid bilayer which provides
a considerable degree of electrical insulation. Elec-
trical activation of the heart requires intercellular
transfer of current, a process that can only occur at
gap junctions [2]. Thus, the number, size, and distri-
bution of gap junctions are important determinants
of impulse propagation in cardiac muscle. Further-
more, alterations in the structure or function of gap
junctions can give rise to conduction disturbances
that may contribute to arrhythmogenesis.

There is an intimate structural, functional, and
spatial relationship between gap junctions and me-
chanical junctions in cardiac myocytes. Cardiac my-
ocytes are connected by extremely large intercellular
junctions, which, presumably, have evolved to sub-
serve the specialized electrical and contractile func-
tion of these cells. For example, because cardiac my-
ocytes contract, they require more extensive and ro-
bust adhesion junctions than noncontractile cells in
other solid organs. It is no surprise, therefore, that ad-
herens junctions and desmosomes, organelles re-
sponsible for physically connecting one cardiac my-
ocyte to another, are highly concentrated at the ends
of individual cells where they form elaborate com-
plexes that can be readily identified at the light mi-
croscopic level of resolution and which have been giv-
en a specific name – the intercalated disk. Intercalat-
ed disks are composed mainly of arrays of adherens
junctions, each located at the end of a row of sar-
comeres. These junctions act as bridges which link
actin filaments within sarcomeres of neighboring
cells. Interspersed among the adherens junctions are
desmosomes, which also provide mechanical coupling
and link cell-cell adhesion junctions to desmin fila-
ments of the cytoskeleton. Because electrical activa-
tion of the heart requires intercellular transfer of cur-
rent, cardiac myocytes also have a special requirement
for extensive electrical coupling. Indeed, gap junctions
interconnecting ventricular myocytes are among the
largest in living systems, presumably reflecting a need
for many low-resistance electrical communicating
channels between cells to ensure safe conduction.
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However, membrane regions containing gap junc-
tions are rigid and nonfluid because of the high con-
centration of protein within the lipid bilayer, and as
a result, these regions are vulnerable to shear stress. It
is no surprise, therefore, that gap junctions in cardiac
myocytes are located at intercalated disks where they
are virtually surrounded by mechanical junctions.
Presumably, these mechanical junctions act like “spot
welds” to create membrane domains that are protect-
ed from shear stress caused by contractile activities of
neighboring cells and which facilitate assembly and
maintenance of large arrays of intercellular electrical
channels. On the basis of these and related observa-
tions, we have proposed that the extent to which car-
diac myocytes can become electrically coupled de-
pends on their degree of mechanical coupling [3]. As
shown in Fig. 5.1, this hypothesis provides a mecha-
nistic link between contractile dysfunction and elec-
trical dysfunction in the cell-cell junction cardiomy-
opathies. A genetic defect in a protein in cell-cell ad-
hesion junctions may lead to unstable mechanical
linkage between cells and/or discontinuities between

cell-cell junctions and the cardiac myocyte cytoskele-
ton. Such defective mechanical linkage may lead to di-
minished force transmission which, in turn, can lead
to myocyte injury, tissue remodeling, and a clinical
picture characterized by contractile dysfunction and
cardiomyopathy. In addition, abnormal mechanical
linkage can destabilize the sarcolemmas of adjacent
cells. This may lead to gap junction remodeling which
could contribute to slow conduction, arrhythmias,
and sudden death in patients with cell-cell junction
cardiomyopathies. As briefly presented below, we have
tested this hypothesis through multiple approaches.
First, we have characterized the distribution of inter-
calated disk proteins in cardiac tissues from patients
and have shown that, as a general rule, the cell-cell
junction cardiomyopathies are associated with re-
modeling of gap junctions. Second, we have identified
electrophysiological phenotypes in genetically engi-
neered mouse models of the human cardiomy-
opathies. Third, we have elucidated signaling path-
ways that coordinately regulate expression of me-
chanical and electrical junction proteins in cardiac
myocytes in response to mechanical stress.

Altered Expression and Distribution of Cell-Cell
Junction Proteins in Human Cardiomyopathies

To test the hypothesis that defects in the adhesion
junction-cytoskeleton network disrupt gap junctions,
we analyzed ventricular tissues from patients with
Naxos disease, a cardiocutaneous syndrome consist-
ing of the clinical triad of woolly hair, palmoplantar
keratoderma, and ARVC/D [4]. Patients with Naxos
disease are readily identified early in life because of
the distinctive cutaneous features (the disease is
100% penetrant) [5, 6]. Naxos disease is associated
with a particularly high incidence of sudden cardiac
death. Approximately 60% of affected children pre-
sent with syncope and/or aborted sudden death, and
the annual risk of arrhythmic death is 2.3% [6]. Nax-
os disease is caused by a recessive mutation in the
gene encoding plakoglobin [7]. The mutation is a
deletion of nucleotides 2157 and 2158 which causes
a frame-shift resulting in premature termination and
expression of a truncated protein lacking 56 residues
at the C-terminus [7]. We characterized the distrib-
ution of cell-cell junction proteins in fixed ventricu-
lar tissues from autopsy of Naxos disease patients us-
ing confocal immunofluorescence microscopy, and
also performed immunoblotting analysis on frozen,
unfixed cardiac tissue from an affected child who
died of acute leukemia before overt clinical or patho-
logical evidence of ARVC/D had developed. Im-
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Linking Electrical and Contractile Dysfunction in the
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Fig. 5.1 • A flow chart illustrating a proposed mechanism
linking electrical and contractile dysfunction in the cell-cell
junction cardiomyopathies
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munoreactive signal for plakoglobin, the mutant
protein in Naxos disease, was dramatically reduced at
intercalated disks in both ventricles from all Naxos
disease patients whereas signals for N-cadherin,
desmoplakin and desmocollin-2 appeared to be nor-
mal (Fig. 5.2) [4]. There was also a striking reduction
in the amount of junctional signal for connexin43
(C×43), the major ventricular gap junction protein,
in both the right and left ventricles in Naxos disease,
including the individual who died before ARVC/D
had become manifest clinically or pathologically
(Fig. 5.2) [4]. Electron microscopy revealed smaller
and fewer gap junctions interconnecting ventricular
myocytes, providing independent evidence of gap
junction remodeling. Immunoblotting revealed that
truncated plakoglobin was expressed abundantly in
the myocardium even though it failed to localize nor-
mally at intercellular junctions. Similarly, although
C×43 signal at gap junctions was dramatically re-
duced, total C×43 protein content assessed by im-
munoblotting showed little or no reduction. How-
ever, the highly phosphorylated P2-isoform of C×43,
which is selectively located in the junctional pool, was
missing [4]. These observations suggest that remod-
eling of gap junctions in Naxos disease is not related
to changes in C×43 expression per se, but rather to an
inability to assemble and/or maintain large gap junc-
tion channel arrays. The degree of gap junction re-
modeling observed in Naxos disease patients is suf-
ficient to cause conduction slowing, which could
contribute to the characteristic widening of the QRS
complex in the right precordial leads. Although un-
coupling at gap junctions may not, by itself, cause ar-
rhythmias, it could produce a substrate that pro-
motes arrhythmias when combined with a “second

insult” such as the pathological changes in the right
ventricle in ARVC/D.

We have also characterized the distribution of
cell-cell junction proteins in Carvajal syndrome, a car-
diocutaneous syndrome characterized by woolly hair,
palmoplantar keratoderma, and a diffuse cardiomy-
opathy that is distinct from ARVC/D [8]. Complex
ventricular arrhythmias and conduction disturbances
are prominent in Carvajal syndrome. Affected chil-
dren usually die before the age of 20, apparently due
to both pump dysfunction and lethal arrhythmias [8].
Carvajal syndrome is caused by a recessive single nu-
cleotide deletion mutation in desmoplakin leading to
a premature stop-codon and truncation of the C-ter-
minal desmin-binding domain [9]. We described the
pathology of Carvajal syndrome and analyzed the dis-
tribution of cell-cell junction proteins in the heart of
an 11-year-old girl from Ecuador [10]. The heart was
markedly enlarged. The left ventricle was widely di-
lated and showed shallow posterior and antero-sep-
tal aneurysms with mural thrombosis (Fig. 5.3). The
right ventricle also showed discrete aneurysms in-
volving inferior, atypical, and infundibular regions
(Fig. 5.3). Interestingly, these same right ventricular
areas also show the greatest abnormalities in ARVC/D
(the so-called triangle of dysplasia), but there was no
gross or microscopic evidence of fatty replacement of
right or left ventricular muscle in Carvajal Syndrome.
Confocal microscopy revealed that immunoreactive
signals for both desmoplakin (the mutant protein)
and plakoglobin were markedly diminished at inter-
calated disks, presumably reflecting altered interac-
tions between these two binding partners [10]. The
intermediate filament protein desmin was distributed
in a normal sarcomeric pattern but it failed to local-

Fig. 5.2 • Representative confocal microscopy images of left ventricle from control and Naxos disease stained with specific
antibodies against selected intercellular junction proteins



ize properly at intercalated disks. This indicates that
interactions between desmin and desmoplakin are
disrupted in Carvajal Syndrome, which, according to
our hypothesis, would cause remodeling of gap junc-
tions. As predicted, C×43 signal at junctions was
markedly diminished. These results provide further
evidence that abnormal protein-protein interactions
at intercellular junctions cause both contractile and
electrical dysfunction in Carvajal Syndrome.

Taken together, our studies of human cell-cell
junction cardiomyopathies have led to two major
conclusions: (1) remodeling of gap junctions is a con-
sistent and prominent feature of the cell-cell junction
cardiomyopathies, and (2) specific patterns of ab-
normal localization of mechanical junction proteins
at intercalated disks correlate with cardiomyopathy
disease phenotypes.

Mouse Models of Human Cardiomyopathies

Delineation of structural and molecular pathology in
human tissues is essential to understanding the cell-
cell junction cardiomyopathies; yet to elucidate mech-
anisms of disease, we have turned to analysis of mouse
models.

The first mouse line we characterized was a mod-
el of human desmin-related cardiomyopathy created
by X.J. Wang in the laboratory of Jeffrey Robbins
[11]. We were attracted to this model because we an-
ticipated that it might exhibit altered desmin-desmo-
some interactions and, therefore, recapitulate Carva-
jal syndrome. Human desmin-related skeletal and
cardiomyopathies have been attributed to a 7-amino
acid deletion mutation (R173-E179) and several mis-
sense mutations in desmin. To determine whether the
R173-E179 deletion was sufficient to cause desmin-
related cardiomyopathy, Wang et al. [11] produced
transgenic mice with cardiac-specific expression of
the 7-amino acid deletion mutation in desmin (D7-
des) implicated in the human disease. In their initial
description of this model, they showed that D7-des
mice exhibit features of human desmin-related car-
diomyopathy including intracellular accumulation of
desmin, disruption of the desmin filament network,
misalignment of myofibrils, and diminished respon-
siveness to α-adrenergic agonist stimulation [11].

To test the hypothesis that expression of D7-des
disrupts the linkage between desmosomes and the cy-
toskeleton and leads to remodeling of gap junctions,
we characterized the expression and localization of in-
tercellular junction proteins and searched for an elec-
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Fig. 5.3 • Gross photographs of the right (a, b) and left (c-e) sides of the heart in Carvajal syndrome. Both ventricles con-
tained discrete regions of aneurysmal wall thinning.Affected areas included the subtricuspid posterior right ventricle (tran-
silluminated area in b), the posterior basal portion of the left ventricle (area marked by asterisk in d), and the antero-sep-
tal portion of the left ventricle which was lined by a mural thrombus (e)
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trophysiological phenotype [12]. As predicted by stud-
ies of the human cell-cell junction cardiomyopathies,
C×43 signal at intercalated disks was decreased by ap-
proximately threefold in D7-des hearts due to signifi-
cant reductions in both the number and mean size of
individual gap junctions (Fig. 5.4). The amount of im-
munoreactive signal at intercalated disks was also re-
duced significantly for selected adhesion molecules
and linker proteins of both desmosomes and adherens
junctions, and desmin-desmosomal interactions were
completely disrupted [12]. Quantitative electron mi-
croscopy showed decreased gap junction density in
D7-des mice, providing independent evidence of gap
junction remodeling, but immunoblotting showed no
reduction in the total tissue content of C×43 and me-
chanical junction proteins. These observations are
consistent with findings in Naxos disease, suggesting
that diminished localization of cell-cell junction pro-
teins at intercalated disks is not due to insufficient pro-
tein expression but, rather, to failure of these proteins
to assemble properly within electrical and mechanical
junctions. We also showed, using optical mapping, that
remodeling of gap junctions in D7-des mice slows ven-
tricular conduction [12]. These results indicate, there-
fore, that a defect in a protein conventionally thought
to fulfill a strictly mechanical function in the heart can
also lead to electrophysiological alterations that may
contribute to arrhythmogenesis.

Mechanisms Regulating Expression of Cell-Cell
Junction Proteins in Response to Mechanical
Load

To elucidate mechanisms regulating expression of in-
tercellular junction proteins, we developed an in vit-
ro system in which monolayers of neonatal rat ven-

tricular myocytes are grown on silicone membranes
and subjected to uniaxial pulsatile stretch [13]. Im-
position of this mechanical load rapidly induces a hy-
pertrophic response which can be rigorously quanti-
fied and characterized. An important feature of this
response is a marked increase in C×43 expression and
enhanced intercellular coupling. After only 1h of
stretch (110% of resting length at 3 Hz), expression
of C×43 is increased by approximately twofold, re-
sulting in a significant increase in both the number
of gap junctions and the velocity of impulse propa-
gation [13]. We have shown previously that upregu-
lation of C×43 expression is mediated by stretch-in-
duced secretion of vascular endothelial growth fac-
tor (VEGF) which acts in an autocrine fashion [14].
Incubation of cells with exogenous VEGF for 1h in-
creases C×43 expression by an amount roughly equal
to that seen after 1h of pulsatile stretch. Moreover,
stretch-induced upregulation of C×43 expression
can be blocked by stretching cells in the presence of
anti-VEGF or anti-VEGF receptor antibodies.

To determine whether stretch-induced formation
of new gap junctions requires concomitant assembly
of new mechanical junctions, we measured changes in
mechanical junction protein expression in cells sub-
jected to stretch [15]. The amounts of plakoglobin,
desmoplakin, and N-cadherin at cell-cell junctions all
increased by at least twofold in myocytes subjected to
1h of pulsatile stretch (Fig. 5.5). However, VEGF se-
cretion plays no role in this process. For example, ad-
dition of exogenous VEGF does not affect plakoglo-
bin, desmoplakin, or N-cadherin expression, nor is
stretch-induced upregulation of these proteins
blocked by anti-VEGF antibodies. To further define
the responsible mechanisms, we studied the role of fo-
cal adhesion kinase (FAK), which is phosphorylated
in response to integrin engagement and activates

Fig. 5.4 • Representative confocal immunofluorescence images showing the amount of C×43 immunoreactive signal at
cell-cell junctions in left ventricular myocardium from a nontransgenic control mouse (Con),a transgenic mouse expressing
wild-ype desmin (WT-des), and a transgenic mouse expressing D7-des



multiple intracellular signaling molecules including
src kinase. We infected cardiac myocytes with an ade-
novirus containing GFP-FRNK, a GFP-tagged domi-
nant-negative inhibitor of FAK-dependant signaling,
and then subjected cells to pulsatile stretch [15].
FRNK blocked stretch-induced upregulation of both
electrical (C×43) and mechanical (N-cadherin,
desmoplakin, and plakoglobin) junction proteins. In-
fection of cells with virus expressing GFP alone had
no effect. Addition of exogenous VEGF to FRNK-in-
fected cells upregulated expression of C×43 but not
mechanical junction proteins. Conditioned medium
removed from uninfected cells after 1h of stretch in-
creased C×43 expression when added to nonstretched
cells, and this effect was blocked by anti-VEGF anti-
bodies, but stretch-conditioned medium from FRNK-
infected cells had no effect on C×43 expression. Thus,
secretion of VEGF in response to stretch requires ac-
tivation of FAK. Finally, the src kinase inhibitor PP2
blocked stretch-induced upregulation of mechanical
junction proteins but not C×43 [15]. These results in-
dicate that mechanical load regulates expression of
both electrical and mechanical junctions proteins, but

by disparate mechanisms. C×43 expression is regu-
lated by autocrine actions of chemical mediators se-
creted during stretch, whereas adhesion junction pro-
teins are regulated by intracellular mechanotrans-
duction pathways initiated via FAK and dependent on
downstream activation of src kinase.

Conclusions

We have proposed a unified hypothesis that links con-
tractile and electrical dysfunction in the cell-cell junc-
tion cardiomyopathies. It is based on the premise that
the extent to which cardiac myocytes are coupled me-
chanically at cell-cell adhesion junctions is a key de-
terminant of the extent to which they can be coupled
electrically at gap junctions. Our observations in sev-
eral human cardiomyopathies indicate that genetic de-
fects in linker proteins such as desmoplakin and plako-
globin can create anatomic substrates of sudden death
by remodeling gap junctions. Molecular mechanisms
responsible for gap junction remodeling in the cell-cell
junction cardiomyopathies are unknown. One possi-
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Fig. 5.5 • Representative confo-
cal immunofluorescence im-
ages (a) (top = control,bottom =
stretch and quantitative confo-
cal microscopy data (b) show-
ing the effects of stretch on
expression of C×43 and the
mechanical junction proteins,
plakoglobin, desmoplakin, and
N-cadherin. * p<0.05 compared
with control
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bility is that rates of C×43 synthesis and degradation
are unaffected but connexin molecules are unable to
assemble properly in gap junctions. It must also be
considered, however, that C×43 gene expression may
be altered in the cell-cell junction cardiomyopathies.
Plakoglobin and other members of the catenin fami-
ly fulfill both structural and nuclear signaling roles
[16]. Disease-related mutations may shift the relative
proportions of these proteins within junctional and
cytosolic pools, which, in turn, could affect nuclear sig-
naling mediated by plakoglobin, or β-catenin or oth-
er related proteins. If, for example, β-catenin substi-
tutes for mutant plakoglobin within cell-cell junctions,
then the resultant decrease in the cytosolic pool of
β-catenin could lead to diminished expression of C×43
and other proteins under the control of β-catenin sig-
naling. Thus, it is possible and perhaps even likely that
both altered mechanical integrity and altered nuclear
signaling underlie the pathogenesis of contractile and
electrical dysfunction in heart muscle diseases caused
by mutations in cell-cell junction proteins.
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Introduction

There have been extensive studies on the morpho-
logical findings and pathogenesis of ARVC/D [1-3].
However, little attention has been directed toward the
ultrastructural features of the disease.

The histopathological features of the cardiomy-
ocytes in ARVC/D include loss of myofibrils, cellular
hypertrophy or degeneration with dystrophic or py-
knotic nuclei, and histochemically proven apoptosis
[4-6]. Attention is currently focused on the structure
of intercalated discs (IDs) and sarcoplasmic reticu-
lum (SR) due to the gene mutations that have been
discovered both in the autosomal recessive (Naxos
Disease) and dominant forms of ARVC/D. These mu-
tations affect plakoglobin in Naxos disease [7],
desmoplakin [8-11], plakophilin-2 [12], desmoglein-
2 [13], and the cardiac ryanodine receptor (RyR2)
[14]. Moreover, mutations have been found at the
regulatory site of the TGFβ3 [15]. Overexpression of
TGFβ3 might explain increased fibrosis and affect
cell-cell junction stability in ARVC/D.

ARVC/D has been rarely investigated at the ul-
trastructural level [16-18]. Therefore, analysis of
cardiomyocyte ultrastructure, particularly in en-
domyocardial biopsy (EMB) tissue and in sections
where cardiomyocytes exhibit normal structure un-
der light microscopy, might identify primary cellu-
lar defects. This paper reviews cardiomyocyte struc-
ture as analyzed by electron microscopy in EMB
samples obtained from adolescents and adult pa-
tients with a clinical diagnosis of ARVC/D [19].

General Characteristics

To identify specific features of cardiomyocytes in
right ventricular tissue obtained from hearts of chil-
dren and adults with ARVC/D, EMB samples were

compared with those from patients with dilated car-
diomyopathy (DCM). Donor hearts at cardiac trans-
plantation served as normal control [19].

Adult cardiomyocytes in a normal heart are cov-
ered by a ~50-nm thick surface coat, also termed gly-
cocalyx, which forms a continuous layer on the cell
membrane. The cardiomyocyte membrane shows
specialized regions including the transverse tubular
system, termed T- tubules, and the ID. Cells are char-
acterized by a well-developed regular sarcomeric ap-
paratus, oval mitochondria distributed between con-
tractile fibrils, single glycogen particles, and a regu-
lar sarcoplasmic reticulum network. Oval nuclei are
located in the cell center. Single Golgi apparatus, con-
sisting of flattened cisterns, rough endoplasmic retic-
ulum and single lipofuscin granules are localized in
the perinuclear space.

In ARVC/D, there was no impairment of cell
membrane continuity or dilatation of sarcoplasmic
reticulum cisterns. The T-tubules were normal and
there was a variable amount of lipofuscin granules.
The nuclei were often highly convoluted and con-
tained dense aggregates of chromatin below the
nuclear membrane. In single cardiomyocytes not
exhibiting myolytic features, dilated T-tubules and
numerous profiles of Golgi apparatus and vacuoles
were present (Fig. 6.1a) Abundant glycogen and
variously sized lipid droplets were seen in many
myocytes. Irregular organization of contractile fil-
aments and widening of Z bands were observed in
ARVC/D hearts, similar to that seen in DCM
hearts. A characteristic feature of ARVC/D was
thickening of the glycocalyx covering the cell mem-
brane in some normal cardiomyocytes (Fig. 6.1b)
and a pale structure of ID junctions. Giant lipid
droplets were present in some cardiomyocytes (Fig.
6.1c). Such features were not found in DCM. The
general characteristics of ARVC/D cardiomyocytes
in comparison with DCM and donor transplanted
hearts (controls) are presented in Table 6.1.
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Intercalated Disc Junctions

The ID is the area of end-to-end connections be-
tween cardiomyocytes, and consists of three junc-
tional complexes: desmosomes, fascia adherens, and
gap junction (also called the nexus). The desmosome

is composed of a cytoplasmic electron-dense plaque
of intracellular filaments containing desmoplakin,
plakoglobin, plakophilin, and transmembrane calci-
um-sensitive proteins, i.e., desmoglein and desmo-
collin. In addition to cell-to-cell adhesion, this type
of junction provides a structural connection to the
intermediate filaments system (i.e., desmin) [20, 21]

54 Elzbieta Czarnowska, Mila Della Barbera, Gaetano Thiene, Marialuisa Valente, Cristina Basso

Fig. 6.1 • Electron microscopic images of human ARVC/D cardiomyocytes. a Perinuclear region with injured mitochondria
(M), numerous Golgi (G), lipid droplets (L), dilated T-tubules (T) and highly convoluted nuclear (N) membrane. Bar = 600 nm.
b Widened Z-bands (Z), normal mitochondria (M) and T-tubules (arrowhead), thick glycocalyx (arrow) that covers cell mem-
brane. Bar = 600 nm. c Cardiomyocyte from ARVC/D heart with giant lipid droplets (L) and numerous mitochondria (M) and
disarrangement of contractile fibrils. Bar = 2 µm

Cell structure Characteristic ARVC/D; DCM; Controls;
(21 pts); (%) (10 pts); (%) (10 pts); (%)

Cell membrane Continuous 100 100 100
Glycocalyx Thickening 57 0 0
Nucleus Highly convoluted 100 35% 5

Oval in single cells 28,5 0 Numerous
T- tubules Dilated 76,2 80 0
Sarcoplasmic reticulum Normal 100 100 100
Mitochondria Polymorphic 28,5 33,3 10

Irregular cristae 23,8 13,3 0
Increased number 80,8 100 37,4

Sarcomers Normal 90 33,3 100
Contraction bands 100 30 6,5

Lipofuscin Various number 100 80 30
Glycogen Abundant in some cells 100 60 30
Lipid droplets Various size in single cells 85,7 60 20

Giant 14 0 0
Vacuoles Various size 76,2 30 0
Golgi Numerous 33,3 Single Single
ID junctions Pale 80,8 0 0

ARVC/D, arrhythmogenic right ventricular cardiomyopathy; DCM, dilated cardiomyopathy; Pts=patients

Table 6.1 • General ultrastructural findings
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responsible for mechanical cell-cell stability. The fas-
cia adherens junction consists of complex proteins
that link a transmembrane protein, N-cadherin, to
catenin and further to sarcomeric actin. This struc-
ture transmits contractile force across the sarcolem-
ma [20]. The gap junction consists of transmembrane
channels called connexons, which do not connect to
the cytoskeleton system, but allow intercellular meta-
bolic communication by transmitting small molecules
and electrical stimuli [22].

The growing interest in the intercellular junction
is due, in part, to the identification of desmosomal
protein-encoding gene mutations in ARVC/D. Also
there is evidence that plakoglobin null-mutant
mouse embryos show decreased myofiber compli-
ance and reduced cell-cell adhesion as a consequence

of defects in desmosome number and structure [23].
Impairment of myocyte cell-to-cell adhesion has
been advocated as a possible common pathway in
ARVC/D, since failure of desmosome to couple cells
will invariably lead to tissue and organ fragility.

The major ultrastructural findings reported in
ARVC/D were “pale” junctional structures and
flattened ID convolutions [16, 17]. “Paleness” of
desmosomes and fascia adherens at the cytoplasmic
plaque was confirmed in our study (Fig. 6.2a); how-
ever, morphometric analysis of samples from 21
ARVC/D hearts showed normal convoluted ID in
comparison with normal hearts (Table 6.2). These
findings suggest an abnormal composition of pro-
teins located in the plaque area, i.e., cadherins and cy-
toplasmic tails of β-catenin, respectively.

ID ARVC/D DCM Controls p p p
(21) (10) (10) ARVC/D vs. ARVC/D vs. DCM vs.

Controls DCM Controls

Convolution index 3,0 ± 0,9 2,8 ± 0,5 2,8 ± 0,6 0.34 0.18 0.76
D mean length (µm) 0,31 ± 0,08 0,23 ± 0,1 0,16 ± 0,08 <0.001 0.04 0.11
n. D/10 µm unity length 3,34 ± 0,9 4,2 ± 0,8 5,54 ± 2,3 0.01 0.02 0.10
D percent length of ID (%) 9,8 ± 3,2 8,4 ± 2,2 5,7 ±1,4 <0.001 0.16 0.008
Nexus mean length (µm) 0,34 ± 0,15 0,31 ± 0,07 0,32 ± 0,16 0.78 0.47 0.69
n. Nexus/10 µm unity length 0,29 ± 0,86 0,23 ± 0,32 0,78 ± 0,54 0.03 0.64 0.02
Nexus percent length of ID (%) 1,2 ± 1,8 1,14 ± 1,5 3,0 ± 2,5 0.07 0.93 0.08
D mean gap (nm) 29,33 ± 8,95 24,21±2,1 21,78 ± 3,42 0.004 0.03 0.19
FA mean gap (nm) 41,49 ± 20,36 28,39 ± 5,1 27,18 ± 10,72 0.03 0.02 0.67

After Bonferroni correction, only p ≤0.016 are significant.
D, desmosome; DCM, dilated cardiomyopathy; FA, fascia adherens; n, number; ID, intercalated disc

Table 6.2 • Ultrastructural morphometry of ID junctions

Fig.6.2 • ID region of cardiomyocytes from
ARVC/D hearts. a Pale ID with visible long
desmosome (D) Bar = 200 nm. b Abnor-
mal junctional structures of the ID:the fas-
cia adherens junction (FA) and long
desmosome (D) and intersected actin fila-
ments (arrows) Bar = 200 nm. c Fragment
of the ID exhibiting desmosomes of vari-
ous length. Bar = 200 nm
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Other characteristic features of ID in ARVC/D
hearts are abnormally elongated desmosomes
(Figs. 6.2a, b) and a series of short desmosomes 
(Fig. 6.2c), similar to those observed in Carvajal syn-
drome, which is related to desmoplakin mutation 
[8, 24]. The biological significance of these abnor-
malities is unknown. Desmosomes were often ab-
normally displaced from the cell membrane to the
cell contractile apparatus area and, simultaneously,
desmin filaments in the proximity of these desmo-
somes were intersected. Morphometric analysis con-
firmed an increase of mean desmosome length and
revealed a decreased number of desmosomes and
widened gaps between membranes of adjoining cells
(Table 6.2). These features probably influence the
mechanical coupling of adjoining cells. Additionally,
impaired desmin organization in the proximity of
desmosomes may affect the mechanical strength that
can be provided by normal junctions [21].

At the level of the fascia adherens, widening of the
ID gap (Table 6.2) and abnormal organization of
actin filaments have been observed in ARVC/D 
(Fig. 6.2b) These might be due to a specific impair-
ment of fascia adherens protein, but might also be the
result of a “symbiotic” relationship with a defect of
desmosome structure.

The length and ultrastructure of nexuses seem 
to be normal, while their number is decreased in
ARVC/D, as shown by morphometric analysis. In
Naxos disease, a decrease of both average profile
length and number of nexuses was observed by Ka-
plan et al. [25] in a patient who died before ARVC/D
became clinically manifest. They suggested that ab-
normal linkage between mechanical junctions and the
cytoskeleton due to mutant plakoglobin was respon-
sible for this remodeling. The decreased number of
nexuses probably led to increased tissue anisotropy,
which may potentially account for lack of homo-
geneity in the propagation of action potentials.

In summary, remodeling of cellular junctions
seen at the ultrastructural level probably affects the
response of myocardial tissue to mechanical stretch-
ing and electrical conduction. This might explain
why structural abnormalities occur mainly in areas
subjected to high strain, i.e., in the triangle of dys-
plasia (the right ventricular outflow, the apex and
subtricuspid area).

Noteworthy, in nearly half of the cases, we found
evidence of desmosomal gene mutations, i.e., desmo-
plakin, plakophilin-2, and desmoglein-2. Desmosome
remodeling was present at the ultrastructural level in
both gene-positive and gene-negative ARVC/D pa-
tients. This supports the view that other ARVC/D
genes are as yet undiscovered.

Cytoskeleton

In addition to ID proteins, the cytoskeleton of car-
diomyocytes consists of a sarcomeric skeleton (e.g.,
titin, α-actinin), true cytoskeletal proteins (i.e., inter-
mediate filaments, microtubules, and actin), and
membrane-associated proteins (e.g., dystrophin, spec-
trin, talin, vinculin) [26]. This complex network sta-
bilizes cellular organelles, maintains cell size and shape,
and plays an active role during contraction/relaxation
and intracellular signaling [27, 28]. The perisarcomer
cytoskeleton anchors to the lateral cell membrane in
areas called costameres, which are composed of focal
adhesion proteins. Therefore, the cytoskeleton re-
sponds to the physical and biochemical properties of
the extracellular matrix.

Ultrastructural analysis of ARVC/D revealed an ir-
regular or decreased cytoskeleton in the region of the
Z band and cell membrane invaginations that form T-
tubules (Fig. 6.3), as well as in the perinuclear area in
many cardiomyocytes. The lateral costameres in some
cells were numerous while in others, with decreased
invagination of cell-membrane-forming T-tubules,
were single or aggregated in the area of the cell mem-
brane outside of the Z-band region (Fig. 6.3). These
were not related to the presence of collagen in the ex-
tracellular space. Cytoskeletal alterations have been re-
ported to be responsible for cellular contractile dys-
function [27, 29]. It is also known that costameres are
responsible for cell structural and functional integri-
ty since they are involved in fixation of sarcomeres to
the lateral sarcolemma and stabilization of T-tubules
[27, 30]. It is not clear if the varied number of
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Fig. 6.3 • Fragment of a cardiomyocyte from ARVC/D heart
in the region of cell membrane invagination forming T-
tubule (T) with impaired intermediate filaments (arrow) con-
necting a Z-band region across the enlargement of interfib-
rillary space to cell membrane costameres (arrowheads) and
impaired Z-band (Z) and actin arrangement. Bar = 150 nm
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costamere junctions in cardiomyocytes of ARVC/D is
related to the loss of intermediate filaments or abnor-
mal strength linkage with extracellular matrix due to
increasing fibrosis as the disease progresses. From ex-
perimental cell biology, it is known that an increased
stiffness on the extracellular matrix induces a stronger
integrin cytoskeleton link [31]. The number and qual-
ity of extracellular matrix binding components via
membrane integrins with cell cytoskeleton affects a va-
riety of intracellular signaling events. Both diminished
cytoskeleton and increased or diminished number of
costamere junctions could be related to cell death.

Cell Death
The mechanism of cell death by apoptosis is generally
accepted as a cause of cardiomyocyte loss in ARVC/D,
which has been confirmed by the histochemical TUNEL
method [4-6]. Nonetheless, typical ultrastructural fea-
tures of apoptosis are rarely seen in ultrathin sections.
This is probably due to the fact that only a small tissue
area is analyzed under an electron microscope. Results
obtained by TUNEL method on endomyocardial biop-
sy suggest that apoptotic cardiomyocyte nuclei are pre-
sent in 35% of ARVC/D cases with a mean apoptotic
index of 25% [5]. Mallat et al. [4] found apoptotic cells
in 75% of autopsy samples, in areas of myocardium not
containing adipocytes and fibrosis and which exhibit-
ed little or no dysplasia. The factors triggering apopto-
sis have not been systematically investigated.

The most common ultrastructural feature of car-
diomyocyte nuclei in ARVC/D is their highly con-
voluted membrane and abnormal condensation 
of chromatin with a granular or cord-like appear-
ance (Fig. 6.1a). Yamamoto et al. [32] described two
types of these abnormal nuclei: one dislocated to the
cell periphery, extruded and comet-like in shape, and
the second with typical preapoptotic features. Our
findings are in agreement with these observations
(Figs. 6.4a, b) [19]. The significance of nuclear mor-
phological abnormalities remains unknown. The in-
fluence of an impaired cytoskeleton on nuclei mor-
phology and fate cannot be excluded.

Cardiomyocyte Dedifferentiation
Some cardiomyocytes in ARVC/D are characterized
by cellular hypertrophy, disruption of sarcomeres, de-
pletion of myofibrils, and T-tubular membrane in-
vaginations of the sarcolemma and sarcoplasmic
reticulum. There are also oval nuclei with homoge-
nously dispersed chromatin resembling nuclei of fe-
tal cardiomyocytes. These nuclei contain mitochon-
dria of various size and shape with normal cristae
(Fig. 6.5a), and often abundant glycogen. The above-

Fig.6.4 • Electron microscop-
ic images of nuclei of dying
cardiomyocytes in ARVC/D
hearts. a Apoptotic nuclei (N)
with condensed chromatin
beneath nuclear membrane.
Bar = 2 µm. b A nucleus pro-
truded from cardiomyocyte
with irregular outline of tail
segment directed to cell
body. Bar = 2 µm

a b

Fig. 6.5 • Features of cardiomyocytes dedifferentiation in
ARVC/D heart. a Fragment of cardiomyocyte from ARVC/D
heart characterized by oval nuclei exhibiting widespread
chromatin,various size mitochondria,vacuoles,no T-tubules
and myocytolysis of contractile fibrils. Bar = 2 µm. b Ex-
pression of smooth muscle α-actin in cardiomyocytes in
ARVC/D heart at immunostain

b
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mentioned features are characteristic of dedifferen-
tiated cardiomyocytes [33]. In order to confirm this
process in ARVC/D, immunohistochemical staining
was performed using antibodies directed against
smooth muscle α-actin, a protein that is normally ex-
pressed by cardiomyocytes of fetal phenotype and re-
expressed by adult cells as adaptation to changes in
working conditions of the myocardium. Its positive
expression has been observed in cardiomyocytes with
myolysis (Fig. 6.5b).

These dedifferentiated cardiomyocytes resemble
those occurring in atrial fibrillation [34] or infarction
[35]. The biological processes which trigger this cel-
lular remodeling in ARVC/D and further fate of the
dedifferentiated cells remain unknown. Several indi-
rect observations have suggested dedifferentiation
allows cardiomyocytes to survive for a longer time
when stress conditions (e.g., stretching), take place
[34, 36] and occurs apart from cell death by necrosis
or apoptosis [35].

Cardiomyocyte Transdifferentiation

In addition to the pale cytoplasmic plaque of the me-
chanical junction, vacuoles, numerous Golgi profiles,
and giant lipid droplets in some cardiomyocytes are
characteristic features of ARVC/D (Fig. 6.1c).

Lipid droplets inside cardiomyocytes were docu-
mented by Masani et al. [37] and D’Amati et al. [38].
D’Amati et al. combined this observation with im-
munohistochemical finding of vimentin and inter-
preted it as a feature of cardiomyocyte transdifferen-
tiation into adipocytes. Transdifferentiation of my-
oblasts, fibroblasts, and osteoblasts into adipocytes 
has been reported [39, 40]. Absence of the Wnts sig-
nal, overexpression of peroxisome proliferator-acti-
vated receptor-gamma (PPARγ), and degradation of
β-catenin play a key role during transdifferentiation
[41, 42]. Pale cytoplasmic plaques of fascia adherens
in cardiomyocytes of ARVC/D hearts might be a fea-
ture of their defective protein composition, includ-
ing β-catenin. It is also possible that the presence of
numerous Golgi profiles and vacuoles are related to
abnormally activated recirculation and degradation
of β-catenin, respectively.

Recently, Garcia-Gras et al. [43] demonstrated
that cardiac-specific loss of the desmosomal protein
desmoplakin can cause nuclear translocation of
plakoglobin, upregulation of adipogenic and fi-
brogenic genes in vitro (by reduction in canonical
Wnt/beta-catenin signaling). The Authors did not
identify the cell source of excessive adipocytes in
the heart, but state that they are likely to be com-

posed of cardiac myoblasts or resident and circu-
lating mesenchimal stem cells. In the absence of
Wnt signaling, this could preferentially differenti-
ate into adipocytes. Alternatively, the source could
be fibrocytes, which are considered adipocyte prog-
enitor cells. This view is further supported by the
regular presence of adipocytes and fibrosis in the
myocardium of patients with ARVC/D as well as in
the hearts of desmoplakin-deficient mice. Although
no ultrastructural investigation was carried out in
their model, they provided histologic evidence of
extensive areas of fibroadipocytic replacement of
myocytes, accumulation of fat droplets predomi-
nantly at the site of fibrosis seen on oil red stained
myocardial sections and increased myocyte apop-
tosis.

Conclusions

The observed abnormalities of cardiomyocytes, in
particular at the level of intercellular junctions and cy-
toskeleton structure, may explain pathophysiological
features in ARVC/D such as the alterations of me-
chanical and electrical properties that can lead to life-
threatening arrhythmias and sudden cardiac death.
Typical ultrastructural features of ARVC/D are repre-
sented by intracellular lipid droplets and IDs abnor-
malities, consisting of decreased desmosome number
and increased desmosome length, pale desmosomes
and abnormal small junctions, and intercellular gap
widening in the absence of convolution. These ultra-
structural features, together with the growing evi-
dence of desmosome protein-encoding genes muta-
tions, are consistent with a cell-to-cell junction car-
diomyopathy. Whether these abnormalities are present
in concealed forms as an early diagnostic marker re-
mains to be elucidated in prospective electron mi-
croscopy studies. However, at present, we cannot rec-
ommend electron microscopy for routine diagnostic
purposes.

In summary, based upon our ultrastructural
findings and on experimental studies [19, 43, 44], we
believe that disruption of desmosomal integrity is
the primum movens leading to the onset of
ARVC/D, which results in defective mechanical link-
age between myocytes and in abnormal localization
of cell-cell adhesion junction proteins with possible
subsequent transcriptional changes of related genes
and secondary remodeling of gap junctions. We sug-
gest that these defects in the desmosomal “final
common pathway” might lead to the ARVC/D phe-
notype including cell death, fibrogenesis, adipogen-
esis, and arrhythmias.
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Introduction

Arrhythmogenic right ventricular cardiomyopathy
(ARVC/D) is a paradigm shifting disorder that
primarily affects the right ventricular (RV) my-
ocardium early in the course of disease with lat-
er-onset left ventricular (LV) disease [1]. Clini-
cally, the disease is classically characterized by
ventricular arrhythmias of RV origin, as noted by
ventricular tachycardia (VT) with a left bundle
branch block (LBBB) morphology, commonly as-
sociated with syncope or sudden cardiac death
(SCD) [2]. In addition, affected individuals may
develop right heart failure and ultimately biven-
tricular failure. In most cases, age of onset occurs
in the teenage years or beyond, more often in
males than females [3]. In the Veneto region of
Italy, the disorder has been described as the most
common cause of SCD in young, healthy, and
athletic individuals, in contradistinction to that ti-
tle given to hypertrophic cardiomyopathy (HCM)
in the United States (US) [2, 4, 5]. In the US,
ARVC/D is believed to be responsible for approx-
imately 5% of unexplained cases of SCD in young
athletic individuals while this number rises to
25%-30% in Italy [5].

The pathology of ARVC/D is also a classical fea-
ture of this disease that sets it apart from other
heart muscle disorders. It is characterized by fi-
brofatty infiltration of the myocardium, primari-
ly the RV myocardium, resulting in a thin-walled,
dilated, and dysfunctional RV [1, 2, 6]. The LV may
also become affected, leading to LV dilation and
dysfunction as well [4]. In a subset of cases, the 
LV appears to be the predominant site of involve-
ment [7]. In a relatively high percentage of affect-
ed individuals, inflammatory infiltrates within the
RV and/or LV is also seen, suggesting myocarditis
[8, 9].

Until recently, the underlying basis of ARVC/D
was completely unknown. Over the past 5 years,
however, significant progress has been made in un-
derstanding the underlying causes of this cardiomy-
opathy. The new information, which has come from
the translational medicine bedside-to-bench-to-bed-
side approach in which clinical diagnosis and thera-
py was linked to molecular-based scientific investi-
gation, has defined a series of disease-causing genes
and nongenetic causes of ARVC/D. As we previous-
ly suggested, this disease is caused by disruption of a
“final common pathway” via genetic mutation in a
series of genes encoding proteins of similar function
or those interacting with such protein, or via “cascade
pathways” (in other words, pathways that interact
with the “final common pathway” and secondarily
disrupt its function) which cause a “domino-effect”
that disrupts the function of the primary pathway
[10-13]. In the case of ARVC/D, an autosomal dom-
inant disease with variable penetrance, the genes that
have been identified include desmoplakin (chromo-
some 6p24) [14], plakophilin-2 (chromosome
12p11) [15, 16], desmoglein-2 (chromosome 18q12)
[17], and desmocollin in which heterozygous muta-
tions result in the clinical disease. In addition, junc-
tional plakoglobin (chromosome 17q21) [18] has
been associated with the autosomal recessive Naxos
disease [19], a skin-heart disorder caused by ho-
mozygous mutations in this gene which results in
ARVC/D associated with nonepidermolytic palmo-
plantar keratoderma and woolly hair. A similar au-
tosomal recessive cardiocutaneous disease, Carvajal
syndrome [20], which is characterized by similar
skin and hair abnormalities as Naxos syndrome but
usually has a predominant LV cardiomyopathy, re-
sults from homozygous mutations in desmoplakin
[21]. All of the genes outlined above encode proteins
of the desmosome, an important part of the cell-cell
contact machinery [22, 23]. Another gene associat-
ed with ARVC/D, transforming growth factorβ3
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(TGFβ3) [24], is thought to interact with the desmo-
somes to cause its response. The other gene report-
ed to cause ARVC/D, the ryanodine receptor (RyR2)
[25], has more recently been shown to cause cate-
cholaminergic polymorphic ventricular tachycardia
(CPVT) [26, 27] and is now believed to cause only
CPVT and not any form of ARVC/D. Hence, the ge-
netic basis and “final common pathway” of ARVC/D
is disruption of the desmosome.

Based on this knowledge, the next question be-
comes the following: what is the pathologic mecha-
nism responsible for the characteristic features and
clinical findings seen in ARVC/D? Unfortunately,
studying human subjects with ARVC/D to determine
these answers is not practical. Therefore, develop-
ment of animal models to define these mechanisms
becomes necessary.

Animal Models in Cardiomyopathies

In recent years, animal models have been used to re-
capitulate human disease, including cardiomyopathies
[28]. The first disease-causing mutations in heart
muscle disorders created and studied were those re-
sponsible for HCM [29]. This disorder, a disease of the
sarcomere [30], was first shown to result from muta-
tions in the β-myosin heavy chain, and therefore
these were the first mutations “engineered” in animals.
However, since α-myosin heavy chain is the predom-
inant form of myosin in the animals chosen, mice, on-
ly similar mutations in this gene and not the β form
could be created to recreate the clinical disorder [31].
This information paved the way for our understand-
ing that animal models are imperfect models and that
the choice of animal, whether it is a variety of mouse
strains or a different animal altogether, is important
in recreating the disease of interest. In addition to
murine models, animals such as rabbits and pigs have
been developed for some of these disorders. In some
cases, transgenic animals have been developed, while
other models have been knock-out, knock-in, or over-
expression models. Based on the finding of the desir-
able pathology, mechanism studies have been pur-
sued. It is based on these models that our current da-
ta on mechanisms of disease rely.

Arrhythmogenic Right Ventricular
Cardiomyopathy/Dysplesia

There are naturally occurring animal models for
ARVC/D, which include a line of mice with in-

herited ARVC/D caused by a mutation of the
laminin receptor 1 (Lamr1) gene due to an intron-
processed retroposon transcribed in this mouse
[32]. However, Lamr1 mutations have not yet been
identified in humans with ARVC. Instead, the area
in which the greatest impact on our understand-
ing of the mechanisms of ARVC/D would be the
development of animal models harboring muta-
tions in known disease-causing desmosomal
genes. To date, animal models for desmoplakin,
RyR2, and plakophilin-2 (PKP2) have been re-
ported.

Ryanodine Receptor Mutant Murine Models

Based on the original report by Tiso and colleagues
[25] outlining mutations in RyR2 (located on
chromosome 1q42-q43) in subjects reported to
have ARVC/D type 2 (ARVD2), animal modeling
studies were initiated. Using homologous recom-
bination in embryonic stem cells, a point mutation
in exon 8 of the RyR2 gene, R176Q, was engineered
in C57Black/6 (C57BL/6) mice using a knock-in
strategy by Kannankeril et al. [33]. This mutation,
which was previously shown to cosegregate with
ARVC/D in humans, leading to the effort-induced
polymorphic VT and mild ARVC/D histologically
characteristic of the ARVD2 form of disease,
demonstrated germline transmission in these mice
and once grown were studied clinically and by use
of pathologic analysis. Histologic analysis of hearts
from mutant (RyR2R176Q/+) and wild-type (WT)
mice revealed no evidence of structural abnor-
malities or fibrofatty infiltration. Noninvasive
imaging demonstrated mild systolic dysfunction
and electrocardiographic evaluation identified no
spontaneous arrhythmias in telemetered animals
[34]. However, intracardiac electrophysiologic
studies using programmed stimulation elicited dif-
ferences in inducibility of VT in the mutant mice
versus the WT animals. The aggressive stimulation
protocol induced multiple short episodes of VT
<0.5 sec in length in both groups. Using infusion
of the sympathetic agonist isoproterenol, howev-
er, the authors demonstrated an increased number
and duration of VT episodes in the mutant mice.
In addition, spontaneous ventricular ectopy was
induced in the mutant animals but not in the WT
mice. This model was inconclusive regarding the
phenotype but appeared more consistent with a
CPVT phenotype than that of a classic form of
ARVC/D.
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Plakophilin-2 Mutant Murine Models

Plakophilins are proteins of the armadillo family of
proteins that function in embryonic development, as
well as in the adult [35]. Proteins of the armadillo
family are characterized by domains composed of
variable numbers of repeats of the arm motif, 42
amino acids in length, and this family includes 
β-catenin, plakoglobin (g-catenin), and plakophilins
[36]. Arm repeat proteins bind to the cytoplasmic
end of glycoproteins of the cadherin family of cell
adhesion molecules, thus forming plaques to which
bundles of cytoskeletal filaments are tethered. The
plakophilin subfamily of arm repeat proteins include
four members (PKP1-4), juxtamembranous com-
ponents of plaques of desmosomes that tightly as-
sociate with other arm proteins, cadherins, and
desmoplakin, and participate in intermediate fila-
ment anchorage. In addition, plakophilins translo-
cate to the nucleus.

Grossmann et al. [37] created a null mutation of
the plakophilin-2 (PKP2) gene by homologous re-
combination in embryonic stem cells whereby an
early stop of PKP2 translation after exon 1 (43
amino acids) was engineered. Generation of ho-
mozygous mutants led to no live offspring, consis-
tent with embryonic lethality. Normal development
occurred until embryonic day 10.75 (E10.75), at
which time blood accumulation in the pericardial
and peritoneal cavities was noted. At E11.5, the
number of viable embryos declined significantly.
In addition, reduced trabeculations within the ven-
tricles and atrial wall thinning was observed.
Confocal microscopy demonstrated lack of the
normal colocalization of desmoplakin to the junc-
tions and intercalated disks, instead being dispersed
over the cytoplasm, mostly distant from the inter-
calated disks. In addition, PKP2 was absent and
desmoglein-2, another desmosomal cadherin pro-
tein, could not be localized in significant levels in
these mutant hearts. Electron microscopy con-
firmed these findings, as well as abnormalities of cy-
toskeletal organization. In the latter case, interme-
diate filament arrays appearing as extensive swirls of
disordered filaments around dense desmoplakin ag-
gregates were seen. Hence, these findings were con-
sistent with the concept that abnormalities of PKP2
lead to cardiac abnormalities with an unusual form
of cardiomyopathy due to desmosomal destabiliza-
tion. These findings are supportive of the human
mutations in PKP2 that are believed to cause
ARVC/D.

Junctional Plakoglobin Mutant Murine Models

Junctional plakoglobin (JUP), also known as g-
catenin, was the first member of the armadillo
family of proteins discovered [38]. It is a con-
stituent of the cytoplasmic plaque of desmosomes
and other cell adherens junctions and is involved
in anchorage of cytoskeletal filaments to specific
cadherins and consists of 13 arm repeats flanked
by unique N-terminal and C-terminal sequences.
JUP associates with the desmosomal cadherin
proteins desmoglein1-3 and desmocollin 1-3 to
form plaques which also contain desmoplakin and
PKP2 [39].

Using homologous recombination in which
mutation in the junction between exons 3 and 4 of
the plakoglobin gene was engineered in embryon-
ic stem cells and injected into C57Black/6
(C57BL/6) mice, Ruiz et al. [40] generated null JUP
mice. Homozygous mutants (JUP–/–) were found to
be embryonic lethal between days 12-16 of em-
bryogenesis (E12-E16) while heterozygous mu-
tants (JUP+/–) and WT animals were born with
normal development. Evaluation of homozygous
embryos between days E10-E16 of gestation
demonstrated mild growth retardation at E12 and
reduced blood supply, especially to the liver and
placenta. The pericardial cavity was swollen and
filled with blood and the hearts of these embryos
was frequently ruptured within the ventricular
walls. Heart rates were increased in these mutants
and ventricular contraction was reduced in E11.5
embryos, consistent with systolic dysfunction. Im-
munofluorescence microscopy showed extensive
expression of JUP at E10.5 in WT animals but
expression was absent in homozygous mutants.
The morphology of the intercalated disks was
grossly altered as well. Desmoplakin was found to
colocalize in many places with β-catenin but
desmoglein was absent in these junctions. Hence,
the homozygous mutant animals lack desmo-
somes, which are replaced by extended adherens
junctions that contain desmosomal proteins such
as desmoplakin but have impaired architectural
stability and function. Interestingly, the skin of
these animals was unaffected.

The findings in this animal model support the
concept that mutant JUP results in a form of car-
diomyopathy. In humans, homozygous mutations
in JUP, located on human chromosome 17q21 [18],
result in the cardiocutaneous disorder called Nax-
os disease, in which ARVC/D is a major component
[19]. Although the animal model described here is



not a perfect recreation of the human condition, it
serves as a proof of concept. Another model de-
scribed by Bierkamp et al. better correlated with the
Naxos phenotype, including the heart and skin de-
fects [41].

Desmoplakin Mutant Murine Model

Desmoplakin (DSP), localized to chromosome 6p24,
was initially identified as the mutant gene causing
autosomal recessive Carvajal syndrome [20, 21] and
later shown to cause autosomal dominant ARVD8
[14]. Desmoplakin is a major component of desmo-
somes, complex intercellular junctions assembled
through cooperative interactions between multiple
proteins [22, 23]. The majority of patients with DSP
have the classic form of ARVC/D, although a sub-
stantial number of affected individuals have associ-
ated LV disease [42].

Using the Cre-LoxP system [43], a cardiac-re-
stricted exon 2 deletion in DSP was created in mice
by Garcia-Gras et al. [44]. These animals were en-
gineered by crossing mice in which the second ex-
on of the murine DSP gene is flanked by loxP se-
quence (floxed DP mice; 129/SvJ strain) with mice
expressing Cre recombinase under the control of
the a-MHC promoter (a-MHC-Cre mice; FVB/N
strain). Homozygous (DP–/–) mutant mice had a
high rate of embryonic lethality, consistent with
that previously reported by Gallicano et al. [45, 46]
in germline DP-null mice. These homozygous mu-
tant mouse embryos exhibited growth arrest at em-
bryonic stage E10-E12, appeared pale, had no cir-
culating red blood cells in organs, and were growth
retarded. Histopathologic evaluation revealed
poorly formed hearts with no chamber specifica-
tion and unorganized cardiac myocytes. In addi-
tion, red blood cells were localized to the pericar-
dial sac instead of within the cardiac chambers.
Furthermore, an excess number of cells resembling
adipocytes, dispersed between myocytes and lo-
calized to adjacent areas, were also detected. In
comparison, cardiac phenotype was normal in
DP+/+ and DP+/– embryos, with and without the a-
MHC-Cre transgene. Those DP–/– mice surviving
the embryonic period (approximately 5% of the
litter) died typically within the first 2 weeks from
birth. On the other hand, DP+/– mice were born
with normal development but had age-dependent
penetrance of heart involvement, including a 20%
incidence of SCD by 6 months of life. Gross patho-
logic analysis of both DP+/– and DP–/– animals
demonstrated grossly enlarged cardiac chambers

and increased heart weight with increased heart
weight-to-body ratio, being highest in the ho-
mozygous mutants and lowest in the WT animals.
Both RV and LV were enlarged equally and this en-
largement occurred at approximately the same age.
The gross anatomic findings were further sup-
ported by echocardiographic measurements, which
revealed thin ventricular walls, increased LV end-
diastolic and end-systolic dimensions, and de-
pressed systolic function with reduced ejection
fraction. Furthermore, baseline resting electrocar-
diographic evaluation identified spontaneous ven-
tricular ectopy, including premature ventricular
contractions, ventricular couplets and short runs
of VT in heterozygous mutants but no ventricular
arrythmias in WT mice. Histologic examination
revealed poorly organized myocytes with large ar-
eas of patchy fibrosis; in the DP–/– animals, fibro-
sis was seen in up to 30%-40% of the myocardium.
Excess accumulation of fat droplets was notable in
both DP–/– and DP+/– mutant mice using Oil Red
O staining, and was seen predominantly at the site
of fibrosis.

In addition to these pathologic abnormalities,
the authors showed that JUP, a member of the ar-
madillo repeat protein family that plays a role in
regulation of gene expression, interacts and com-
petes with β-catenin, the effector of the canonical
Wnt signaling [47], having a negative effect on this
pathway. They were able to show that plakoglobin
was translocated to the nucleus in cardiac-restrict-
ed DP-deficient mice and that expression levels of
gene targets of the canonical Wnt/β-catenin path-
way (c-myc and cyclin D1) were reduced (Fig. 7.1).
Expression of adipogenic genes were increased, as
was TUNEL-positive cells, but in the absence of
DNA laddering consistent with low levels of apop-
tosis.

Another animal model of mutant desmoplakin
was recently described by our group [48]. This
model, a transgenic mouse with cardiac-restricted
overexpression of a C-terminal DSP mutant
(R2834H), demonstrated histological evidence of
increased cardiomyocyte apoptosis, cardiac fibro-
sis, and lipid accumulation (Fig. 7.2). Echocardio-
graphy and cardiac magnetic resonance imaging
revealed ventricular enlargement and cardiac dys-
function of both ventricles, which was confirmed
on necropsy (Fig. 7.2). RV wall thickness was also
reduced. The mutant mice also displayed interrup-
tion of the DSP-desmin interaction at intercalated
disks and marked ultrastructural abnormalities of
the intercalated disks. The intercalated disks were
irregularly shaped with markedly widened gaps
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between adjacent anchoring sarcomeres, affecting
both the adherens junctions and desmosomes 
(Fig. 7.2). In addition, changes in other desmoso-
mal and junctional components were notable, in-
cluding increased expression and redistribution of
JUP, PKP2, and β-catenin, as well as changes in gap
junction components including redistribution of
connexin 43.

Conclusions

The animal models described in this chapter support
the notion that ARVC/D is a disease of the desmo-
some. Although the only model to date that appears
to recapitulate ARVC/D in part is that of desmo-
plakin, the cumulative message of these desmosome-
mutant mice is that disruption of desmosome func-

tion leads to cardiomyopathy. The fact that fibrous in-
filtration is common in all, that there is myocardial
thinning in all, and that the desmoplakin model has
abnormalities of lipid accumulation in the my-
ocardium, is sufficient to state that these models pro-
vide the necessary proof of concept that the “final
common pathway” of ARVC/D is desmosomal dys-
function; in other words, ARVC/D is a disease of the
desmosome. Future human and animal models will
continue to focus on desmosomal and other ad-
herens junction proteins and other genes responsible
for this disorder is likely to be identified. The next se-
ries of important steps in better understanding the
paradigm of this disorder include defining the mech-
anisms responsible for the fatty infiltrative process,
the mechanisms responsible for the disruption of the
junctions and intercalated disks, and the mechanisms
responsible for the development of arrhythmias [49,

Fig. 7.1 • Cardiomyocyte architecture. This illustration shows the various proteins that contribute to the function of the
cardiomyocyte. In the extracellular matrix, α2-laminin interacts with the intrasarcolemmal dystrophin-associated protein
complex via partnering with α-dystroglycan.The α-dystroglycan interfaces with the β-dystroglycan and sarcoglycan com-
plex, which binds dystrophin and binds with the sarcomere via the actin cytoskeleton. Interactions with the nucleus also
occur. At the periphery, the desmosomal proteins are seen (left) and include cadherin, desmocollin, desmoglein, plako-
globin, plakophilin, and desmoplakin, the latter interacting with the Wnt pathway.The interactions between these desmo-
somal proteins is shown in the expanded view at the bottom left of the figure



50]. Our “final common pathway” hypothesis would
suggest that these rhythm disturbances are likely to
occur from secondary disruption of ion channel
function (cascade events) and we predict that one or
more ion channels will be found to be dysfunctional
based on abnormal interactions with the desmo-
some, intercalated disks, or specific cadherin proteins

that probably bind to these important channels [11].
Once determined, these models will enable targeted
therapies to be developed, leading to more predictable
and better survival of affected individuals.
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Spontaneous Cardiovascular Disease in Animals

Cardiovascular disease occurs commonly in compan-
ion animals, particularly in domestic cats and dogs [1].
Myocardial disease represents a substantial portion of
these disorders, many of which closely resemble car-
diomyopathies in human patients [2]. Such disorders
in cat, include hypertrophic [3, 4], dilated [5], restric-
tive [6, 7], and arrhythmogenic right ventricular car-
diomyopathies (ARVC/D) [8]. A heritable form of hy-
pertrophic cardiomyopathy associated with a cardiac
myosin binding protein C mutation has been recently
reported in the Maine Coon cat breed [4]. In dogs,
chronic myxomatous valve disease is the most preva-
lent cardiac disorder [9, 10], but cardiomyopathies oc-
cur frequently, particularly within certain medium and
large-sized breeds [10]. Familial forms of dilated car-
diomyopathy have been described in the Doberman
Pinscher [11], Irish wolfhound [12], and Great Dane
[13], and a familial form of ARVC/D has been report-
ed in the boxer breed [14, 15]. Dysplastic conditions of
the right ventricle (RV) have been described in other
mammals including minks [16] and rodents. In mice,
ARVC/D has been associated with mutation of the gene
laminin receptor [17]. One of the authors (PF) has ob-
served a case of ARVC/D in a primate.

Recently, the canine genome has been mapped us-
ing a boxer dog [18], and the US National Human
Genome Research Institute has recognized the canine
to be an unrivaled model for the study of human dis-
ease. Detailed investigations of the genetic basis of
ARVC/D in the boxer dog should now be possible.
Spontaneous ARVC/D in cats [8] – and particularly
dogs [15], have strikingly similar clinical and patho-
logic features to this condition in humans [19]. Be-
cause the pathology of ARVC/D in both the canine and
feline models is characterized by myocyte injury and
repair, these models provide the opportunity to inves-
tigate the ultrastructural features as well as the under-
lying molecular basis of these changes. Moreover, the
high familial incidence of ventricular arrhythmias and
sudden death in boxer dogs with ARVC/D makes this

model particularly suited for studying the electro-
physiologic mechanisms of arrhythmias, the efficacy of
antiarrhythmic drugs and therapies, and strategies di-
rected to modify the progression of disease or clinical
outcome. Thus, the study of cardiomyopathies in these
animals should serve to increase the understanding of
the genetic basis of human disease, including devel-
opment of improved diagnostic assays and assess-
ment of clinical therapies.

Etiology and Pathogenesis of ARVC/D

In humans ARVC/D is familial in approximately 30%-
50% of patients, suggesting that genetic factors may
play an important role in this condition [20, 21]. To
date, six candidate genes have already been identified
including ryanodine receptor (RyR2 on 1q42), plako-
globin (JUP on 17q21), desmoplakin (DSM on 6p24),
plakophilin-2 (PKP2 on 12p11), transforming growth
factor β3 gene (TGFβ3 on 14q24.3), and desmoglein-
2 (DSG2 on 18) [22-27]. In dogs, cardiac RyR2 mes-
sage and protein expression are differentially ex-
pressed across the cardiac walls in normal hearts, with
the RV containing significantly lower concentration.
In the canine model of ARVC/D, the message and pro-
tein expression of the RyR were reduced in all cham-
bers. Thus, the increased susceptibility of the RV to
ARVC/D may be associated with the lower baseline
protein concentration of RyR2 in the normal RV
compared to the left ventricle (LV) and interventric-
ular septum [28]. Recently, boxer dogs with ARVC/D
were found to have substantially reduced quantities of
calstabin-2, a regulatory molecule of RYR2, in cardiac
myocytes [29].

Pathophysiology

Progressive atrophy of the RV myocardium with fi-
brous and/or fatty replacement are common seque-
lae of ARVC/D in cats [8], dogs [15], and humans
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[30-32]. Gap junction remodeling [33] secondary to
altered mechanical coupling may promote arrhyth-
mogenicity. Autosomal dominant and autosomal re-
cessive forms of human ARVC/D have been related
to mutations in desmoplakin. Moreover, abnormal-
ities in genes encoding for cell junctional proteins in-
cluding plakoglobin, desmoplakin, plakophilin and
desmoglein are the focus of increasing attention. Be-
cause desmosomes (organized intercellular junc-
tions) lend cell mechanical integrity and stability,
impaired function of cell adhesion junctions during
shear stress may promote inflammation, myocyte
detachment, myocyte death, and fibrolipomatous
repair [34]. Abnormal myocardial structure and
function are accelerated by myocarditis, pro-
grammed cell death, and fibrous and fatty infil-
trates. Apoptosis is present in a high percentage of
felines with ARVC/D [8] similar to what is reported
for canines [15] and humans [35]. Both apoptosis
and myocarditis in affected cats may contribute to
myocyte injury and repair in susceptible felines. At-
rophy of RV myocardium with fibrofatty replace-
ment reduces cardiac reserve and provokes right-
sided congestive heart failure. RV dilation and re-
modeling alter the geometry and function of the
tricuspid valve apparatus and result in tricuspid
valve insufficiency. The histopathologic changes of
ARVC/D are not confined to the RV, and similar but
less marked lesions of myocardial injury and repair
may be present in the ventricular septum or LV free
wall. This suggests that the ARVC/D disease process
may progress over time to involve the LV [36].

Diagnosis of ARVC/D in Animal Models

As with ARVC/D in patients, a single diagnostic test
does not exist for ARVC/D in animals. There is vari-
able phenotypic expression between species and
within and between breeds, highlighting the need for
a more accurate set of diagnostic criteria for ARVC/D
in spontaneous animal models. Presently, Task Force
criteria have not yet been established for ARVC/D in
dogs or cats.

ARVC/D in Domestic Cats

ARVC/D has been detected most commonly in do-
mestic short hair and Birman cats, although it occurs
in other breeds of domestic cats as well. Age at first
detection ranges from 1 to 20 years old. There has
been no documented gender predisposition [8, 37].

Clinical Manifestations

Clinical signs are most frequently related to right-
sided congestive heart failure and include tachypnea
and dyspnea. Syncope can result from sustained ven-
tricular tachycardia, but this finding is uncommon.
Many cats are asymptomatic.

Physical Examination

Thoracic auscultation usually reveals a pansystolic
heart murmur consistent with tricuspid regurgitation
heard loudest along the right sternal or right costo-
chondral border. Arrhythmias and associated femoral
arterial pulse deficits may be present. Pleural and
pericardial effusion may cause heart and lung sounds
to be muffled. Jugular venous distention, ascites, and
hepatosplenomegaly may be present.

Radiography

Classic findings include marked enlargement of right
atrium and right ventricle. Cardiomegaly (associat-
ed with pericardial effusion), pleural effusion, ascites,
and hepatosplenomegaly may be present.

Electrocardiography

A variety of arrhythmias have been documented.
Atrial fibrillation is consistent with severe right atri-
al enlargement. Complex ventricular ectopy includ-
ing ventricular tachycardia (of RV and LV origin),
and major conduction abnormalities are frequently
detected. Ventricular tachycardia is sustained in
some cases.

Echocardiography

Characteristic findings include severe RV enlargement
with abnormally shaped trabeculae which are most ev-
ident in the apical RV cavity. Additional abnormal
findings include right atrial enlargement, paradoxic
ventricular septal motion, and localized RV aneurysm
formation (i.e., akinetic or diskinetic areas with dias-
tolic outward bulging) in the apical or subtricuspid re-
gion. Ventricular septal and LV wall thickness at end-
diastole, LV end-diastolic and end-systolic cavity di-
mensions, and percentage of fractional shortening (in
absence of paradoxic septal motion), are generally
within normal ranges. In some cats left atrial enlarge-
ment may be present. Color-flow echo Doppler imag-
ing usually demonstrates tricuspid regurgitation.

70 Philip R. Fox, Cristina Basso, Gaetano Thiene, Barry J. Maron



CHAPTER 8 • Spontaneous Animal Models 71

Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) using T1-
weighted imaging of formalin fixed ARVC/D hearts has
demonstrated high intensity RV signals. These have cor-
related morphologically to areas of RV fatty infiltration.

Therapy

Right-sided heart failure associated with ARVC/D is
managed with diuretics, angiotensin-converting en-
zyme inhibitors, and digitalis. Sustained ventricular
arrhythmias appear to respond best to the antiar-
rhythmic drug sotalol.

Gross Pathology

Morphologic abnormalities are striking in feline
ARVC/D (Table 8.1) [8]. Typical findings include

moderate-to-severe RV dilatation, RV wall thinning
(diffuse or segmental), flattened appearance of RV
wall trabeculae, and prominent RV septo-parietal
bands in the RV apex (Fig. 8.1). Aneurysms in api-
cal, subtricuspid, and infundibular regions of the RV
wall may be small or large, and appear translucent.
Right atrial cavity dilation is generally present and
severe, and segments of right atrial walls are marked-
ly thinned. Mural thrombosis is occasionally ob-
served in the RV or left atrial.

Histopathology

The hallmark histopathological feature of feline
ARVC/D is partial or almost entire replacement of
the RV free wall by prevalent fatty (25% of cases) or
fibrofatty (75% of cases) tissue [8]. The fibro-fatty
pattern consists of focal or diffuse RV myocardial
atrophy associated with adipose tissue and replace-

Canine ARVC/D (n=23) Feline ARVC/D (n=12)

No. or Mean±SD % Comments No. or Mean±SD % Comments

Demographics
Age (years) 9.1±2.3 7.3±5.2
Gender

Male 12 52 7 60
Female 11 48 5 40

Body weight (kg) 30±5.4 4.8±1.5

Clinical features
Syncope 12 52 Common 1 8 Rare
Ventricular arrhythmias, 19 83 9 75

LBBB pattern
Right-sided heart failure 3 13 Uncommon 8 67 Common
Familial 10 43 Yes NA NA Suspected
Sudden death 9 39 Common 0 0 Uncommon

Pathologic features
Morphologic Pattern

Fatty form 8 35 3 25
Fibro-fatty form 15 65 9 75

Myocarditis 
RV myocarditis 14 61 10 83
LV myocarditis 16 70 8 67
LA or RA 4 17 9 75

Apoptosis 9 39 9 75
Myxomatous valve degeneration 7 32
Fatty tissue (mean % area)

Antero-lateral RV 46.7±19.7 NA
Posterior RV 29.2±18.9
Infundibular RV 45.2±12.2

ARVC/D, arrhythmogenic right ventricular cardiomyopathy/dysplasia; LBBB, left bundle branch block; LV, left ventricle; NA, data
not available; RV, right ventricle

Table 8.1 • Comparison of clinical and pathologic findings of canines and felines with ARVC/D [8, 15]



ment-type fibrosis (Figs. 8.2, 8.3). The fatty pattern
within the RV wall and trabeculae is characterized
by multifocal or diffuse areas of adipose cell infil-
tration with only mild patchy fibrosis. Islands of
myocytes are often surrounded by fat or fibrofatty
tissue. In both forms, residual surviving myocytes

are usually scattered within the areas of fibrosis or
fat, and fibro-fatty replacement usually extends
from the epicardium toward the endocardium. Fo-
cal or multifocal RV myocarditis is most prevalent
in ARVC/D cats with the fibro-fatty pattern. It con-
sists mostly of T lymphocytes associated with my-
ocyte cell death and mild-to-severe fibrous tissue
deposition. Similar findings may be also present in
left and right atrial walls, as well as LV free wall and
ventricular septum. Fatty infiltration is occasional-
ly present in the LV free wall but not in the ventric-
ular septum. Abnormal intramural small vessels,
with thickened walls (due primarily to medial hy-
pertrophy), are uncommon. Apoptotic myocytes
have been identified by TUNEL histochemical in-
vestigation in 75% of affected cats.
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Fig. 8.1 • Hearts from two
cats with ARVC/D and con-
gestive heart failure. There
is severe right atrial and
right ventricular dilatation,
and thinned, translucent
right ventricular walls as-
sociated with marked tra-
becular flattening; the sep-
to-parietal bands appear
prominent. ECG showed
ventricular tachycardia (left
bundle branch block mor-
phology)

Fig. 8.2 • Whole heart histological section from a cat with
ARVC/D and ventricular ectopy.There is anterior and apical
RV free wall thinning and aneurysm. Heidenhain trichrome
stain. From [8] with permission

Fig. 8.3 • Higher magnification (×45) of the apical aneurysm
from Fig. 8.2. There is severe transmural fibrofatty replace-
ment with organized mural thrombosis and thickened epi-
cardium. Heidenhain trichrome stain. From [8] with per-
mission
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ARVC/D in Dogs

It has been noted for many years that some dogs, in
particular the boxer breed, were predisposed to ven-
tricular arrhythmias with syncope, sudden death, or
heart failure [38-44]. Initially described as “boxer
cardiomyopathy” [38], the clinicopathologic fea-
tures were recently clarified as ARVC/D (Table 8.1)
[15]. In addition to the boxer breed, where ARVC/D
is recognized most commonly, canine ARVC/D has
also been observed in the English bulldog and
Labrador retriever.

Clinical Manifestations

Affected boxer dogs may die suddenly and unex-
pectedly during vigorous exercise, leisurely walking,
or while sleeping. Persistently high sympathetic tone
was not found to be a consistent feature of boxer dogs
with ARVC/D [45]. Syncope is common and has been
recorded in approximately half of severely affected
dogs, including up to two-thirds of those that subse-
quently died suddenly, but there was no significant
difference in the mode of death, sudden vs. nonsud-
den, in dogs with this symptom. Although less com-
mon, congestive heart failure may occur when sys-
tolic dysfunction is present.

Physical Examination

Commonly, the physical examination is unremark-
able. Tachycardia may be detected and abnormal
jugular venous pulse may accompany arrhythmias. In
some dogs, auscultation may reveal an S3 gallop or
soft, systolic, regurgitant heart murmur heard loud-
est over the tricuspid valve. Signs that may be asso-

ciated with heart failure include tachypnea, ascites,
hepatosplenomegaly, jugular venous distension, and
respiratory crackles.

Electrocardiography

Ventricular premature complexes (PVCs) with left
bundle branch block morphology are commonly de-
tected during 24-h Holter ECG recording [43] and
may occur in up to three-quarters of affected boxer
dogs. This arrhythmia is consistent with RV origin
[44]. Ventricular tachycardia with left bundle branch
block occurs in almost half of ARVC/D dogs (Fig. 8.4).
One of the authors (PF) considers such arrhythmias
in the boxer breed as surrogate markers of ARVC/D,
particularly in combination with familial history of
this disease, or with other clinical signs such as syn-
cope or heart failure. Other arrhythmias including
PVCs of right bundle branch block morphology as
well as supraventricular arrhythmias may also be ob-
served, particularly if myocardial failure and severe
atrial dilation are present. The role of the ECG in
screening and assessing animal models of ARVC/D,
however, has not been clarified. QT interval duration
and dispersion have not been found to correlate with
disease severity [46], although the use of signal-aver-
aged ECG may identify some individual dogs at risk
for sudden death [47].

Radiography

Thoracic radiographs are often unremarkable. Some
affected dogs may have right-sided heart enlarge-
ment. Animals with myocardial failure have general-
ized cardiac enlargement and pulmonary edema may
be detected. With right-sided congestive heart failure,
pericardial, pleural, or abdominal effusion is present.

Fig. 8.4 • Ambulatory ECG from a 5-year-old male boxer dog with syncope and ARVC/D showing sustained ventricular
tachycardia (up to 300bpm) with left bundle branch block pattern



Echocardiography

Transthoracic echocardiographic examination is fre-
quently unremarkable. RV dilation or thinning of api-
cal RV myocardium is evident in some dogs, and ani-
mals with myocardial failure display reduced systolic
function and cardiac chamber dilation.

Magnetic Resonance Imaging

ARVC/D hearts display high transmural signal intensi-
ty in the anterolateral and/or infundibular regions of
RV. This is particularly evident in hearts with fatty re-
placement, and corresponds anatomically to those areas
of RV fat identified with histopathology (Fig. 8.5) [15].
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Fig. 8.5 • Pathologic findings in two boxer dogs with the fatty pattern of ARVC/D, and a control dog. a, b, and c are from
a 9-year-old female boxer dog with ventricular tachycardia and sudden death during physical activity. a, Gross heart spec-
imen cut in cross section. b, T1-weighted postmortem MRI corresponding to the same cross-sectional plane shown in a.
RV cavity is dilated but wall thickness is normal. c, Low-power histopathologic section of RV wall from the region of bright
MRI signals (delineated by the box shown in b); marked transmural fatty replacement is evident (original magnification
×3). d and e are from a 12-year-old female boxer dog with ventricular tachycardia and congestive heart failure. d, Cross-
sectional MRI image showing bright, high-intensity signal in the RV infundibulum. e, Panoramic histopathologic section
from region of bright MRI signals demonstrating massive, diffuse fatty replacement of atrophic myocardium (magnifica-
tion ×3). Insert shows small islands of a few surviving myocytes surrounded by fat (magnification ×10). f and g are from
a normal control dog. f. Cross-sectional MRI showing absence of bright MRI signals in RV wall. g, Panoramic histopatho-
logic section demonstrating normal RV myocardial architecture (magnification ×3).Staining for c, e, and g is with trichrome
Heidenhain. From [15] with permission
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Therapy

Heart failure can occur in dogs with ARVC/D, par-
ticularly when left ventricular dysfunction is present.
Standard therapy includes diuretics, angiotensin-
converting enzyme inhibitors, and digitalis. The cal-
cium channel agent diltiazem is added to control ven-
tricular heart rate when atrial fibrillation occurs.

There is substantial spontaneous variability in the
frequency of ventricular arrhythmias in boxer dogs
with ARVC/D, and changes of up to 80% in PVC fre-
quency have been recorded by Holter monitor [48].
Several antiarrhythmic drugs have been studied in
boxer dogs with ARVC/D with regard to their effects
on heart rate, the frequency of PVCs, the severity of
arrhythmia, and the influence on syncope. Treatment
with mexiletine combined with atenolol, or with so-
talol alone, significantly reduced the frequency of
PVCs, arrhythmia severity, and heart rate. In contrast,
treatment with either atenolol or procainamide did
not significantly affect these parameters. Neither of
these treatment groups significantly affected the oc-
currence of syncope [49].

Gross Pathology

RV chamber dilatation is evident in approximately
one-third of affected dogs. Infundibular aneurysms
may be present but are uncommon. In a study that
compared hearts from ARVC/D boxer dogs and con-
trols, there was no significant difference with regard
to heart weight (252±35 vs. 245±63 g), RV wall thick-
ness (4.3±1.2 vs. 3.7±0.9 mm), or LV thickness
(11.4±1.9 mm vs. 11.7±1.2 mm) [15].

Histopathology

Histopathologic lesions closely resemble those char-
acteristic of human patients with ARVC/D [30-32].
Most distinguishing is substantial replacement of RV
cardiac myocytes by adipose or fibrous tissue which
occur in two patterns: a fatty form in approximately
two-thirds and a fibro-fatty form in approximately
one-third of cases [15].

The fatty form is characterized by diffusely dis-
tributed, multifocal regions of adipose cell re-
placement within the RV wall and trabeculae, ex-
tending from epicardium toward endocardium, in
association with tiny patchy fibrosis (Fig. 8.5). The
fibro-fatty form consists of focal or diffuse regions
of adipose cell replacement associated with exten-
sive areas of replacement fibrosis (Fig. 8.6). Both

Fig. 8.6 • Histopathology of RV wall from an 8-year-old male
boxer dog with sustained ventricular tachycardia (180bpm),
syncope,and sudden death.a,Low power photomicrograph.
Diffuse myocardial loss associated with adipose tissue and
replacement-type fibrosis representative of the fibro-fatty
form of ARVC/D was present in the subepicardium and mid-
mural wall, (trichrome Heidenhain stain,magnification ×3) b,
Surviving, atrophic myocytes surrounded by, and inter-
spersed within, fat and patchy fibrous replacement tissue
(trichrome Heidenhain stain, magnification ×25); c, My-
ocarditis characterized by patchy, mononuclear cellular in-
flammatory infiltrate (CD45RO) (magnification ×40). d,
Brown-staining TUNEL-positive apoptotic myocyte nuclei
(magnification ×40). From [15] with permission
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the fatty and fibro-fatty forms are characterized by
surviving myocytes embedded within regions of
fibrous tissue. In ARVC/D dogs, mean percentage
of area of RV fat did not differ significantly be-
tween anterolateral (46.7±19.7%) and infundibu-
lar (45.2±12.2%) sites, but was lower in the poste-
rior wall (29.2±18.9%) (p≤0.008). Replacement of
RV myocardium by fat was diffuse (involving ≥2
regions) in 70% of affected dogs, and segmental in
the remaining 30% [15].

LV lesions may be present in up to half of
ARVC/D hearts and consisted largely of focal, fi-
brous tissue replacement with some mild fatty tissue
replacement. In left or right atrial walls, approxi-
mately one-third of ARVC/D boxer dogs display
myocyte loss with fatty or fibro-fatty replacement
[15]. Myxomatous degeneration of the mitral valve
leaflets can occur as a normal aging change in older
dogs.

Myocarditis characterized by focal or multifocal
T-lymphocytic infiltrates (CD45, CD45RO, and
CD43 positive) and associated with myocyte death,
has been identified in the RV of almost two-thirds
of ARVC/D boxer dogs. Myocarditis is often present
in the LV free wall and in the atria. Myocyte apop-
tosis has been identified in 39% of ARVC/D hearts.
In boxer dogs with ARVC/D that died suddenly
there was a significantly greater percent of dogs with
myocarditis (9/9; 100%) vs. those who did not die
suddenly (7/14; 50%; p=0.04). The fibrofatty form
was also more prominent in dogs with (6/9; 67%)
than in those without sudden cardiac death (2/14;
14%) (p=0.02).

Conclusions

We reported novel, spontaneous animal models of
ARVC/D, sudden death, and heart failure in both
cats and boxer dogs. These spontaneous models
closely resemble the clinical and pathological fea-
tures of the human disease. In particular, they are
characterized by ventricular tachycardia of sus-
pected RV origin and structural abnormalities dis-
tinguished by RV enlargement and aneurysms, my-
ocyte loss with fatty or fibrofatty replacement, my-
ocarditis, and apoptosis. In the boxer dog series,
several of these animals were related, suggesting
that canine ARVC/D is inherited. These animal
models of human ARVC/D constitute a new and
potentially useful investigative tool to understand
the complex clinical and pathogenic mechanisms
responsible for sudden death and disease progres-
sion.
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Introduction

Arrhthmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D) is a primary heart muscle dis-
ease characterized by transmural fibrofatty re-
placement of the right ventricle and clinically by
life-threatening ventricular arrhythmias in appar-
ently healthy people [1]. The disease results in a
high risk of sudden death, particularly in young
people [2] and athletes [3]. Over the past several
years, the genetic basis of this disease has been un-
raveled and shown to be a disease of the desmo-
some [4]. Mutations in desmoplakin, plakoglobin,
plakophilin, desmoglein, and desmocollin have
been identified, along with the desmosome modi-
fying gene TGF-β3 [5-10].

In addition to genetic etiologies of ARVC/D, dis-
ontogenetic [11], degenerative [12, 13], infectious
or inflammatory [2, 14-17], apoptotic [18-20], and
myocyte transdifferentiation [21] theories have
been advanced to propose causative and/or con-
tributing environmental factors facilitating gene
expression leading to the clinical phenotype. In this
chapter, the infectious/inflammatory theory will be
discussed.

Pathological Findings Suggestive for 
Infective/Inflammatory Disease

Human Studies

Two important morphological features characterize
ARVC/D: (a) progressive loss of myocardium, main-
ly in the right ventricle (RV), with fibrofatty replace-
ment and (b) presence of patchy inflammatory infil-
trates [15].
1. Fibrofatty replacement of myocardium. Mor-

phologic alterations in patients with ARVC/D
usually begin in the subepicardium or
mediomural layers of the RV and progress to af-

fect the endocardium with fibrofatty replace-
ment of dying myocytes and thinning of the
wall. Left ventricle may be also involved, main-
ly in the advanced stages of the disease [12, 22].
The topography of morphologic alterations
(subepicardium or mediomural) that includes
myocardial loss with fibro-fatty replacement is
reported to occur in patients with chronic my-
ocarditis. Inflammatory cardiomyopathy, either
infective or noninfective, is often characterized
by pericardial involvement associated with my-
ocardial involvement (so-called perimyocardi-
tis). Thus the damage of subepicardial myocytes
is a frequent occurrence in perimyocarditis, but
it mainly occurs in infective forms of the disease
[23-26].

2. Inflammatory infiltrates are common in the ven-
tricular myocardium of patients with ARVC/D,
ranging from 60% to 77% of cases [12, 14, 27-29]
(Table 9.1). Using immunohistochemical analy-
ses, inflammatory cell infiltrates, consisting of T
lymphocyte, are identified, mainly activated T
cells (CD45 RO, CD25, and CXCR3) with a high
percentage of cytotoxic T lymphocytes (CD8). In-
flammatory cell infiltration, with an aggressive re-
sponse to adjacent dying myocytes, is also fre-
quently observed (Fig. 9.1). These findings are
common in inflammatory cardiomyopathy, espe-
cially in viral-induced forms.

Author No of Myocarditis 
patients %

Fontaine et al., 1990 [14] 27 74

Lobo et al., 1992 [27] 13 77

Basso et al., 1996 [12] 30 67

Fornes et al., 1998 [28] 20 60

Burke et al., 1998 [29] 32 65

Total 122 69

Table 9.1 • Inflammatory infiltrate in ARVC/D
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Animal Models

Spontaneous animal models of ARVC/D found in
domestic cats [30, 31] and boxer dogs [32] have been
described. The combined clinical profile (sudden
death, ventricular arrhythmias of suspected RV ori-
gin, and syncope) and pathological abnormalities
(RV chamber enlargement and aneurysms, RV my-
ocyte loss and fatty replacement, myocarditis, and
apoptosis) provide compelling evidence for sponta-
neous heart disease in animals closely resembling the
human condition of ARVC/D. The frequent occur-
rence of myocarditis and apoptosis also in animal
models has suggested that both these processes are in-
volved in the pathogenesis of ARVC/D.

Viral Studies

The presence of myocardial inflammation in more
than two-thirds of cases has suggested that some
pathologic features of ARVC/D may be considered
a sequela of infective myocarditis [33]. Thus, fibro-
fatty infiltration may, in part, be viewed as a heal-
ing phenomenon in the setting of chronic my-
ocarditis. Enterovirus was first investigated on the
basis of an experimental model in which a BALB/C
mice infected with Coxsackievirus B3 developed
selective right ventricular myocardial cell death,
acute mononuclear cell infiltration, and right ven-
tricular aneurysm formation [34]. Several re-
searchers have evaluated ARVC/D patients for the
presence of enteroviral genome in the myocardium
[17, 35-40] and controversial results have been re-
ported, possibly reflecting different patient selection
(Table 9.2).

In 1997, Heim et al. [37] reported the identifica-
tion of enterovirus RNA in endomyocardial biopsies
obtained from two male patients (15 and 26 years
old, respectively) by use of in situ hybridization. One
of these patients had a strong family history of
ARVC/D. In both of these patients, fibrosis was iden-
tified in the myocardium, supporting the hypothe-
sis that ARVC/D is a sequela of enterovirus my-
ocarditis.

In another study involving eight patients, en-
teroviral RNA was identified in myocardial specimens
with homology to coxsackievirus type B found in
three subjects [17]. A negative study of viral genome
was reported by Calabrese et al. in which there was a
high rate of familial ARVC/D cases (50%) and only
enteroviral genome was evaluated [38].
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First Author, Sex Mean age Family Methods Viruses Molecular 
year [Ref] yrs history screened finding

Kearney, 1995 [35] 2F Not specified Yes (2 cases) PCR EV, RSV, INVA-B, AV, None
CMV, HSV, EBV

Heim, 1997 [36] 4M, 2F 51 Not specified N-PCR EV 3 EV

Heim, 1997 [37] 2M 20 Yes (1 case) ISH EV 2 EV

Grumbach, 1998 [17] 4M, 4F 44 No PCR EV 3 EV

Calabrese, 2000 [38] 11M, 9F 40 Yes (9 cases) PCR EV None

Bowles, 2002 [39] 7M, 12F 19 No PCR EV, RSV, INVA-B, AV, 5 EV, 2 AV
CMV, HSV, PV, EBV

Chimenti, 2004 [40] 5M, 4F 29 No PCR EV, INV A-B, AV, CMV, None
HSV, PV, EBV, HCV

AV, Adenovirus; CMV, Cytomegalovirus; EBV, Ebstein Barr Virus; EV, Enterovirus; HCV, F, female; Hepatitis C Virus; HSV, Herpes Sim-
plex Virus; INV A-B, Influenza virus A and B; ISH, in situ hybridization; M, male; yrs, years; N-PCR, nested-PCR; PCR, polimerase chain
reaction; PV, Parvovirus B 19; RSV, Respiratory Syncitial virus

Table 9.2 • Molecular investigation in ARVC/D

Fig. 9.1 • Endomyocardial biopsy from a patient with
ARVC/D. Inflammatory cell infiltration is mainly represent-
ed by activated T-lymphocytes IHC for CD25. Original mag-
nification ×50
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The role of other cardiotrophic viruses was re-
ported by Bowles et al. [39]. The study involved 12
ARVC/D patients, who were considered sporadic cas-
es after a pedigree analysis and a clinical screening of
family members. Viruses were detected in 58% (7 out
of 12): including enterovirus in five and adenovirus
type 5 in two patients, respectively.

The presence of viruses and their role in
ARVC/D patients was investigated by Chimenti et
al. [40]. They studied 30 patients who were diag-
nosed with ARVC/D on the basis of having either
two major criteria or one major plus at least two
minor criteria [41]. At histology, ARVC/D was con-
firmed in nine patients, whereas the remaining
met the Dallas criteria for myocarditis. The mole-
cular investigation detected viral genome in four
patients with myocarditis and in none with
ARVC/D.

In Italy, our recent experience using molecular vi-
ral screening, both PCR and RT-PCR, confirmed the
presence of different viral genomes in seven (19%) of
36 cases with clinical and histological evidence of
ARVC/D (unpublished data) (Fig. 9.2).

Pathogenesis

Virus and Myocyte Death

Over the past two decades, the use of molecular-based
studies have enabled viral genomes to be analyzed in
the hearts of human subjects with cardiac dysfunc-
tion. Bowles and colleagues were the first to identify
coxsackievirus in myocardial specimens of patients
with myocarditis and dilated cardiomyopathy (DCM)
using molecular techniques [42, 43]. Towbin and col-
leagues later showed the high incidence of adenovirus
in myocarditis and DCM [44-48] as well as par-

vovirus B19 [49]. Viruses cause myocyte damage ei-
ther by direct cytopathic effects or indirectly by im-
mune-mediated mechanisms. Apoptosis is the prin-
cipal type of cell death involved in the progressive my-
ocyte loss of ARVC/D and evidence supporting this
view has been collected both at autopsy [19] and from
biopsy material [20]. The biochemical mechanisms
involved in the high rate of apoptosis observed in
ARVC/D are poorly understood. Overexpression of
caspase CPP32, a cysteine protease required for apop-
tosis, has been observed in the RV of ARVC/D patients
[1]. Interestingly, the presence of apoptosis was found
in the early and acute symptomatic phase of the dis-
ease [20]. Apoptosis is involved in the pathogenesis of
several viral infections in a dual fashion, as viruses
have both apoptosis-inducing and apoptosis-sup-
pressing functions during their replication in host
cells [50]. Myocardial apoptosis might be directly as-
sociated with the viral presence or be mediated by in-
flammation (i.e., activation of the Fas receptor path-
way, release of apoptotic cytokines) [51]. Perforin,
granzyme B, or other cytotoxic-T-related products
can, by themselves or by activating effector caspases,
induce apoptosis [52]. Perforin-containing cells have
been detected in the myocardium after coxsackievirus
infection [53] and circumstantial evidence has indi-
cated that perforin is involved in coxsackievirus-in-
duced myocarditis [54].

Cytotoxic T lymphocytes have been frequently
observed in samples from patients with ARVC/D and
the association of this lymphocyte subset with apop-
totic myocyte is a frequent event (Fig. 9.3).

Although apoptotic myocyte death is believed by
many to be the main mechanism of myocardial loss,
the association of necrotic cell death cannot be ex-
cluded. Enteroviral protease 2A directly cleaves hu-
man dystrophin in the hinge 3 region of this large cy-
toskeletal protein, leading to functional dystrophin
impairment and loss of sarcolemmal integrity [55].

Fig. 9.2 • Viral genomes fre-
quency in 36 endomyocardial
biopsies from clinical and his-
tological proven ARVC/D cases.
Viral positivity was found in 7
(19%) of 36 cases



Causative Role of Viruses

In familial cases of ARVC/D, autosomal dominant in-
heritance with variable penetrance has been report-
ed and accounts for nearly 30%-50% of cases. In the
remaining cases the disorder is believed to be related
to an acquired etiology. As reported above, different
cardiotropic viruses have been detected in myocardial
samples from patients with ARVC/D. However, a
small number of cases have been reported (Table 9.2),
and therefore the incidence of viral forms of ARVC/D,
as well as the prevalence of cardiotropic viruses in the
disease, remain to be established. As in chronic forms
of inflammatory cardiomyopathy (dilated cardiomy-
opathy), viruses could be the cause of slow, progres-
sive myocyte damage. Relatively small viral loads
during chronic latent infections appear to be able to
sustain significant viral transcriptional activity over
long periods of time and could result in recurrent
bouts of apoptosis with progressive cell death and
myocardial disappearance, followed by fibrofatty re-
placement. The interruption of myocyte-to-myocyte
continuity due to fibro-fatty replacement subse-
quently can result in electrical signs and symptoms
of the disease.

Contributing Role of Viruses

The inflammatory/infective theory does not exclude
genetic aspects, although viral infections occur more
rarely in familial cases. Myocarditis was found in
members of the same family with ARVC/D leading to

the hypothesis of genetic predisposition to viral in-
fection (Table 9.3) [16, 56-58]. A more complete
comprehension of disease pathogenesis can only be
drawn if both genetic and environmental factors are
considered. In this genome-environment interaction,
viral infections may play a primary or secondary role,
both crucial conditions for the development and
progression of the disease.

Primary Role

Many DNA and RNA viruses, following infection,
can cause genetic alterations in somatic genes. These
genetic alterations, referred to as mutations, may in-
clude deletions, chromosomal translocations, inver-
sions, or point mutations. These genomic modifica-
tions could occur during viral integration to the host
genome or play a role during subsequent steps of vi-
ral replication [59, 60].

These aspects are well known in the study of neo-
plastic disorders. Many oncogenic viruses are able to
cause genetic alteration responsible for structural
cellular changes promoting malignant transforma-
tion. Among structural proteins, cellular junctions
are frequently altered during viral infections. The al-
teration of structural junction proteins after viral in-
fection is one of the first and principal mechanisms
responsible for virus-induced cell dysfunction and vi-
ral immortalization.

Thus, viral infections could play a primary con-
tributing role in the acquired forms of ARVC/D, af-
fecting the desmosome primarily by direct disruption.

Secondary Role

Genome-environment interaction is the basis of
many complex disorders. In the setting of cardiovas-
cular diseases, DCM represents a typical example
[43-49, 61]. Recent research suggests that car-
diotropic viruses are important environmental fac-
tors in the pathogenesis of “idiopathic” cases and that
DCM more frequently results from interactions be-
tween genetic and environmental factors, whereas
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Author N. patients

Sabel et al., 1990 [56] 2

Hisaoka et al., 1990 [57] 2

Pinamonti et al., 1996 [16] 2

D’Amati et al., 1998 [58] 2

Table 9.3 • Familial ARVC/D and myocarditis

Fig. 9.3 • Endomyocardial biopsy from patient with ARVC/D.
Double staining showing a strict relation of CD8 T lym-
phocyte (cytoplasm marked in brown) and apoptotic my-
ocytes (marked in blue) TUNEL/IHC for CD8, original mag-
nification, ×100
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“pure” genetic forms may be uncommon. Genetic
background could influence viral interaction at dif-
ferent levels: virus uptake, migration, and antiviral
immunity. In other words, genetic defects of differ-
ent types could be responsible for increased individ-
ual viral susceptibility (Fig. 9.4).

The majority of known cardiotropic viruses are
taken up into the cell by receptor-mediated endocy-
tosis and then further transported into the nucleus.
The expression of viral receptors on target cells favor
virus entry and migration. Overexpression of a com-
mon receptor for both coxsackievirus and aden-
ovirus was detected in human DCM but not in oth-
er cardiomyopathies [62, 63] and is believed to po-
tentially influence the pathogenesis of DCM.

Genetic abnormalities of immune pathways can
also significantly alter the disease course in viral in-
fection. Mice are protected from coxsackievirus B3
myocarditis by gene-targeted knockout of p56Lck,
the Src family kinase essential for T-cell activation

[64]. On the other hand, coxsackievirus B3 infection
of INF-β deficient mice results in higher mortality as
compared to controls [65].

Genetically altered structural proteins of car-
diomyocytes could favor viral infection and could
themselves represent a target for the viruses, which
then cause a progression of the disease. Experimental
studies have demonstrated the extent to which such
mutations may aggravate the cardiac damage caused
by the virus. Coxsackievirus B3 infection, for exam-
ple, has been shown to grossly decrease cardiac func-
tion in dystrophin-deficient mice via enteroviral pro-
tease 2A-mediated cleavage of dystrophin [55, 66].

In complex genetic disorders with heterogenecity
of phenotypes, a comprehensive picture of the
pathogenesis can only be drawn if both genetic and
environmental factors are considered. Broadened
understanding of the pathogenesis may crucially
modify the clinical risk assessment and treatment of
these patients.

Conclusions

Different types of viral genomes are present in my-
ocardial samples from some patients with ARVC/D.
Multicenter studies, enrolling a large series of pa-
tients, are necessary to establish the incidence and
prevalence of viral forms in the disease.

A variety of approaches are needed to obtain fur-
ther insight into genome-environment interactions.
In particular, transgenic animal models for known
ARVC/D-associated gene mutations could facilitate
the knowledge of pathogenetic mechanisms respon-
sible for progressive myocyte damage.
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Introduction

Arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D) is a heart muscle disorder asso-
ciated with the occurrence of ventricular arrhythmias
arising from the right ventricle in the presence of sub-
tle or diffuse morphological changes [1-4]. Histolog-
ically the condition is characterized by myocyte loss
with fatty or fibrofatty replacement [5]. The reclassi-
fication of cardiomyopathies by the World Health
Organization/International Society and Federation
of Cardiology Task Force on the Definition and Clas-
sification of Cardiomyopathies in 1995 defined
ARVC/D as being “characterized by progressive fi-
brofatty replacement of the right ventricular my-
ocardium, initially with typical regional, and later
global, right and some left ventricular involvement,
with relative sparing of the septum. Familial disease
is common, with autosomal dominant inheritance
and incomplete penetrance; a recessive form is de-
scribed. Presentation with arrhythmias and sudden
death is common, particularly in the young” [6].

The original theory that this is a dysplastic process,
with partial or complete congenital absence of ven-
tricular myocardium, has been largely disproved by
clinical and pathological evidence demonstrating the
acquired and progressive nature of the condition 
[3, 5-13]. One case of antenatal detection of right ven-
tricular structural abnormalities associated with ven-
tricular ectopy of right ventricular origin has been re-
ported [14]. This may reflect a different disorder,
sometimes known as Uhl’s anomaly, characterized by
congenital absence, total or subtotal, of right ventric-
ular myocardium [15]. A genetic basis for classical “ac-
quired” ARVC/D has been identified, with predomi-
nantly autosomal dominant transmission. The genes
identified have demonstrated ARVC/D to be, for the
most part, a disease of the desmosome [16-21]. Some
autosomal recessive forms of desmosomal disease
have been characterized [22, 23], as well as some non-
desmosomal forms associated with effort-induced
polymorphic ventricular tachycardia [24] and tran-

scriptional abnormalities [25]. To date, however, gene
mutations are only identified in 40% of cases [21]
suggesting that the other 60% of cases may be com-
prised of incorrect diagnoses, other cell adhesion
gene mutations or phenocopies of ARVC/D.

The first case series published in 1982 described
clinical findings in 24 adults, the majority of whom
presented with symptomatic ventricular tachycardia
[1]. There was a high preponderance of male patients
(ratio to females 2.7:1) and onset of symptoms was
typically in the fourth decade of life although the age
range was broad (13-59 years). Those clinical findings
reflect the investigations available at the time. On
chest x-ray, the cardiothoracic ratio exceeded 50% in
72% of patients. The most frequent finding on ECG
was right precordial T-wave inversion (V1 to V4),
present in over 85% of those who had documented
ventricular tachycardia. Incomplete or complete right
bundle branch block was present in over one third of
all patients. Postexcitation waves (Epsilon waves)
were seen on the resting ECG in almost one third of
patients, and confirmed on signal-averaged ECG. An
additional one third of patients had late potentials on
signal-averaged ECG but no indication of this on the
ECG. Over 90% of patients had documented spon-
taneous ventricular tachycardia, and in all but one of
these the morphology was confirmed as left bundle
branch block, consistent with a right ventricular ori-
gin. Formal electrophysiological studies were per-
formed in most patients, and almost invariably ven-
tricular tachycardia was induced, usually with the
same morphology as the spontaneously occurring ar-
rhythmia. Conventional 2D echo only became avail-
able towards the latter part of the follow-up in this
study, so only one third of patients underwent such
evaluation. The patients with arrhythmia who had
2D echo showed increased RV:LV ratios, and most
had right ventricular wall motion abnormalities, al-
though one had left posterior wall involvement. At
cardiac catheterization, most patients had normal he-
modynamics, although in some cases the right atrial
a-wave amplitude was increased. Right ventricular
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angiography demonstrated global enlargement in
most, and wall motion abnormality in some. Cardiac
morphological abnormalities were confirmed by di-
rect visualization in half of the patients (mostly at the
time of surgery for intractable ventricular arrhythmia
resistant to medical therapy). The authors first de-
scribed the high frequency of structural abnormali-
ties at the 3 points of the “triangle of dysplasia” (the
pulmonary infundibulum, the apex, and the inferior
wall or subtricuspid region). They noted that in two
of their patients with ventricular tachycardia, clini-
cal investigations had not confirmed the diagnosis,
but subsequent pathology review of tissue removed
at surgery identified features typical of ARVC/D.

As one would expect with any newly described
condition, the cases presented represent the more se-
vere end of the spectrum of disease expression. Indeed
the Authors reviewed available information on an ad-
ditional 34 adult cases reported in the literature; less
than half of these had documented ventricular tachy-
cardia. Their prevalence (90%) is unusually high, and
may have reflected referral bias as they have a special
interest in arrhythmias. Only one of their 24 patients
was thought to have a familial form of the disease.

In the ensuing years, more cases of ARVC/D were
reported and a heterogeneous pattern of disease ex-
pression emerged. In the Veneto region of Italy
ARVC/D emerged as a significant cause of sudden
death in the young. In 20% of sudden deaths occur-
ring in people under age 35 years, features of ARVC/D
were detected at postmortem evaluation. In almost
half of these there were no prior reported symptoms,
and despite history of palpitation and/or syncope in
the others, the diagnosis had not been suspected
prior to their death [3]. Additionally, in a study of
sudden deaths in young athletes conducted over a
10-year period, over a quarter of cases had a post-
mortem diagnosis of ARVC/D [4]. Other milder
phenotypes were emerging, with patients initially di-
agnosed as having idiopathic ventricular arrhythmia
with “normal hearts,” with subsequent detailed echo
or angiographic studies showing evidence of region-
al or segmental right and/or left ventricular structural
or dynamic abnormalities [26]. Familial disease was
also being identified at a higher frequency with dis-
ease identified in identical and nonidentical twins
[27] and up to 30% in one case series [26].

Task Force Criteria

In many of these individuals, the clinical findings were
more subtle than those reported by Marcus et al. [1],
and yet they appeared to be affected by a variant of

the same condition. In some of those identified at
postmortem, clinical findings antemortem had per-
haps not been recognized or interpreted appropriate-
ly, and opportunities to institute potentially life-sav-
ing measures were missed. The gold standard for
making a diagnosis of ARVC/D is accepted as the
demonstration of transmural fibrofatty replacement
of right ventricular myocardium, determined at either
postmortem or surgery. This definition presents an
obvious limitation in normal clinical practice. Even
using endomyocardial biopsies as a diagnostic tool, by
definition the sample is not transmural and it is usu-
ally taken from the interventricular septum, not rec-
ognized as part of the triangle of dysplasia; as such,
absence of characteristic changes would not exclude
the diagnosis. Reliance on an invasive and potential-
ly high risk procedure as a sole diagnostic tool, given
the known morphological abnormalities encountered
in the right ventricle, is not practical for screening in
large populations. The other features documented in
patients with ARVC/D are variably lacking in speci-
ficity for the condition. As a result of these difficulties
in clinically diagnosing ARVC/D, a Task Force of ex-
perienced clinicians in the field of cardiomyopathy
was convened under the auspices of the European So-
ciety of Cardiology (Working Group on Myocardial
and Pericardial Diseases) and the International Soci-
ety and Federation of Cardiology (Scientific Council).
The remit of this Task Force was to agree criteria on
clinical evaluation that would delineate the spectrum
of disease that justifiably can be called right ventric-
ular dysplasia in clinical practice [28].

Based on the contemporaneously available evi-
dence, the Task Force looked at clinical criteria in six
different groupings. Diagnostic criteria were assigned
major or minor status according to their specificity
for the condition. A diagnosis of ARVC/D was to be
considered fulfillled by the presence of different
groups of two major criteria, one major and two mi-
nor criteria, or four minor criteria (Table 10.1).

Right ventricular morphological abnormalities,
as defined by echocardiography, angiography, mag-
netic resonance imaging or nuclear scintigraphy, are
perhaps the most difficult to standardize. The iden-
tification of regional wall motion abnormalities still
to this day requires a subjective judgement, and is
therefore open to over- and under-reporting. The
measurement of right ventricular volumes, dimen-
sions, and ventricular function is problematic, as the
structure of the right ventricle is not amenable to the
same mathematical assumptions which permit anal-
ogous measurements in the left ventricle. Definition
of the normal reference range for the right ventricle
in each of these parameters is based on a relatively
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small study of 41 patients using multiple tomo-
graphic planes to overcome the difficulties relating to
structure [29]. Dilation of a segment or the whole
right ventricle was defined as being mild if measured
dimensions were 2-3 standard deviations, and severe
if ≥3 standard deviations greater than normal, based
on evidence from studies of ARVC/D patients eval-
uated by echocardiography and/or angiography 
[8, 30-33]. In an effort to improve the specificity of
the criteria it was stipulated that the finding of mor-
phological or functional abnormalities of the right
ventricle must be in the absence of any more than
mild left ventricular systolic impairment. This was in
an effort to avoid inclusion of dilated cardiomyopa-
thy with right ventricular involvement under the di-
agnostic umbrella of ARVC/D. When these criteria
were written, dilated cardiomyopathy and ARVC/D
were considered to be entirely distinct entities, al-
though evidence of considerable overlap in pheno-
typic presentation has come to light, mostly in the last
decade [17, 18, 34-37]. By definition, therefore, the

diagnostic criteria allow for only mild left ventricu-
lar involvement, which does not reflect currently
available information on the prevalence of left ven-
tricular involvement in ARVC/D.

Endomyocardial biopsy findings of fibrofatty re-
placement are rarely diagnostic, although this was
given major status as a diagnostic criterion as it would
strongly support any findings on the other clinical in-
vestigations. Specific histomorphometric parameters
of myocytes, interstitium, fibrous and fatty tissue were
evaluated on biopsy samples by the Padua Group, and
threshold values of <45% area of myocytes, >40% fi-
brous, and >3% fatty tissue were defined as diagnos-
tic of ARVC/D with 67% sensitivity and over 90%
specificity for at least one parameter [38].

Repolarization abnormalities on ECG, consisting
of T-wave inversion in the right precordial leads (be-
yond V1 to include V2 and V3) was quite a consistent
finding in earlier reported case series (over 85% as re-
ported by Marcus et al. [1]). Subsequent case series
have described a variable prevalence of right precor-

I. Global and/or regional dysfunction and structural alterations* IV. Depolarisation/conduction abnormalities
Major: Major:
Severe dilatation and reduction in systolic function of Epsilon waves or localised prolongation of the 
RV with no (or only mild) impairment of LV QRS complex in V1-V3 (>110 ms)
Localised RV aneurysms (akinetic or dyskinetic areas Minor:
with diastolic bulging) Late potentials demonstrated on signal
Severe segmental dilatation of the RV averaged ECG
Minor:
Mild global RV dilatation and /or reduction in ejection 
fraction with normal LV
Mild segmental dilatation of RV
Regional RV hypokinesia 

II. Tissue characterisation of walls V. Arrhythmias
Major: Minor:
Fibrofatty replacement of myocardium demonstrated Sustained and non-sustained ventricular 
on endomyocardial biopsy tachycardia with left bundle branch block 

morphology (documented on ECG, Holter or 
exercise testing)
Frequent ventricular extrasystoles (>1000 over 
24 hrs Holter monitoring)

III. Repolarisation abnormalities VI. Family history
Minor: Major:
Inverted T-waves in right precordial leads (V2 and V3) Familial disease confirmed at necropsy or 
(individuals >12 years of age; in the absence of right surgery
bundle branch block) Minor:

Family history of premature sudden death (<35 
years) due to suspected right ventricular dysplasia
Family history of clinical diagnosis based on the
present criteria

ECG, electrocardiogram; LV, left ventricle; RV, right ventricle
* Morphological changes in I as detected by echocardiography, angiography, cardiac magnetic resonance imaging or 
radionuclide scintigraphy

Table 10.1 • Task force criteria for diagnosis of ARVC/D. Adapted from [28]



dial T-wave inversion, ranging from 19% to 94% [39-
42]. The lower prevalence rates are often seen on eval-
uation of familial ARVC/D (less than 20% of living rel-
atives in 37 families [42]), while higher rates are often
seen in case series of unrelated probands (81% in the
recently published US experience [43]). This is prob-
ably explained partly by inclusion bias in those diag-
nosed on clinical criteria alone with no obvious fam-
ily history, and partially by incomplete penetrance in
familial forms of the disease. T-wave inversion can be
a normal feature of the ECG in childhood or in the
transitional phase from childhood to adult ECG pat-
tern, and thus this finding is not considered diagnos-
tic in those age 12 years of age and under. For similar
reasons, T-wave inversion is not considered a diagnos-
tic feature in the presence of right bundle branch block
on the resting ECG. Although a consistent feature in
many case series, the differential for the presence of
T-wave inversion in right precordial leads can include
right ventricular overload, such as in major pulmonary
embolus, atrial septal defect or any intracardiac right
to left shunt, or it may develop following intracranial
haemorrhage, postulated to be a consequence of adren-
ergic responses to the cerebral insult. It is therefore a
relatively nonspecific finding and is thus relegated to
the status of a minor criterion (Fig. 10.1).

The presence of epsilon waves in the right pre-
cordial leads reflects delayed activation of some right
ventricular fibers. This may be a function of infiltra-
tion of the right ventricle by fibrofatty tissue. Defin-
itions vary, but the currently accepted definition of an

epsilon wave is any electric potential in V1 to V3 ex-
ceeding the QRS duration in V6 by more than 25msec
occurring after the end of the QRS complex [44]. This
has been found to be highly specific for the diagnosis
of ARVC/D, and is therefore afforded major status, al-
though it is observed in only 25%-33% of ARVC/D
patients using standard ECG [40, 45]. A modified
method of lead placement as described by Fontaine
[44] will improve the demonstration of epsilon waves
to a prevalence of over 60% [40]. Localized prolon-
gation of the QRS complex in V1 to V3 beyond
110msec in duration is also considered to be a major
criterion. In one study this was found in 70% of af-
fected patients [40]. Varying degrees of delayed right
ventricular activation, from incomplete in up to 18%
of cases to complete right bundle branch block in up
to 15% of cases, have been identified [44]. A related
phenomenon, the difference in QRS duration be-
tween right precordial leads and V6 (termed QRS dis-
persion) has been shown to be a strong independent
predictor of sudden death at values ≥40 msec [45].

The detection of late potentials on signal-averaged
ECG is the surface counterpart of delayed or late po-
tentials detected during endocardial or epicardial map-
ping. They are frequently found in patients with doc-
umented ventricular tachycardia but lack specificity,
being found in other settings such as in the postmy-
ocardial infarction setting [46, 47], and are thus con-
sidered a minor criterion. The prevalence in ARVC/D
series ranges from 50% to 80% [48, 49], the variation
possibly relating to disease severity as a positive cor-
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Fig. 10.1 • ECG from a patient with a confirmed mutation in plakophilin-2 showing localized QRS prolongation in right pre-
cordial leads, associated with characteristic T-wave inversion extending to V4. A single ventricular ectopic beat is also seen
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relation has been found between late potentials and ex-
tent of right ventricular fibrosis, reduced right ven-
tricular systolic function and significant morpholog-
ical abnormalities on imaging [50, 51] (Fig. 10.2).

Ventricular arrhythmias of left bundle branch
block morphology can occur in the presence of is-
chemic heart disease (although right bundle branch
block arrhythmia predominates in this case), bundle
branch re-entry arrhythmia or Right Ventricular
Outflow Tract Ventricular Tachycardia (RVOT VT),
a supposedly prognostically benign condition. While
their occurrence (either as sustained or nonsustained
VT detected on ECG, exercise test or ambulatory
monitoring) should raise suspicion of a possible di-
agnosis of ARVC/D, it is not a finding specific to the
condition. Equally the finding of frequent ventricu-
lar ectopics (>1000 over 24h) on ambulatory ECG
monitoring, while frequently found in association
with ARVC/D, may be found in patients with is-
chemic heart disease or other conditions [52] and
therefore constitute a minor criterion only.

The inclusion of family history as a diagnostic cri-
terion reflects the growing awareness that ARVC/D is

frequently an inherited (dominant) condition [42,
53]. Pathological confirmation of transmural fibrofatty
replacement of ventricular myocardium, from either
surgically resected or postmortem tissue, is the gold
standard for diagnosing ARVC/D, and not surprising-
ly, if a relative is so diagnosed, it is considered as a ma-
jor criterion in the diagnosis of their relatives. As
postmortem evaluations are not always performed by
expert cardiac pathologists, too often the right ventri-
cle is inadequately sampled and a diagnosis may be
missed. For this reason a premature (<35 years) sud-
den death in the family thought, but not proven, to be
due to ARVC/D is considered a minor criterion. Equal-
ly as a clinical diagnosis in a family member usually
lacked histopathological confirmation, it was consid-
ered only a minor criterion when considering diag-
nosis in other family members.

In proposing the diagnostic criteria, the Task Force
authors considered the resulting diagnostic criteria to
be a “working framework to improve understanding
of this condition.” They postulated that increased
characterization of familial disease, the identification
of a gene or genes responsible, and in time a more de-

Fig. 10.2 • Signal averaged ECG from a female patient with ARVC/D who presented with cardiac arrest and was found to
have biventricular involvement. A desmoglein-2 mutation has been confirmed. Recorded at the 40-Hertz filter, the vector
output is positive for late potentials with the root mean square voltage of the terminal 40ms <20 µV and the duration of
the low-amplitude signal >41 ms



tailed understanding of the natural history of the con-
dition would promote evolution of the criteria to allow
a more succinct clinical or genetic diagnosis. Some of
the limitations of the criteria are detailed above.

Task Force Criteria Revisited

Even before the publication of the Task Force criteria
in 1994, study of relatives of probands diagnosed with
ARVC/D identified features of disease which were not
as marked as in the proband, suggesting considerable
heterogeneity of disease expression, even within rela-
tives carrying the same gene mutation. There was evi-
dence supporting both incomplete and age-related
penetrance [53]. From the Veneto region of Italy we
have evidence on postmortem of ARVC/D in athletes
who did not fulfill the diagnostic criteria antemortem.
This so-called concealed phase of ARVC/D is prob-
lematic, as fatal arrhythmias can occur in the absence
of gross morphological changes [3-5]. Since the publi-
cation of the Task Force criteria in 1994, the identifica-
tion of specific gene mutations responsible for ARVC/D
has provided evidence of gene carriers with some fea-
tures of ARVC/D which are insufficient to fulfill the
Task Force criteria. Logic dictates that these subjects
have at least a “forme fruste”of ARVC/D and data is still
lacking as to whether the natural history for those with
incomplete penetrance differs substantially from those
who fulfill classical Task Force criteria for ARVC/D.

Previous evaluation of relatives of patients with hy-
pertrophic and dilated cardiomyopathy has shown that
some have phenotypic abnormalities which, while non-
diagnostic, are indicative of disease expression [54, 55].
Hamid et al. evaluated family members of ARVC/D
probands to determine if reliance on Task Force crite-
ria to diagnose ARVC/D would result in significant un-
derreporting in the setting of family screening [56].
They evaluated almost 300 relatives of 67 probands (a
mean of 4.4 subjects per family). Features of ARVC/D

fulfillling diagnostic criteria were identified in 10% 
of relatives, suggesting familial disease in 28% of
probands. This is somewhat less than what reported
elsewhere of up to 50% familial disease [57]. However
a further 11% of relatives had isolated minor criteria
on clinical evaluation. These included T-wave inversion
of right precordial leads in 41% and a positive signal-
averaged ECG in almost one third. A small proportion
had an excess of 200 ventricular ectopics on 24-h
Holter monitoring (2%). These “nondiagnostic” cases,
if accepted by logic to be affected in the context of a def-
initely affected relative and 50% gene transmission,
would bring the total proportion of familial disease to
50%, which is similar to the findings in dilated car-
diomyopathy (when isolated left ventricular enlarge-
ment or depressed fractional shortening are included)
[55] and in hypertrophic cardiomyopathy (when iso-
lated ECG abnormalities or mild hypertrophy on echo
are included) [54]. The authors therefore propose a
modification of the Task Force criteria, which could be
used as a diagnostic tool, but only in first degree rela-
tives of a patient with confirmed ARVC/D (Table 10.2).
In this context, the presence of any one of right pre-
cordial T-wave inversion, late potentials on signal-av-
eraged ECG, ventricular tachycardia with LBBB mor-
phology, or minor functional or morphological
changes of the right ventricle on imaging should be
considered diagnostic for familial ARVC/D. In addition,
they proposed that the arbitrary threshold value of
1,000 ventricular ectopics in a 24-h period be reduced
to 200 ventricular ectopics, which would appear to be
indicative of familial disease expression (Table 10.2).

As with the Task Force criteria, these proposed
modified criteria require validation in prospectively
evaluated familial ARVC/D. With the increasing
number of disease-causing genes identified, there
has been some evidence of improved diagnostic yield
incorporating both diagnostic criteria. Bauce et al.
described the findings in probands and relatives with
four novel desmoplakin mutations [18]. Applying
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Proven ARVC/D in a first-degree relative plus one of the following

I. ECG: II. Signal averaged ECG:

T-wave inversion in the right precordial leads (V2 and V3) Demonstration of late potentials

III. Arrhythmia: IV. Structural or functional abnormality of 

Ventricular tachycardia with left bundle branch block the right ventricle:

morphology (documented on ECG, Holter monitoring Mild global RV dilatation of the RV and/or 
or during exercise testing) reduction in ejection fraction with normal LV

>200 ventricular extrasystoles over 24 hours (Holter monitor) Mild segmental dilatation of the RV
Regional RV hypokinesia

ARVC/D, Arrhythmogenic Right Ventricular Cardiomyopathy/Dysplesia; ECG, electrocardiogram; LV, left ventricle; RV, right ventricle

Table 10.2 • Proposed modification of Task Force criteria for the diagnosis of familial ARVC/D. Adapted and reproduced
from [56] with permission from the BMJ Publishing Group
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Task Force criteria, only 54% of gene carriers
achieved the threshold for a diagnosis of ARVC/D.
However, two thirds of mutation carriers were found
to have some abnormality on ECG or echo. One of
these with a nonspecific ECG abnormality alone died
suddenly shortly after evaluation. Applying the mod-
ified criteria of Hamid et al. [56], an additional 15%
of relatives could be considered affected, bringing
gene penetrance for desmoplakin to almost 70%.

Our experience with plakophilin-2 mutations is
similar. In eleven probands and their relatives we
identified 66% of gene carriers who fulfillled Task
Force criteria. Extending the diagnosis to those who
fulfill the proposed modified criteria suggests gene
penetrance for these families approaches 100% [20].

While these data support the benefit in modifying
diagnostic criteria for familial disease, genotype phe-
notype studies have also highlighted limitations of the
proposed system. This is perhaps not unexpected, giv-
en the nonspecific nature of most of the diagnostic cri-
teria, as previously discussed. In two relatives without
plakophilin-2 mutations, clinical evaluation had iden-
tified right ventricular enlargement in one, and high
volume ventricular ectopy in another, but no other clin-
ical features of ARVC/D in either. This had led to the
clinical suspicion of gene carrier status, which was
subsequently proved not to be the case [20]. Also, in
evaluating families with desmoglein-2 mutations, we
identified a mother and daughter whose only abnormal
finding was late potentials on signal-averaged ECG. As

their father/grandfather had died suddenly at the age
of 54, it was assumed that this was likely related to
ARVC/D (as his nephew had died with postmortem
pathological confirmation of ARVC/D). It was subse-
quently confirmed that the 54-year-old man died as a
result of myocardial infarction, with fresh coronary
thrombosis identified at postmortem, and the disease
both clinically and genetically segregated with the oth-
er side of the proband’s family. Therefore exclusive use
of Task Force criteria has been shown to result in false
negative diagnoses, and exclusive application of the
proposed modified criteria within the context of fa-
milial ARVC/D will result in false positive diagnoses.

A further limitation of both criteria is the exclu-
sion of left ventricular disease as an indicator of dis-
ease expression. Indeed, the Task Force criteria by de-
finition exclude those with more than mild reduction
in left ventricular systolic function. Many case series
over the last 20 years have described varying propor-
tions of patients exhibiting signs of left ventricular in-
volvement. These range from 16% [42] to 27% [18],
and if only those with Task Force criteria disease ex-
pression are considered, for desmoplakin the preva-
lence is over 40%. A review of pathological findings
of 47 patients whose hearts were examined at autop-
sy or cardiac transplantation found that 76% had ev-
idence of left ventricular involvement, either micro-
scopically or macro- and microscopically, and these
patients had a higher incidence of clinical complica-
tions (arrhythmias and heart failure) [34] (Fig. 10.3).

Fig. 10.3 • ECG from the patient whose Signal Averaged ECG is displayed in Fig. 10.2. There is poor R-wave progression in
the right precordial leads, but T-wave inversion is only evident in the inferior leads and V3 to V6



We have recently published our findings related to
a large family with a novel desmoplakin mutation
[17]. On evaluating nine living relatives of a proband
with isolated left ventricular fibrofatty change on
postmortem, only four of these mutation carriers ful-
fillled Task Force criteria for a diagnosis of ARVC/D.
Left ventricular disease was noted to be a prominent
feature, both on imaging and in evidence of left pre-
cordial variants of the ECG patterns associated with
ARVC/D. By modifying the Task Force criteria to in-
clude left ventricular rather than right ventricular ab-
normalities, the penetrance of this mutation was
93%, and the one patient who did not fulfill left ven-
tricular Task Force criteria actually fulfillled right
ventricular traditional criteria.

Conclusions

This highlights the challenge in evolving the current
diagnostic criteria to encompass all aspects of this ge-
netically and clinically heterogeneous condition. The
optimal diagnostic criteria likely lie between these
three models, although the gold standard should be
based on genetic identification where possible.
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Introduction

The diagnosis of ARVC/D is readily apparent when
patients have the typical features including ECG
changes and morphological abnormalities limited to
the right ventricle. Since the right ventricular struc-
ture and contractile pattern is asymmetrical it can be
difficult to differentiate normal from mild abnor-
malities of this complex ventricular chamber [1, 2].
This may cause uncertainty in differentiating ARVC/D
from normal variants or from idiopathic ventricular

tachycardia arising from the right ventricular outflow
tract, a condition that is not hereditary and has a good
prognosis [3-6]. These problems were recognized in
the decade after the clinical profile of ARVDC/D was
first described [7]. To address these uncertainties a
Task Force was assembled that proposed diagnostic
criteria for ARVC/D. The Task Force agreed that there
was no single test that is sufficiently specific and sen-
sitive to be used to establish this diagnosis. Therefore,
major and minor criteria were selected and it was pro-
posed that the diagnosis of ARVC/D be made using
combinations of these criteria [8] (Table 11.1). The

STRENGTHS AND WEAKNESSES OF THE
TASK FORCE CRITERIA – PROPOSED 
MODIFICATIONS
Frank I. Marcus, Duane Sherrill
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Major Minor

I. Global and/or regional Severe dilatation and reduction of right Mild global right ventricular dilatation 
dysfunction and structural ventricular ejection fraction with no and/or ejection fraction reduction with 
alterations* (or only mild) LV impairment normal left ventricle

Localized right ventricular aneurysms Mild segmental dilatation of the right 
(akinetic or dyskinetic areas with ventricle
diastolic bulging)
Severe segmental dilatation of the Regional right ventricular hypokinesia
right ventricle

II. Tissue characterization Fibrofatty replacement of myocardium 
of wall on endomyocardial biopsy

III. Repolarization abnormalities Inverted T waves in right precordial leads
(V2 and V3) (people aged >12 years, in
absence of right bundle branch block)

IV. Depolarization/conduction Epsilon waves or localized prolongation Late potentials (signal-averaged ECG)
abnormalities (>110ms) of the QRS complex in right 

precordial leads (V1-V3)

V. Arrhythmias Arrhythmias listed below plus T wave Left bundle branch block type ventricular 
abnormalities-see III Repolarization tachycardia (sustained and nonsustained) 
abnormalities (ECG, Holter, exercise testing)

Frequent ventricular extrasystoles
(>1000/24 hours) (Holter)

VI. Family history Familial disease confirmed at necropsy Family history of premature sudden 
or surgery death (<35 years) due to suspected

right ventricular dysplasia
Familial history (clinical diagnosis
based on present criteria)

* Detected by echocardiography, angiography, magnetic resonance imaging, or radionuclide scintigraphy. ECG, electrocar-
diogram; LV, left ventricle.
Reproduced from [8] with permission from BMJ Publishing Group.The diagnosis of ARVC/D would be fulfilled by the presence
of two major, or one major plus two minor criteria or four minor criteria from different groups

Table 11.1 • Task Force criteria for diagnosis of ARVC/D



strength of these guidelines is that they have been ex-
tremely useful in providing standardized criteria to es-
tablish the diagnosis of ARVC/D. Since the guidelines
were published, there has been a large accumulation
of experience in the diagnosis of ARVC/D as well as
improvements in diagnostic imaging techniques in-
cluding 2D echocardiography, MRI, and angiography.

When one attempts to classify patients suspected
of having this condition, certain limitations of the
Task Force criteria become evident since some are
qualitative and subjective.
In general the major limitations of the Task Force
criteria relate to the definition or quantification of
the various categories. In the original report it was
stated that dilatation of the right ventricle or seg-
ments of the right ventricle was defined by echocar-
diography or angiography. Mild dilatation was as-
sessed as 2-3 standard deviations (SD) from normal
and >3 SD would be as categorized as severe dilata-
tion. There was no definition of moderate dilatation.
Yoerger et al. [9] performed an analysis of 2D
echocardiograms in 29 probands who were diag-
nosed with ARVC/D independent of the echocar-
diogram. The echocardiograms were done according
to a specific protocol (Table 11.2). They found that
the RV fractional area change (FAC) was signifi-
cantly decreased in probands vs. control patients
(27.2±16 mm vs. 41.0±7.1 mm p=0.0003) and that
the right ventricular outflow tract was the most
commonly enlarged dimension in the ARVC/D
probands (37.9±6.6mm) vs. control patients
(26.2±4.9 mm p=<0.0001) (Table 11.2).

These data and the original Task Force definition
of mild enlargement as >2 and <3 SD and ≥3 SD as
severe have been calculated and are presented in
Table 11.3. Normal values and cut-off values are not
available from a large population database for these
right ventricular echocardiogram-derived dimen-
sions based on gender or adjusted for body surface
area. When information from a large database of nor-
mals is forthcoming, the calculated values for right
ventricular enlargement may require adjustment.

Evaluation of global right ventricular function
that is mildly impaired constitutes a minor criteri-
on. In a study of echocardiography in 15 patients
with ARVC/D and in a control group of 25 healthy
subjects, interobserver agreement for subjective as-
sessment of regional wall motion in patients was
moderate as evaluated by the weighted Kappa test
(Kw) (Kw=0.47) but poor in the normal subjects
(Kw<0.2) [1]. Since mild segmental dilatation of the
right ventricle is considered a minor criterion, this
evaluation could affect whether the patient would be
designated as having the disease by meeting the Task
Force criteria.

Although the information and calculations pre-
sented in Table 11.3 correspond with the definitions
of mild and severe right ventricular enlargement
presented in the original Task Force document, this
categorization of using a fixed deviation from the
standard may not be an optimal way of differentiat-
ing mild from moderate and severe abnormalities
since it does not take into account the sensitivity and
specificity of these arbitrary cut-off points.
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Right Heart Dimensions Normal* Normal * ARVC/D ARVC/D 
Controls Controls Indexed Probands Probands Indexed 

(± SD) to BSA (± SD) to BSA

RVOT-PLAX diastole (mm) 26.2±4.9 14.4±2.4 37.9±6.6 21.0±4.1

RVOT-PSAX diastole (mm) 31.1±4.7 17.0±2.6 38.9±4.7 21.5±3.0

RVOT/Aortic valve ratio 1.04±0.2 0.57±0.14 1.28±0.2 0.71±0.16

RV medial-lateral Apical 4 25.1±4.0 13.7±2.3 34.0±8.9 18.7±4.8
Chamber diastole (mm)

RV LAX length-Apical 4 76.1±7.6 41.8±3.4 79.2±15.6 43.7±9.2
Chamber diastole (mm)

RV End Diastolic Area (cm2) 17.9±3.5 9.8±1.3 25.2±7.7 13.8±4.1

RV End Systolic Area (cm2) 10.5±2.3 5.7±0.9 18.9±8.4 10.3±4.4

RV FAC (%) 41±7 27.2±16

BSA, body surface, area; FAC, fractional area change; PLAX, parasternal long axis; PSAX, parasternal short axis; RV, right ventricle;
RVOT, right ventricular outflow tract; SD, standard deviation. Data are presented as mean ±1 standard deviation
* Normal controls are age and sex matched to the ARVC/D probands
Modified from [9]

Table 11.2 • Quantitative echocardiographic measurements of the right ventricle in 29 normal subjects and 29 ARVC/D
probands
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In the Task Force document it was stated that ex-
perience with magnetic resonance imaging (MRI) and
computed tomography (CT) in the diagnosis of right
ventricular dysplasia was limited and required further
evaluation. The MRI should be particularly valuable
for accurately calculating right ventricular end dias-
tolic and systolic volumes since the volumes are de-
rived from a 3D model, thus distinguishing normal
from abnormal. Descriptive measures are presented in
Table 11.4 and were obtained from 425 normal sub-
jects from the Johns Hopkins Hospital database un-
der the direction of Bluemke et al. [10]. As one can

see, these volume measurements as well as dimensions
of the right ventricle are significantly different for men
and women. The normal cut-off values for these
measurements are listed in Table 11.4. This data from
normal subjects can be compared with measurements
from probands with ARVC/D in whom the diagnosis
is made by Task Force criteria not including the MRI
data. As previously mentioned, using these cut-off val-
ues to categorize the degree of abnormality based on
standard deviation from the mean may not be an ide-
al way to categorize the various degrees of function-
al and structural abnormalities since it does not take

Parameter Cut-off BSA Indexed Cut-off

RV Global Dilation
Mild is >2 SD from normal mean RVED area >25 cm2 12 cm2/m2

Severe is >3 SD from normal mean RVED Area >28 cm2 14 cm2/m2

RV segmental dilation >36 mm 19 mm/m2

Mild is >2 SD from normal mean RVOT (plax dia) >41 mm 22 mm/m2

Severe is >3 SD from normal mean RVOT (plax dia) >41 mm 22 mm/m2

Mild is >2 SD from normal mean RVOT (sax dia) >33 mm 18 mm/m2

Severe is >3 SD from normal mean RVOT (sax dia) >37 mm 21 mm/m2

Mild is >2 SD from normal mean RVML (4ch dia) <27%
Severe is 3>SD from normal mean RVML (4ch dia) <20%

Reduction in RVEF
Mild is <2 SD from normal mean RVFAC
Severe is <3 SD from normal mean RVFAC

RVOT (plax dia), RVOT parasternal long axis diameter; RVOT (sax dia), RVOT
short axis diameter: RVML (4ch dia), RV medial lateral apical 4 chamber diameter; RVED, right ventricular end diastolic; RVFAC,
RV fractional area change; RVOT, right ventricular outflow tract; SD, standard deviation

Table 11.4 • Quantitative data for gender specific raw, and BSA-adjusted RV variables by Cine MR

Men Women

Raw cut-off BSA cut-off Raw cut-off BSA cut-off

RV EDV (ml)
2 SD from normal mean RV EDV 208 102 161 88
3 SD from normal mean RV EDV 239 116 185 99

RV ESV (ml)
2 SD from normal mean RV ESV 88 44 60 34
3 SD from normal mean RV ESV 105 52 73 40

RV 4CH EDD (mm)
2 SD from normal mean RV 4CH EDD 50 25 47 28
3 SD from normal mean RV 4CH EDD 55 28 52 31

RVEF
2 SD from normal mean RVEF 0.42 0.49
3 SD from normal mean RVEF 0.32 0.39

* Data derived using a fast gradient echo cine MRI acquired in the short axis plane.There were 425 normal subjects; 191 men;
The mean age was 61±10 years. Ref. from John Hopkins Database, Tandri et al. [10]
** BSA, body surface area; ChL, chamber length; EDD, end diastolic dimension; EDV, end diastolic volume; EF, ejection; ESV, end
systolic volume; RV, right ventricle; SD, standard deviation; sa, short axis

Table 11.3 • Calculated data to define mild and severe RV dilatation and dysfunction by echocardiography



into consideration the sensitivity as well as specifici-
ty of these measurements.

Angiographic evaluation of right ventricular wall
motion is considered to be the best available method
for analysis of regional wall motion abnormalities.
The study is obtained in several projections including
the PA, lateral, 30° RAO, and 60° LAO views. Since the
right ventricle does not contract symmetrically, it re-
quires considerable experience to determine abnor-
mal wall motion in any one segment. A computer-
based method for quantitative analysis of the region-
al wall motion of the right ventricle as well as volumes
is being developed and this should greatly aid in the
quantitation of the above parameters [11]. Ventricu-
lar volume by angiography is less accurate than that
by MRI because it is based on a single or 2D view of
the right ventricle whereas the MRI volume is based
on a 3D analysis. The available data from the litera-
ture for the normal right ventricular angiographic
measurements are listed in Table 11.5 [12-19].

Tissue Characterization of Walls

This major criterion for the diagnosis of ARVC/D is
that of fibrofatty replacement of myocardium on en-
domyocardial biopsy. Fatty tissue may be a normal
component of the right ventricular free wall [20-23].
The definition of “fibrofatty replacement”was not pro-
vided in the original Task Force criteria. The major
problem with the pathological evaluation from my-
ocardial biopsy relates to the fact that, in ARVC/D, the
pathology may be spotty, and biopsies may not be ob-

tained from the affected region. Importantly, the most
common site for right ventricular biopsy is the septum
and the septum is seldom involved in ARVC/D. For-
tunately, the risk of perforation due to biopsy of the
free wall of the right ventricle is small when performed
according to strict guidelines, including avoiding biop-
sy of the thin wall dysfunctional regions [24-25].
Biopsies are obtained from adjacent regions.

Angelini et al. [26] proposed that diagnostic values
for ARVC/D in right ventricular endomyocardial biop-
sies are the presence of <45% myocytes, >40% fibrous
tissue, and >3% fatty tissue. The normal amount of
myocytes is 80%-85%. These measurements are based
on analysis of endomyocardial biopsies from 30 pa-
tients with ARVC/D, 29 patients with dilated car-
diomyopathy, and 30 controls. The following criteria
have been utilized to evaluate right ventricular biopsy
samples in the ARVC/D North American Multidisci-
plinary Study of Right Ventricular Dysplasia. If there
are <45% myocytes due to replacement by either fi-
brous tissue or fatty tissue, the biopsy is consistent with
ARVC/D. If the residual myocardium is between 45%-
70%, findings are classified as indeterminate; finally if
the residual myocardium exceeds 70%, the biopsy is
considered negative. Sensitivity and specificity of these
criteria are undergoing evaluation in the above registry.

Repolarization Abnormalities

These are listed as minor criteria and consist of in-
verted T waves in the right precordial leads V1, V2,
and V3 in individuals aged 12-45 years (in the absence
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Author Views N. RVEF RV-EDV RVESV RVSV 
Ref No. (%) Index Index Index 

(ml/m2) (ml/m2) (ml/m2)

Baudouy [12] 30º RAO, 60º LAO 20 55±4 70.±7 32±4
Chiddo [13] 20ºRAO 16 55±5 80±8
Chioin [14] AP, LAT 22 60±6 94±15 37±9 57±11
Daliento [15] Not specified 18 60 95 38
Daubert [16] 30 RAO, 60 LAO 10 59±6 79±10 32±6 47±8
Ferlinz1 [17] 30 RAO, 60º LAO 10 74±16 26±6
Genzler [18] AP, LAT 9 51±8 81±12 39±9
Hebert [19] 45ºRAO 45ºLAO 11 58±5 82±21 35±11 46±13

Total
*Mean ±1SD N=116 57±5 74±12 34±7 50±11
*Mild 1-2 SD <52% >86 >41 >61
Moderate to severe >2SD >48% >98 >48 >72

Mean ±1 SD of the pooled standard deviations; AP, antero posterior; LAO, left anterior oblique; LAT, lateral; RAO, right anterior
oblique; RV-EDV, right ventricular - end diastolic volume; RVEF, right ventricular ejection fraction; RVESV, right ventricular end
systolic volume; RVSV, right ventricular systolic volume; SD, standard deviation

Table 11.5 • Quantitative angiographic measurements of the right ventricle
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of right bundle branch block, or RBBB). A review of
the literature indicates that T-wave inversion beyond
V3 and otherwise healthy individuals between age 19
and 45 is relatively specific for this disease [27]. This
pattern occurs in only 3% of healthy/normal women
and 1% of men in this age category. It has been ob-
served that there may be T-wave lability from one
ECG recording to another. It is not known whether
this change is due to different lead placement or to a
physiological change.

Depolarization/Conduction Abnormalities

Under this category, major criteria are the presence of
epsilon waves or localized prolongation (>110 msec)
of the QRS complex in the right precordial leads,
V1-V3. The definition of epsilon waves was not pro-
vided in the Task Force publication. It is proposed that
epsilon waves be defined as reproducible low-ampli-
tude, low-frequency waves observed in leads V1-V3

after the end of QRS complex, usually before the on-
set of the T waves. The identification of the epsilon
waves can be enhanced by recording the ECG signals
with a high pass filter of 40 Hz at twice the usual gain
to 20 mV/mm, and by increasing the recording speed
to 50 mm per second [28, 29].

Localized prolongation of the QRS >110 msec in
the right precordial leads is an indication of delayed
conduction over the right ventricle (right ventricu-
lar parietal block). Additional parameters for mea-
suring delayed conduction over the right ventricle,
such as an S wave duration >55 msec, has been pro-
posed as a sensitive marker of ARVC/D [30]. This
finding requires further prospective confirmation.

Under this same category of depolarization/
conduction abnormalities, minor criteria include
the presence of late potentials as evaluated by the
signal averaged electrocardiogram (SAECCG). The
normal values of filter settings were not provided in
the original Task Force publication. The SAECG
should be performed using a 40-250 Hz filter with a
noise level <0.3 µV. The standard normal values in-
clude a filtered QRS duration of <114 msec, dura-
tion of low amplitude signals of <40 µV (LAS 40) of
<38 msec, and a root mean square amplitude of the
last 40 msec of the QRS signal (RMS 40) of >20 µV.
The presence of late potentials is defined as an ab-
normality in two of the three parameters. The above
standard criteria for normals do not take into ac-
count the fact that there is a difference in the nor-
mal values of the SAECG in men and women and
that the normal values also are dependent upon the
type of equipment used, primarily relating to the fil-

tering system that may differ from one instrument
to another. Based on results from the literature, nor-
mal values for SAECG based on equipment and
gender are shown in Table 11.6 [31].

The Presence of Arrhythmias

These are a minor criterion and consist of >1000 pre-
mature ventricular beats of left bundle branch block
morphology (LBBB) during a 24-h Holter monitor
recording or sustained and nonsustained ventricular
tachycardia recorded by electrocardiogram, Holter
monitoring or exercise testing, as well as during an elec-
trophysiological study.Attention must be directed to the
morphology of the premature ventricular beats, par-
ticularly during Holter monitoring, since the recording
leads may not be uniform from one instrument or cen-
ter to another. The PVCs or VT should be revaluated to
be certain that they are of LBBB configuration.

As mentioned above, ventricular arrhythmias are
listed as a minor criterion. Modification of this crite-
rion to a major criterion has been proposed consist-
ing of a combination of right ventricular arrhythmias
in conjunction with T wave abnormalities [32]. This
combination may enhance the sensitivity of the Task
Force criteria. This finding is based on a retrospective
analysis of 24 patients with the obvious clinical diag-
nosis of ARVC/D and positive histology. The Task
Force criteria for arrhythmias were present in only ten
patients, thus resulting in a low sensitivity of only 42%.
However a sensitivity of 100% was obtained if the neg-
ative T waves were designated as a major criterion
when associated with LBBB ventricular tachycardia
[32]. It seems reasonable that this combination should
be utilized for the diagnosis of ARVC/D and should be
incorporated as major criteria. This change should in-
crease the sensitivity of the Task Force criteria without
decreasing the specificity.

The final criterion for the diagnosis for ARVC/D is
that of a family history of the disease. This consists of
a major and minor category. The major category is that
of familial disease confirmed at necropsy or surgery.
The autopsy reports indicating the presence of

Equipment Gender f QRS ms LAS ms RMS µV

General Electric M ≤124 ≤42 ≥16

(Marquette) F ≤116 ≤42 ≥15

ART (Corazonix) M ≤115 ≤47 ≥11

F ≤107 ≤43 ≥13

Table 11.6 • Normal SAECG criteria according to equipment
and gender



ARVC/D as a cause of death needs to be critically ex-
amined. Frequently this is based on the finding of no
other cardiac pathology except that of fatty infiltration
of the free wall of the right ventricle in an individual
with sudden death. Infiltration of fat in the right ven-
tricular myocardium in the absence of fibrosis can be
seen frequently in normal hearts, especially in the an-
terior apical region [20, 21, 23]. Minimal requirements
for the diagnosis of ARVC/D at autopsy should include
the following [33]. There should be no other patho-
logical findings to explain cardiac death by gross or mi-
croscopic examination. The right ventricle may be
normal in size or moderately increased. The presence
of right ventricular aneurysms should be considered
pathognomonic. At histology the amount of myocar-
dial loss is diagnostic. When there is predominantly fi-
brous replacement, the loss may be limited to the out-
er half of the right ventricular free wall. When there is
predominately fatty replacement, the myocardial loss
should be transmural, at least in the inflow or outflow
tract. The presence of even a small amount of re-
placement-type fibrosis with myocyte nuclear abnor-
malities is essential for the diagnosis. Thinning of the
right ventricular wall is indicative but not essential for
the diagnosis. When fatty tissue replacement is pre-
dominant, the right ventricular wall thickness may be
increased (“pseudohypertrophy”).

A minor criterion is that of family history of pre-
mature sudden death due to suspected ARVC/D or a
family history with a clinical diagnosis based on present
criteria. Recently a modification of the Task Force cri-
teria was proposed based on the findings that the phe-
notypic expression of the disease in family members
may be less severe than in probands [34] (Table 11.7).
If family members fulfill these criteria, these individu-
als may be considered as probably affected.

Conclusions

An unequivocal reference or gold standard on which
to base the diagnosis of ARVC/D is that of gene iden-
tification to determine whether a patient or relative
is a carrier of a genetic mutation associated with
ARVC/D. To date ten genetic loci have been mapped
for ARVC/D and six genes have been identified. The
genetic abnormalities primarily involve defects in the
adhesion molecules desmosomal proteins. A family
member may be genetically affected but not have any
phenotypic manifestations of the disease. It is im-
portant to be able to determine that an individual has
the phenotypic expression of the disease since this
finding may alter treatment and follow-up. The Task
Force criteria are critical to this assessment.

In summary, the Task Force criteria are essential
for standard classification of individuals who are af-
fected with this condition. The strength of this clas-
sification is that it is usually specific. The weakness
of the classification is that these criteria lack sensi-
tivity for the diagnosis and are largely qualitative
rather than quantitative. It is now necessary to update
and modify these criteria.
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Introduction

The right ventricular outflow tract (RVOT) is the
most common site of origin of ventricular tachycar-
dia (VT) occurring in patients with an apparently
normal heart (idiopathic VT). However, it is also a
focus of arrhythmias due to arrhythmogenic right
ventricular cardiomyopathy/dysplasia (ARVC/D).
These two conditions can be easily confused, es-
pecially if myocardial abnormalities are mild or
minimal as in patients with ARVC/D in its early
stage [1].

Idiopathic RVOT tachycardia is generally a be-
nign condition with an excellent long-term prog-
nosis and is not familial [2]. Occasionally, it can be
very symptomatic and even invalidating, but is
amenable to curative therapy with catheter abla-
tion [3]. ARVC/D is an inherited and progressive
cardiomyopathy characterized by right ventricular
dysfunction due to fibrofatty replacement of the
myocardium which predisposes to electrical insta-
bility that can precipitate ventricular tachycardia
and sudden death [4-8]. Although catheter abla-
tion has been reported as having good acute suc-
cess rate in ventricular tachycardia, recurrences are
common due to progression of the disease which
predisposes to the occurrence of new arrhythmo-
genic foci [9, 10]. The defibrillator is the only ef-
fective protection against arrhythmic sudden death
[11, 12].

Distinction between these two conditions is ex-
tremely important because it implies different man-
agement strategies. Differential diagnosis, however,
may be challenging.

In this article, we review the available literature re-
garding definition, classification, pathophysiological
mechanisms, clinical characteristics, and manage-
ment of idiopathic RVOT VT. In addition, we discuss
criteria to aid in the differentiation of idiopathic
RVOT VT from VT due to ARVC/D.

Ventricular Tachyarrhythmias in Normal
Hearts: Overview and Classification

VT is usually associated with structural cardiac
disease. The most common anatomic substrate of
ventricular arrhythmias is chronic ischemic heart
disease. Other structural disorders associated with
VT are valvular and congenital heart disease, car-
diac tumors, myocarditis, and cardiomyopathies.
Only approximately 10% of arrhythmias occur in
the absence of structural heart disease assessed by
clinical examination and imaging studies. Some of
them may be caused by inherited cardiac diseases
such as catecholaminergic polymorphic VT syn-
drome, long QT syndrome, and the Brugada syn-
drome [13].

VT occurring in subjects without any clinically
demonstrable underlying cardiac abnormality is re-
ferred to as “idiopathic” [2]. The clinical manifes-
tations range from nonsustained, asymptomatic VT
to sustained arrhythmias, which rarely can cause he-
modynamic compromise and cardiac arrest. It can
be classified with respect to the site of origin, the
morphologic features (QRS configuration and ax-
is), evidence for catecholamine-dependence, as well
as the response to programmed stimulation and to
pharmacological agents (adenosine, verapamil, and
propranolol) [14].

Probably due to an embryological origin [15],
that differs from the other heart structures, 90% of
idiopathic VT originate from the RVOT, whereas
10% arise from the left (LVOT). As an alternative, de-
fective sympathetic innervation of these regions may
be the underlying substrate predisposing to en-
hanced arrhythmogenicity [16]. Somatic cell muta-
tion in the RVOT leading to increased concentration
of intracellular cAMP in response to beta-adrener-
gic stimulation may also predispose to some forms
of RVOT tachycardia [17].

Over the last two decades, the cellular mecha-
nisms of idiopathic VT have been under investigation
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in experimental models and in humans. The poten-
tial electrophysiological mechanisms that have been
proposed include triggered activity, re-entry, and ab-
normal automaticity.

According to current knowledge, idiopathic VT can
be classified in three main categories based on cellu-
lar and electrophysiological mechanism (Table 12.1):
1. Adenosine-sensitive VT due to triggered activity

(delayed afterdepolarizations);
2. Propranolol-sensitive (automatic);
3. Verapamil-sensitive (due to intrafascicular re-en-

try).
Currently, the cellular mechanism of idiopath-

ic tachycardias from RVOT and LVOT is thought to
be cyclic AMP-mediated triggered activity that is
dependent on delayed afterdepolarizations. These
tachycardias are characterized by sensitivity to
adenosine [18, 19]. The mechanism of idiopathic
outflow tract VT may be explained by adrenergic
mediated automaticity (propranolol-sensitive
tachycardias) in only a small number of patients. In
contrast, re-entry is the most common mechanism
of ventricular arrhythmias in structural cardiac
disorders (myocardial infarction, congenital heart
disease, and cardiomyopathies including ARVC/D).
The mechanism of verapamil-sensitive-fascicular-
tachycardia seems to be re-entry involving the fas-
cicles of the left bundle branch. Re-entry involving
Purkinje tissue in or adjacent to a left ventricular

false tendon has been also proposed. This arrhyth-
mia originates from the LV and has a distinct RBBB
morphology with left-axis configuration (suggest-
ing exit site from the left posterior fascicle) or with
right-axis configuration (exit site from the left an-
terior fascicle).

Although RVOT and LVOT are anatomically
separate, they have an embryologic origin from a
common solitary outflow tract (Fig. 12.1) [15]. The
myocardium of the outflow tract has different
properties as compared with the atrial or ventric-
ular myocardium. Myocardial cells of the outflow
tract are reminiscent of early development. The
outflow tract has a lower rate of proliferation, a
more “primitive” contractile phenotype (poorly de-
veloped sarcomeric and sarcoplasmic reticular
structures, persistent expression of smooth muscle
alpha-actin), and slower impulse conduction con-
sistent with its role as a sphincter in the embryon-
ic heart tube [20]. Based on these common features,
it has been suggested that RVOT and LVOT ar-
rhythmias should be considered as a single entity,
and classified together as “outflow tract arrhyth-
mias” [21]. There is a recent evidence that the pul-
monary trunk can also give rise to VT, suggesting a
common etiology of these tachycardias [22, 23].
Aortic cusp tachycardia and epicardial LV tachy-
cardia are considered variants of outflow tract ar-
rhythmias [24, 25].
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Adenosine-sensitive Propranolol-sensitive Verapamil-sensitive 
(triggered activity) (automatic) (intrafascicular re-entry)

Morphology LBBB, inferior axis LBBB RBBB, superior axis

RBBB, inferior axis RBBB, polymorphic RBBB, inferior axis

Clinical characteristics RMVT; exercise-induced, Exercise-induced; May be incessant
sustained incessant

Origin RVOT, LVOT, PA RV, LV Intrafascicular, exit site:
left posterior fascicle,
left anterior fascicle

Drug response
Adenosine Terminates Transient suppression No effect
Propranol Terminates Terminates/transient Variable

suppression
Verapamil Terminates No effect Terminates

Mechanism cAMP-mediated Enhanced automaticity Re-entry
Triggered activity

EPS:

Induction Programmed stimulation Catecholamines Programmed stimulation 
+/– catecholamines +/– catecholamines

Entrainment No No Yes

EPS, electrophysiological study; LBBB, left bundle branch block; LVOT, left ventricula outflow tract; PA, pulmonary artery; RBBB,
right bundle branch block; RMVT, repetitive monomorphic ventricular tachycardia; RVOT, right ventricular outflow tract

Table 12.1 • Types of idiopathic ventricular tachycardia. Modified from [14]



CHAPTER 12 • Idiopathic Right Ventricular Outflow Tract Tachycardia 107

Idiopathic Right Ventricular Outflow Tract
Tachycardia

Definition

The origin of the tachycardia from the RVOT
results in a distinctive pattern of QRS complex-
es with a LBBB and inferior axis morphology 
(Fig. 12.2). Typically the QRS complex is positive
in leads II, III, and aVF. Importantly, it is negative
in lead aVL.

The term “right ventricular outflow tract tachy-
cardia” is descriptive and based on the ECG pattern.
Occasionally, the arrhythmia source is in the LVOT
or in pulmonary trunk [21-25] and ECG features do
not always allow differentiation. The term “idio-
pathic” implies the exclusion of any known cardiac
pathology.

Clinical Characteristics and Diagnosis

RVOT tachycardia appears to be more common in
women with 2:1 female predominance [26]. Familial
occurrence has not been reported. Symptoms devel-
op typically between the ages of 20 and 50 years, but
presentation in childhood and infancy has been ob-
served. Patients may present with palpitations, atyp-
ical chest pain, or dizziness. About 10% develop syn-
cope during VT [2, 27-31].

The two predominant clinical phenotypes of
this tachycardia are nonsustained, repetitive, mono-
morphic VT (RMVT) and paroxysmal, sustained
VT; both are characterized by sensitivity to adeno-
sine. RMVT is more common. Typically, it occurs
at rest, has a pattern of a nonsustained salvos, and
can be incessant, with frequent premature ventric-
ular beats. In contrast, paroxysmal idiopathic VT is
usually exercise-induced or associated with stress,
may be sustained and separated by long intervals of
sinus rhythm with relatively infrequent premature
ventricular beats. There is considerable overlap be-
tween these two phenotypes. RVOT monomorphic
extrasystoles and sustained RVOT VT appear to be
two extremes of the spectrum of the same arrhyth-
mic disorder.

The diagnosis of idiopathic RVOT VT is made af-
ter exclusion of other pathologies. ARVC/D in sub-
tle forms may not always be detected even following
Task Force criteria [32].

The resting 12-lead electrocardiogram during si-
nus rhythm is usually normal in RVOT idiopathic VT.
Approximately 10% of these patients have complete
or incomplete RBBB. The signal-averaged-ECG
(SAECG) is typically normal.

Exercise testing reproduces the patient’s clinical
arrhythmia in 25% to 50% of the cases [2, 27, 30].
Tachycardia can be initiated either during exercise or
during recovery. RMVT is often suppressed during
exercise but recurs after stopping exercise expressing

Fig. 12.1 • Embryological origin of the ventricles. In the tubular heart the atrioventricular canal and the outflow tract
are separated by ventricular primordial, whereas in the formed heart they are connected. Left: embryonic heart tube.
Right: the formed heart. oft, outflow tract (blue); RV, right ventricle (red); LV, left ventricle (green); avc, atrio-ventricular
canal (yellow). Reproduced from [15]



its dependence on a critical heart rate. Relation of the
arrhythmia to exercise has not been shown to be of
prognostic value [30].

Structural Investigation: Echocardiography and
Magnetic Resonance Imaging

The echocardiogram is usually normal. The most fre-
quent abnormality is mitral valve prolapse, not asso-
ciated with valvular insufficiency or myxomatous
thickening of the valve leaflets [27]. This is probably
an incidental finding without pathophysiologic sig-
nificance. Slight enlargement of the right or the left
ventricle has been observed.

Several authors have reported a high prevalence of
mild abnormalities identified by Magnetic Resonance
Imaging (MRI) in hearts of patients with RVOT
tachycardia (Table 12.2). MRI studies have reported
that as many as two-thirds of patients (up to 95% in
early reports) have had right ventricular thinning, fat-
ty infiltration of the myocardium or wall motion ab-
normalities but the accuracy as well as the clinical and
prognostic significance of these findings is uncertain.

Carlson et al. reported MRI abnormalities in the
RVOT in 21 of 22 patients (95%) with idiopathic VT
[33]. The abnormalities were limited to those ob-
served by cine MRI and consisted of focal wall thin-
ning, excavation, and decreased systolic thickening.
No patient had intramyocardial hyperintense signals
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Fig. 12.2 • Idiopathic RVOT tachycardia. A The 12 lead ECG shows tachycardia with a left bundle branch block configura-
tion and frontal plane axis directed inferiorly. Note that the QRS in negative in AVL. B ECGs of paroxysmal (repetitive)
monomorphic RVOT VT
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indicative of fat infiltration. In this cohort of pa-
tients with VT, echocardiography showed abnor-
malities in the RVOT in only 2 of 21 patients. Us-
ing a similar MRI protocol and patient selection cri-
teria, White et al. reported MRI abnormalities in 32
of 53 patients (60%). In addition to cine MRI ab-
normalities, 25% of the patients in this study also
had intramyocardial hyperintense signals [34].
Markowitz et al. found abnormalities on MRI scan
in 10 of 14 patients (71%) with adenosine-sensitive
VT and fatty tissue was present in 4 (29%) [35]. It is
of considerable interest that the most common site
of abnormal findings was the RV free wall, which did
not correspond to the site of origin of the arrhyth-
mia. However, these studies did not exclude patients
with 12-lead electrocardiographic abnormalities, and
signal-averaged electrocardiogram as well as RV an-
giography were not performed in most of them. In
another study, Globits et al. [36] showed no differ-
ence by MRI of RV volumes and systolic function in
20 patients with RVOT VT compared with 10 control
subjects. In controls, RV abnormalities were limited
to fatty deposits of the right atrioventricular groove
extending into the subtricuspid region in 2; MRI
demonstrated morphological changes of the RV free
wall in 13 of 20 patients (65%) with ventricular
tachycardia, including fatty infiltration in 5, wall
thinning in 9, and dyskinetic wall segments in 4.
Eight of these patients had additional fatty deposits,
thinning or a saccular aneurysm in the RV outflow
tract, corresponding to the ablation site in 6 patients.
In this study signal-averaged electrocardiogram and
RV angiography were not performed.

Recently, Krittayaphong et al. reported structural
and functional MRI abnormalities in 24 of 41 pa-
tients (58%) with RVOT tachycardia. Late potentials

on SAECG were present in only 6 of these patients
(11%). MRI abnormalities together with late poten-
tials were associated with unfavorable outcomes of
RF ablation [37].

In contrast, the results of the study by Tandri et
al. [38], revealed that patients with idiopathic VT
who had a normal surface electrocardiogram and sig-
nal-averaged electrocardiogram, did not have evi-
dence of structural heart disease on MRI, and were
indistinguishable from controls. Quantitative seg-
mental evaluation of the right ventricle demonstrat-
ed no differences in the global and regional RV func-
tion in idiopathic VT compared with control sub-
jects. These findings are similar to the results of an
early study by Grimm et al. who reported normal
MRI in 22 of 23 patients with RMVT. However, cine
imaging was not performed in this study [39].

Since MRI studies are frequently obtained to dis-
tinguish ARVC/D from RVOT tachycardia, it is im-
portant to realize that normal RV wall motion may
be misinterpreted as abnormal. A recent MRI study
by Sievers et al. focused on RV wall motion pattern
in 29 normal subjects [40]. Blinded interpretation of
the cine MRI studies by experienced radiologists re-
ported wall motion abnormalities in 93%, including
areas of apparent dyskinesia in 76% and bulging in
27.6%. The overinterpretation of intramyocardial fat
or wall thinning on MRI led to a high frequency of
“misdiagnosis” of ARVD/C as reported by Bomma
et al. [41].

The study by O’Donnell et al. addressed clinical
and electrophysiological differences between patients
diagnosed as having ARVC/D or idiopathic RVOT
VT. In 18 on 33 of patients (54%) with idiopathic
right ventricular tachycardia some structural abnor-
malities were present on MRI, but no structural ab-

Author Year No. ECG SAECG ECHO RV MRI MRI
patients Angiography abnormalities abnormalities 

in controls

Carlson [33] 1994 24 – – N 19/21 N 2/5 22/24 (95%) 2/16

Globits [36] 1997 20 N – N – 13/20 (65%) 2/10

Grimm [39] 1997 23 N N 21/23 N N 5/5 1/23 (4%) –

Markowitz [35] 1997 14 N 12/14 N 9/9 N 10/10 – 10/14 (71%) 1/18

White [34] 1998 53 – – N 50/53 – 32/53 (60%) 0/15
E 3/53

O’Donnell [42] 2003 33 N 31/33 N N N 12/12 18/33 (54%) –

Tandri [38] 2004 20 N N N – 2/20 (10%) 2/18

Krittayaphong [37] 2006 41 N N 35/41 N – 24/41 (58%) 1/15

N, normal; E, Equivocal; –, not reported

Table 12.2 • Diagnostic findings in RVOT tachycardia patients evaluated by MRI



normalities were found in this group using echocar-
diography or right ventricular cineangiography [42].

These data indicate that conventional cardiac
MRI may not be reliable in most centers to differ-
entiate between idiopathic RVOT tachycardia and
ARVC/D. MRI has intrinsic limitations related to
technical factors and cardiac anatomy, and a poor
agreement among physicians in the interpretation
of MRI scans has been observed [43]. Whether re-
cent late enhancement technology may increase car-
diac MRI diagnostic accuracy for detection of RV
fatty/fibrofatty myocardial replacement remains to
be determined. Preliminary data, although promis-
ing, indicate limited sensitivity of contrast-enhanced
MRI to detect small amounts of fibrosis in early
ARVC/D [44].

Mechanisms

Experimental data shows that the electrophysiolog-
ical mechanism in RVOT tachycardia is triggered
activity secondary to cyclic adenosine monophos-
phate (cAMP)-mediated delayed afterdepolarizations
(DADs) [18, 19]. Termination of VT by adenosine is
considered to be pathognomonic for VT caused by
cAMP-triggered DADs.

Afterdepolarizations are oscillations of mem-
brane potential occurring in phase 3 (early after- de-
polarization) or after the action potential (phase 4
or late afterdepolarization). If the oscillation is of
sufficient amplitude to reach threshold potential, a
full action potential is induced, which may result in
a sustained arrhythmia. In ventricular myocytes,
DADs originate predominantly from M-cells. These
cells are localized in the sub- and midmyocardium,
and share features of both Purkinje and working my-
ocardial cells. The preponderance of M- cells in the
RVOT may explain why idiopathic arrhythmias orig-
inate primarily from this area.

Delayed afterdepolarizations responsible for the
tachycardia occur under various circumstances that
cause an increase in intracellular calcium, including
catecholamine release and digitalis. Stimulation of
the β adrenergic receptor produces cyclic AMP-me-
diated phosphorylation and activation of the slow
inward calcium channel as well as increased calcium
release from the sarcoplasmic reticulum [Fig. 12.3].
The cellular calcium overload leads to activation of
a nonspecific transient inward sodium current that
induces DADs. Digitalis induces DADs by a different
pathway (inhibition of Na+, K+-ATPase).

Adenosine terminates VT due to triggered activ-
ity through its antiadrenergic effects. By binding to

the specific adenosine receptor, it inhibits adenylyl cy-
clase. This leads to a decrease of the slow inward cal-
cium channel and sarcoplasmic reticulum calcium
release with subsequent attenuation of the transient
inward current. Adenosine has no effect on digitalis-
mediated-DADs.

Vagal maneuvers inhibit triggered activity by
decreasing cAMP concentrations via muscarinic-
cholinergic receptors. Verapamil exerts its effects di-
rectly through inhibition of the slow inward calci-
um current, whereas β-blockers act earlier in the
process by preventing β-receptor activation. The ef-
fects of β-blockers and of verapamil on VT are non-
specific, and are also effective in arrhythmias due to
re-entry and in abnormal automaticity. In contrast,
adenosine’s effect is mechanism-specific, terminat-
ing only the tachycardia due to cAMP-mediated
triggered activity. It has no effect either on arrhyth-
mias triggered by early afterdepolarizations nor on
re-entrant VTs. Adenosine’s effect on VT caused by
automaticity is different from its effect on VT
caused by triggered activity. Adenosine transiently
(for less than 20 seconds) suppresses catecholamine-
induced automaticity, whereas it terminates VT
caused by triggered activity.

There is interesting data regarding the etiology of
RVOT tachycardia from molecular biology. In a pa-
tient with an adenosine-insensitive form of RVOT
tachycardia, a point mutation in the inhibitory G-
protein has been identified in biopsy samples from
the myocardial site of origin of the tachycardia. This
mutation, interrupting adenosine signaling, is not
present at myocardial sites remote from the arrhyth-
mogenic focus or from peripheral lymphocytes [16].

Electrophysiologic Characteristics

The clinical diagnosis of triggered activity is sup-
ported in part by termination of VT with adenosine,
by the Valsalva’s maneuver, carotid sinus pressure, ve-
rapamil and beta-blockade. The tachycardia can also
be initiated and terminated with programmed stim-
ulation and cannot be entrained.

The ability to reproducibly initiate an arrhythmia
by programmed electrical stimulation is considered a
hallmark of re-entrant arrhythmias. Arrhythmias that
are the consequence of automaticity, are due to spon-
taneous depolarization and cannot usually be initiat-
ed by programmed stimulation. Tachyarrhythmias
that are due to early afterdepolarizations are brady-
cardia-dependent and are not well suited for study by
programmed stimulation. Under certain circum-
stances, triggered activity due to delayed afterdepolar-
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izations can be initiated by programmed stimulation.
The response of the triggered activity to programmed
stimulation is characteristic: 1) The amplitude and
coupling interval of DADs depend on the duration
and rate of the preceding pacing stimuli that result in
induction; 2) Pacing at progressively shorter cycle
lengths is associated with a shortening of the coupling
interval for the initial beats of the tachycardia (this
phenomenon, termed “overdrive acceleration”, is typ-
ical for initiation of triggered activity); 3) Rapid burst
pacing is more effective than programmed ventricu-
lar extrastimuli in inducing tachycardia.

The ability to evoke triggered activity is dependent
on the autonomic status of the patient. Repro-
ducibility of induction is unpredictable. A heavily se-
dated patient is rarely inducible. Frequently, infusion
of exogenous catecholamines is necessary for initia-
tion of the arrhyhmia. An isoproterenol infusion is

started at 2 µg/min and the infusion rate is titrated
until the heart rate is increased by at least 20% (up to
10 to 14 µg/min as needed). Other agents that direct-
ly or indirectly increase cAMP activity can be used to
facilitate inducibility: atropine (0.04 mg/kg) and
aminophylline (2.8 mg/kg). Atropine attenuates the
potential effect of acetylcholine and, at this dose,
amino-phylline acts as a competitive adenosine an-
tagonist.

Induction of VT by programmed ventricular stim-
ulation may be consistent with either reentrant exci-
tation or triggered activity. Induction of tachycardia
with programmed electrical stimulation in the pres-
ence of fragmented electrograms favors re-entry as in
ARVC/D. Arrhythmia induction by isoproterenolwith
cycle length dependence is consistent with a cyclic
AMP-mediated triggered activity and favors the diag-
nosis of idiopathic RVOT tachycardia [45].

Fig. 12.3 • Receptor schema for activation and inactivation of cAMP-mediated triggered activity caused by delayed after-
depolarizations (DADs). A1, receptor; A1R, adenosine; AC, adenylyl cyclase; ACH, acetylcholine; ADO, adenosine; β-AR,
β adrenergic receptor; cAMP, cyclic adenosine-monophosphate; Gi, inhibitory G-protein; Gi, stimulatory G-protein; Gs, stim-
ulatory G-protein; ICa(L), slow inward calcium current; ISO, isoproterenol; ITI, transient inward current; M2R, muscarinic cholin-
ergic receptor; Na-CaX, Na+-Ca2+ exchanger; PKA, protein kinase A; SR, sarcoplasmic reticulum. Reproduced from [19]



Prognosis

The long-term prognosis in patients with idio-
pathic RVOT tachycardia is excellent despite fre-
quent episodes of VT [2, 27]. Rare cases of sudden
death have been reported [28, 30, 46-48], but it is
possible that early reports included a heteroge-
neous patient population. In the series of patients
presenting with apparently idiopathic ventricular
arrhythmias reported by Deal et al. [28], two of
three subjects who died had abnormalities at car-
diac catheterization, and in the third right ventri-
cle cardiomyopathy was revealed at postmortem ex-
amination.

Long-term follow-up studies indicate a benign
course suggesting that this arrhythmia does not
represent an early manifestation of a concealed
cardiomyopathy. In the European Registry of chil-
dren from neonatal age to 16 years at time of first
manifestation (mean age 5.4 years) with idiopath-
ic VT, patients were followed for a mean of 47 months
(12-182 months); no deaths were reported [49].
Several investigators have observed a spontaneous
VT remission (5%-20% of patients). This also was
observed in patients in whom the arrhythmic dis-
order was manifest only as premature beats. In a
long-term follow-up study by Gaita et al. [50], pa-
tients with frequent monomorphic RV ectopy were
reassessed 15 years after initial presentation. No pa-
tient died of sudden death nor developed ARVC/D
and in half of the patients, the arrhythmia disap-
peared.

The benign nature of RVOT ectopic beats has
been recently questioned by data that the RVOT can
be the site of origin of ectopic beats triggering poly-
morphic VT and ventricular fibrillation. It has been
reported that, in isolated cases, extrasystoles with
short coupling intervals initiated polymorphic
RVOT VT; this variant of arrhythmia was called
“short-coupled RVOT VT” [51]. Subsequently, the
coexistence of monomorphic and polymorphic
RVOT VT has been observed. Noda et al. [52] have
documented typical monomorphic RVOT VT in 5
of the 16 patients who also had polymorphic VT
initiated by ventricular extrasystoles with LBBB
morphology and inferior axis configuration. Eleven
of the 16 patients with polymorphic tachycardia
had prior episodes of syncope, and the remaining
5 patients experienced pre-syncope. Spontaneous
episodes of VF were documented in 5 patients. It
has been proposed that these two arrhythmias may
share the same underlying mechanism (DADs-in-
duced triggered activity) [53].

Tachycardia induced Cardiomyopathy

There is evidence suggesting that frequent RVOT pre-
mature ventricular contractions (PVCs) can adversely
affect LV function. Several investigators have observed
that dilated cardiomyopathy can be induced by VT and
can be reversed if the tachycardia is abolished by ra-
diofrequency ablation [54-57].

Kim et al. [54] reported a case of catheter abla-
tion of VT performed in a patient with dilated car-
diomyopathy and a long history of repetitive pal-
pitations. VT with LBBB with inferior axis mor-
phology was present for about one third of the
daytime hours. During electrophysiological study
VT was reproduced by isoproterenol infusion and
radiofrequency catheter ablation in the RVOT was
performed. Left ventricular ejection fraction im-
proved from 38% to 48% 1 month after ablation,
and to 61% 1 year after ablation. In the series of
Grimm et al. [55], radiofrequency catheter ablation
was performed in four adults with myocardial dys-
function related to RMVT originating in the RVOT.
Serial echocardiographic assessment of LV function
before and after radiofrequency catheter ablation of
RMVT showed complete reversal of LV dysfunction
without arrhythmia recurrence during a mean fol-
low-up of 31 months. In the study by Yarlagadda et
al. [56], successful ablation of RVOT VT was per-
formed in 23 patients , including 7 of 8 patients
with depressed ventricular function. In this latter
group, ventricular function improved in all subjects
(from 39% to 62%).

Treatment

The decision to treat patients with idiopathic outflow
tract tachycardia is based on clinical information. If
symptoms are infrequent and relatively mild, treatment
may not be necessary and patients may simply be re-
assured. However, in presence of presyncope/syncope
or if frequent ventricular extrasystoles are debilitating,
medical therapy or radiofrequency catheter ablation
should be indicated. Patients with worsening symp-
toms and increasing arrhythmia burden during follow-
up should be reassessed in order to identify any evolv-
ing cardiac functional abnormality.

Antiarrhythmic Drug Therapy

RVOT tachycardia is potentially responsive to all
classes of antiarrhythmics [3]. Medical therapy is suc-
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cessful in approximately 25%-50% of patients. Beta
blockers are the initial choice for antiarrhythmic
therapy. Alternatively, calcium-channel blockers with
verapamil or diltiazem, class IA, or class IC agents can
be used. Class III antiarrhythmic drugs (sotalol and
amiodarone) are effective in approximately 50% of
patients.

In the acute setting, termination of the tachycar-
dia can often be achieved by the Valsalva maneuver
or carotid sinus pressure. If this is unsuccessful,
adenosine can be administered (6-24 mg); other op-
tions include verapamil (10 mg given over 1 min),
and lidocaine.

Catheter Ablation

Several electrophysiologic characteristics of RVOT
tachycardia make this arrhythmia amenable to abla-
tion [3, 54-79]. The focus of origin is well circum-
scribed and localized in an accessible region. The 12-
lead ECG during VT can be helpful in localizing the
optimal ablation site [3, 60, 61, 63]. The QRS dura-
tion during VT is usually greater than 140 msec and
a pattern RR’ or Rr’ in leads II and III may be ob-
served if VT originates from the free-wall. In contrast,
QRS duration less than 140 ms and a monophasic R-
wave is seen in VT of septal origin. The relative am-
plitude of the QS complex in leads aVR versus aVL
may differentiate right upper from left upper region
of the RVOT. The precordial R-wave transition be-
comes earlier as the site of origin advances more su-
periorly along the septum. An R-wave transition in
lead V2 suggests a site of origin immediately inferi-
or to the pulmonic wave or a left septal origin of VT.
R-wave amplitudes in the inferior leads, aVL/aVR
ratio of Q-wave amplitude, and R/S ratio on lead V2

were significantly greater in VTs originating above
the pulmonary valve compared to the RVOT VT
group [23]. Useful algorithms for determination of
the site of origin of the tachycardia have been pro-
posed [63, 76].

The arrhythmogenic focus is located by means of
activation sequence mapping (earliest site of activation
duringtachycardia) or by pacemapping (the site where
pacing reproduces the QRS morphology of the tachy-
cardia). Techniques to identify the earliest site of acti-
vation rely primarily on bipolar activation mapping.
In general, successful ablation sites are associated with
activation times 10-60 ms before the onset of the ear-
liest surface QRS. Normal bipolar endocardial elec-
trograms have high amplitudes and rapid slew rates.
Recording of fractionated complex electrograms and
diastolic potentials should raise the suspicion of un-

derlying structural disease. In a recent series of patients
undergoing 3D electroanatomic mapping during
RVOT VT, the mean area of myocardium activated
within the first 10 ms was 3.0±1.6 cm2 (range 1.3 to
6.4 cm2) [78]. Therefore, ablation guided by activation
mapping alone may have limited utility. Addition of
high-density electroanatomical mapping allows better
identification of the early activation area.

Pace mapping is performed during sinus rhythm
at a cycle length identical to that of spontaneous or
induced tachycardia. The QRS morphology, R:S ra-
tio and notching in the QRS complex is evaluated. An
identical match is necessary in at least 11 of 12 or
more (typically 12 of 12 leads). Pace mapping was
initially considered to be more useful in identifying
the successful ablation site than activation mapping,
but this approach has important limitations. Exact
matches can be observed up to 2 cm from a tachy-
cardia focus [78].

The distance between the VT exit site (deter-
mined by activation mapping) and the VT site of ori-
gin (determined by pace mapping) is usually rela-
tively small (6±5 mm). Pace mapping seems to add
little information to sites selected on the basis of 3D
activation mapping alone.

Most successful ablation sites are located within
the septal region of the RVOT, usually inferior to the
pulmonary valve.

Published studies of catheter ablation for RVOT
VT including about seven hundred patients reported
that it was successful in >90% with a recurrence rate
of approximately 5% (Table 12.3). Failures are caused
either by an inability to induce the arrhythmia during
the procedure, preventing adequate mapping, or by
the location of the focus deep within the septum or in
the epicardium over the septum. Occasionally, abla-
tion from the left side of the interventricular septum
or from the epicardium is required. Complications are
infrequent and serious complications occur in less
than 1% of cases (cardiac perforation with tampon-
ade, injury to the left main coronary artery, and heart
block due to inadvertent movement of the catheter to-
ward the His bundle during ablation) [3, 79]. Death
is extremely rare. A new right bundle branch block
(RBBB) develops in about 1% of patients.

There are some high-risk characteristics that
should induce the physician to recommend ra-
diofrequency ablation without delay: 1) a history of
unexplained syncope [52]; 2) very fast VT (rates
>230 beats/min) [52]; 3) extremely frequent ectopy
(>20,000 PVCs/day) [57]; 4) ventricular ectopy with
short coupling interval [51].

Over the last 10 years new techniques in arrhyth-
mia mapping have been developed. These include



multielectrode baskets, electroanatomic mapping,
and non-contact mapping. These new techniques
overcome the limitation of traditional electrophysi-
ological methods and offer new therapeutic oppor-
tunities [71, 73, 78, 79].

ARVC/D vs. Idiopathic RVOT Ventricular
Tachycardia: Differential Diagnosis

VT associated with ARVC/D may be localized in the
outflow tract mimicking idiopathic RVOT tachycardia.
Discrimination between the two entities is mandato-
ry for prognostic and therapeutic reasons as well as for
genetic implication [80, 81].

Standardized diagnostic criteria for the diagno-
sis of ARVC/D have been proposed and are known
as the Task Force criteria [32]. According to these
Task Force guidelines, the diagnosis of ARVC/D is
based on the presence of major and minor criteria
including ECG, arrhythmic, morphofunctional, and
histopathological findings as well as a family histo-
ry of this disease. The diagnosis of ARVC/D is
made by the presence of 2 major criteria or 1 ma-
jor plus 2 minor or 4 minor criteria from different
groups. Recently, revisions have been proposed to

increase diagnostic sensitivity, particularly in the
context of family screening. First degree family
members having a single feature including T wave
inversion in right precordial leads (V1, V2, and V3),
late potentials on SAECG, VT with left bundle
branch morphology, more than 200 extrasystoles
over a 24-h period, mild structural or functional ab-
normalities of the RV, should be considered affect-
ed with ARVC/D [82].

Another proposed new ECG criterion is a pro-
longed S-wave upstroke (≥55 ms) in leads V1-V3.
This criterion was found in all patients with diffuse
ARVC/D and in 90% of patients in localized
ARVC/D [83].

Although RVOT tachycardia is considered a be-
nign and not progressive entity, it may cause syncope
and, sometimes, sudden cardiac death [46-48]. These
malignant events, although occasionally correlated
with polymorphic or very fast VT [51-53], are most
likely explained by the clinical overlap between id-
iopathic RVOT tachycardia and early and/or seg-
mental ARVC/D.

In order to exclude ARVC/D in patients with
RVOT tachycardia, careful personal and family his-
tory is recommended, and a broad spectrum of non-
invasive and invasive tests are performed including
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Author Year Patients (N) Acute success (%) Mean follow-up (months) Recurrence

Calkins [60] 1993 10 100 8 0/10

Coggins [61] 1994 20 85 10 1/17

Mandrola [62] 1995 35 100 24 0/35

Movsowitz [64] 1996 18 89 12 5/16

Gumbrielle [65] 1997 10 100 16 0/10

Chinushi [66] 1997 13 100 28 1/13

Rodriguez [67] 1997 35 83 30 4/28

Almendral [68] 1998 15 87 21 1/13

Wen [69] 1998 44 87 41 4/39

Aiba [71] 2001 50 94 NA NA

Lee [72] 2002 35 86 NA NA

Freidman [73] 2002 10 90 11 2/9

O’Donnell [42] 2003 33 97 56 1/32

Ribbing [74] 2003 33 82 54 1/27

Ito [76] 2003 109 97 21 0/106

Joshi [3] 2005 72 99 51 2/71

Azegami [78] 2005 15 100 15 0/15

Krittayaphong [75] 2006 144 92 72 16/133

Total 701 93% 38/574 (6.6%)

Range 82-100% 0-12%

NA, not available

Table 12.3 • Outcome of radiofrequency catheter ablation in RVOT-V. Modified from [3]
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12-lead ECG, signal-averaged ECG, exercise stress
testing, echocardiography, magnetic resonance imag-
ing, cardiac catheterization, ventriculography, elec-
trophysiological study, and endomyocardial biopsy.

There are several findings which can help in the dif-
ferentiation between the two conditions (Table 12.4).
First, ARVC/D is a genetically determined disease, so
family history for ARVC/D or sudden death should
induce a high degree of suspicion. A negative family
history does not exclude ARVC/D, because of sporadic
variants and incomplete disease penetrance. Usually
the ECG during sinus rhythm in RVOT VT patients
is normal and abnormal late potentials are absent. In
contrast, ECG abnormalities are detected in up to
95% of ARVC/D patients [42, 83-86]. The most com-
mon abnormality consists of T-waves inversion in the
precordial leads V1-V3, complete or incomplete
RBBB, prolongation of right precordial QRS duration
more than 110 ms in V1-V3 in the absence of right
bundle branch block, prolonged S-wave upstroke,

and postexcitation epsilon waves. These electrical
markers reflect the distinctive pathologic substrate of
ARVC/D, i.e., a fibrofatty scar, which accounts for the
right intraventricular conduction defect. However, in
patients with early/minor ARVC/D, 12-lead ECG and
SAECG may be unremarkable, thus limiting their di-
agnostic role. Conventional imaging modalities in-
cluding echocardiography and contrast angiography
demonstrate RV structural and functional abnormal-
ities in overt forms of ARVC/D. Two-dimensional
echocardiography has significant limitations in the
visualization and definition of morphofunctional
abnormalities of the anterior wall and RVOT. It has
been reported that some forms of localized ARVC/D,
particularly in the infundibulum, may exhibit normal
RV volumes and preserved RV ejection fraction by RV
angiography. A recent angiographic study of com-
puter-based quantitative segmental contraction analy-
sis of the RV free wall demonstrated that wall motion
is nonuniform in different RV regions: the tricuspid

Idiopathic RVOT VT* ARVC/D*

Baseline ECG (83-85) Usually normal Frequent depolarization/repolarization 
abnormalities

RBBB RBBB/rr’ possible RBBB varying degree (11-22%)

T-wave inversion in V2-V3 in the absence
of RBBB 0-20% 50-85%

Epsilon waves 0% 22-33%

QRS duration ≥110 ms in V1-V3 0-20% 50-77%

QRSd duration V1+V2+V3/V4+V5+V6≥1.2 3.5-7% 77%

Prolonged S-wave upstroke in V1-V3 ≥55 ms 7% 95%

QRS dispersion ≥40 ms 4% 44%

QT dispersion ≥65 ms 10% 69%

Morphology during VT tachycardia Usually monomorphic; Multiple morphologies common;

QRS axis inferior QRS axis variable (inferior, superior,
intermediate)

Adenosine sensitivity Yes No

Programmed stimulation Induciblity +– Inducible

Entrainment No Yes

(Mechanism) (Triggered activity) (Re-entry)

SAECG [42, 83-85] Usually normal (0-25%) Abnormal late potentials in 56%-78%

RV (imaging studies) Normal or mild Dilation, dysfunction (“triangle of 
abormalities dysplasia”);

Normal or mild abnormalities in early stage

Endocardial mapping Normal Low-voltage, fragmented electrograms 
(“scars”)

History Nonfamilial Family history in 50%

* % of patients with positive findings

Table 12.4 • Differential diagnosis of ventricular tachycardia with LBBB and inferior axis configuration (idiopathic RVOT VT
vs. ARVC/D)



valve zones show the greatest movement during con-
traction, whereas anterior and infundibular regions
the least movement [84]. MRI findings should be in-
terpreted with caution and confirmed by other imag-
ing morphologies in order to avoid over diagnosis 
[40, 41, 43]. MRI should be performed only in a few
centers with extensive experience with MR imaging in
the interpretation of ARVC/D.

Unlike RVOT VT, the VT in ARVC/D does not re-
spond to adenosine. This may be explained by dif-
ferent pathophysiologic mechanisms proposed for
the two tachycardias. Usually, VT associated with
ARVC/D can be induced by programmed ventricu-
lar stimulation and can be entrained. However, the
response to programmed ventricular stimulation
may be of limited value because a proportion of pa-
tients with spontaneous ventricular arrhythmia are
not inducible regardless of the underlying substrate
predisposing to reentrant arrhythmias [11]. Induc-
tion of tachycardia by programmed ventricular stim-
ulation is also compatible with the mechanism of
triggered activity. Idiopathic RVOT VT, which is due
to cAMP-mediated-triggered activity, can be initiat-
ed and terminated with programmed stimulation al-
though it cannot be entrained [45].

More than one VT morphology is characteristic
for ARVC/D rather than for idiopathic RVOT VT,
suggesting multiple right ventricular arrhythmo-
genic foci.

It has been noted that QRS duration during VT
may be indicative of the septal or free-wall origin
of the tachycardia. Because ARVC/D typically in-
volves the free wall sparing the septum, this would
be expected to result in a longer QRS duration
through slowly conducting tissue. RVOT VT occurs
in the absence of slowly conducting tissue, result-
ing in less conduction delay. Ainsworth et al. [87]
analyzed the QRS morphology in ARVC/D patients
diagnosed according to standardized criteria and 
in idiopathic RVOT VT. QRS prolongation during
VT was consistent with ARVC/D. QRS duration in
lead I ≥120 ms had a sensitivity of 100%, specifici-
ty of 46%, positive predictive value 61%, and neg-
ative predictive value 100% for ARVC/D. A mean
QRS axis less than 30° (R<S in lead III) increased
specificity for ARVC/D to 100%. In the subgroup
of VT axis compatible with RVOT origin, QRS du-
ration remained a strong discriminating factor for
ARVC/D.

Niroomand et al. [80] analyzed clinical and elec-
trophysiological data of patients referred for ar-
rhythmias originating from the right ventricle. Fif-
teen of them were classified as having ARVC/D and
41 affected with idiopathic RV arrhythmias (IRVA).

Seven (48%) of ARVC/D subjects and 37 (90%) 
of IRVA patients had inferior axis configuration
during arrhythmia. The ARVC/D patients were
clearly distinguished by inducibility of VT by pro-
grammed electrical stimulation (93% vs. 3% IRVA),
presence of multiple morphologies during tachy-
cardia (73% vs. 0% IRVA), and abnormal frag-
mented diastolic potentials during ventricular ar-
rhythmia (93% vs. 0% IRVA). A similar compari-
son was made by O’Donnell et al. [42]. This series
included only patients with RVOT VT morpholo-
gy. Seventeen patients who fulfilled standard crite-
ria for ARVC/D and 33 with idiopathic RVOT VT
had an electrophysiological study. In 82% of pa-
tients with ARVC/D VT was inducible by pro-
grammed ventricular stimulation vs. 3% in RVOT
VT group. In RVOT VT patients tachycardia was in-
ducible with isoproterenol and was cycle length de-
pendent. Moreover, 70% of patients in the ARVC/D
group had more than one morphology, while all
RVOT VT patients showed a single VT morpholo-
gy. Significant areas of fragmented electrograms
were present in ARVC/D and only rarely seen in
RVOT VT group. These results are consistent with
the character of the pathologic substrate underly-
ing ARVC/D and with different arrhythmia mech-
anisms in two conditions.

The most important pathologic lesion of
ARVC/D is replacement of the myocardium of the
RV free wall with fibrofatty tissue. The significant loss
of myocardium results in the recording of low-am-
plitude, fractionated endocardial electrograms. This
was first noted in patients with ischemic ventricular
scar by traditional electrophysiological methods.
Subsequently, a new technique allowing three-di-
mensional electroanatomic color-coded voltage map-
ping (3-D CARTO system) has been introduced.
Boulos et al. reported the utility of electroanatomi-
cal voltage mapping in detection of pathological
substrate in patients with ARVC/D and documented
the presence of low-amplitude local electrograms in
the right ventricle in ARVC/D patients [88]. Later,
Corrado et al. [89] demonstrated that the electro-
anatomic low-amplitude areas were associated with
the histopathological finding of myocyte loss and fi-
brofatty replacement at endomyocardial biopsy con-
firming that RV loss of voltage reflects the replace-
ment of action potential-generating myocardial tissue
with electrically silent fibrofatty tissue. Recently, Bou-
los et al. compared electroanatomic findings in pa-
tients with a diagnosis of idiopathic RVOT tachycar-
dia with those in patients who had ARVC/D [90].
They found that mapping results were concordant
with the previous clinical diagnosis, by showing nor-
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mal voltages in the idiopathic RVOT tachycardia
group and abnormal low-amplitude areas in ARVC/D
patients. Another study by Corrado et al. indicated
that 3D electroanatomic voltage mapping of the RV
may differentiate patients with idiopathic RVOT
tachycardia and those with underlying subtle
ARVC/D. This technique provided evidence of elec-
troanatomic RV scar(s) in approximately one third
(7/24) of patients with RVOT tachycardia, in whom
a normal RV size and function were diagnosed by tra-
ditional imaging studies. Thus, electroanatomic volt-
age mapping by assessing the electrical consequences
of loss of RV myocardium obviated limitations in
RVOT wall motion analysis and increased sensitivi-
ty for detecting otherwise concealed ARVC/D my-
ocardial substrate. From these preliminary data it
would appear that a carefully performed, high den-
sity voltage map may be able to differentiate normal
from abnormal myocardial substrate. Confirmation
of these data in a larger series of patients is needed.
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Electrocardiographic Findings in the ARVC/D
Task Force Criteria

Electrocardiographic (ECG) findings usually are the
first clinical abnormalities recognized in patients
suspected of arrhythmogenic right ventricular car-
diomyopathy/dysplasia (ARVC/D) [1-5]. Typically,
ARVC/D is considered in a young or middle-aged in-
dividual with a history of ventricular arrhythmias
who does not have evidence of ischemic heart disease.
The suspicion of ARVC/D is increased if the standard
12-lead ECG shows features suggestive of ARVC/D
such as negative T waves in the precordial leads be-
yond V2 [1-3]. The standard ECG may also show ab-
normalities of the QRS complex, consisting of local-
ized QRS prolongation in V1-V3 and epsilon waves
indicating delayed activation of the right ventricle.
Complete and incomplete right bundle branch block
(RBBB) may also be observed. If the signal-averaged
ECG shows late potentials, it further confirms that
there is delayed ventricular activation due to my-
ocardial fibrosis. Holter recordings assist with the di-
agnosis when there are frequent ventricular prema-
ture beats, (>1,000 per 24 h) usually of left bundle
branch block (LBBB) morphology. As seen in
Table 13.1, there is a great emphasis on ECG findings

in the Task Force criteria for the diagnosis of ARVC/D
[4]. This chapter provides an overview regarding the
clinical significance and utility of ECG findings in pa-
tients suspected of ARVC/D.

Ventricular Arrhythmias

Ventricular arrhythmias manifest clinically with pal-
pitations, or episodes of ventricular tachycardia (VT)
associated with syncope, and are frequently the first
manifestations of the disorder. There is evidence that
ARVC/D is a common cause of sudden cardiac death
in young people [6]. Patients with VT who have as-
sociated hemodynamics impairment or those who
had ventricular fibrillation have a worse prognosis
than patients with hemodynamically stable VT [7].
They usually also have more advanced right ventric-
ular disease, as described by Turrini et al. [7] who
demonstrated the association between sustained VT
and reduced RV ejection fraction.

Dalal et al. [8] compared the incidence of induced
or spontaneous ventricular arrhythmias in patients
with plakophilin-2 (PKP2) gene mutation with those
who did not have an identified form of the disease.
There was no significant difference between the two
groups, suggesting that the PKP2 mutation is not as-

ELECTROCARDIOGRAPHIC 
MANIFESTATIONS
Wojciech Zareba, Katarzyna Piotrowicz, Pietro Turrini

CHAPTER

13

Minor Major

III. Repolarization Abnormalities Inverted T waves in precordial leads 
(V2 and V3) in absence of right 
bundle block

IV. Depolarization/Conduction Late potentials in signal-averaged Epsilon waves/Localized prolongation
Abnormalities ECG (>110 ms) of QRS in right precordial

leads (V1-V3)

V. Arrhythmias Left bundle branch block type 
ventricular tachycardia (sustained 
& nonsustained) by ECG, Holter,
or exercise testing

Frequent ventricular extrasystoles in 
Holter (>1000/24 h)

Table 13.1 • ECG-Based Task Force criteria for Diagnosing ARVC/D [4]



sociated with a more pronounced susceptibility to
ventricular arrhythmias.

Ventricular tachyarrhythmias occurring in
ARVC/D patients originate in the right ventricle
(Fig. 13.1). The morphology of the ventricular ectopic
beats is of LBBB morphology and has either an infe-
rior or superior QRS axis [9]. The inferior morphol-
ogy could indicate idiopathic or right ventricular out-
flow tachycardia (RVOT). It is important to differen-
tiate between this relatively benign arrhythmia and
ARVC/D, which carries a more serious prognosis.
RVOT tachycardia is a primary electrical disease, most
likely related to intracellular calcium overload precip-
itated by catecholamines. The ventricular arrhythmias
are inhibited by intravenous adenosine. In contrast to
patients with ARVC/D, those who have RVOT tachy-
cardia do not have structural changes of the right ven-
tricle. However, it is difficult to be certain that the right
ventricle is normal by all of the imaging modalities in
patients who may have an early form of ARVC/D.
Some patients thought to have RVOT tachycardia may
eventually show progression to ARVC/D.

In a large number of patients with ARVC/D,
Holter recordings show frequent ventricular prema-
ture beats (PVB), which are defined as >1,000 PVBs
per 24 h in probands [4] and >200 PVBs per 24h in
family members [10]. In preliminary data from the
North American ARVC/D Registry, 61% of probands
had frequent PVBs on Holter; however, in only 10%
were Holter-detected ventricular arrhythmias the ex-
clusive basis for classification of a minor criterion. In
60%, the criterion for Task Force criteria for ventric-
ular arrhythmias was met based on the presence of
such arrhythmia recorded in a nonstudy prior Holter
recordings or emergency visit ECGs. These percent-
ages may not reflect the actual contribution of Holter
recordings to the diagnosis of ARVC/D. In the North

American ARVC/D Registry, Holter recordings were
obtained by a standardized protocol after enroll-
ment. Numerous probands had out-of-study Holter
recordings that met the criteria of PVB frequency by
Holter prior to their official enrollment.

Negative T Waves

A recent literature review by Marcus [11] showed that
negative T waves in leads V2-V5 are infrequent over 
the age of 12 years (Fig. 13.2). In adolescents 12-18
years of age, T wave inversion in V1 and V2 are pre-
sent in 10%-20% and in up to 5% of adolescents in V3.
This juvenile pattern of inverted T waves in leads V1-
V3 is observed in 1%-3% of healthy adults aged 19 to
45 years [12]. The location of the precordial recording
electrodes can influence ECG pattern and misplaced
positioning of lead V2 and V3 could result in false-pos-
itive T-wave findings. In addition, there can be labili-
ty of the T wave morphology over several days.

Negative T waves in V1-V3 are observed in a ma-
jority of patients with ARVC/D (Table 13.2) [13-16].
Preliminary data from the analysis of 89 probands
from the North American ARVC/D Registry showed
that 58% had negative T waves in V1-V3 or beyond.
As shown in Table 13.2, the incidence of T waves in-
version in ARVC/D patients range from 19% to 85%.
Wichter et al. [17] reported negative T waves in 54%
of 151 ARVC/D patients. Turrini et al. [18] analyzed
patients with varying degrees of structural abnor-
malities of the right ventricle. They compared the
ECG findings in 20 patients who died suddenly, 20 pa-
tients with sustained VT, and 20 patients with no sus-
tained VT. Negative T waves were found in 85%, 70%,
and 45% of the cases, respectively, indicating that the
extent of myocardial involvement influences fre-
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Fig. 13.1 • Holter-detected episode of nonsustained VT of left bundle branch block morphology in a patient with ARVC/D
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quency of this ECG finding, which was reported ear-
lier by Nava et al. [3]. Differences in the incidence of
negative T waves reported from different series of pa-
tients may reflect not only varying degrees of right
ventricular dysfunction but also the heterogeneous
nature of the ARVC/D, with different penetrance of
causative genes. Dalal et al. [8] evaluated phenotypic
presentation of ARVC/D patients with and without
plakophilin-2 mutation and did not find any differ-
ence in the incidence of negative T waves in the two
groups. Future studies with large cohorts of geno-
typed patients with long-term follow-up will help to
determine whether negative T waves are associated

with specific gene mutations and whether they appear
to indicate severity or progression of the disease.

QRS Duration and Morphology

Localized widening of the QRS complex in right pre-
cordial leads is one of the typical ECG findings in
ARVC/D [19, 20]. It is likely that conduction delay due
to fibrofatty replacement of the right ventricle is a
cause of the localized QRS prolongation. Fontaine et
al. [2, 19, 20] reported that the QRS duration >110 ms
in right precordial leads and differences in QRS dura-

ECG abnormalities Nava et al. [13]; Dalal et al. [14]; Lemola et al. [16]; Nasir et al. [15];
N=136 N=69 N=59 N=39

Prolongation of QRS duration in 45 58 59 64
V1-V3 in absence of RBBB

Epsilon wave in V1-V3 4 29 21 33
T wave inversion V1-V3 or beyond 19 81 36 85
Complete RBBB 4 N/a 22 8
QRS dispersion 40 ms N/a N/a N/a 44
Ratio V1+V2+V3/V4+V5+V6 1.2 N/a N/a N/a 77
Prolonged S wave upstroke N/a 91 N/a 95

in V1-V3 55 ms
Presence of one or more 80 95 N/a N/a

ECG abnormalities
Normal ECG 20 5 N/a N/a

Values are presented in percentages
N/a, not available; RBBB, right bundle branch block

Table 13.2 • Prevalence of the ECG abnormalities in ARVC/D patients by different authors

Fig. 13.2 • Standard 12-lead ECG in a patient with ARVC/D. There are negative T waves in right precordial leads and pre-
mature ventricular beats of left bundle branch block morphology. Note that the QRS is upright in aVL, indicating that the
PVB is arising from a location in the right ventricle other than the RVOT



tion between right and left precordial leads >25 ms are
characteristic of ARVC/D. This localized prolongation
of the QRS complex is a major criterion for the diag-
nosis of ARVC/D. Wichter et al. [17] found that QRS
duration prolongation in the right precordial leads was
present in 52% of 151 patients. Nasir et al. [15] ob-
served this finding in 64% of 39 patients. They also
[15] reported that the ratio of the sum of QRS in 
V1-V3/V4-V6 >1.2 was observed in 77% of these pa-
tients. Peters et al. [21] reported localized right pre-
cordial QRS prolongation (V1 + V2 + V3)/(V4 + V5
+ V6) 1.2 in 261 of 265 patients (98% with ARVC/D).
Localized prolongation of inferior QRS complexes
was found in 58 cases (22%). These authors indicate
that localized right precordial QRS prolongation is the
most typical ECG finding for ARVC/D.

Another way of presenting these interlead differ-
ences in QRS duration is by measuring QRS disper-
sion, i.e., the differences in QRS duration between pre-
cordial leads, which could represent regional inho-
mogeneity of depolarization. Peters et al. [22] reported
that QRS dispersion 50 ms is a noninvasive predic-
tor of recurrent arrhythmic events. In 20 patients who
died suddenly with ARVC/D proven at autopsy, Tur-
rini et al. [18] found that QRS dispersion 40 ms was
the strongest independent predictor of sudden death,
with a sensitivity of 90% and a specificity of 77%.
Hulot et al. [23] confirmed the value of QRS disper-
sion 40 ms as a risk factor for cardiovascular death
during the natural history of the disease. Nasir et al.
[15] identified QRS dispersion 40 ms as one of the
most significant ECG predictor of inducibility of VT
at EPS. Localized depolarization abnormalities are
more commonly associated with cardiac arrest and
may be predictive of sustained ventricular arrhythmias.

Localized delay of depolarization may also be
manifest by a widened QRS wave frequently with
notches on the upstroke of this wave. Nasir et al. [15]
reported that 95% of 39 patients with ARVC/D had
an S wave in V1-V3 55 ms. This ECG abnormality
might be the most specific indicator of the selective
increase of QRS duration in the precordial leads in
ARVC/D. It is the terminal part of the QRS repre-
sented by the S wave in V1-V3 that reflects preferen-
tial repolarization of the last part of the heart to be
depolarized, the right ventricle. These abnormalities
seem to correlate with the inducibility of ventricular
arrhythmias [15].

The above abnormalities are not valid in patients
with RBBB, which is a frequent finding in patients
who present more advanced stages of the disease.
Complete RBBB was reported in 15% of ARVC/D
patients described by Turrini et al. [18]. More fre-
quently, features of incomplete RBBB or parietal

block reflecting intraventricular myocardial con-
duction defect (not conduction system defect) is ob-
served. The term parietal block seems to reflect lo-
calized right precordial QRS prolongation with fea-
tures resembling RBBB but not fulfilling RBBB
criteria [19, 20]. Nasir et al. [15] found parietal
block in 52% of patients without RBBB. Peters et al.
[21] reported complete RBBB with T inversions be-
yond V2 in 17 patients (6%) and incomplete RBBB
in 38 cases (14%) of studied 265 ARVC/D patients.
More advanced forms of the disease, especially with
decompensation of the right ventricle function, are
associated with complete RBBB [22, 23].

Epsilon Waves

The epsilon wave consists of high-frequency notches
located on the ST segment immediately after the QRS
complex, usually recorded in the right precordial leads
on the standard ECG (Fig. 13.3). This ECG wave was
first described in patients with ARVC/D [2, 20]. It is
believed that epsilon waves represent delayed activa-
tion of affected areas of right ventricle. Late potentials
in the signal average ECG (SAECG) are another man-
ifestation of the same phenomenon. It is recom-
mended that the ECG should be recorded at double
speed (50 mm/s) and double amplitude (20 mm/mv)
to increase the sensitivity to detect epsilon waves. Im-
provement in detecting epsilon waves can also be ob-
tained by using the limb leads placed on the chest with
the left arm lead over the xyphoid process, the right
arm lead on the manubrium sternum, and the left leg
lead over a rib at the V4 or V5 position [24]. Further
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Fig. 13.3 • Epsilon wave in V1 and V2 in the presence of right
bundle branch block
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enhancement can be obtained by resetting the filter of
the ECG machine from the usual 150 Hz to 40 Hz.

Wichter et al. [17] found epsilon waves in 22.5%
of 151 ARVC/D patients and late potentials in 41% of
the 151 patients. Turrini et al. [18] reported epsilon
waves in 25%-35% of patients with different ar-
rhythmogenic potential. These data suggest that the
epsilon wave is not predictive of arrhythmic events.
In a series of 265 patients, Peters et al. [21] recorded
precordial epsilon waves using the standard ECG set-
ting in 23% and using highly amplified and modified
recording technique in 75% of the patients.

Abnormal SAECG

The presence of late potentials and delayed activation
of ventricular myocardium detected in the SAECG is
considered to represent slowed ventricular conduc-
tion, which is a substrate for reentrant tachyarrhyth-

mias (Fig. 13.4). In the first reported series of patients
with this disease, late potentials were recorded in 81%
of patients by Marcus, Fontaine et al. [1]. In the 151
patients described by Wichter et al. [17], late poten-
tials were found in 41%. Kinoshita et al. [25] analyzed
the SAECG in 28 patients with ARVC/D and 35 age-
matched normal subjects at two different high-pass
filter settings, 25 Hz and 40 Hz. Positive SAECG cri-
teria were found in 20 (71%) and 18 (64%) patients
at filter settings of 25 Hz and 40 Hz, respectively.
Nazir et al. [26] also indicated that detection of late
potentials in ARVC/D can be improved by employ-
ing a high-pass filter of 25 Hz and specifically look-
ing for changes in the Z leads.

As with other ECG markers, there is a correlation
between abnormal SAECG values and the extent of
right ventricular disease. Nasir et al. [26] reported that
a positive SAECG predicted inducibility of sustained
VT during programmed electrical stimulation testing.
They performed electrophysiological studies in 40 pa-

Fig. 13.4 • Signal-averaged ECG with late potentials in a patient with ARVC/D. A 4-Hz high-pass filtering was used; Fil-
tered QRS duration (QRSD) = 217 ms; Low Amplitude Signal (LAS) = 107 ms, and Root-Mean Square voltage of terminal
40 ms (RMS) = 4 µV



tients (37±12 years) with ARVC/D. Of the 31 without
bundle branch blocks, 21 (76%) had inducible mono-
morphic VT. At an fQRS 110 msec the sensitivity of
an fQRS >110 msec was 91% to predict inducibility of
VT; the specificity was 90%, and the predictive value
was 90%. In general, the larger the right ventricular
size, the greater the possibility of inducing VT/VF at
electrophysiological study and of having sustained
ventricular arrhythmias. However, data on arrhyth-
mic risk stratification using signal averaged ECG in
ARVC/D are limited [27]. Recently, Pezawas et al. [28]
reported that an abnormal SAECG and decreased left
ventricular ejection fraction were statistically signif-
icant predictors for VT recurrence by multivariate
analysis. Folino et al. [29] found that patients with
ARVC/D who have sustained VT tend to have longer
fQRS. Therefore, the presence of an abnormal
SAECG might be considered as risk factor, although
larger studies with long-term follow-up are needed to
determine the predictive value of SAECG in ARVC/D.

It is important to realize that the definitions of ab-
normal values of SAECG parameters were derived for
the purpose of risk stratification of sudden death and
ventricular arrhythmias in postinfarction patients.
These values may not apply to identification of ab-
normal SAECG when evaluating young subjects sus-
pected of ARVC/D. Recently, Marcus et al. [30] inves-
tigated this topic and based on published literature of
the SAECG of normal subjects, gender- and record-
ing device-specific criteria for SAECG parameters
were proposed. These proposed SAECG criteria re-
quire evaluation and validation in future studies.

QT Dispersion

In ARVC/D there is increased electrical heterogene-
ity that is likely to be responsible for ventricular in-
stability. Fontaine et al. [31] suggested the coexistence
of two different mechanisms for the occurrence of
ventricular arrhythmias leading to SCD, i.e., depo-
larization abnormalities mediated by a sympathetic
mechanism and repolarization abnormalities facili-
tated by parasympathetic drive. The interlead vari-
ability in QT interval duration on the standard 12-
lead ECG, the so-called QT dispersion, has been sug-
gested to reflect regional variations in ventricular
repolarization and to provide an indirect measure of
the extent of nonuniformity of myocardial repolar-
ization. The concept of QT dispersion is controver-
sial. There are studies that raise concern about
methodological and conceptual aspects of this ap-
proach. In addition, there is a lack of consistency on
findings regarding the prognostic significance of QT

dispersion for risk stratification. The value of QT dis-
persion as an arrhythmic marker in ARVC/D is con-
troversial. Benn et al. [32] found increased QT dis-
persion in ARVC/D patients, without significant dif-
ferences between patients considered at low and high
risk for life-threatening arrhythmias. Peters et al.
[33], analyzing ARVC/D patients with sustained VT
who had the overt form of disease, did not find an
increased QT dispersion. However, they demonstrat-
ed that repolarization abnormalities were present at
body surface mapping and might be related to the oc-
currence of ventricular arrhythmias. In the series of
Turrini et al. [18], QT dispersion was significantly
greater in the patients who died suddenly as com-
pared to those presenting different arrhythmic pro-
files. A cut-off value for QT dispersion >65 ms was
associated with a high risk of sudden death with a
sensitivity of 85% and a specificity of 75%. Howev-
er, in this report, QT dispersion was not an indepen-
dent predictor of high arrhythmic risk at multivari-
ate analysis. In the series of Nasir et al. [15], QT dis-
persion 65 ms did not discriminate patients with
spontaneous and/or induced sustained ventricular
arrhythmias from those without. Notably, the local-
ized form of ARVC/D showed a similar frequency of
QT dispersion as compared with the diffuse form of
the disease. Interestingly, in ARVC/D, an increased
QT dispersion showed a similar frequency of nega-
tive T waves in V1-V3, which is a marker of repolar-
ization abnormalities [15, 18]. It is important to
stress that QRS dispersion is considered as the major
determinate of QT dispersion.

Serial Electrocardiographic Evaluation in
ARVC/D

The ARVC/D is a progressive disorder and ECG test-
ing should be considered as the most useful tool for
detecting progression of this disorder. Jaoude et al.
[34] performed long-term electrocardiographic fol-
low-up in 36 patients presenting with ARVC/D-re-
lated VT and showed that after a maximum of 6 years
all patients had developed ECG abnormalities. The
authors concluded that long-term electrocardio-
graphic follow-up is necessary to confirm or exclude
ARVC/D in patients presenting with a VT originat-
ing from the RV. In a study by Kies et al. [35], 60 pa-
tients suspected of having ARVC/D were evaluated.
Initially, 22 (37%) of these patients were diagnosed
as having ARVC/D. After a mean 4-year follow-up, 23
initially ARVC/D-negative patients were re-evaluat-
ed because of recurrent symptoms. Of those, 12
(52%) met the ARVC/D Task Force criteria. Eleven of

126 Wojciech Zareba, Katarzyna Piotrowicz, Pietro Turrini



CHAPTER 13 • Electrocardiographic Manifestations 127

the 12 (92%) patients first presented with ECG ab-
normalities only, but developed structural abnor-
malities on imaging at follow-up. The authors con-
cluded that ECG abnormalities may precede struc-
tural abnormalities, warranting serial re-evaluation
for ARVC/D in initially Task Force criteria-negative
patients presenting with LBBB VT with only ECG ab-
normalities.

Conclusions

The electrocardiographic manifestations of ARVC/D
are highly variable depending upon the stage of the
disease. In the concealed form, the ECG may be nor-
mal. When there is overt disease including conges-
tive heart failure, there is an increasing incidence of
ECG abnormalities. Both myocardial conduction
abnormalities and repolarization abnormalities are
important clinical findings which raise the suspicion
of the presence of ARVC/D. There is a need for more
studies to evaluate the progression of the disease and
its ECG manifestations over a long period of time.
At present there is no clear evidence for a specific as-
sociation between known ARVC/D genes and ECG
abnormalities. ECG abnormalities are generally re-
lated to the extent of myocardial changes, but clini-
cal experience indicates that ECG changes may pre-
cede morphological and functional abnormalities of
right ventricle.
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Introduction

Cardiac imaging plays a key role in the evaluation of
a patient suspected of having arrhythmogenic right
ventricular cardiomyopathy/dysplasia (ARVC/D).
Global or regional abnormalities of right ventricu-
lar (RV) structure and function are an important
component of the Task Force of the Working Group
on Cardiomyopathies diagnostic criteria [1]. The cri-
terion for RV structure and function currently lacks
quantitative cut points for clinicians to use when fac-
ing the study of an individual suspected of ARVC/D.
Moreover, the ability to correctly categorize individ-
uals at risk for ARVC/D, such as family members of
affected individuals or those who may have a sub-
clinical form of the disease, is limited by the lack of
a gold standard for the diagnosis of ARVC/D. Addi-
tionally, the echocardiographic natural history of the
disease has not yet been defined.

Echocardiography is an ideal tool to assess RV size
and function, due to its widespread availability,
portability, and ease of performance and interpreta-
tion, even in the setting of implantable cardiovert-
er/defibrillators (ICDs).

Qualitative Echocardiographic Features 
of ARVC/D

There are several structural abnormalities that have
been noted with increased frequency in individuals
with ARVC/D. Morphologic abnormalities on
echocardiography including a hyperreflective mod-
erator band, trabecular prominence and derange-
ment, and focal aneurysms or sacculations have been
described [2, 3]. In a study comparing ARVC/D
probands from the North American Registry to
matched controls, trabecular derangement was the
most frequently noted abnormality, occurring in
54% of affected individuals and not in any matched
controls [3]. Figure 14.1 shows representative echo-
cardiograms from subjects in the North American

Registry demonstrating these morphologic abnor-
malities. Additionally, qualitative abnormalities in
RV function are frequently noted in individuals with
ARVC/D. In the North American Registry echo study,
79% of probands demonstrated abnormal regional
wall motion [3] by echocardiography. The frequen-
cy of abnormal wall motion by region is shown in
Table 14.1. The anterior wall and apex were the most
common regions affected in the ARVC/D probands.

Quantitative Echocardiographic Features 
of ARVC/D

RV dilatation is a common finding in individuals
with ARVC/D [2, 4, 5]. The echocardiographic study
from the North American ARVC/D Registry provid-
ed potential quantitative parameters to differentiate
probands from matched controls [3]. Table 14.2
shows the mean RV dimensions at end-systole and
end-diastole in probands and matched controls. An
enlarged right ventricular outflow tract (RVOT) was
found in 100% of probands. RVOT long axis dimen-
sion of >30mm had a sensitivity of 89% and speci-
ficity of 84% for ARVC/D. Since there have been no
large population studies on normal RV dimensions
with normalization for gender or body size, deter-
mining appropriate cut off values for mild or mod-
erate enlargement in order to apply the Task Force
criteria remains challenging. Based on the prelimi-
nary data available from the North American ARVC/D
registry patients, an RVOT dimension greater than 2
and less than 3 standard deviations above the mean
value in the control subjects should be considered
mildly enlarged.

Highly trained athletes can present an important
diagnostic challenge when considering the diagno-
sis of ARVC/D. RV enlargement has been described
as an adaptation to endurance sports [6]. However,
ARVC/D with RV enlargement has been associated
with ventricular arrhythmias and sudden death in
athletes, particularly from the Veneto region of Italy
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[7, 8]. A careful medical and family history, as well
as application of the Task Force diagnostic criteria
exclusive of RV structure and function, may help
distinguish normal adaptation from disease. In the
future, novel echocardiographic parameters such as
tissue Doppler and strain imaging may help better
refine diagnostic utility of echocardiography in this
situation.

Global RV dysfunction is also often noted in in-
dividuals with ARVC/D. Because of the geometry of
the RV and problems with complete RV visualiza-
tion in some individuals, estimation of RV volume
by echo is challenging, thus making accurate esti-
mation of an RV ejection fraction difficult. The RV
fractional area change (FAC) from the parasternal
long axis view has been shown to be a useful corre-
late of RV function [9], and is increased in individ-
uals with ARVC/D compared with controls [3].
Table 14.3 shows the mean values for RV FAC in
probands compared with controls from the North
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Fig. 14.1 • Echocardiographic views
from probands meeting Task Force cri-
teria for ARVC/D. (a) RVOT enlargement
from the parasternal long axis view, (b)
RVOT enlargement from the paraster-
nal short axis view, (c) Apical four-
chamber view showing a focal RV api-
cal aneurysm (arrows), (d) Apical four-
chamber view showing excessive
trabeculations (arrows). (e) Apical four-
chamber view showing a hyperreflec-
tive moderator band (arrow). LV, left
ventricle; RV, right ventricle; RVOT, right
ventricular outflow tract; AoV, aortic
valve; RA, right atrium; LA, left atrium.
Reprinted from [3], © 2005, with per-
mission from the American College of
Cardiology Foundation

a b

d e

c

Number Percent

RV global function:
Normal 11 38
Mildly reduced 8 28
Severely reduced 10 34

RV Regional WMA 23 79
RVOT 13 45
Anteroseptal 16 55
Anterior 20 70
Apex 21 72
Septal 16 55
Inferior Basal 17 59
Inferior Apical 15 52

Hyperreflective moderator band 9 31
Excessive/abnormal trabeculations 15 54
Sacculations 5 17

RV,right ventricular;RVOT,right ventricular outflow tract;WMA,
wall motion abnormality.Reprinted from [3],© 2005,with per-
mission from the American College of Cardiology Foundation

Table 14.1 • Frequency of qualitative echocardiographic ab-
normalities in individuals with ARVD (n=29)
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American ARVC/D Registry. In this study, RV FAC
was measured from the apical four-chamber view.
An RV FAC <32% was present in 65% of probands
and only 3% of matched controls. As mentioned
previously for RV enlargement, there have been no
large population studies on normal values for RV
FAC with normalization for gender or body size.
Thus, determining appropriate cut off values for
mild or moderate RV dysfunction in order to apply
the Task Force criteria remains challenging.

Novel Echocardiographic Tools to Assess ARVC/D

Tissue Doppler echocardiography is another tool
which may help aid in the diagnosis of ARVC/D.
Lindstrom and colleagues studied 15 patients who
met Task Force diagnostic criteria and 25 unmatched
controls, and noted reduced systolic (S) and early di-
astolic (EA) RV annular velocity compared to un-
matched control subjects [5]. The ratio of EA to the

Right heart dimensions ARVC/D Matched P-value Reference % of 
probands controls values probands 

(mean±SD) (mean±SD) (mean±SD) enlarged

RA medial-lateral (mm) 44.8±11.4 36.6±6.9 0.0035 37±4 41%

RA superior-inferior (mm) 51.3±10.6 45.7±5.8 0.023 42±4 45%

RVOT-PLAX diastole (mm) 37.9±6.6 26.2±4.9 0.00001 22±1.5 100%

RVOT-PLAX systole (mm) 32.8±7.2 20.1±4.0 0.00001 NA

RVOT-PSAX diastole (mm) 38.9±4.7 31.1±4.7 0.00001 27±1 96%

RVOT-PSAX systole (mm) 28.3±6.1 19.0±5.1 0.00001 NA

RVOT/aortic valve 1.28±0.2 1.04±0.2 0.0001 NA

RVIT PLAX diastole (mm) 57.0±12.2 49.2±8.8 0.0065 45±2.5 73%

RVIT PLAX systole (mm) 46.5±12.6 34.2±6.8 0.0001 NA

RVIT PSAX diastole (mm) 37.3±8.5 28.1±5.2 0.0004 30±1.5 60% 

RVIT PSAX systole (mm) 32.3±8.5 21.6±5.6 0.0004 NA

RV medial-lateral - 34.0±8.9 25.1±4.0 0.00001 30±5 18%
Apical 4 Chamber diastole (mm)

RV medial-lateral - 27.26± 9.8 17.6±3.9 0.00001 24±3 36%
Apical 4 Chamber systole (mm)

RV LAX length - 79.2± 15.6 76.1 ±7.6 0.2281 71±8 24%
Apical 4 chamber diastole (mm)

RV LAX length - 66.7±15.8 61.2±6.0 0.0802 55±8 38%
Apical 4 chamber systole (mm)

LAX, long axis; NA, not available; PLAX, parasternal long axis; PSAX, parasternal short axis; RA, right atrial; RV, right ventricular;
RVIT, right ventricular inflow tract; RVOT, right ventricular outflow tract; SD, standard deviation. Reprinted from [3], © 2005, with
permission from the American College of Cardiology Foundation

Table 14.2 • Quantitative echocardiographic abnormalities

ARVC/D probands Matched controls P-value Reference value
(mean±SD) (mean±SD)

RV end diastolic area (cm2) 25.2±7.7 17.9±3.5 0.00001 19.5±4.3

RV end systolic area cm2) 18.9±8.4 10.5±2.3 0.00001 10.5±3.0

RV FAC (%) 27.2±16 41.0±7.1 0.0003 46.5±7.1

Percent with FAC 32 35% 97%

Percent with FAC 26%-32% 24% 3%
(mildly impaired)

Percent with FAC <26 41% 0%
(severely impaired)

FAC, fractional area change; RV, right ventricular; SD, standard deviation. Reprinted from [3], © 2005, with permission from the
American College of Cardiology Foundation

Table 14.3 • RV function



late diastolic (AA) velocity was also significantly re-
duced in those with ARVC/D. While this is a promis-
ing tool which may help in the diagnosis of ARVC/D,
normal reference values for the RV annular velocities
are still being defined.

The RV myocardial performance index (MPI)
has been proposed as a simple Doppler index of RV
function which is independent of geometric as-
sumptions [10] and has been applied in diseases af-
fecting the RV such as Ebstein’s anomaly [11] and
pulmonary hypertension [12]. Yoerger et al. report-
ed preliminary data regarding the utility of this in-
dex [13], demonstrating reduced RV MPI in ARVC/D
probands, even when global RV function assessed by
FAC was normal. This index needs to be tested in
larger populations in order to determine its diag-
nostic utility in ARVC/D.

Because visualization of the RV can be challeng-
ing, echocardiographic contrast has been used for RV
opacification. Case reports have suggested that use of
intravenous echocardiographic contrast can improve
detection of subtle areas of regional dysfunction
[14], and have even suggested that abnormalities of
RV perfusion can be detected in areas affected by fat-
ty infiltration [15]. The utility of intravenous echo
contrast for these indications has yet to be studied in
larger populations suspected of ARVC/D.

Echocardiographic Diagnosis in “Concealed
Forms” of the Disease

The majority of echocardiographic studies in patients
with ARVC/D refer to subjects who had symptoms
and who usually presented a moderate or severe
form of the disease [3, 4]. However, clinical screen-
ing of families affected by ARVC/D have demon-
strated that in addition to family members with ex-
tensive involvement from the disease there are oth-
ers with minor or “concealed” forms [16].

The identification of these concealed forms relies
on recognition of “minor” echocardiographic signs.
These signs may suggest the presence of the disease,
particularly in subjects who are preselected on the ba-
sis of family history of ARVC/D and/or juvenile sud-
den death or electrocardiographic findings (12-lead
ECG abnormalities, presence of late potentials at sig-
nal-averaged ECG, ventricular arrhythmias with left
bundle branch block morphology).

The relationship of qualitative echocardiograph-
ic signs and concealed forms of ARVC/D was initial-
ly studied by Scognamiglio et al. [2] who analyzed a
series of family members of affected individuals and
compared them to subjects with ventricular arrhyth-

mias with left bundle branch block morphology. The
following echocardiographic findings were reported
as “suggestive” of a concealed form of the disease:
1. A diastolic localized bulge and/or systolic dyski-

nesia of postero-inferior wall just below the tri-
cuspid valve (Fig. 14.2);

2. A highly reflective moderator band as well as 
the presence of a trabecular disarrangement
(Figs. 14.1d, 14.1e, and 14.3);

3. An isolated dilatation of RVOT;
4. Presence of sacculations of the RVOT;
5. Isolated wall motion abnormalities (hypokinesia,

dyskinesia) of apical, subtricuspid, or RVOT
(Fig. 14.1c).
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Fig. 14.2 • Parasternal long axis view of a 34-year-old
woman who was found to be affected by ARVC/D during fa-
milial screening. Note the presence of a diastolic localized
bulge of the postero-inferior wall below the tricuspid valve

Fig. 14.3 • Close-up of a right ventricular apex (apical four-
chamber view) of a 50-year-old man diagnosed with
ARVC/D during evaluation for sport eligibility: note the
presence of trabecular derangement
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The prevalence of each of these findings has yet
to be determined in a large population study, which
will be challenging given the fact that the prevalence
may vary as a function of duration of the disease.
Correlating these echocardiographic findings with
genotype will also be possible in the near future.

Usefulness of Echocardiography in Familial
Screening

In patients affected by ARVC/D, a family history of
the disease has been found in 30%-50% of cases, with
autosomal dominant transmission in the majority of
cases [16].

Nava et al. [16] studied 132 subjects belonging to
37 families affected by ARVC/D and classified subjects
into three groups according to the RV size and/or wall
motion abnormalities observed on echocardiogram:
1. Mild form: a slightly increased (<75 ml/m2) or

normal right ventricular end-diastolic volume
(RVEDV) with localized hypokinetic or akinetic
areas of the RV, in the presence or absence of tra-
becular derangements and thickened, hyper-
reflective or dense moderator band;

2. Moderate form: RVEDV ranging from 75 to 
120 ml/m2 with localized hypokinetic or akinet-
ic and/or dyskinetic areas of the RV in the pres-
ence of trabecular derangement and thickened,
hyperreflective or dense moderator band;

3. Severe form: RVEDV greater than 120 ml/m2 with
widespread akinetic and/or dyskinetic areas of the
RV with parietal diastolic bulging.
In this series 64% of family members were found

to have a mild form of the disease, 30% a moderate
form, and 6% a severe form. Moreover, evaluation of
RV wall motion abnormalities demonstrated that the
regional dysfunction was more frequent in the infero-
posterior wall regardless of the extent of disease. Aki-
nesia or hypokinesia of the RV apical region were
more common in mild or moderate forms, while in
patients with the severe forms, RV wall motion ab-
normalities of the apical and anterior regions were
present in a similar proportion.

Finally, echocardiography in these family mem-
bers demonstrated that RVOT dilation was related to
the disease extent, being present in 100% of severe
forms, 50% of moderate, and 29% of mild forms.

The recent identification of several genes whose
mutations have been associated with the disease 
[17-23] offers for the first time the opportunity to
study families carrying ARVC/D gene mutations.
This allows evaluation of the entire clinical spectrum
from concealed to overt forms of the disease. In a

study of four families with desmoplakin mutation,
echocardiographic abnormalities were found in 14 of
26 mutation carriers (54%), with left ventricular in-
volvement in half of them [24]. Interestingly, subjects
with the same mutations could have different clinical
presentations, with disease extent ranging from mild
to severe forms. Similarly, a recent paper analyzing
nine families with plakophilin-2 mutations found
that of 32 subjects mutation carriers who underwent
clinical evaluation, right ventricular abnormalities on
imaging techniques were present in 22 (68%) [25].

Echocardiographic Natural History of ARVC/D

Although changes in RV structure and function over
time would be expected to be seen in affected ARVC/D
probands, there are no published data reporting on se-
rial changes. Prior echocardiographic studies have in-
cluded individuals at varying time points in the disease
process, and it is unclear what happens to RV structure
and function in an affected individual over years. Nava
et al. reported on mild, moderate and severe forms of
the disease in families with ARVC/D [16] and observed
that a subset of patients that were unaffected at initial
screening later developed structural changes. The rate
of such progression remains unknown, as well as
whether those with mild forms progress to have more
severe forms of the disease over time.

Conclusions

Echocardiography is a useful tool in individuals sus-
pected of ARVC/D. Dilatation of the RV and, in par-
ticular, of RVOT are common, with an RVOT diam-
eter greater than 30 mm being a sensitive and rea-
sonably specific marker for the disease. Moreover, RV
dysfunction, both global and regional, is frequently
noted. Quantitative cut points for diseased versus
normal conditions [26, 27] need to be established in
order to help diagnose borderline cases or family
members who may have subclinical forms of the dis-
ease. Additionally, studies defining the echocardio-
graphic natural history of the disease need to be per-
formed to better aid clinicians in the diagnosis and
management of this disease.
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Introduction

Arrhythmogenic right ventricular cardiomyopa-
thy/dysplasia (ARVC/D) is a rare cardiomyopathy
characterized by fibro-fatty replacement of the right
ventricle (RV), which leads to progressive RV failure
and ventricular arrhythmias [1, 2]. The disease pre-
sents between the second and fifth decades of life ei-
ther with symptoms of palpitations and/or syncope
associated with ventricular tachycardia or with SCD.
The exact prevalence of this condition is not known,
but is estimated to be around 1 in 5,000. There is wide
variation in the clinical presentation and course of
ARVC/D [1-4] accounted for by the genetic hetero-
geneity of the disease. Mutations in genes encoding
junctional plakoglobin are associated with palmo-
plantar keratoderma (Naxos disease) and woolly hair.
Mutations in plakophilin, a desmosomal [5] protein,
is associated with early presentation and higher inci-
dence of ventricular arrhythmias [6]. Diagnosis of
ARVC/D is often challenging, as the RV involvement
in early ARVC/D can be focal with preserved global
RV function. The diagnosis is based on a set of ma-
jor and minor criteria proposed by the Task Force of
cardiomyopathies in 1994 [7]. These criteria account
for the electrical, anatomic and functional abnormal-
ities that are a consequence of progressive fibro-fatty
infiltration, which results in loss of RV myocytes.
Structurally, this manifests as regional reduction in
wall thickness and wall hypertrophy secondary to fat
infiltration. Focal or global contraction abnormalities,
chamber enlargement, enlarged RV outflow tract,
and RV aneurysms have been described.

Conventional imaging modalities are limited in
evaluating the complex structure of the RV [8]. Mag-
netic resonance (MR) imaging and computed to-
mography (CT) have emerged as robust tools to eval-
uate the RV in ARVC/D [9-11] as both modalities
provide direct evidence of fatty infiltration and struc-
tural alterations of the RV [12, 13]. The noninvasive
nature of these investigations, multiplanar capability,
and unique ability to provide tissue characterization

are ideal for assessment of ARVC/D. The purpose of
the current chapter is to discuss the current status,
strengths and limitations of MR imaging and cardiac
CT in evaluation of patients with suspected ARVC/D.

MR Imaging of ARVC/D

Among the current cardiac MR applications in car-
diomyopathies, the greatest potential as well as
biggest challenges are in the diagnosis of ARVC/D.
MR imaging allows both qualitative and quantitative
analysis of RV function [14]. MR has the ability to
demonstrate intramyocardial fat [12] and recently,
delayed enhancement MR imaging has been shown
to be useful in detecting fibrosis in the RV in ARVC/D
[15]. The last 10 years have seen significant im-
provements in MR hardware, with tremendous in-
creases in acquisition speed and image quality. ECG
gating and breath-hold imaging have reduced motion
artifacts and improved tissue contrast is achieved by
inversion recovery black-blood imaging techniques
[16]. ECG gated steady state free precession imaging
(SSFP) pulse sequences have resulted in better delin-
eation of endocardial borders enabling accurate and
reproducible volumetric measurements [14]. For
these reasons MR imaging has been increasingly used
for evaluation of the RV and has evolved as the non-
invasive modality of choice in ARVC/D.

Casolo et al. [12] were the first to describe the use
of MR imaging to assess ARVC/D in 1987. They
demonstrated intramyocardial fat deposits in the RV
on conventional spin echo imaging. Since that time
several authors including our group have reported MR
abnormalities in ARVC/D [17-26]. Broadly, MR imag-
ing abnormalities in ARVC/D can be grouped into two
major categories: (1) morphological abnormalities,
and (2) functional abnormalities. Morphologic ab-
normalities include intramyocardial fat deposits, focal
wall thinning, wall hypertrophy, trabecular disarray,
and RV outflow tract enlargement. Functional abnor-
malities include regional contraction abnormalities,
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aneurysms, RV global dilation/dysfunction, and RV di-
astolic dysfunction. The sites of involvement of these
abnormalities are observed in the “triangle of dyspla-
sia,” which consists of the inferior-sub tricuspid area,
RV apex, and the RV infundibulum [1, 27] (Fig. 15.1).
The goal of MR imaging in ARVC/D is to accurately
assess the RV for the presence or absence of these ab-
normalities to aid in the diagnosis and to assist in the
management of patients.

MR Assessment of Cardiac Morphology in ARVC/D

Accurate depiction of morphology is very important
in most cardiac applications and ARVC/D exempli-
fies this statement. Morphologic evaluation is gener-
ally performed by the use of “black-blood” tech-
niques. Currently, black-blood techniques using
breath-hold imaging with double inversion recovery
fast-spin echo (DIR-FSE) techniques are preferred to
traditional spin echo (SE) imaging. Breathhold FSE
sequences consistently provide end-diastolic images
with minimal motion artifacts and improve resolu-
tion of myocardial detail [28-30]. Black blood inver-
sion-prepared, half-Fourier single-shot turbo spin
echo (HASTE) imaging is currently not recom-
mended due to blurring of myocardial detail with this
sequence. A dedicated cardiac coil is recommended
for best results, although we use only the anterior coil
elements to prevent “wrap-around” artifact when
using small field of view. An anterior saturation band
(Fig. 15.2) is placed over the anterior subcutaneous
fat for further suppression of motion artifacts.

Morphologic Features of ARVC/D

Intramyocardial Fat

Normal myocardium shows intermediate MR signal
similar to skeletal muscle, and fat appears as a hy-
perintense signal (bright) on black blood images.
Figure 15.3a shows a black-blood MR image from a
normal volunteer. In normal individuals epicardial
fat overlies the RV, and is abundant towards the RV
apex and in the atrio-ventricular groove. There is of-
ten a clear line of demarcation between the gray RV
myocardium and the epicardial fat. Disruption of
this line of demarcation (Fig. 15.3b) and extension
of the hyperintense signals into the RV myocardium
is frequently noted in ARVC/D, indicating infiltra-
tion of epicardial fat into the RV wall.

The prevalence of intramyocardial hyperintense
MR signals in ARVC/D on T1-weighted SE imaging
has ranged from 22% to 100% in different studies
[17-26]. The largest series is by Auffermann et al. [21]
who imaged 36 biopsy-proven ARVC/D patients,
and found intramyocardial hyperintense signals in
only 22% of patients. The patients in this study had
different stages of ARVC/D, and a significant num-
ber had localized ARVC/D. Fat infiltration on MR
imaging predicted inducibility of ventricular tachy-
cardia at electrophysiologic testing. Wichter et al. [22]
added 16 additional patients to the series by Auffer-
man (52 total patients) and concluded that patients
with extensive ARVC/D had a higher incidence of fat-
ty replacement of the RV compared to localized
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Fig. 15.1 • Gradient echo image in the oblique sagittal plane
showing the triangle of dysplasia, which consists of the in-
ferior-sub tricuspid area (thick white arrow), RV apex (black
arrow) and the RV infundibulum (thin white arrows). PA, pul-
monary artery; RA, right atrium; RV, right ventricle

Fig. 15.2 • Axial black blood image showing the location of
anterior saturation band (arrow)
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forms (96% vs. 58%). Menghetti et al. [26] described
SE MR imaging findings in 15 ARVC/D patients di-
agnosed using the Task Force criteria and reported
intramyocardial hyperintense signals in 62% of pa-
tients. The differences in incidence of fat signal in
ARVC/D are largely based on differences in patient
selection, as well as the definition of abnormal in-
tramyocardial hyperintense signals. We used breath-
hold DIR-FSE technique to evaluate intramyocardial
fat in ARVC/D and found high intramyocardial T1
signal (fat) in nine of twelve patients (75%) who were
prospectively diagnosed using the current Task Force
criteria [17]. The use of spectrally selective fat sup-
pression with the DIR-FSE sequence provided addi-
tional evidence of fat infiltration due to high contrast

between epicardial fat and the RV myocardium. Fat-
ty infiltration was more commonly noted in the
basal regions (RV inflow and RV outflow) and less
frequently at the RV apex (one out of nine patients).

Although fat infiltration on MR imaging is sen-
sitive to the disease process, this finding is not spe-
cific. For example, we have recently observed a group
of patients with marked lipomatous infiltration of
the right ventricle, who did not otherwise meet Task
Force criteria for ARVC/D (discussed further below).
The etiology of RV fat in that group has not been de-
termined. Fatty replacement of the myocardium has
also been described as a sequela of myocardial in-
farction as well as nonischemic cardiomyopathies
such as myotonic dystrophy. Finally, detection of in-
tramyocardial fat on MR imaging requires consider-
able experience and over reliance on this finding
alone may lead to misdiagnosis of ARVC/D.

Wall Thinning

RV wall thinning is defined as focal abrupt reduction
in wall thickness to <2 mm, surrounded by regions of
normal wall thickness. Wall thinning is thought to be
due to progressive loss of epicardial and myocardial
layers which leaves a thin rim of subendocardium that
is usually spared. Wall thinning, often observed in
pathologic specimens, was not observed in vivo until
the emergence of MR imaging. Compared to in-
tramyocardial fat, fewer reports have addressed the is-
sue of wall thinning in ARVC/D. Aufferman et al. re-
ported wall thinning in 67% of biopsy-proven
ARVC/D patients on SE MR imaging [21]. In our se-
ries we found wall thinning in less than 25% of patients
who met the Task Force criteria (Fig. 15.4). In our ex-

Fig. 15.3 • (a) Axial black blood image from a normal vol-
unteer showing a clear line of demarcation between the
epicardial fat and the underlying myocardium.Also note the
abundance of epicardial fat in the atrio-ventricular groove
(arrowhead) and at the apex (arrow). (b) Axial black blood
image from a patient with ARVC/D showing lack of demar-
cation between epicardial fat and myocardium (arrows)

a

b

Fig. 15.4 • Fat suppressed axial black blood image from a
patient with ARVC/D showing focal abrupt thinning (arrow-
heads) of the anterior wall of the right ventricle



perience wall thickness is often difficult to assess due
to adjacent high epicardial fat signal, motion artifacts,
and high blood signal in areas of RV trabeculations.

Wall Hypertrophy

Wall hypertrophy is defined as RV wall thickness 
>8 mm. This finding is seldom observed in pathologic
specimens as the true RV myocardium is measured
exclusive of the epicardial fat [31]. In vivo this differ-
entiation is sometimes not possible due to extensive
fibro-fatty infiltration with loss of distinction be-
tween epicardial fat and the true myocardium. In such
cases the RV wall appears hypertrophied with MR im-
ages showing islands of gray muscle surrounded by
bright signals compatible with fat. This finding was
observed in five of the twelve patients (42%) of our
series [17]. Use of fat suppression reveals multiple sig-
nal voids within the RV myocardium in locations that
showed hyperintense signals in the nonfat-suppressed
images (Figs. 15.5a, 15.5b).

Trabecular Disarray

Molinari et al. [25], were the first to describe giant Y-
shaped trabeculae and hypertrophy of the modera-
tor band in patients with ARVC/D. This finding has
been equated to the angiographic finding of deep fis-
sures with a “pile d’assiettes” (stack of plates) ap-
pearance. We found a prevalence (40%) of trabecu-
lar hypertrophy and disarray, similar to that of the
above study in ARVC/D patients. This finding is not
specific for ARVC/D and may be present in any con-
dition that results in RV hypertrophy or enlargement.

RV Outflow Tract Enlargement

The RV outflow tract (RVOT) is a common location
for localized ARVC/D. The right ventricular outflow
is usually equal to or marginally smaller than the aor-
tic outflow tract at the level of the aortic valve. An ex-
ception to this rule concerns pediatric patients in
whom the RVOT may be larger than the left ventric-
ular outflow. The presence of an enlarged RVOT be-
yond adolescence is uncommon. Ricci et al. [23] re-
ported an enlarged RVOT in 15 patients with ARVC/D
compared to patients with dilated cardiomyopathy.
More important than enlargement is a dysmorphic
appearance of the outflow tract (Fig. 15.6). Abnormal
appearance of the RVOT, which is dyskinetic in sys-
tole, is highly suggestive of ARVC/D in the absence of
pulmonary hypertension or left to right shunts.
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Fig. 15.5 • (a) Axial black blood image from a patient with
ARVC/D showing heterogeneously increased T1 signal in
the right ventricular anterior wall (arrow). (b) Fat suppressed
image at the same level shows multiple signal voids in the
same location of the hyperintense signals on the nonfat
suppressed image (arrow)

a

b

Fig. 15.6 • Axial black blood image from a patient with
ARVC/D showing enlarged and dysmorphic outflow tract
with focal bulging anteriorly (arrow)
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MR Imaging Fibrosis in ARVC/D

One of the pathologic hallmarks of ARVC/D is fibro-
sis of the RV that accompanies fatty infiltration. My-
ocardial delayed enhancement MR imaging allows for
noninvasive detection of fibrosis in the RV that may
improve the specificity of ARVC/D diagnosis. We im-
aged twelve ARVC/D patients with MDE-MR imaging.
Eight (67%) out of the twelve ARVD/C patients
demonstrated increased signal consistent with fibro-
sis in the RV [15]. There was excellent correlation with
histopathology (Fig. 15.7). The areas of fibrosis on MR

imaging corresponded with regions of kinetic abnor-
malities. The extent of fibrosis showed an inverse cor-
relation with global RV function. An important find-
ing of our study was that 18 patients with idiopathic
ventricular tachycardia who underwent MDE-MR
imaging showed no evidence of fibrosis, highlighting
the negative predictive value of MDE-MR imaging in
evaluating patients with suspected ARVD/C. Presence
of fibrosis detected on MDE-MR imaging predicted
inducibility of sustained ventricular tachycardia dur-
ing electrophysiologic testing, thus providing infor-
mation regarding arrhythmic risk of such patients.

Fig. 15.7 • The top left and right panels show the end diastolic and systolic frames of a short axis cine MRI.There is an area
of dyskinesia in the right ventricular free wall due to a focal aneurysm.The bottom left panel displays the delayed-enhanced
MRI with increased signal intensity within the right ventricular myocardium, at the location of right ventricular aneurysms.
The bottom right panel shows the corresponding endomyocardial biopsy. Trichrome stain of the right ventricle at high
magnification shows marked replacement of the ventricular muscle by adipose tissue.The adipose tissue cells (arrowhead)
are irregular in size and infiltrate the ventricular muscle. There is also abundant replacement fibrosis (arrow). There is no
evidence of inflammation



MR Assessment of Cardiac Function in ARVC/D

Cardiac function can be assessed by “bright-blood”
techniques, derived from the appearance of intracav-
itary blood. Multiple consecutive images that are ac-
quired with a high temporal resolution can be viewed
dynamically to generate functional information. Ven-
tricular volumes and masses using bright-blood imag-
ing have been shown to be accurate and reproducible
and MR imaging is considered the standard of refer-
ence [32, 33]. Although a number of MR sequences
exist for bright-blood imaging, steady-state free pre-
cession imaging also termed FIESTA, true FISP, or
Balanced Fast Field Echo is the preferred technique.
SSFP sequences result in improved contrast between
the blood pool and the myocardium compared to seg-
mented k-space cine gradient echo images [34]. If
SSFP is not available, segmented k-space cine gradi-
ent echo images (e.g., fast low angle shot – FLASH;
fast cardiac gated gradient echo – FASTCARD) can be
used. Conventional cine k- space GRE images rely on
flowing blood to generate bright blood. In the dys-
functional RV, blood velocities are reduced and signal
intensity decreases with conventional GRE imaging.
With SSFP, the signal intensity remains high since the
signal intensity is proportional to T2 time. There ex-
ists an excellent correlation between MR imaging
and RV angiography [21], the latter being the former
gold standard for RV function. For the above reasons
MR imaging is a noninvasive alternative for RV func-
tional assessment in screening of first-degree relatives
for ARVC/D and also for follow-up.

Functional Abnormalities in ARVC/D

Global RV Dilation/Dysfunction

Fibrofatty replacement of the RV in ARVC/D even-
tually leads to RV dilation and dysfunction. RV dys-
function is often asymptomatic but is preceded by
patient symptoms related to an associated arrhyth-
mia. Aufferman et al. reported an increased RV end
diastolic volume index in ten patients with ARVC/D
who were inducible on electrophysiologic studies
compared to control subjects [21]. The RV volume
indices and the global function of ARVC/D patients,
who were noninducible, did not differ from the con-
trol subjects, suggesting that the patients in this
group had localized ARVC/D. Several other authors
have reported RV enlargement and dysfunction us-
ing a variety of patient selection criteria. In our re-
port we found that a majority of patients (75%) who

met the Task Force criteria had some degree of RV
enlargement and dysfunction at presentation. Also,
there was a linear correlation between the RV end di-
astolic volumes and the duration of symptoms, sug-
gesting the progressive nature of the disease [17]. Se-
rial quantitative volumetric assessment of RV may be
important in assessing disease progression and may
have an important role in evaluation of first-degree
relatives.

Regional Dysfunction

Regional dysfunction is generally thought to be due
to focal fibro-fatty infiltration that precedes changes
in global ventricular function. RV angiography was
traditionally used to evaluate this, but currently MR
imaging has replaced RV angiography at our Institu-
tion due to its noninvasive nature.

Regional functional abnormalities of the RV de-
scribed in ARVC/D include focal hypokinesis (wall
thickening of <40%), akinesis (systolic wall thicken-
ing of <10%), dyskinesis (myocardial segment, which
moves outward in systole), and aneurysms (segments
with persistent bulging in diastole, and dyskinetic in
systole). Studies have consistently reported high in-
cidence of regional dysfunction in ARVC/D [17-27].
One study, which compared MR imaging to angiog-
raphy, showed 86% correlation between the two
modalities [21]. The areas of dysfunction corre-
sponded to the areas of signal abnormality observed
on black blood MR imaging. The presence of signal
abnormality associated with abnormal wall motion
is more suggestive of ARVC/D compared to either of
them alone. In our series, 67% of the patients had re-
gional contraction abnormalities that correlated to
the area of adipose replacement on MR imaging. Of
these patients, 50% had aneurysms localized to the
region of adipose replacement. Less than 25% of the
patients with a final diagnosis of ARVC/D had RV
aneurysms. Care should be taken while interpreting
RV regional function from axial views, as the axial
plane is not orthogonal to the inherent axis of the
heart and apparent bulging can be seen even in nor-
mal volunteers. Correlation with horizontal long-ax-
is view may be helpful to avoid misinterpretation of
RV regional function [35].

Diastolic Dysfunction

Few investigators have used MR imaging to assess di-
astolic function in ARVC/D. Aufferman et al. [21]
were the first to use time-volume curves obtained
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from cine gradient-echo MR imaging to assess dias-
tolic function in biopsy-proven ARVC/D patients.
Comparison with control patients with ARVC/D had
a significant delay in diastolic relaxation of the right
ventricle. The same patients also had increased RV
volumes and reduced function, so that diastolic re-
laxation may not provide additional diagnostic in-
formation. More recently Kayser et al. [36] evaluat-
ed diastolic function in 14 patients with ARVC/D
with preserved systolic function using MR velocity
mapping of transtricuspid flow. ARVC/D patients
showed a significant decrease in peak filling rate and
in the slope of the descending part of the early fill-
ing phase. The ratio of peak early filling rate to peak
atrial contraction and ratio of integrated early filling
to integrated atrial contraction (i.e., volume) were
significantly lower in patients than in healthy volun-
teers. These data are consistent with studies using
echocardiography, suggesting that diastolic abnor-
malities may precede systolic dysfunction and may
have a role in early diagnosis.

Role of MR Imaging in Diagnosis of ARVC/D

The lack of a single diagnostic gold standard for
ARVC/D makes it difficult to define the sensitivity
and specificity of any single modality in diagnosing
ARVC/D. MR imaging is unique, compared to other
imaging modalities, due to its ability to depict in-
tramyocardial fat. Bluemke et al. reported poor in-
terreader reproducibility for detection of intramy-
ocardial fat signal on conventional SE MR images

[37], raising an important issue in defining the 
role of MR imaging in ARVC/D using conventional 
(i.e., noncardiovascular) MR scanners. Although the
interobserver reproducibility appears to be signifi-
cantly better with improvements in image quality, it
is important to realize that the presence of intramy-
ocardial fat on MR imaging is not synonymous with
ARVC/D. Isolated areas of fat replacement are not
specific to ARVC/D and have been reported in elderly
patients, patients receiving long-term steroids, and in
other cardiomyopathies [38, 39]. Discrete areas of fat
substitution have also been reported in idiopathic
ventricular tachycardia, which is an important dif-
ferential diagnosis for ARVC/D [40-42]. Recently we
[43] have observed marked lipomatous infiltration of
the right ventricle in young nonobese individuals
who were evaluated for nonsustained ventricular ar-
rhythmias (Fig. 15.8). None of these patients had
global or regional functional abnormalities and thus
appeared to be a distinct group of patients defined by
MR imaging that should be differentiated from pa-
tients with ARVC/D. However, the long term ar-
rhythmic risk and the clinical course of such patients
remains unknown.

Over-reliance on the presence of intramyocardial
fat has in fact resulted in a high frequency of “misdi-
agnosis” of ARVC/D [44, 45]. In our experience this
finding alone is neither sensitive nor specific for the
diagnosis. Our experience with MR imaging of au-
topsy hearts lead us to conclude that the achievable
spatial resolution in current state-of-the-art clinical
protocols substantially limits the capability to detect
subtle RV intramyocardial fatty changes. Since the

Fig. 15.8 • 45-year-old female, with history of nonsustained ventricular tachycardia. (a) Axial proton-density-weighted, fast
spin-echo MRI without fat saturation image shows fat replacement of the entire RV wall (dark arrows). The fatty replaced
RV wall appears thickened. (b) Axial proton-density-weighted fast spin-echo MRI with fat saturation shows suppression
of the fatty component of the RV wall. A thin portion of nonfatty RV wall is now seen (white arrows)

a b



disease is rare, most MR imaging centers have little
or no experience with diagnosis of ARVC/D. Techni-
cal problems in imaging patients with arrhythmias,
and lack of experience by imaging physicians suggest
that MR imaging should be only one part of a com-
prehensive evaluation for these patients. MR imaging
provides information related to RV size, global and
regional function, and aneurysm formation that may
be useful to delineate structural and functional ab-
normalities which could be used to assess these pa-
rameters for the Task Force criteria. Even using con-
ventional SE imaging, the morphologic features ap-
pear to distinguish ARVC/D patients from normal
individuals [44].

We find that MR imaging can reliably identify pa-
tients who require additional invasive testing. A
completely normal MR study performed with good
technique and evaluated by an experienced observ-
er in patients with no abnormalities on electrocar-
diography or echocardiography is reassuring, and
such patients may not need invasive testing (an-
giography/biopsy) in the absence of other clinical
criteria. If signal abnormalities and wall motion ab-
normalities coexist, invasive testing should be un-
dertaken to confirm the findings. Minor structural
abnormalities, i.e., signal abnormalities in the ab-
sence of wall motion changes, present a challenge as
the need for further evaluation of such patients is
unclear. Adherence to Task Force criteria is recom-
mended, and these “minor” criteria may not neces-
sitate invasive testing. It should be recognized that
ARVC/D Task Force criteria do not currently recog-
nize fat signal on MR (or CT) as a diagnostic crite-
rion for the disease.

Future Directions

If significant strides in MR technology over the last
10 years continue, MR imaging should emerge as a
critical test for the diagnosis of ARVC/D.

A current limitation for black blood imaging is
poor spatial resolution. Increases in spatial resolu-
tion result in longer and prohibitive breath-hold du-
ration. One approach would be the use of navigator-
echo gated techniques, which allow free breathing.
This technique was initially described by Ehman and
Felmlee in 1989 [46] and is currently used in coro-
nary imaging. Navigator echoes are positioned over
the right diaphragm and imaging is triggered when
the diaphragm position is within a 4-5 mm window.
In conjunction with 3 dimensional black blood tech-
niques, this approach could improve spatial resolu-
tion for detection of intramyocardial fat. Limitations

to this technique include increased scanning times
(by a factor of two), increased edge blurring, and
susceptibility to motion artifact in patients with ir-
regular breathing patterns or those who have ar-
rhythmia.

Another aspect of ARVC/D evaluation that
needs improvement is regional function assess-
ment. Myocardial tissue tagging provides accurate
and quantitative data regarding regional function
and may potentially improve the sensitivity of MR
imaging to detect regional dysfunction in ARVC/D.
Fayad et al. described this approach in the RV [47].
However, tissue tagging is not easily applied due to
the very thin RV free wall and resultant poor sig-
nal-to-noise ratio.

Currently, two large clinical trials in ARVC/D pa-
tients are underway. The European ARVC/D registry
[48] is attempting to prospectively validate criteria
for clinical diagnosis of ARVD/C, evaluate the accu-
racy of clinical diagnosis, and assess the natural
course of the disease. The Multidisciplinary Study of
Right Ventricular Dysplasia (US ARVC/D study) [49]
aims to prospectively enroll 100 patients with
ARVC/D and 200 first-degree relatives and is at-
tempting to develop quantitative methods to assess
RV function to enhance the specificity and sensitiv-
ity of the diagnosis of ARVC/D. These studies may
define the diagnostic role of MR imaging in ARVC/D
as well as in family members.

Computed Tomography of ARVC/D

Computed tomographic (CT) imaging utilizing the
x-ray technology was developed in the early 1970s,
and has been used extensively for its ability to pro-
vide cross-sectional images of the body [50]. There
has been a rapid development of CT technology,
particularly in the last 10 years, focused on cardiac
imaging. The latest generation CT scanners, name-
ly the multidetector CT (MDCT), provide excellent
spatial resolution, and allow accurate high-resolu-
tion assessment of morphological detail of both
ventricles [51-52]. Intravenous injection of a non-
ionic contrast agent provides excellent contrast res-
olution with clear delineation of the ventricular en-
docardium. Multiple cardiac phases can be ex-
tracted, with animated movies of the beating heart
made available for visual assessment of global and
regional function. Quantitative determinations of
ventricular mass, right and left ventricular vol-
umes, and global ventricular function can be per-
formed in a variety of cardiac pathologic states
[51]. CT is fast, easy to perform, and has good im-
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age quality. Although images are acquired only in
the axial plane, the acquisition of a 3-dimensional
dataset allows reformatting in any desirable plane.
For the above reasons CT is a clinically valuable,
noninvasive tool for assessment of myocardial
pathology.

Similar to MR imaging, CT imaging also has the
capability to provide tissue characterization of the
myocardium. Using CT, Dery et al. [53] were the
first to demonstrate a dilated hypokinetic right
ventricle with a markedly thin anterior wall and
normal left-sided chambers in an elderly patient
with ARVC/D and RV failure. The ability of con-
ventional CT to detect intramyocardial fat in
ARVC/D was first reported by Villa et al. [54] in a
series of seven patients with ARVC/D; subsequent-
ly, Sotozono et al. [55] provided biopsy confirma-
tion of CT findings. They also demonstrated the
ability of CT imaging to provide excellent anatom-
ic details of the RV and the LV in a patient with ad-
vanced ARVC/D. Since that time, there have been
only a few investigators who have used CT to im-
age ARVC/D.

CT Imaging Findings in ARVC/D

Hamada et al. [56] imaged four ARVC/D patients
who had abnormalities on electrocardiography and
angiography using electron bean CT (EBCT). With
contrast enhanced volume mode scanning they
were able to demonstrate morphologic abnormal-
ities in ARVC/D: (a) abundant epicardial fat, (b)
low attenuation trabeculations, (c) scalloping of RV
free wall, and (d) intramyocardial fat deposits.
Quantification of ventricular volumes was per-
formed on cine mode scanning, which showed re-
gional dysfunction and depressed global RV func-
tion respectively. Tada et al. [57] added ten more
ARVC/D patients to the above series and com-
pared electron beam CT findings in 16 age-
matched, non-ARVC/D patients with RV dilation/
dysfunction with 13 control subjects. Intramyocar-
dial fat was defined based on tissue attenuation val-
ues. The attenuation value for epicardial adipose
tissue is approximately –65±10 Hounsfield units
(HU), and 5 to –17 HU for intramyocardial fat,
which is far less than that of myocardium. Using the
above values, none of the control subjects, and no
patient without ARVC/D showed any evidence of
intramyocardial fat, or any other qualitative fea-
tures of ARVC/D as described by Tada et al. [57].
The frequencies of abundant epicardial fat, low-at-
tenuation trabeculae, scalloping and intramyocar-

dial fat in this study were 86%, 71%, 79%, and 50%
respectively. An important finding of this study was
that the abnormal area on EBCT corresponded to
the areas of abnormality on electroanatomic map-
ping, and was frequently larger than the elec-
troanatomic maps.

Kimura et al. [58] studied 32 ARVC/D patients
using contrast enhanced, nongated, single row de-
tector helical CT. Similar to the findings of EBCT,
they found intramyocardial fat, RV enlargement, hy-
pertrophied trabeculations, and abundant epicardial
fat in patients with ARVC/D. This study also pro-
vided radiologic and pathologic correlation in one
autopsied heart with ARVC/D, illustrating the ap-
plicability of widely available helical CT in ARVC/D
evaluation. There have been no reports on the use
of multidetector CT in ARVC/D. We recently re-
viewed our experience with MDCT in 17 patients
with ARVC/D [59]. Thirteen out of the 17 patients
(76%) had RV intramyocardial fat (76%). Two of
these patients had both RV and LV intramyocardial
fat (Fig. 15.9). ARVC/D patients had increased RV
volumes and RVOT dilation (Fig. 15.10), which
correlated well with MR imaging-derived volumes
in the same patients. However, in two patients, ICD
lead artifacts deteriorated the image quality. We al-
so encountered misregistration during reformatting
due to motion artifacts mainly caused by arrhyth-
mias, precluding evaluation of wall motion.

Fig. 15.9 • Contrast-enhanced,multi-detector computed to-
mographic image in the axial plane showing focal fat infil-
tration of the left ventricle with wall thinning (arrows) in a
patient with ARVC/D



Current Role of CT in ARVC/D

Most centers currently rely on MR imaging instead
of CT imaging for evaluating patients with suspect-
ed ARVC/D mainly because the former technique is
devoid of radiation. However, many patients who are
diagnosed with ARVC/D receive implantable defib-
rillators for prevention of sudden death. CT is often
used to assess RV structure and function for serial
morphologic evaluation.

CT is also useful in the occasional patient who has
frequent premature beats resulting in arrhythmic ar-
tifacts on MR imaging, and also in patients who are
claustrophobic. An additional use of CT imaging is
to assess the lung fields for evidence of sarcoidosis,
which occasionally mimics ARVC/D [60].

MDCT radiation can be quite high, exceeding
conventional angiography by a factor of two when
performing retrospective gating [61]. Thus, MDCT
may not be ideal for screening for ARVC/D in young,
first-degree relatives. The current temporal resolution
of CT (approximately 150msec) is still suboptimal
compared to MR imaging [62]. Despite the above
limitations, CT provides certain advantages over 
MR imaging in terms of consistency in image quali-
ty, scan time, operator dependency, etc. With increase
in familiarity of radiologists with the use of helical
CT for ARVC/D and with the advances in both the
temporal and spatial resolution, CT imaging may

play an important role both in the diagnosis and in
the follow-up of patients with ARVC/D.
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Introduction

Arrhythmogenic right ventricular cardiomyopa-
thy/dysplasia (ARVC/D) is characterized by regional
or global abnormalities of right ventricular (RV)
structure and function and ventricular tachyarrhyth-
mias including sudden death [1, 2]. It is an inherita-
ble cardiomyopathy predominantly affecting the myo-
cardium of the RV free wall. Progressive atrophy and
loss of myocytes with subsequent fatty and/or fi-
brous tissue replacement and interspersed surviving
myocyte fibers provide the morphological substrate
for re-entrant arrhythmias and regional (segmental)
or global (diffuse) abnormalities of RV structure and
function. In the advanced stages of ARVC/D, clinical
signs of right or global heart failure and left ventric-
ular (LV) involvement may develop [3].

In most cases, ARVC/D shows autosomal-domi-
nant inheritance, although frequently with incomplete
penetrance and with variable expressivity and clinical
manifestation. The majority of genetic mutations are
desmosomal proteins such as plakophilin-2 (PKP-2),
desmoplakin (DSP), plakoglobin (JUP), desmoglein-2
(DSG-2), and desmocollin-2 (DSC-2). In addition,
mutations in the transforming growth factor β3
(TGFβ3) and the cardiac ryanodine receptor (RyR2)
have been identified in a few families. Autosomal-re-
cessive forms of ARVC/D include Naxos disease
(plakoglobin) and Carvajal disease (desmoplakin) [4].

Mutations in plakophilin-2 (PKP2) appear to be
most prevalent among index patients with ARVC/D
[5]. Plakophilin-2 is a desmosomal armadillo-repeat
protein, mainly interacting with plakoglobin and
desmoplakin to link with intermediate filaments and
desmosomal cadherins. Genotype-phenotype corre-
lations are still at an early stage but indicate that pa-
tients with mutations in plakophilin-2 appear to have
more severe RV disease manifestation, as assessed by
ECG and imaging criteria, when compared to patients
with other or unknown mutations. A higher incidence
of left ventricular involvement was reported in pa-
tients with desmoplakin mutations (ARVC/D-8) [6]

and those with the still unknown mutation in
ARVC/D-5 [7]. In such patients, the disease onset may
simulate dilated cardiomyopathy or an ischemic my-
ocardial attack with chest pain, ST-segment changes,
and mildly elevated troponin levels.

Current pathophysiological concepts hypothesize
that a genetic disposition of (latent) dysfunction of
desmosomal cell contacts may lead to mechanical
disruption of cell-to-cell adhesion and loss of inter-
cellular signaling functions. This process may be trig-
gered or aggravated by inflammatory processes (su-
perimposed myocarditis), autonomic dysfunction,
and most of all mechanical stretch (Fig. 16.1). Al-
though not proven, this concept explains the high
prevalence of ARVC/D among athletes and the pre-
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Fig. 16.1 • Pathophysiological concept of ARVC/D (hypoth-
esis) based on genetic and clinical findings. Mutations in
genes encoding for desmosomal proteins may cause cell
contact damage, mainly related to the desmosomes and
connexins. Disrupture of cell contacts cause myocardial at-
rophy and subsequent fibrofatty replacement which are the
structural substrate for ventricular arrhythmias and heart
failure in ARVC/D.Superimposed myocarditis may trigger or
boost myocardial cell death. RV stretch, i.e., during strenu-
ous physical exercise, training,and sports activities may trig-
ger or aggravate damage of cell contacts. Autonomic dys-
function with abnormal adrenergic stimulation may also
add to structural remodeling and enhances the propensity
for ventricular arrhythmias and sudden death. ARVC/D, ar-
rhythmogenic right ventricular cardiomyopathy/dysplasia;
RV, right ventricle



dominant manifestation in the RV free wall, which is
more prone to myocardial stretch during physical ac-
tivity, training, and sports [5, 8, 9].

Structural Abnormalities of the Right 
Ventricle in ARVC/D

Regional fibrofatty replacement of RV myocardium
results in localized abnormalities of RV morphology
and wall motion. These preferentially involve the RV
free wall in the outflow tract, the apex, and the in-
ferobasal (subtricuspid) area. These predilection ar-
eas were already recognized in the early clinical de-
scription of ARVC/D by Marcus et al. [1] who intro-
duced the term “triangle of dysplasia” (Fig. 16.2).

The major structural abnormality involved in
ARVC/D is the regional loss of myocardium with
subsequent replacement by fibrofatty tissue resulting
in localized wall thinning, aneurysms, bulgings, and
abnormal systolic motion of the RV free wall. The in-
terventricular septum is usually spared. The ventric-
ular trabeculae are also not primarily affected by the
atrophic process and tend to show a compensatory
hypertrophy, resulting in an aspect of increased tra-
beculation and fissuring of the RV walls. In advanced
stages of ARVC/D, the RV may show global dilatation
with accompanying tricuspid regurgitation due to di-
latation of the tricuspid annulus. This may cause clin-
ical signs of right heart failure. LV involvement can

be detected frequently by postmortem histology [10]
but is rarely a clinical manifestation. However, if
signs of LV involvement are detectable by the various
imaging techniques, it may also become clinically rel-
evant by progression to global heart failure.

The Role of Right Ventricular Angiography in
ARVC/D

The structural abnormalities of the RV myocardium
are the basis for the main clinical and diagnostic fea-
tures of ARVC/D. Apart from the ventricular tach-
yarrhythmias that are frequently the first clinical
manifestation of ARVC/D, they also result in charac-
teristic features in the ECG and imaging. However,
the clinical diagnosis of ARVC/D may be difficult be-
cause there is no easily obtained single test or find-
ing that is definitely diagnostic. Therefore, the diag-
nosis of ARVC/D usually requires an integrated ap-
proach with assessment of electrical, anatomical, and
functional abnormalities [11] and the various diag-
nostic (imaging) modalities are complementary
rather than competing.

Different imaging techniques can be used to de-
tect and characterize abnormalities of RV wall struc-
ture and motion. In addition to invasive contrast cine
angiocardiography, which was the first imaging
modality to be used for the diagnosis of ARVC/D,
several noninvasive techniques have become avail-
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Fig. 16.2 • “Triangle of dysplasia” in ARVC/D. Predilection areas for structural and functional abnormalities of the right
ventricle in ARVC/D. These are located in the outflow tract (RVOT), the apex, and the inferobasal (subtricuspid) area of
the RV free walls (left panel). The RV angiogram (30° RAO view, end systole) demonstrates characteristic wall motion
abnormalities in the “triangle of dysplasia” with a large subtricuspid aneurysm, an apical akinesia, and a localized dysk-
inesia and bulging in the outflow tract of the enlarged RV (arrows) (right panel). RVOT, right ventricular outflow tract;
LV, left ventricle
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able. Among these are echocardiography, radionu-
clide angiography, magnetic resonance imaging, and
multislice computed tomography. However, none of
these techniques are ideal, because they all have their
individual advantages and limitations in the diagno-
sis and characterization of ARVC/D.

Despite its invasiveness, RV angiography still re-
mains the reference imaging technique in the diag-
nosis of ARVC/D. This is mainly because selective cine
angiography displays not only the entire cavity but al-
so all the contours of the RV better than other tech-
niques. However, due to its complex shape and geom-
etry, the angiographic definition of the normal RV is
complex since different morphological and function-
al findings produce a large range of normality.

Angiographic features of RV structure and func-
tion in ARVC/D include global and regional dilatation
or aneurysms with abnormalities of wall motion,
contrast evacuation, or trabecular size and structure.
Although many of these angiographic signs and fea-
tures are compatible with ARVC/D, only few are spe-
cific for this diagnosis. In addition, such features are
dependent on the subjective interpretation of an ex-
perienced investigator because objective criteria for
evaluation are not available. In addition, specificity of
RV angiography requires further definition in relation
to normal subjects and patients with other diseases af-
fecting the RV. It is therefore important that cine an-
giography of the RV is performed under optimal
conditions according to a standardized protocol.

How to Perform Right Ventricular 
Angiography in ARVC/D

The following recommendations have been proposed
by Wichter et al. [12] for the core laboratory of RV
angiography within the NIH-funded North Ameri-
can “Multidisciplinary Study of ARVD” [13] and the
EU-funded “European Registry of ARVC/D” [14].
The protocol was designed to perform RV an-
giograms of best quality to assess structural and
functional RV abnormalities in ARVC/D and to allow
quantitative measurements of RV volumes, ejection
fraction, and regional contraction and relaxation.

Right Heart Catheterization

After local anesthesia and venous puncture, a sheath is
inserted at the venous puncture site using Seldinger’s
technique. Transfemoral or transjugular routes are
most commonly used. Right heart catheterization
should be performed prior to RV angiography to as-

sess RV and pulmonary vascular hemodynamics. Pres-
sures are recorded in the wedge position, pulmonary
artery, RV, and right atrium. Cardiac output can be
measured by oximetry and/or thermodilution. Cardiac
index, stroke volume, and pulmonary vascular resis-
tance are calculated from these measures. RV en-
domyocardial biopsy may be performed for histologi-
cal, ultrastructural, or molecular biology investigations
if clinically indicated or part of a research program.

Calibration Reference

Volume calculations from RV angiograms require
calibration for reference. A metal ball with defined
diameter or a ruler with defined distances may be
used as tools for calibration reference (Fig. 16.3).

Fig. 16.3 • Examples of calibration reference for right ven-
tricular angiography. A conventional ruler with staples
placed at defined distances (i.e., 2 cm) (panel a) or a metal
ball with a defined diameter (i.e., 5 cm) (panel b) may be
used as simple tools for calibration

a) Ruler with staples
at defined distances (2 cm)

b) Metal ball
with defined diameter (5 cm)



A simple way is to use a 20 cm ruler with staples at
2 cm distance. The calibration reference tool should
be placed 10 cm below and horizontal to the ampli-
fier tube and filmed by cine. The height of the table
and the distance of the amplifier tube to the patient
chest should not be changed during the following
angiograms.

Right Ventricular Contrast Cine Angiography

For selective RV angiography, a pigtail catheter (5F or
larger) or a Berman catheter (6F or 7F) may be used
for contrast injection. The catheter should be posi-
tioned approximately 1cm above the midinferior RV
wall (RAO or PA view), without direct contact with
the RV wall or trabeculae to avoid extrasystoles and
to allow homogeneous opacification of the RV cavi-
ty during contrast injection. Four standard projec-
tions are recommended: [1] 30° RAO, [2] 60° LAO,
[3] anteroposterior (AP), [4] straight lateral (sagittal)
view (LAT). Biplane angiography using two orthog-
onal views is the favored technique. An additional
caudocranial 30° RAO angulation may be used to vi-
sualize wall motion abnormalities confined to the in-
ferior and inferobasal walls.

Cineangiograms should be acquired during deep
inspiration and breath-hold and recorded at 25 or 30
images per second. It is useful to film a long sequence
to allow analysis of regional dye persistence, lung pas-
sage, as well as left atrial and LV size and function.
Depending on the global size of the RV, 40-50 ml of
low toxicity contrast medium should be injected
with a flow rate (velocity) of 12-15 ml/sec.

Optimizing Image Quality

To optimize image quality of RV cine angiograms,
care should be taken to avoid ECG cables, connectors,
etc., in the field of view. The investigator should make
sure that the entire RV is depicted in the field of view
during breathhold in all projections during diastole
and systole. No additional image magnification
should be used and table movement should be avoid-
ed during contrast injection.

Frequent extrasystoles during dye injection make
visual and quantitative assessment of RV motion and
volumes difficult if not impossible. Therefore, ex-
trasystoles should be avoided if possible by optimal
catheter position and limitation of dye injection ve-
locity. Artificial tricuspid regurgitation can be ex-
cluded by smooth passage of the tricuspid valve. Sim-
ilarly, avoiding contact and pressure of the catheter

against the RV wall is essential to prevent artificial
wall motion abnormalities.

In case of poor quality due to incomplete RV cov-
erage, extensive table movement, breathing, or fre-
quent extrasystoles, the RV angiogram should be re-
peated under optimized conditions.

Angiographic Features of Wall Structure and
Wall Motion in ARVC/D

A variety of morphological and structural RV an-
giographic features have been reported to be sugges-
tive of ARVC/D. These include global and regional di-
latation, dilatation of the outflow tract, localized aki-
netic or dyskinetic bulges and outpouchings,
polycyclic contours (“cauliflower aspect”), and tra-
becular hypertrophy and/or disarray with deep hor-
izontal fissures (“pile d’assiettes”) as well as dye per-
sistence due to delayed contrast evacuation.

In the first publications on RV angiography in
ARVC/D, the diagnostic value of these findings was
not validated against normal controls. However, sev-
eral subsequent studies utilized a more systematic ap-
proach, including qualitative and quantitative analy-
ses and a comparison of the results with a normal
control group to validate the diagnostic accuracy of
RV angiographic findings in ARVC/D [15-17]. How-
ever, none of these studies clearly defined mild, mod-
erate, or severe RV dysfunction.

Dye Persistence

Regionally delayed contrast evacuation (“dye persis-
tence”) of the RV is a frequent angiographic finding
in ARVC/D. However, it also occurs in normal con-
trol subjects, particularly in the inferobasal area, and
therefore lacks specificity. In such cases, the finding
appears to be related to the physiologic asynchronous
contraction of the RV wall. Therefore, localized dye
persistence should only be considered as a finding in-
dicative for ARVC/D if it occurs in an area of abnor-
mal RV structure or function.

Trabecular Hypertrophy

The diagnostic value of trabecular hypertrophy is al-
so controversial [17] because it is very difficult to de-
fine and to distinguish abnormal from normal RV
trabeculation.

Transverse orientation of hypertrophic trabeculae
separated by deep horizontal fissures create the so-
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called “pile d’assiettes” image that is considered a fre-
quent but not very specific finding mainly located in
the anterior and anteroseptal areas (Fig. 16.4). In a
study by Daliento et al. [16], this finding was the
qualitative variable most significantly associated with
ARVC/D, although with a low sensitivity of only 56%.

At the same time, this study confirmed that sim-
ple transverse trabecular arrangement was not a use-
ful diagnostic parameter in ARVC/D because it was
a nonspecific finding present in 23% of normal con-
trols and also in RV dilatation irrespective of the un-
derlying disease. Similar findings were reported by
Daubert et al. [17] in a critical analysis of the angio-
graphic criteria in ARVC/D. In this study, trabecular
hypertrophy was present in 62% of patients with
ARVC/D but also in 30% of normal control subjects.

Probably because of this large variability of nor-
mality and the subjective assessment and interpreta-
tion, this feature was not included as a diagnostic an-
giographic finding in the Task Force criteria for the
diagnosis of ARVC/D [11].

However, in the association with trabecular hyper-
trophy (thickness of ≥4 mm) and in presence of deep
fissures or so-called Y-shaped giant trabeculae, trans-
verse trabecular arrangement is considered to be of
much higher diagnostic value (Fig. 16.4). This is par-
ticularly true when these angiographic features are lo-
cated in the apical and supra-apical RV areas where
they are considered to reflect abnormal hypertrophy of
the papillary muscles and the moderator band, which
are more specific and highly suggestive for ARVC/D.

Polycyclic Contours

In areas of more severe structural remodeling, multi-
ple sacculations or round opacified areas merge to
produce a polycyclic contour of the RV, also described
as a “cauliflower” aspect (Figs. 16.5, 16.6). This find-
ing is also considered a specific and diagnostic an-
giographic feature strongly suggestive of ARVC/D.

Fig. 16.4 • Right ventricular angiogram (30° RAO view)
demonstrating transverse trabecular hypertrophy (arrows)
with horizontal fissures (“pile d’assiettes”) and “giant tra-
becula” (big arrow) in the anteroseptal, apical, and outflow
tract areas of the RV in a patient with ARVC/D

Fig. 16.5 • Regional right ventricular  wall motion abnormalities and polycyclic contours in ARVC/D. RV angiography (30°
RAO view; left panel) in a patient with ARVC/D demonstrating moderate global RV enlargement and regional wall motion
abnormalities with outpouchings and polycyclic contours in the inferior and apical RV.Magnetic resonance imaging (short
axis view; right panel) shows focal signal increase of RV myocardium in corresponding areas indicating fatty tissue re-
placement. Adapted and reproduced from [9] with kind permission of Springer Science and Business Media



However, it is not very sensitive because it mainly oc-
curs in patients with manifestations of more ad-
vanced disease.

Regional Hypokinesia

Blomstöm-Lundqvist et al. [18] assessed the repro-
ducibility of global and regional angiographic find-
ings within and between observers in patients with

ARVC/D. Poor correlations were found particularly
with regard to the motion of the apex and the ante-
rior wall.

This is probably due to the nonuniform contrac-
tion of the normal RV which is in contrast to the uni-
form contraction of the LV. This was clearly demon-
strated in the quantitative analysis of regional RV wall
motion in normal control subjects published by In-
dik et al. [19]. The study showed significant differ-
ences of wall motion in the various regions of the RV.
Inflow tract areas contributed to systolic contraction
much more than midanterior and outflow tract ar-
eas as measured by the normalized change in total
contour area of RV angiograms (Fig. 16.7). Further-
more, the relative timing of contraction was non-
homogeneous. Strain as another measure of nonuni-
form contraction was also found to vary significant-
ly in different locations, thus also reflecting the het-
erogeneous motion of the RV wall. The same study
also demonstrated no differences in RV wall motion
between normal control subjects and patients with
idiopathic RV outflow tract tachycardia [19].

Therefore, mild hypokinesia in the apical, anteri-
or, or outflow-tract region (Fig. 16.6) is not a patho-
logic but rather a normal finding of RV wall motion.
This wide overlap with normality makes it particu-
larly difficult to differentiate mild forms of localized
ARVC/D from normal RV wall motion. Therefore,
more detailed quantification of regional RV wall
motion is required to evaluate and correctly diagnose
such patients.
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Fig. 16.6 • Right ventricular (RV) angiography (30° RAO view,
end systole) in a patient with ARVC/D showing polycyclic
contours and moderate hypokinesia in the RV outflow tract

Fig. 16.7 • Regional systolic right
ventricular (RV) wall motion in nor-
mal control subjects.The normalized
change in total contour area (in %)
within each zone indicates the het-
erogeneous and nonuniform con-
traction of different RV regions.Mean
values (±SEM) are shown within
each zone.The tricuspid valve zones
(zones 1-3: Sup-TV, Lat-TV, and IL-TV)
show the greatest movement during
contraction, and the mid-anterior
(Mid-Ant, zone 4) and outflow-tract
(Mid-AS, zone 7) regions show the
least movement. Adapted from [19]
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Tricuspid Annulus Plane Systolic Excursion

RV base-to-apex shortening plays a key role in RV
contraction and emptying. Hebert et al. [20] investi-
gated 85 patients with ARVC/D and demonstrated a
strong relationship between the tricuspid annulus
plane systolic excursion (TAPSE) and RV ejection
fraction. The sensitivity and specificity of TAPSE 
<12 mm in identifying patients with a RV ejection
fraction <35% were 96% and 78%, respectively. De-
creased TAPSE <12 mm and a diffuse RV outflow
tract aneurysm were sensitive and specific indicators
of RV ejection fraction <35% and LV ejection frac-
tion <40%, respectively.

Bulgings and Aneurysms

In contrast to regional hypokinesia, localized aki-
netic or dyskinetic areas, appearing as aneurysms,
bulgings, outpouchings, or sacculations (Figs. 16.2,
16.5, 16.8, 16.9), have not been found in normal
control subjects and are rare angiographic findings
in other diseases affecting the RV. These features,
which are mainly located in the “triangle of dys-
plasia” (Fig. 16.2), are therefore specific and diag-
nostic for ARVC/D.

In a discriminate analysis, Daliento et al. [16] in-
vestigated the diagnostic value of different RV an-
giographic features in patients with ARVC/D in com-
parison to those with dilated cardiomyopathy, atrial
septal defect, and normal controls. Apart from trans-
verse-oriented hypertrophic trabeculae, bulgings of
the infundibular anterior wall and the subtricuspid
(inferobasal) region were the only other independent
variables indicative for ARVC/D. Coexistence of these
signs was associated with a sensitivity of 88% and a

specificity of 96% for the correct diagnosis of
ARVC/D [16] (Table 16.1).

No correlation was demonstrated between his-
tology and specific wall motion abnormalities. In
particular, aneurysms were associated with fibrous as
well as adipose tissue. However, histological findings
may be useful in confirming the diagnosis and as-
sessing the activity of the cardiomyopathic process.
In a stable phase of ARVC/D, fibrofatty replacement
is the predominant finding, whereas in phases of ac-
tive disease and progression, histological signs of
(sub)acute necrosis, apoptosis, and inflammation, as
well as electrical instability may be present [21].

Fig. 16.8 • Right ventricular (RV) angiogram (30° RAO view)
demonstrating a localized RV outflow tract aneurysm as
well as inferobasal (subtricuspid) akinesia with mild tricus-
pid regurgitation in a patient with ARVC/D (arrows)

ARVC/D (n=32) DCM (n=27) ASD (n=28) Control (n=18) p-value

EDV-RV (ml/m2) 131 165 141 95 NS

ESV-RV (ml/m2) 62 104 66 38 NS

EF-RV (%) 53 38 54 60 NS

RVOT-diameter (cm) 5 6 5 2 NS

Long axis RV (cm) 12 14 12 5 NS

Dyskinesia RV-apex (%) 41 7 0 0 <0.0001

Dyskinesia RV-inferior (%) 28 7 0 0 <0.0001

Bulging RVOT (%) 75 11 18 11 <0.0001

Bulging inferobasal (%) 91 56 14 5 <0.0001

Tricuspid prolapse (%) 41 7 22 0 <0.0011

ARVC/D, arrhythmogenic right ventricular cardiomyopathy/dysplasia; ASD, atrial septal defect; DCM, dilated cardiomyopathy;
EDV, end diastolic volume; EF, ejection fraction; ESV, end systolic volume; RV, right ventricle; RVOT, right ventricular outflow tract

Table 16.1 • Diagnostic accuracy of RV angiography in ARVC/D. Adapted from [16]



Tricuspid Regurgitation

In ARVC/D, tricuspid regurgitation results from two
mechanisms: a dilated tricuspid annulus secondary to
RV enlargement, and fibrotic involvement of tricus-
pid papillary muscles. Therefore, clinically relevant
tricuspid regurgitation mainly occurs in patients
with advanced stages of ARVC/D (Fig. 16.9).

Left Ventricular Involvement

LV involvement of ARVC/D has been reported to be
more frequently present than clinically diagnosed 
[3, 10]. The main findings are localized abnormalities
of wall motion (hypokinesia, localized dyskinesia) in
the anterior, basal, and apical walls (Fig. 16.10). How-
ever, global LV function is rarely affected.

A review of LV cine angiograms performed by the
group in Padua [22] showed unusual aspects of pari-
etal motion in at least 60% of cases. LV end diastolic
volumes (90±29 ml/m2) and ejection fractions
(60±6%) as well as stress/end systolic volume ratios
(5.4±2) and mass/volume ratios (0.8±0.1) were normal
in a group of patients with ARVC/D less than 20 years
old. In an older group (age 38±13 years), only the end
diastolic volume was slightly increased (93±36 ml/m2).
Statistical analysis showed overlapping of the func-
tional indices in the young and adult groups [22]. How-
ever, an increase of dyskinetic areas was observed in the
adult group. During a follow-up period of 11.5 years

(range 4 to 17 years), RV and LV angiography was re-
peated in four patients and demonstrated deterioration
of RV or LV function in two patients each.

These findings are consistent with the experience
in Münster, where LV involvement of ARVC/D was
mainly detected in patients with a long history of, and
advanced stages of, RV dysfunction.

Quantitative Analysis of Right Ventricular
Wall Motion

In normal subjects, RV volumes are usually higher
than LV volumes. There is an increase of RV volume
indices (normalized to the body surface area) with
age. Considerable interindividual differences of nor-
mal RV volumes, geometry, and contraction indicate
again the variability of RV performance and the wide
range of normality.

The complex and variable shape and geometry
of the RV hinder simple and correct measurements
of RV volumes and ejection fractions. The greatest
error in estimating RV volumes from RV an-
giograms is probably due to the need for geometric
assumptions, when only two-dimensional data are
available (Table 16.2).

Methods for Quantitative Assessment

Several methods have been described using geomet-
ric models and formulas to determine end diastolic
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Fig. 16.9 • Right ventricular (RV) angiogram (30° RAO view,
systole) showing global RV enlargement and severe dys-
function in ARVC/D. There is pronounced dilatation of the
RV outflow tract, akinesia of the inferior and subtricuspid
walls and functional tricuspid regurgitation (grade 2) due to
annulus dilatation

Fig. 16.10 • Left ventricular (LV) angiogram (30° RAO view,
end systole) showing LV involvement with anteroapical aki-
nesia (arrows) in a patient with a long history of progressive
ARVC/D and severe global right ventricular enlargement
and dysfunction
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and end systolic volumes from RV angiograms. The
majority of these techniques rely on a surface-length
method based on Simpson’s rule and using biplane
models and computer-assisted analysis [23, 24]. An-
other method was described by Ferlinz [25] who used
a model of a pyramid with a triangular base. How-
ever, the various techniques to calculate RV volumes
from angiograms give different results and lack in-
terobserver reproducibility.

Boak’s formula (RV volume = [π/4] × [Area RAO
× Area LAO/max. height of LAO image]) assumes
that RV volumes can be obtained by summing cross
sections of a given thickness from the apex to the out-
flow tract [26]. This model has shown close correla-
tion between calculated RV volumes and true vol-
umes of casts measured by water volume displace-
ment, irrespective of RV end-diastolic volume and
RV morphology.

Peters et al. [27] tested six different geometric
models for the calculation of RV volumes in 20 pa-
tients and also found that Boak’s formula [26] and a
parallelepiped-model produced the most reliable re-
sults with a high correlation factor and low systemic
error when biplane views (30° RAO and 60° LAO)
were used.

The accuracy of any RV volume calculation by
contrast angiography is dependent on how contours
are defined. While both manual and semiautomat-
ed methods have similar precision and variability,
each method requires a different calibration [28-32].
However, only few of the proposed methods were
validated by correlation of the calculated RV vol-
umes with measurements from casts of human
hearts.

Right Ventricular Volumes

Most studies investigating RV volumes in ARVC/D
used cut-off values of the mean plus two standard de-
viations in the control group to define abnormal RV
volumes. To correct for differences in body size, it is
crucial to calculate volumes indexed for body surface
area (ml/m2). In addition, physical activity (i.e.,
trained athlete) should be taken into account when
RV volumes are assessed and interpreted.

Most of the early angiographic studies on
ARVC/D demonstrated increased RV volumes and
diameters and reduced global ejection fraction. How-
ever, this was in part due to a selection bias because
these studies mainly included patients with advanced
manifestations of ARVC/D and clearly enlarged RVs
[16, 17].

The systematic study by Daliento et al. [16] also
showed increased RV volumes in ARVC/D when
compared with normal control subjects. However, all
volume parameters overlapped when patients with
ARVC/D were compared to those with atrial septal
defect and dilative cardiomyopathy. Thus, increased
global RV volumes and reduced ejection fractions are
not specific for ARVC/D but rather indicate RV di-
latation due to volume overload or reduced pump
function of any cause.

Therefore, global RV sizes and volumes have on-
ly limited value in the detection and the diagnosis of
ARVC/D. This is indicated by data showing that in
mild or moderate manifestations of ARVC/D with
only regional RV dysfunction, the sensitivity and
specificity of global RV volumes and ejection fraction
remain low because of the significant overlap with

Author Year Pts Views RV-EF RV-EDV RV-ESV RV-SV
(n) (%) (ml/m2) (ml/m2) (ml/m2)

Graham [30] 1973 9** AP, LAT 64±9 70±13 NR NR

Genzler [29] 1974 9 AP, LAT 51±8 81±12 39±9 NR

Ferlinz [25] 1975 NR 66±6 76±11 NR NR

Lange [23] 1978 100** AP, LAT 63±7 73±12 27±7 46±9

Redington [31] 1988 10 AP, LAT 62±6 62±13 NR 43±8

Daubert [17] 1988 10 RAO, LAO 59±6 79±10 32±6 47±8

Chioin [32] 1989 22 AP, LAT 60±6 94±15* 37±9* 57±11*

Chiddo [24] 1989 16 RAO 55±5 80±8 NR NR

Daliento [16] 1990 18 NR 60 95* 38* NR

Hebert [20] 2004 11 RAO, LAO 58±5 82±21 35±11 46±13

* ml (not indexed to body surface), ** children
AP, anteroposterior; EDV, end diastolic volume; EF, ejection fraction; ESV, end systolic volume; LAO, left anterior oblique; LAT,
lateral (sagittal); NR, not reported; Pts, patients; RAO, right anterior oblique; RV, right ventricle; SV, stroke volume

Table 16.2 • RV volumes and ejection fractions in normal control subjects



normality. This was confirmed in more recent and
larger studies, where 68% of patients with ARVC/D
had a normal global RV ejection fraction [20]. In ad-
dition, the diagnostic value of global RV volumes and
ejection fraction is also reduced when ARVC/D is
compared with the many other conditions that may
underlie mild or moderate RV enlargement.

Quantitative analyses of regional RV size, volume,
structure, and systolic as well as diastolic wall motion
from RV angiograms are required to improve the di-
agnostic evaluation, particularly in mild forms of re-
gionally reduced RV function.

New Computer Software

To meet this requirement of regional quantification
of RV function, a new computer-based software for
frame-by-frame evaluation of RV wall motion in sys-
tole and diastole is currently under development at
the University of Arizona.

This new quantitative analysis program is expect-
ed to significantly improve the detection and evalua-

tion of localized mild to moderate abnormalities of
RV wall motion, particularly in ARVC/D [19]. It com-
pares the contour movement through the contraction
(systolic) phase at any specified region in the anteri-
or-posterior, lateral, RAO, and LAO views. In addi-
tion, the program can also compare contour move-
ment between nearby points. This relative movement
is analogous to the concept of strain used in echocar-
diography, and is analyzed to quantify the nonuni-
formity of contour movement. Strain can be com-
puted for the test subject in a given region, and then
compared to the strain in that region for normal sub-
jects. The combination of contour area movement
and strain can identify areas of subtle hypokinesia,
akinesia, and dyskinesia. Furthermore, the software
provides analysis tools for the calculation of global RV
volumes and ejection fraction, and for quantification
of global and regional RV diastolic relaxation.

An example of the quantitative analysis of con-
tour area movement is illustrated in Figure 16.11.
This angiogram was obtained from the asympto-
matic but affected father of twin sisters who were
both diagnosed with ARVC/D. Both the twins dis-
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Fig. 16.11 • Quantitative analysis of regional right ventricular (RV) wall motion (30°RAO view). Overall RV size in this sub-
ject appears mildly enlarged. The insert in the upper left shows contrast filling the RV, imaged in the RAO view. The left
panel shows the superimposed contours of the RV image at end diastole (black) and end systole (green) to show total
contour movement through systole. Letters identify the boundaries of 60° sectors in a clockwise fashion beginning at
the pulmonic valve region. In the right panel, contour area movement is computed every 3° and normalized to the pro-
jected area of the end diastolic contour. This normalized contour area change is then displayed as a function of angle,
where 0° is at the pulmonic valve (A) and proceeding clockwise. For instance, C corresponds to 120°, located just inferi-
or to the RV apex.The normalized contour area movement of the subject is then compared to a database of normal sub-
jects, with the green hatched area corresponding to ± two standard deviations from the mean of normal subjects. In this
subject, motion in the inferior wall (between C and D) was markedly abnormal and fell well below two standard devia-
tions of the normal database
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played extreme RV enlargement accompanied by se-
vere right heart failure, and both required cardiac
transplantation. The father’s RV was minimally en-
larged. The anteroseptal area (region between lines A
and B) shows little movement, but is well within two
standard deviations of the normal database for this
region. However, the inferior wall (in the sector be-
tween letters C and D) was markedly hypokinetic
compared to the normal database, falling well below
two standard deviations.

Current Indications for Right Ventricular 
Angiography in ARVC/D

RV angiography remains an integral imaging modal-
ity and reference technique in the diagnosis and eval-
uation of patients with ARVC/D and is complemen-
tary to electrocardiographic and other imaging
modalities.

RV angiography should be performed in all pa-
tients with suspected or definite ARVC/D who un-
dergo an initial diagnostic evaluation. It may be
combined with an electrophysiological study and/or
RV endomyocardial biopsy as part of the initial as-
sessment or follow-up evaluation of ARVC/D. Dur-
ing the right heart catheterization, additional hemo-
dynamic parameters (pressures, cardiac output)
should be measured.

During follow-up, RV angiography is mainly in-
dicated in inconclusive situations of suspected pro-
gression of ARVC/D or in combination with other-
wise indicated invasive cardiac diagnostic proce-
dures.

In atypical cases with difficult differential diag-
nosis, the invasive strategy may also be helpful and
used to exclude other causes of ventricular arrhyth-
mias or RV dysfunction such as congenital heart dis-
ease, coronary anomalies, obstructive coronary artery
disease, myocarditis, or other types of cardiomy-
opathies.

As in every imaging technique, the diagnostic
value of RV angiography depends on the experience
of the investigator in the performance and inter-
pretation of results of the study. In general, the an-
giographic diagnosis of ARVC/D is based on seg-
mental abnormalities rather than global RV en-
largement or hypokinesia. Dedicated computer
software is currently under development and will
provide a new convenient and reproducible method
for quantitative assessment of global and (probably
more importantly) regional RV contraction and re-
laxation in comparison to a database of normal con-
trol subjects.

More systematic data from studies or large reg-
istries using standardized protocols for RV angiog-
raphy and qualitative as well as quantitative analysis
or RV structure and function are required to better
define the best angiographic criteria for the diagno-
sis, characterization, and quantification of ARVC/D.
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Introduction

Arrhythmogenic right ventricular cardiomyopa-
thy/dysplasia (ARVC/D) is an inherited heart muscle
disease characterized by specific right ventricular
(RV) involvement and risk of arrhythmic sudden
death [1-3]. Distinctive pathologic feature is RV my-
ocardial atrophy with replacement by fibrofatty tis-
sue [2-5]. The condition was initially believed to be
a developmental defect of the RV myocardium, lead-
ing to the original designation of “dysplasia” [1]; this
concept has evolved over the last 25 years into the
current perspective of a genetically determined car-
diomyopathy [6, 7]. The estimated prevalence of the
disease in the general population ranges from 1 in
2,000 to 1 in 5,000. It affects men more frequently
than women, with an approximate ratio of 3:1. Clin-
ical manifestations develop most often between the
second and fourth decade of life and usually are re-
lated to ventricular tachycardia of RV origin or ven-
tricular fibrillation leading to cardiac arrest, mostly
in young people [2, 4-6]. Ventricular arrhythmias of-
ten are worse during or immediately after exercise,
and participation in competitive athletics has been
associated with an increased risk for sudden death 
[2, 4, 5]. Later in the disease evolution, progression of
RV muscle disease and left ventricular involvement
may result in right or biventricular heart failure [8].
Clinical diagnosis of ARVC/D is often difficult due to
the nonspecific nature of disease features and the
broad spectrum of phenotypic manifestation, ranging
from severe to concealed forms [9-11]. The first ob-
jective of management strategy is to assess arrhythmic
risk and prevent sudden death. Therapeutic options
include antiarrhythmic drugs, catheter ablation, and
implantable cardioverter defibrillator (ICD) [12].

This review will address the role of invasive elec-
trophysiologic investigations for diagnosis, progno-
sis, and therapy of patients with ARVC/D, with par-
ticular reference to electroanatomic voltage map-
ping of the RV. The technique offers the potential to
study the ARVC/D substrate by characterizing elec-

troanatomic scars that correlate with histopatholog-
ic findings at endomyocardial biopsy (EMB) of fi-
brofatty myocardial replacement. Voltage mapping
enhances the accuracy of diagnosing ARVC/D by dis-
tinguishing between pure, genetically determined,
myocardial dystrophy and acquired, RV inflamma-
tory, cardiomyopathy-mimicking ARVC/D. More-
over, demonstration of electroanatomic scar regions
may permit differential diagnosis between early/mi-
nor forms of ARVC/D and idiopathic right ventric-
ular outflow tract (RVOT) tachycardia. Finally, char-
acterization of the RV wall by electroanatomic volt-
age mapping in patients with ventricular arrhythmias
of RV origin may have prognostic implications be-
cause identification of scar lesions has been associat-
ed with worse clinical outcomes.

Clinical Diagnosis of ARVC/D

The most common clinical manifestations of ARVC/D
consist of ECG depolarization/repolarization changes
mostly localized in right precordial leads, ventricular
arrhythmias of RV origin, and global and/or region-
al dysfunction and structural alterations of the RV.
Clinical diagnosis may be difficult because of sever-
al problems related with specificity of ECG abnor-
malities, different potential etiology of right ventric-
ular arrhythmias, and  assessment of the RV structure
and function by current imaging techniques [8-11].
Although cardiac magnetic resonance (CMR) has
the unique ability to characterize tissue, particularly
discriminating fat from muscle, several limitations
and a high degree of interobserver variability in the
evaluation of RV free wall thinning and fatty infil-
tration have been reported [11, 13, 14]. Therefore,
the diagnosis of ARVC/D is often based on the
histopathologic demonstration of fibrofatty substi-
tution of the RV myocardium, either at postmortem
or by in vivo endomyocardial biopsy [15, 16]. The
latter, however, has diagnostic limitations related to
the segmental nature of the disease and its inability
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to assess transmural changes of RV wall. Moreover,
there may be difficulty in differentiating ARVD/C
biopsy findings from either the normal amount of sub-
epicardial adipose tissue or other cardiomyopathy/
myocarditis [3].

According to standardized diagnostic criteria pro-
posed by the International Task Force, the diagnosis
of ARVC/D requires the presence of major and mi-
nor criteria encompassing clinical genetic, ECG, ar-
rhythmic, morpho-functional, and histopathologic
factors. Two major criteria or one major plus two mi-
nor, or four minor criteria from different groups are
necessary to substantiate the diagnosis [9, 10]. Al-
though Task Force guidelines represent a useful di-
agnostic approach, the specificity and sensitivity of
clinical criteria remain to be assessed.

At present, the molecular diagnosis of ARVC/D is
of limited value due to genetic heterogeneity and be-
cause genetic screening identifies only 35%-40% of
ARVC/D cases [17].

Electroanatomic Voltage Mapping:
Beyond Traditional Imaging

The finding that significant loss of myocardium
results in the recording of low-amplitude, frac-
tionated, endocardial electrograms has been well
established by intraoperative mapping [18], con-
ventional endocardial mapping [19], and 3-D elec-
troanatomic mapping technique [20-23] in pa-
tients after myocardial infarction who have ven-
tricular scar. Similar findings have been reported in
patients with ARVC/D, in whom 3-D elec-
troanatomic voltage mapping by CARTO may dif-
ferentiate regions in the RV with scar from areas
without scar [24, 25].

The hallmark pathologic lesion of ARVC/D is a
loss of the myocardium with replacement by fibro-
fatty tissue of the RV free wall but sparing of the
endocardium [2, 4, 5]. The myocardial atrophy ac-
counts for variable degree of RV wall thinning, with
areas so thin as to appear completely devoid of mus-
cle at transillumination. 3-D electroanatomic voltage
mapping has the ability to identify areas of myocar-
dial atrophy and fibrofatty substitution by recording
and specially associating low-amplitude electro-
grams to generate a 3-D electroanatomic map of the
RV chamber. The technique has the potential to ac-
curately identify the presence, location, and extent of
the pathologic substrate of ARVC/D by demonstra-
tion of low-voltage regions, i.e., electroanatomic
scars [24, 25]. In ARVC/D patients, RV electro-
anatomic scars have been demonstrated to corre-

spond to areas of myocardial depletion and correlate
with the histopathologic finding of myocyte loss and
fibrofatty replacement at routine endomyocardial
biopsy, with samples obtained at the junction be-
tween the ventricular septum and the anterior right
ventricular free wall [25]. Furthermore, by assessing
the electrical (rather than the mechanical) conse-
quences of loss of RV, myocardium voltage mapping
may obviate limitations in RV wall motion analysis
by traditional imaging techniques such as echocar-
diography and angiography, and may increase the
sensitivity for detecting otherwise-concealed ARVC/D
myocardial lesions [25, 26].

Voltage Mapping: Methods and Equipment

Three-dimensional electroanatomic voltage mapping
technique is performed using the CARTO system
(Biosense-Webster) [20-26]. In brief, the magnetic
mapping system includes a magnetic sensor in the
catheter tip that can be localized in 3D using ultralow
magnetic field generators placed under the fluoro-
scopic table. A 7F Navi-Star catheter, with a 4 mm
distal tip electrode and a 2 mm ring electrode with
an interelectrode distance of 1mm, is introduced in-
to the RV under fluoroscopic guidance and used as
the mapping/ablation catheter during sinus rhythm.
The catheter is placed at multiple sites on the endo-
cardial surface to record bipolar and/or unipolar
electrograms from RV inflow, anterior free wall, apex
and outflow tract. Bipolar electrogram signals are an-
alyzed with regard to amplitude, duration, relation to
the surface QRS, and presence of multiple compo-
nents. Complete endocardial maps are obtained in all
patients to ensure reconstruction of a 3-D geometry
of the RV chamber and to identify regions of scar or
abnormal myocardium. Regions showing low-am-
plitude electrograms are mapped with greater point
density to delineate the extent and borders of “elec-
troanatomic scar” areas. Bipolar voltage reference for
normal and abnormal myocardium are based on da-
ta previously validated in both intraoperative and
catheter mapping studies [18, 19, 24-28]. “Elec-
troanatomic scar” area is defined as an area 1 cm2

including at least three adjacent points with bipolar
signal amplitude <0.5 mV [25]. The color display for
depicting normal and abnormal voltage myocardium
ranges from “red” representing “electroanatomic scar
tissue” (amplitude <0.5 mV) to “purple” represent-
ing “electroanatomic normal tissue” (amplitude 

1.5 mV). Intermediate colors represent the “elec-
troanatomic border zone” (signal amplitudes be-
tween 0.5 and 1.5 mV) (Figs. 17.1-3).

160 Domenico Corrado, James Daubert, Cristina Basso, Gianfranco Buja, Gaetano Thiene



CHAPTER 17 • Electrophysiologic Study Including Electroanatomic Mapping 161

Fig. 17.1 • Representative nor-
mal and abnormal 3-D elec-
troanatomic voltage maps.
Voltages were color coded ac-
cording to corresponding col-
or bars.Color range is identical
for all subsequent figures: pur-
ple represents signal ampli-
tudes >1.5 mV (“electroana-
tomic normal myocardium”);
red <0.5 mV (“electroanatomic
scar tissue”); and range be-
tween purple and red 0.5 to 1.5
mV (“electroanatomic border
zone”). Top: Anteroposterior
view of the RV bipolar voltage
map from one control subject
with normal bipolar voltages
(a). Anteroposterior view of
the RV bipolar voltage map
from a patient with ARVC/D
showing diffuse low-ampli-
tude electrical activity involv-
ing anterior, lateral, infer-
obasal, anteroapical and in-
fundibular regions (b). Bottom:
Right anterior oblique (c) and
left anterior oblique (d) views
of the RV bipolar voltage from
a patient with ARVC/D show-
ing low-voltage areas in the
infundibular, inferobasal and
anterior regions; the septum is
characteristically spared

a b

c d

Fig. 17.2 • Examples of elec-
trical signals sampled from 
a low-amplitude and normal
RV areas in the same patient
with ARVC/D. As indicated by
the catheter tip, the low-volt-
age electrogram (0.26 mV)
recorded from anterior region
is fragmented with prolonged
duration and late activation
(a). By comparison, a normal
voltage electrogram (6.59 mV)
sampled from the lateral re-
gion is sharp with uniphasic
deflection and shorter dura-
tion (b)

a b



Voltage Mapping: Clinical Results in ARVC/D

A preliminary study by Boulos et al. [24] reported a se-
ries of seven patients with ARVC/D, in whom elec-
troanatomic voltage mapping accurately identified RV
“dysplastic” regions [18]. The authors found a concor-
dance between voltage mapping results and echocar-
diographic or CMR findings in all studied patients.

Corrado et al. [25] tested the hypothesis that char-
acterization of the RV wall by electroanatomic volt-
age mapping increases the accuracy for diagnosing
ARVC/D. Thirty-one consecutive patients (22 males
and nine females, aged 30.8±7 years) who fulfilled the
criteria of the Task Force of the European Society of
Cardiology and International Society and Federation
of Cardiology (ESC/ISFC) for ARVC/D diagnosis af-
ter “noninvasive” clinical evaluation, underwent fur-
ther “invasive” study including RV electroanatomic
voltage mapping and EMB to validate the diagnosis.
Multiple RV endocardial, bipolar electrograms
(175±23) were sampled during sinus rhythm. Twenty
patients (Group A, 65%) had an abnormal RV elec-
troanatomic voltage mapping showing one or more ar-
eas (mean 2.25±0.7) with low-voltage values (bipolar
electrogram amplitude <0.5 mV), surrounded by a
border zone (0.5-1.5 mV) which transitioned into
normal myocardium (>1.5 mV) (Fig. 17.1). Low-volt-
age electrograms appeared fractionated with signifi-
cantly prolonged duration and delayed activation
(Fig. 17.2). In eleven patients (Group B, 35%) elec-
troanatomic voltage mapping was normal, with pre-
served electrogram voltage (4.4±0.7 mV) and duration
(37.2±0.9 ms) throughout the RV. Low-voltage areas
in patients form Group A corresponded to echocar-

diographic/angiographic RV wall motion abnormali-
ties and were significantly associated with myocyte loss
and fibrofatty replacement at EMB (p<0.0001) and fa-
milial ARVC/D (p<0.0001). Patients from Group B had
a sporadic disease and histopathologic evidence of in-
flammatory cardiomyopathy (p<0.0001). During the
time interval from onset of symptoms to the invasive
study (mean 3.4 years), eleven patients (55%) with
electroanatomic low-voltage regions received an ICD
due to life-threatening ventricular arrhythmias, where-
as all but one patient with normal voltage map re-
mained stable on antiarrhythmic drug therapy
(p=0.02). These results indicate that 3-D electroana-
tomic voltage mapping may enhance accuracy for di-
agnosing ARVC/D by demonstrating low-voltage areas
which are associated with fibrofatty myocardial re-
placement, and by identifying a subset of patients who
fulfilled ESC/ISFC Task Force diagnostic criteria, but
show a preserved electrogram voltage. This latter sub-
set appears to have an inflammatory cardiomyopathy
mimicking ARVC/D, and a better arrhythmic outcome.

Voltage Mapping: Pathophysiologic 
Implications

The study by Corrado et al. [25] demonstrated that
electroanatomic low-amplitude areas were signifi-
cantly associated with the histopathologic finding of
myocyte loss and fibrofatty replacement at EMB,
thus confirming that RV loss of voltage reflects the re-
placement of action potential-generating myocardial
tissue with electrically silent fibrofatty tissue. More-
over, there was a concordance between the presence
and location of RV low-voltage areas identified by
electroanatomic map and akinetic/dyskinetic regions
detected by echocardiography and/or angiography.
The low-amplitude electrogram values were distinc-
tively recorded in the RV free wall, predominantly in-
volving the anterolateral, infundibular, and infer-
obasal regions, and spared the interventricular sep-
tum (Fig. 17.1). Such a special distribution is similar
to that observed at autopsy in the hearts of patients
with ARVC/D, in whom most severe RV myocardial
atrophy and wall aneurysms are found predomi-
nantly in the anteroinfundibular free wall and un-
derneath the tricuspid valve [2, 4, 5].

Abnormal vs. Normal Voltage Mapping

The majority of ARVC/D patients with an abnormal
electroanatomic voltage mapping reported by Corra-
do et al. [25] had a familial form of disease. This find-
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Fig. 17.3 • Comparison of inducibility at programmed ven-
tricular stimulation between patients who did and did not
experience appropriate ICD discharge during follow-up, by
different clinical presentations. ICD, implantable car-
dioverter defibrillator; PVS, programmed ventricular stimu-
lation; VT, ventricular tachycardia. Black bars = ICD inter-
vention, white bars = no ICD intervention
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ing is consistent with the genetic background of the
disease which has been demonstrated in over 50% of
ARVC/D patients, with either autosomal or, less fre-
quently, recessive pattern of inheritance and age-re-
lated and variable penetrance [17]. There are similar-
ities between the etiopathogenesis of familial ARVC/D
and Duchenne’s and Becker’s skeletal muscle dystro-
phies, in which the progressive loss of muscle is the re-
sult of a genetically-determined ultrastructural defect
[29]. In patients with ARVC/D, the defective genes en-
code for proteins involved in desmosome and inter-
cellular junctions such as plakoglobin, desmoplakin,
plakophilin-2, and desmoglein-2. [17]. It has been sug-
gested that under mechanical stress, abnormal desmo-
somes incorporating defective proteins may lead to de-
tachment and death of myocytes at the intercalated
disc and as a consequence, there is a progressive loss
of muscle and subsequent fibrofatty replacement [30].

In the above study, 35% of patients who fulfilled the
Task Force diagnostic criteria for ARVC/D by nonin-
vasive evaluation, showed evidence neither of elec-
troanatomic low-voltage regions nor of fibrofatty re-
placement at voltage mapping and EMB. Comparison
of mapping results and clinical patient characteristics
in the present study suggests that the finding of nor-
mal RV voltage values characterizes a distinct subgroup
of patients with a peculiar etiopathogenetic, clinical,
and prognostic profile. Patients with normal and ab-
normal electroanatomic voltage mapping did not dif-
fer with regard to mean age and mean time interval be-
tween symptoms onset and time of electroanatomic
evaluation. Moreover, extent of precordial ECG repo-
larization changes and severity of morphofunctional
abnormalities such as global or segmental right ven-
tricular dilatation/dysfunction, RV wall motion ab-
normalities, and LV involvement, which were detected
by echocardiography/angiography were similar in both
subgroups of patients. These findings argue against the
possibility that failure to detect electroanatomic RV
low-voltage areas reflects early stages or minor variants
of ARVC/D. Of note, our results differ from those of
other studies in which all patients with suspect
ARVC/D had a positive voltage mapping [24]. This dis-
crepancy may be explained by different study popula-
tions with different prevalence of inflammatory car-
diomyopathy as well as by non comparable study de-
sign and diagnostic algorithms, with histopathologic
data provided only by our investigation.

Myocarditis Mimicking ARVC/D

All patients with a normal electroanatomic voltage
mapping were “sporadic” cases, showing neither a

familial history of sudden death nor evidence of fa-
milial ARVC/D at clinical screening of nuclear fam-
ily members. It is noteworthy that, all but one pa-
tient showed histopathologic changes consistent
with the diagnosis of myocarditis at EMB. In the
majority of patients, the association between active
inflammatory changes and focal replacement fi-
brosis suggested either a persistent or recurrent my-
ocardial inflammatory process at different stages of
healing [31-33].

There is both experimental and clinical evidence
that myocarditis can mimic ARVC/D. Some experi-
mental myocarditis is exclusively limited to the right
ventricle. Matsumori and Kawai reported selective
RV chronic perimyocarditis in BALB/C mice after
Coxsackie virus B3 infection [34]. Chronic my-
ocarditis clinically mimicking ARVC/D has been re-
ported in patients who do not have familial disease
[35, 36]. Recently, Frustaci et al. [37] analyzed the
EMB histologic findings in 30 patients (19 males and
eleven females, with a mean age of 27±10 years) with
nonfamilial ARVC/D and found diagnostic histo-
logic features of myocarditis according to Dallas cri-
teria (in the absence of significant fibrofatty my-
ocardial atrophy) in 70% of the patients. No differ-
ences between patients with myocarditis and those
with ARVC/D with regard to ECG/arrhythmic pat-
tern and structural/functional RV abnormalities
were observed, a finding in keeping with results of
the present study.

In this subset of patients with normal mapping and
no apparent regional scar the finding of wall motion
abnormalities observed at echocardiographic and an-
giographic studies can be explained by the inflamma-
tory cardiomyopathy in itself. Segmental wall motion
abnormalities (hypokinetic, akinetic or diskinetic ar-
eas) are not so uncommon features of inflammatory
cardiomyopathy and there are several studies in which
myocarditis is reported to mimic myocardial infarc-
tion with a pattern of asynergic areas (involving either
the left or the right ventricle) and require coronary an-
giography and endomyocardial biopsy for differential
diagnosis [37, 38]. This finding of akinetic/diskinetic
ventricular regions (contrasting with areas of relative-
ly preserved contraction) in the absence of regional
myocardial scar has been explained by the nonhomo-
geneous, patchy myocardial involvement of the my-
ocardial inflammatory process [38].

ARVC/D and Dilated Cardiomyopathy

There are similarities between ARVC/D and dilated
cardiomyopathy in terms of ventricular dilatation/



dysfunction, progression to congestive heart failure,
and risk of sudden arrhythmic death that may sug-
gest a similar spectrum of etiopathogenetic mecha-
nisms. Dilated cardiomyopathy represents a common
expression of myocardial damage that may be pro-
duced by either genetically-determined or acquired
myocardial insults [38, 39]. At least 30% of cases of
dilated cardiomyopathy are familial and linked to ge-
netic defects in structural heart proteins, while a sig-
nificant percentage of the remaining sporadic cases
recognize a viral and/or immune myocarditis patho-
genesis. Likewise, ARVC/D includes both familial
cases, characterized by a distinctive loss of my-
ocardium reflecting a genetically-determined dys-
trophic process, and sporadic form that, in part, may
be the result of an inflammatory myocardial disease
predominantly involving the RV [40]. Electro-
anatomic voltage mapping combined with EMB may
detect these pathobiologic features, thus allowing a
differential diagnosis between inherited and inflam-
matory forms.

Voltage Mapping: Clinical Implications

Although ESC/ISFC guidelines represent a useful clin-
ical approach to diagnose ARVD/C, optimal assess-
ment of diagnostic criteria requires rigorous clinical
validation. It has been recently suggested that the phe-
notype of ARVD/C is probably broader than has been
recognized and that the Task Force criteria may lack
sensitivity in the context of proven familial ARVC/D,
where minor electrocardiographic or RV structural ab-
normalities that overlap with normality may represent
disease expression [6, 8, 41]. The results of the study
by Corrado et al. [25] indicate that Task Force guide-
lines may also present limitations in specificity when
used for diagnosing nonfamilial ARVC/D. There are
“sporadic” cases that fulfill diagnostic criteria for
ARVC/D, but show negative voltage map findings in
association with histopathologic evidence of myocar-
dial inflammation. Since EMB alone is of limited val-
ue in differentiating primary myocarditis from in-
flammation superimposed on ARVC/D [4, 5, 15, 16],
identification of patients with an RV inflammatory
myocardial disease mimicking ARVC/D can be missed
unless they undergo a combined electroanatomic volt-
age map that excludes (or demonstrates) associated RV
regions with loss of electrogram voltage.

The only noninvasive parameters significantly as-
sociated with electroanatomic low-voltage areas were
right precordial QRS prolongation, low-voltage QRS
in the limb leads and late potentials. Accordingly, in-
tracardiac electrograms recorded from within the

electroanatomic RV low-voltage often appeared frac-
tionated with a significantly prolonged duration and
more extended beyond offset of the surface QRS
than electrogram recorded from normal-voltage ar-
eas (Fig. 17.2). All these electrical abnormalities, ei-
ther surface or intracardiac, reflect the distinctive
pathoarrhythmogenic substrate of ARVC/D, i.e., a fi-
brofatty scar, which accounts for a right intraven-
tricular conduction defect and predisposes to life-
threatening ventricular arrhythmias [42-43].

Voltage Mapping: Differential Diagnosis 
Between ARVC/D and Idiopathic RVOT 
Tachycardia

Idiopathic RVOT tachycardia refers to nonfamilial
tachycardias, either paroxysmal or repetitive mono-
morphic, with a left bundle brunch block and inferior
axis QRS pattern that are characteristically triggered by
physical exercise or by catecholamine infusion in young
individuals without clinically detectable structural
heart disease. Although RVOT tachycardia is consid-
ered benign and not progressive, it may cause syncope
and, rarely, sudden cardiac death [44-46]. These ma-
lignant events are most likely explained by the clinical
overlap between idiopathic RVOT tachycardia and ear-
ly and/or segmental ARVC/D. Ventricular tachycardia
associated with ARVC/D may be localized to the out-
flow tract thus mimicking idiopathic RVOT tachycar-
dia. Therefore, discrimination between the two entities
is mandatory for prognostic and therapeutic reasons.

The clinical diagnosis of ARVC/D includes
demonstration of morphofunctional abnormalities of
the right ventricle by imaging techniques [8-10].
However, differential diagnosis from idiopathic RVOT
tachycardia may be challenging, especially in patients
with ARVC/D at its early stage or in its minor vari-
ant, which is characterized by clinically subtle struc-
tural and functional RV abnormalities [8]. Although
conventional imaging modalities including echocar-
diography and contrast angiography appear to be ac-
curate in detecting right ventricular structural and
functional abnormalities in overt forms of ARVC/D,
they are less sensitive in detecting subtle lesions.

Two recent studies tested whether RV voltage
mapping can help to differentiate between idiopath-
ic RVOT tachycardia and ARVC/D due to its ability
to identify and characterize electroanatomic scar in
patients with ARVC/D.

Boulos et al. [47] compared electroanatomic find-
ings in patients with an ultimate diagnosis of idio-
pathic RVOT tachycardia with those in patients who
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had established ARVC/D. They found that mapping
results were in concordance with the clinical diagno-
sis, by showing normal voltages in the idiopathic
RVOT tachycardia group and abnormal low-ampli-
tude areas in ARVC/D patients. However, in the
study, a histological study to validate the clinical di-
agnosis by EMB was not done.

Corrado et al. [26] examined whether 3-D elec-
troanatomic voltage mapping enhances the accuracy
to detect early/minor ARVC/D in patients presenting
with RVOT tachycardia and an apparently normal
heart. The study population consisted of 27 consecu-
tive patients (15 males and twelve females, age
33.9±8 years) with recurrent RVOT tachycardia and no
echocardiographic evidence of RV dilatation/dys-
function, who were referred for characterization of the
ventricular tachycardia (VT) substrate and catheter ab-
lation. All patients underwent detailed invasive-study
including activation and voltage mapping and EMB
for histological study. Voltage mapping was normal in
20 of 27 patients (74%, Group A), with electrogram
voltage >1.5 mV throughout the RV. The other 7 pa-
tients (26%, Group B), showed one or more elec-
troanatomic scar areas (bipolar voltage <0.5 mV) that
correlated with histopathologic evidence of fibrofatty
myocardial replacement at endomyocardial biopsy
(p<0.001). Independent predictors of scar were right
precordial QRS prolongation (p<0.001) and VT in-
ducibility at programmed ventricular stimulation
(p=0.001). The major finding of this study is that an
early/minor form of ARVC/D may present clinically as
RVOT tachycardia in the absence of RV dilatation/dys-
function, thus mimicking idiopathic RVOT tachycar-
dia. Three-dimensional electroanatomic voltage map-
ping is able to identify subclinical ARVC/D variants by
detecting RV electroanatomic scars that correlate with
diagnostic histopathologic features of the disease.

A significant clinical implication of this study is
that 3-D electroanatomic voltage mapping of the RV
enhances the accuracy of distinguishing patients with
idiopathic RVOT tachycardia from those with an un-
derlying subtle ARVC/D. The technique detected elec-
troanatomic RV scar(s) in approximately one fourth
of patients with RVOT tachycardia, who had normal
RV size and function by customary imaging studies.
The majority of patients with abnormal voltage map-
ping had electroanatomic scars confined to in-
fundibular or anteroinfundibular free wall regions;
only 2 patients had multiregional RV scars also in-
volving remote regions of the so called “triangle of
dysplasia” such as the inferobasal or apical free wall ar-
eas. It is noteworthy that septal regions showed nor-
mal voltage amplitudes in all patients, according to the
pathologic experience that the septum is usually not

involved in ARVC/D. These segmental RV lesions
with predominant involvement of the RVOT could
explain why there were no significant changes in
overall RV volume and ejection fraction. This is in
keeping with previous studies showing that some pa-
tients with segmental ARVC/D, specially localized in
the infundibulum, may have normal angiographic RV
volumes and preserved global or regional RV function
[48-50]. Electroanatomic voltage mapping conduct-
ed by assessing the electrical rather than mechanical
effects of loss of RV myocardium obviated limitations
in the analysis of minimal RVOT dilatation/dysfunc-
tion and increased the sensitivity for detecting other-
wise-concealed ARVC/D myocardial substrate.

It is noteworthy that electroanatomic scar in pa-
tients with RVOT tachycardia correlated with the
EMB histopathologic findings of myocyte loss and fi-
brofatty replacement. This is in agreement with pre-
vious studies of voltage mapping in patients with
ARVC/D showing that areas of low-amplitude elec-
trograms reflect the abnormal electrical activity of
diseased RV myocardium and supports the conclu-
sion that RVOT tachycardia occurred in the context
of the cardiomyopathic changes of ARVC/D [24, 25].

Voltage Mapping-Guided Catheter Ablation

Intraoperative studies of patients with ischemic heart
disease have shown that circumferential ablation of
ventricular scar and/or ablation connecting scar to an
anatomic boundary is a successful therapy for ventric-
ular tachycardia [51, 52]. This substrate-based ablation
approach eliminates scar-related exit sites and/or isth-
muses of the ventricular tachycardia re-entry circuit. In
patients with ARVC/D, fibrofatty replacement of the
RV myocardium creates scars that are regarded as the
arrhythmogenic disease substrate [2, 4, 5, 25]. The
histopathologic arrangement of the surviving my-
ocardium embedded in the replacing fibrofatty tissue
may lead to non-homogeneous intraventricular con-
duction predisposing to reentrant mechanisms [42].
Hence, ventricular tachycardia in ARVC/D is the result
of a scar-related macro-reentry circuit, similarly to
that observed in the postmyocardial infarction setting.
This explains why RV voltage mapping-guided catheter
ablation is successful in patients with ARVC/D. By us-
ing voltage mapping to identify RV low-voltage regions
in patients with ARVC/D, both Marchlinski et al. [53]
and Verma et al. [54] were able to create substrate-based
RV linear ablation lesions connecting or encircling elec-
troanatomic scars. Both studies showed that the tech-
nique is associated with a high rate of short-term suc-
cess in patients with ARVC/D, although recurrences of



ventricular tachycardia are common, most likely be-
cause ARVC/D is a progressive disease and new regions
of fibrofatty scar develop over time and create new ven-
tricular tachycardia circuits.

Voltage Mapping: Prognostic Implications

The main objective of management in patients with
ARVC/D is to prevent arrhythmic sudden death.
However, there are no prospective and controlled
studies assessing clinical markers which can predict
the occurrence of life-threatening ventricular ar-
rhythmias. It has been established that sudden death
may be the first manifestation of the disease in previ-
ously asymptomatic young subjects and athletes 
[2, 4, 5]. Therefore, all identified or suspected patients
are at risk of sudden death even in the absence of
symptoms or ventricular arrhythmias. The most chal-
lenging clinical dilemma is not whether to treat pa-
tients who already experienced malignant ventricular
arrhythmias (secondary prevention), but to consider
prophylactic treatment in patients with no or only mi-
nor symptoms in whom the disease has been diag-
nosed during family screening or by chance (prima-
ry prevention) [8]. Furthermore, ARVC is a progres-
sive disease and the patient’s risk of sudden death may
increase with time. The risk profile which emerges
from retrospective analysis of clinical and pathologic
series, including fatal cases, is characterized by young
age, participation in competitive sport activity, ma-
lignant familial background, extensive right ventric-
ular disease with reduced ejection fraction and left
ventricular involvement, syncope, and of course pri-
or episodes of cardiac arrest due to ventricular tachy-
cardia/fibrillation. The baseline clinical study for as-
sessment of the risk of sudden death consists of non-
invasive routine clinical study including detailed
clinical history (mostly addressing familial back-
ground and previous syncope), 12 lead ECG, 24-h
Holter monitoring, exercise stress testing, and signal-
averaged ECG [6, 8]. Invasive risk stratification tradi-
tionally relies on electrophysiologic study, although
the predictive value of ventricular tachycardia/fibril-
lation inducibility by programmed ventricular stim-
ulation has not been demonstrated (see below). Char-
acterization of the RV wall by electroanatomic volt-
age mapping is an additional invasive technique with
the potential to refine risk stratification of ARVC/D
patients, given that identification of scar lesions may
predict a worse clinical outcome.

In this regard, Corrado et al. [25] reported that the
subset of ARVC/D patients with abnormal elec-
troanatomic voltage mapping had a worse arrhythmic

outcome. During a mean 3.4 year clinical interval, 55%
of ARVC/D patients with electroanatomic evidence of
low-voltage areas required an ICD implantation due
to serious arrhythmic complications, whereas all but
one ARVC/D patient with normal myocardial voltage
values remained stable on antiarrhythmic therapy.

A more recent study from the Padua group [26]
showed that the short-term success of catheter abla-
tion of RVOT tachycardia did not differ between pa-
tients with normal RV voltage mapping (85% vs.
89%) from those with abnormal mapping. Despite
initial success, however, more than 40% of patients
with RVOT tachycardia and underlying RV elec-
troanatomic scar experienced relapses of life-threat-
ening ventricular tachycardia (leading to syncope in
two and to aborted sudden death in one), compared
with none of patients with successful ventricular
tachycardia ablation and normal voltage maps. This
is in agreement with previous studies showing a
good acute success rate of catheter ablation of right
ventricular tachycardia, either idiopathic or associat-
ed with ARVC/D, although in patients with ARVC/D
ventricular tachycardia recurrences are commonly
observed (up to 60% of the cases) and may lead to
sudden arrhythmic death [53-56]. The discrepancy
between the good acute results and the unfavorable
long-term outcome has been explained by the pro-
gressive nature of the underlying disease, which pre-
disposes to the occurrence of new and malignant ar-
rhythmogenic substrates over time [8]. These find-
ings indicate that the subset of patients with RVOT
tachycardia and electroanatomic evidence of RV scar
may have a worse outcome because of the structural
and electrically unstable underlying substrate.
Whether electroanatomic voltage mapping may re-
fine arrhythmic risk assessment needs to be con-
firmed by larger prospective studies.

Electrophysiologic Study with Programmed
Ventricular Stimulation

Invasive electrophysiologic study with programmed
ventricular stimulation has been performed in pa-
tients with ARVC/D for diagnostic, therapeutic, and
prognostic purposes [8-10]. The major aims of an
electrophysiologic study is: (i) to assess the disease’s
arrhythmogenic potential by induction of ventricu-
lar tachycardia/fibrillation during the basic pacing
protocol or during isoproterenol infusion; (ii) to
evaluate hemodynamic consequences of sustained
ventricular tachycardia and its propensity to degen-
erate into ventricular fibrillation; (iii) to examine the
predictive role of inducible ventricular tachycar-
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dia/fibrillation for subsequent arrhythmic cardiac
arrest; and (iv) to establish the susceptibility of ven-
tricular tachycardia to be interrupted by antitachy-
cardia stimulation, and its reinducibility in view of
serial electropharmacologic studies or implantation
of an automatic defibrillator [3, 8].

The results of recent studies raised concerns of the
predictive value of programmed ventricular stimula-
tion for risk stratification of patients with ARVC/D.
Corrado et al. [12] evaluated the prognostic role of
programmed ventricular stimulation in a large series
of patients undergoing ICD implantation for preven-
tion of arrhythmic sudden death. Of 98 patients who
were inducible at programmed ventricular stimula-
tion, 50 (51%) did not experience ICD therapy dur-
ing the follow-up, whereas seven (54%) of 13 nonin-
ducible patients had appropriate ICD interventions.
Overall, the positive predictive value of programmed
ventricular stimulation was 49%, the negative predic-
tive value was 54%, and the test accuracy was 49%.
Moreover, the incidence of appropriate ICD discharge
did not differ between patients who were or were not
inducible at programmed ventricular stimulation, re-
gardless of clinical presentation (Fig. 17.3). Finally, the
type of ventricular tachyarrhythmia inducible at the
time of electrophysiological study did not predict the
occurrence of ventricular fibrillation/flutter during
follow-up. The results of this study indicated that
electrophysiological study is of limited value in iden-
tifying patients at risk of lethal ventricular arrhythmias
because of a low predictive accuracy (approximately
50% of both false-positive and false-negative results).
This finding is in agreement with the limitation of
electrophysiological study for arrhythmic risk stratifi-
cation in other non-ischemic heart disease such as hy-
pertrophic and dilated cardiomyopathy. Wichter et al.
[57] confirmed that inducibility of VT/VF during
electrophysiological study in patients with ARVC/D is
not a statistically significant independent predictor of
appropriate ICD therapy during follow-up, although
Roguin et al. [58] reported that VT induction was as-
sociated with an increased risk for appropriate shock.
In conclusion, further prospective studies on a large
patient population are needed to established whether
electrophysiological study with programmed ventric-
ular stimulation may identify ARVC/D patients at risk
of sudden arrhythmic death.
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Introduction

Arrhythmogenic right ventricular cardiomyopathy/dys-
plasia (ARVC/D) is an important cause of ventricular
tachyarrhythmias and sudden death in young patients
and athletes with apparently normal hearts. The disease
is characterized by localized or diffuse atrophy of pre-
dominantly right ventricular myocardium with subse-
quent replacement by fatty and fibrous tissue. As a re-
sult of these pathomorphological alterations, global
and regional right (and left) ventricular dysfunction and
ventricular tachyarrhythmias due to areas of slow con-
duction and dispersion of refractoriness are the major
clinical findings and manifestations of ARVC/D [1-4].

The need for antiarrhythmic therapy in ARVC/D
has been advocated to improve symptoms and prog-
nosis. Because the prognosis of ARVC/D is largely de-
termined by ventricular tachyarrhythmias, risk strat-
ification is required for management decisions and
prevention of sudden cardiac death.

Clinical Presentation

ARVC/D usually presents with ventricular tach-
yarrhythmias of left bundle branch block configura-
tion in apparently healthy adolescents or young
adults. In most cases, the age at the time of first man-
ifestation ranges between 15 and 40 years. First symp-
toms of ARVC/D during early childhood or beyond
the age of 60 years are unusual. Men are more fre-
quently affected than women and present with more
extensive disease expression [1, 5].

In the majority of patients, ARVC/D manifests first
with the sporadic occurrence of monomorphic ven-
tricular tachycardia (VT). Other patients present with
frequent premature ventricular beats, repetitive ven-
tricular runs, or nonsustained VT.Associated symptoms
range from palpitations and paroxysmal tachycardia to
dizziness, syncope, or sudden cardiac arrest. Clinical
signs of heart failure are usually limited to patients with

advanced right ventricular dysfunction and/or left ven-
tricular involvement, both mostly occurring in later
stages of ARVC/D and in patients with a long history of
ventricular arrhythmias. Diagnostic criteria for
ARVC/D were proposed by an international study
group [6] but have not been prospectively validated.

Treatment Options

Concerning the treatment of patients with ARVC/D,
most of the data available to date refer to retrospec-
tive analyses in single centers with limited numbers
of patients. There is limited data on long-term out-
comes with different treatment modalities in pa-
tients with ARVC/D. Controlled randomized trials
have not been performed in ARVC/D and interna-
tional registries [7, 8] are currently enrolling patients
but have not yet reported results on treatment.

It is difficult to compare patient cohorts from dif-
ferent centers because of differences in patient selection
(i.e., referral bias) and application of diagnostic criteria.
In addition, treatment strategies may be different in cen-
ters or countries with potential changes over time.

Patients with ARVC/D are usually not limited in
exercise capacity and frequently participate in sports
including athletic competitions. Particularly in early
stages of ARVC/D, ventricular arrhythmias and cardiac
arrest frequently occur during or immediately after
physical exercise or may be triggered by catecholamines
[5, 9]. Therefore, antiadrenergic treatment with 
β-blockers has been recommended by most authors.
Autonomic dysfunction with abnormal adrenergic
stimulation of the myocardium and subsequent re-
duction of β-adrenoceptor density was demonstrated
by quantitative positron emission tomography [9, 10]
and provided a pathophysiological rationale for these
clinical observations and recommendations. With in-
creasing age and more advanced stages of ARVC/D,VT
exercise-dependence appears to diminish and also ar-
rhythmias occur more frequently at rest [11].
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In recent years, ARVC/D has been of increasing
interest in sports medicine, particularly with regard
to sports eligibility, preparticipation screening and
follow-up evaluation of athletes [12]. Because of the
increased risk of sudden death due to the propensi-
ty for ventricular arrhythmias and the potential for
accelerated disease progression due to the genetical-
ly determined damage of mechanical cell contacts
[13-15], patients with ARVC/D should be advised
against strenuous exercise and vigorous training and
should be excluded from participation in competitive
or professional athletic sports [16].

In addition to the general management consider-
ations of antiadrenergic therapy and restriction from
strenuous exercise and competitive sports, specific
therapeutic options in patients with ARVC/D include
antiarrhythmic drug therapy, catheter ablation, and
the implantation of a cardioverter-defibrillator
(ICD). Map-guided antitachycardia surgery using
various techniques (localized incisions to total right
ventricular disarticulation procedures) has been
abandoned by most centers and has been performed
in only very few cases with ARVC/D during the past
decade. Frequently, more than one treatment modal-
ity may be necessary initially or during the long-term
course of ARVC/D. Combinations of antiarrhythmic
drug therapy with ICD therapy and/or catheter ab-
lation are possible and may reduce arrhythmia relat-
ed symptoms and prevent sudden death (Fig. 18.1).

The Münster group summarized the first and sec-
ondary allocation to different treatment modalities in
200 consecutive index patients with ARVC/D evaluat-
ed for treatment between 1977 and 2000 (Fig. 18.2).Al-

though these results provide useful information on pa-
tient management based on clinical decisions, it is im-
portant to realize that treatment algorithms have
changed over the past decade with an increase of ICD
implantations and decrease in the use of antiarrhythmic
drugs and catheter ablation in ventricular arrhythmias
in general and in patients with ARVC/D in particular.
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For clinical decisions, it is therefore important to
identify those patients with high risk of sudden death
who would benefit most from ICD implantation and
separate them from a low-risk cohort in whom a
more conservative approach with antiarrhythmic
drug therapy appears feasible, safe, and justified.
Clinical risk stratification has therefore gained in-
creasing importance in ARVC/D.

Risk Stratification

The proportion of ARVC/D as the underlying disease
in cases of sudden and unexpected cardiac death is
unknown but has been estimated to be 15%-25% in
patients below 35 years of age [17], provided there is
a detailed postmortem investigation of the right ven-
tricle performed by an experienced pathologist.
These data correspond well with the “natural histo-
ry” of ARVC/D with mortality rates of up to 25% af-
ter 10 years or 2.5% per year on empiric (uncon-
trolled) antiarrhythmic drug therapy [18-21]. How-
ever, this does not take into account the widely
unknown rate of sudden death as a primary disease
manifestation. Therefore, ARVC/D is not a benign
disease but requires effective treatment to reduce
symptoms and to prevent sudden cardiac death.

Several clinical variables have been proposed to
stratify the risk for sudden death and recurrent ven-
tricular tachyarrhythmias in ARVC/D. These include
a history of cardiac arrest or syncope, a family histo-
ry of unexplained premature sudden death, severe
right ventricular dysfunction, left ventricular in-
volvement, inducibility of VT during programmed
stimulation, and ECG features such as right precor-
dial QRS prolongation and dispersion, negative T
waves, and epsilon waves [22]. However, the prog-
nostic value of those individual single or combined
risk factors has not been prospectively evaluated.
Therefore, risk stratification is still incomplete and
requires further investigation to accurately identify
those patients who are at highest risk of sudden
death in order to optimize treatment strategies in
ARVC/D.

The importance of syncope as a warning sign
and risk factor for subsequent sudden death was
first reported by Marcus et al. [1] and was later con-
firmed by other groups [5, 23, 24]. Right ventricu-
lar dysfunction and left ventricular involvement are
probably the most important and independent risk
factors for sudden death and VT recurrence in
ARVC/D [25-28]. Additional risk factors include a
history of syncope, inducible VT during electro-
physiologic study, failure of serial drug testing, pa-

tient noncompliance, and the presence of late po-
tentials [25].

Hulot et al. [24] studied the long-term follow-up
in 130 patients with ARVC/D and identified clinical
signs of right heart failure and left ventricular dys-
function as independent risk factors predicting car-
diovascular death. Additional risk factors in univari-
ate analysis were syncope, atypical chest pain, inau-
gural and recurrent VT and QRS dispersion ≥40 ms.
Patients with the combination of spontaneous sus-
tained VT and signs of right heart failure and/or left
ventricular dysfunction were found to be at highest
risk of sudden death and had the worst long-term
prognosis.

Peters et al. [26] confirmed these results in an in-
vestigation of 121 patients with ARVC/D. They also
identified advanced right ventricular dilatation and
dysfunction and left ventricular involvement as ma-
jor risk factors for sudden cardiac arrest and recur-
rent syncope or ventricular tachycardia despite med-
ical treatment. ECG features such as QRS dispersion
≥50 ms in the presence of right ventricular dilatation
and T-wave inversion beyond V3 or JT dispersion 
≥30 ms in the presence of left ventricular involvement
were reported to be of additional value for risk strat-
ification.

These data are consistent with results reported by
Turrini et al. [29] who retrospectively investigated
the value of clinical and ECG findings in predicting
the risk of sudden death in 60 patients with ARVC/D.
QRS dispersion ≥40 ms was the strongest indepen-
dent predictor of sudden death with a sensitivity and
specificity of 90% and 77%, respectively. Syncope,
QT dispersion ≥65 ms and negative T-waves beyond
V1 refined arrhythmic risk stratification in these pa-
tients.

Important information for clinical management
has been derived from several recent studies investi-
gating the long-term results after ICD implantation
and/or antiarrhythmic drug therapy in patients with
ARVC/D [25, 30, 31]. These studies indicate extensive
right ventricular dysfunction as an independent risk
factor for appropriate ICD discharges [31, 32]. In ad-
dition, a history of cardiac arrest, VT with hemody-
namic compromise, younger age, left ventricular in-
volvement [30], and the inducibility of fast VT [31, 32]
were reported as predictors of subsequent ventricular
fibrillation/flutter detected and treated by the ICD.

Of similar importance, these studies demonstrat-
ed that antiarrhythmic drug therapy appears feasible
and sufficiently safe in low-risk cohorts with ARVC/D
including patients with slow and hemodynamically
well-tolerated VT. In a multicenter study involving
132 patients, Corrado et al. [30] reported that pa-



tients with an index episode of VT without hemody-
namic compromise had a favorable long-term course
without life-threatening VT recurrences. These re-
sults are similar to those found by Wichter et al. [25]
who showed that antiarrhythmic drug therapy is safe
and effective during long-term follow-up in a low-
risk cohort, provided that drug efficacy is adequate-
ly tested and that there is strict patient compliance.
These findings were recently confirmed by Pezawas
et al. [33], who reported low risk if clinical index VT
or induced VT were slower (cycle length 326±37 ms)
and hemodynamically well tolerated. In such pa-
tients, a conservative approach with antiarrhythmic
drug therapy guided by programmed ventricular
stimulation was selected and resulted in good long-
term outcomes.

Antiarrhythmic Drug Therapy

In patients with ARVC/D and sustained VT, antiar-
rhythmic drug therapy aims at the suppression of VT
recurrences, the reduction of emergency hospital ad-
missions, and (most importantly) the prevention of
sudden cardiac death.

Although different authors have reported suc-
cessful antiarrhythmic therapy with various drugs
and drug-combinations in small numbers of pa-
tients, pharmacological treatment of arrhythmias in
ARVC/D is still empiric [19-21, 34-36]. No prospec-
tive or randomized trials on pharmacological treat-
ment have been performed in patients with ARVC/D
and data from multicenter registries [7, 8] are not yet
available.

Experience with the use of antiarrhythmic drugs
in patients with coronary artery disease or car-
diomyopathies is not transferable to patients with

ARVC/D. Therefore, recommendations concerning
the most effective drugs and dosages are currently
based on the analysis of the acute and long-term ef-
ficacy of different antiarrhythmic drugs in mainly
retrospective studies of small patient cohorts with
ARVC/D.

Acute Efficacy of Antiarrhythmic Drugs 
in ARVC/D

Criteria to evaluate the acute efficacy of antiarrhyth-
mic therapy are difficult to define because they may
vary with specific clinical situation, arrhythmia char-
acteristics, and appropriateness of test modalities to
assess treatment effect.

The largest experience on acute and long-term ef-
ficacy of antiarrhythmic drug therapy in ARVC/D
was first published in 1992 by Wichter et al. [37] and
included 191 patients with 608 drug tests in their lat-
est updated series [25]. To assess the acute efficacy of
antiarrhythmic drugs during serial testing (Fig. 18.3),
the following criteria were used:
1. Complete efficacy of antiarrhythmic therapy was

defined as total suppression of inducible VT dur-
ing electrophysiologic study or suppression and
control of incessant VT or VT storms and clusters
(i.e., resulting in frequent ICD shocks). In non-
inducible VT, complete efficacy was considered as
a reduction of ventricular ectopy >90% on Holter
and exercise tests and no residual nonsustained or
sustained VT.

2. Partial efficacy of antiarrhythmic therapy was
considered if VT was rendered more difficult to
induce during electrophysiologic study or if only
nonclinical VT was induced on the drug. In non-
inducible VT at baseline, partial efficacy was de-

174 Thomas Wichter, Domenico Corrado, Matthias Paul

0

10

20

30

40

50

60

70

80%

18%

25%

68%

26%

44% 33%

ARVC/D  = 191 pts

-blockers Combinations

AAD tests n=  608

tests16532

Na
+
-blockers

31 45215 119

Amiodarone
VerapamilSotalol

complete efficacy

partial efficacy

Fig. 18.3 • Efficacy rates
of different antiarrhyth-
mic drugs for treatment
of VT in ARVC/D (n=191
patients, n=608 tests).
Adapted from [25] with
permission from Urban
& Vogel GmbH.AAD,anti-
arrhythmic drugs



CHAPTER 18 • Risk Stratification and Antiarrhythmic Drug Therapy 175

fined as a reduction of ventricular ectopy on
Holter or exercise testing by <90% but >70%.

3. Drug failure was defined as unchanged VT in-
duction during electrophysiologic study, in-hos-
pital VT recurrence, or failure to control incessant
or frequent VT recurrences (VT storms or clus-
ters). In noninducible VT, no significant reduc-
tion or even an increase of ventricular ectopy on
Holter or exercise testing was considered a drug
failure.
In the studies by Wichter et al. [25, 37], complete

antiarrhythmic drug efficacy was demonstrated in
62% of 191 patients and partial efficacy in another
13% of patients, resulting in a total overall acute ef-
ficacy of 75%. Multivariate analysis identified exten-
sive right ventricular dysfunction as an independent
predictor of antiarrhythmic drug failure [25].

Sotalol

Sotalol in a dosage of 320 mg to 480 mg/day (up to
640 mg/day in selected cases) was identified as the
most effective drug in these studies [25, 37], result-
ing in a 68% overall acute success rate defined as the
combination of complete and partial efficacy. All
but one patient with inducible VT not responding
to oral sotalol or combinations with sotalol proved
refractory to all other antiarrhythmic agents tested
(including amiodarone). Therefore, it was recom-
mended that nonpharmacological therapy without
further serial drug testing should be considered in
sotalol nonresponders and inducible VT. Side effects
requiring withdrawal of sotalol treatment were rare
(5.5%) and mostly occurred within the first days of
therapy.

Amiodarone

Amiodarone alone or in combination with β-block-
ers was reported with similar or less favorable results
when compared with sotalol. Of twelve patients re-
ceiving both drugs successively, one out of eight so-
talol nonresponders was effectively treated with
amiodarone, whereas two out of nine amiodarone
nonresponders were effectively treated with sotalol
[37]. However, given the high incidence of serious
side effects of amiodarone during long-term treat-
ment, amiodarone should not be recommended as a
first line drug in a young patient with ARVC/D.
Therefore, sotalol or nonpharmacological treatment
options should be considered prior to initiation of
amiodarone therapy.

Class-1

Class-1 antiarrhythmic drugs have been demon-
strated to be effective during electrophysiological
testing in the treatment of life-threatening ventric-
ular tachyarrhythmias in various underlying heart
diseases. Most available data refer to postmyocardial
infarction ventricular tachyarrhythmias, less fre-
quently to patients with dilated cardiomyopathy.
However, in patients with ARVC/D, varying results
have been reported [20, 25, 34-36]. In the study by
Wichter et al. [25], class-1 antiarrhythmic drugs
proved effective in only a minority of patients with
ARVC/D (18%), although some patients received
three or more different class-1 drugs successively
without satisfactory antiarrhythmic efficacy. Class-
1c agents appeared to be slightly more effective than
class-1a and class-1b drugs [37].

Beta-Blockers and Verapamil

Beta-blockers and verapamil have been reported to
be effective in patients with idiopathic VT of right
or left ventricular origin. In patients with ARVC/D,
both β-blockers and verapamil are usually not ef-
fective in suppressing VT induction and recurrence
in the clinically dominant VT underlying reentrant
mechanisms. However, when tested in a small pro-
portion of ARVC/D patients with nonre-entrant VT
and presumed mechanisms of triggered activity or
abnormal automaticity, β-blockers and verapamil
demonstrated overall efficacy rates of 25% and 44%,
respectively [25].

Drug Combinations

Combinations of antiarrhythmic drugs may result in
electrophysiologic and antiarrhythmic properties
that may be different from the action of individual
agents. Drug combinations may cause enhanced or
decreased antiarrhythmic efficacy but may also in-
crease or decrease the incidence of side effects. In this
regard, the experiences with antiarrhythmic drug
combinations in patients with ARVC/D are limited
and not very promising.

In ARVC/D, drug combinations with class-1
drugs and amiodarone or sotalol were effective in a
minority of patients in whom the individual drugs
had previously failed, whereas combinations of two
class-1 drugs and class-1 drugs with β-blockers were
not effective in any of these patients [25, 37]. This
contrasts with the results of several authors from



France who reported satisfactory therapeutic ef-
fects of combined therapy with class-1 agents and
β-blockers [20, 34, 35].

The combination of amiodarone with β-blockers
may be more effective than using individual drugs.
In a study by Leclercq et al. [20], all of the six pa-
tients previously insufficiently treated by class-1
agents, amiodarone or β-blockers alone, or by
combinations of class-1 agents with β-blockers or
amiodarone, proved to be effectively treated with
the combination of amiodarone and β-blockers.
These observations should be viewed in light of
the positive results with high dosages of sotalol.
Both therapeutic regimens consist of a combina-
tion of class-3 antiarrhythmic properties plus 
β-blockade, which appears to act synergistically in
patients with ARVC/D. This may be due to the
strong catecholamine dependence as a triggering
factor for ventricular arrhythmia in many of these
patients, uncovered by stress tests or isoprenaline
infusion. Similar efficacy rates of sotalol and a
combination of amiodarone with β-blockers in
patients with ARVC/D were confirmed in other
studies [34, 35].

Long-Term Efficacy of Antiarrhythmic Drugs
in ARVC/D

Adequate monitoring of drug efficacy is a prerequi-
site for long-term antiarrhythmic drug therapy in
ARVC/D. Empiric antiarrhythmic drug treatment
without evidence for appropriate suppression of the
clinical arrhythmia cannot be recommended due to
a high incidence of VT recurrences and a significant
mortality from sudden death during long-term fol-
low-up [18-21].

Assessment of antiarrhythmic drug efficacy by
serial electrophysiologic studies (inducible VT) or
Holter monitoring combined with exercise testing
and/or provocation with intravenous cate-
cholamines (noninducible VT) provided better
long-term outcomes when compared with empiric
drug treatment. VT recurrence rates were low in
patients who were discharged on a drug that was
tested to be effective, whereas sudden deaths and
VT relapses predominantly occurred in patients
with insufficient VT suppression at discharge, those
with significant progression of ARVC/D, or those
with inappropriate dosage (noncompliance) of the
tested antiarrhythmic drug [25] (Fig. 18.4). In this
context, it is important to stress the need for long-
term follow-up of patients with visits at regular in-
tervals, not only to detect a progressive course of

ARVC/D but also to improve and optimize patient
compliance.

A 12-lead surface ECG on antiarrhythmic drug
treatment should be performed at regular intervals
with particular attention to QRS width (class-1
drugs) and QT-interval (class-3 and class-1a drugs).
In addition, electrolyte disturbances (especially hy-
pokalemia) should be avoided and attention should
be given to potential drug interactions (particularly
those with QT-prolongation) in order to prevent
proarrhythmic drug effects.

Risk-Adapted Treatment Algorithms in ARVC/D

Different studies reported a 10-year overall mortali-
ty of 5%-25% according to the treatment strategy ap-
plied. Limited data on risk stratification indicates that
patients with severe right ventricular dysfunction, left
ventricular involvement, a history of syncope or car-
diac arrest, family history, inducible VT/VF, and ECG
abnormalities (QRS dispersion, epsilon waves, late
potentials) are more prone to life-threatening VT and
sudden death. The best results with regard to long-
term survival are achieved by individualized treat-
ment strategies, including antiarrhythmic drug ther-
apy, catheter ablation, and ICD implantation. No
prospective or randomized studies have investigated
the comparative efficacy of these different treatment
options. A proposal for current therapeutic manage-
ment directed toward an improvement of symptoms
and prognosis in patients with ARVC/D is depicted
in Figure 18.5.
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Fig. 18.4 • Long-term outcome of 143 patients with ARVC/D
and low risk of sudden death discharged on antiarrhythmic
drugs after serial drug testing (follow-up: 53±32 months).
The incidence of sudden death was low, the recurrence rate
of ventricular tachycardia (VT) was acceptable (25% after
5 years). In the subgroup of patients who were noncompli-
ant or with unsuccessful serial drug testing, the VT recur-
rence rate approached 60% after 3 years.Adapted from [25]
with permission from Urban & Vogel GmbH
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Management of Asymptomatic Patients 
and Family Members

Asymptomatic patients with ARVC/D do not require
specific antiarrhythmic or other cardiac treatment.
However, they should be followed by regular nonin-
vasive cardiac investigations for early recognition of
ventricular arrhythmias and potential progression of
the disease with worsening of global or regional my-
ocardial dysfunction. These follow-up visits should in-
clude a detailed interview concerning the interim oc-
currence of arrhythmic symptoms or events, ECG at
rest, exercise tests, Holter monitoring, signal-averaged
ECG and cardiac imaging by echocardiography and/or
magnetic resonance imaging. Patients with ARVC/D
should be advised against participation in competitive
sports since this appears to be associated with acceler-
ated disease progression and increased risk of ventric-
ular arrhythmias and sudden death [16, 17].

Family members of patients with ARVC/D should
be under the care of a cardiologist with experience in
the disease and be evaluated at regular intervals (3-
5 years or with onset of symptoms). Modified diag-
nostic criteria for family members of affected index
patients with ARVC/D were recently proposed but
have not been prospectively validated [38]. Twelve-
lead surface ECG and echocardiography are essential
baseline diagnostic tests that should be comple-
mented by exercise testing, Holter monitoring, and
signal-averaged ECG. If these investigations show ev-
idence suspicious of ARVC/D or if complex ventric-
ular arrhythmias are documented or syncope occurs,

more detailed investigations should be performed to
establish the diagnosis, to stratify the risk, and to de-
velop an individualized treatment strategy.

Asymptomatic relatives of genotyped index pa-
tients with ARVC/D may undergo genetic testing af-
ter detailed and careful counseling concerning the
potential consequences of a positive test result [39].
The major advantage of a negative test is that the in-
dividual can be reassured and no follow-up investi-
gations are necessary.

In affected but asymptomatic family members of
ARVC/D patients, there is no general indication for
prophylactic antiarrhythmic therapy, although pro-
phylactic treatment with conventional β-blockers has
been recommended by several groups. Prophylactic
treatment with sotalol, amiodarone, or other antiar-
rhythmic drugs is probably not indicated in asympto-
matic patients. However, in selected patients with mul-
tiple risk factors, familial sudden death, or inducible VT
during programmed stimulation, the prophylactic im-
plantation of an ICD for primary prevention of sud-
den death may be discussed (Fig. 18.5). Given the
paucity of available data, this approach is controversial
and requires individual decision based on the constel-
lation of risk and patient’s preference.

Management of Symptomatic Patients

In patients with ARVC/D and no history of syncope
or cardiac arrest, the presence of premature ven-
tricular beats, couplets, or short ventricular runs is

* Risk factors: family history (premature SD) , history of syncope,
severe RV dysfunction, LV involvement, hemodynamically unstable VT/VF

QRS dispersion  ≥40 ms, epsilon waves
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usually not associated with an increased arrhythmic
risk and therefore do not require specific antiar-
rhythmic treatment. In many cases, reassurance of
the patient results in an improvement of symptoms.
However, should a patient still have severe symp-
toms due to palpitations, treatment with conven-
tional β-blockers or verapamil may be considered.
β-blockers appear to be more effective in patients
with exercise-provocable ventricular arrhythmias,
whereas verapamil may be more successful for the
treatment of arrhythmias that occur at rest and are
suppressed during exercise. Specific antiarrhythmic
drugs or catheter ablation should be limited to pa-
tients with significant symptoms refractory to these
measures.

Patients with nonsustained and sustained VT or
syncope should undergo a detailed diagnostic evalu-
ation to stratify risk and to assess inducibility of clin-
ical ventricular arrhythmia, both having an impact
on the subsequent treatment strategy. In low-risk pa-
tients, antiarrhythmic drug therapy (preferentially
sotalol) may be considered and should be guided by
serial electrophysiologic studies. In our experience,
this approach showed favorable long-term results in
selected low-risk patients with low rates of VT re-
currence and sudden death. Catheter ablation may be
an alternative option in patients with localized
ARVC/D and a single morphology of a hemody-
namically well-tolerated VT refractory to antiar-
rhythmic drugs. In patients with drug-refractory fre-
quent or incessant VT, catheter ablation may be the
only treatment option available, but is usually pallia-
tive and not curative.

Although antiarrhythmic drug therapy and
catheter ablation may reduce VT recurrences, there
is no proof from prospective or randomized stud-
ies that they are also effective in the prevention of
sudden death. Therefore, more effective protection
is required in individuals at a higher risk of sudden
death. In patients who have survived cardiac arrest
or hemodynamically intolerable fast VT, and those
with risk factors such as extensive right ventricular
dysfunction, advanced stages of ARVC/D, left ven-
tricular involvement, syncope, pleomorphic VT,
and others, ICD implantation is considered the
most appropriate therapeutic option to prevent
life-threatening VT recurrences and sudden death
(Fig. 18.5).

In the future, ongoing multicenter European [8]
and North American [7] ARVC/D registries will pro-
vide important data on risk stratification and treat-
ment efficacy, which may refine management strate-
gies and thereby further improve long-term progno-
sis of patients with ARVC/D.
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Introduction

Antiarrhythmic surgery (ventriculotomy) was used
in our institution between 1973 and 1980 to treat 15
patients with Arrhythmogenic Right Ventricular Dys-
plasia (ARVC/D) who had ventricular tachycardia
(VT) resistant to antiarrhythmic drug therapy. When
catheter ablative procedures became available, we
used fulguration (F) with DC energy shock alone in
27 patients between August 1983 and February 1992.
However, this technique was associated with serious
complications. The causes of these complications are
now understood and the problems associated with F
have been corrected. We now use radiofrequency
(RF) energy followed by F if RF ablation is not suc-
cessful. This protocol has been used in 23 patients
from 1992 until October, 1999. The results of abla-
tion using these two approaches over 16 years has
been reported [1]. We wish to report our most recent
experience with 22 additional patients over 6 years
using the combined treatment with RF ablation im-
mediately followed by the use of F if necessary.

Selection of Cases

The study group consisted of all patients who met
the criteria for ARVC/D established by the World
Health Organization and the World Heart Federation
(WHF) [2]. Most of these patients were referred
from cardiology centers to La Salpêtrière Institute of
Cardiology, Paris, France, for the treatment of VT re-
sistant to antiarrhythmic drugs or because they were
receiving frequent appropriate shocks from their im-
plantable defibrillator, or because of failed RF abla-
tions. Prior to their inclusion, all patients were reeval-
uated with our pharmacologic protocols, including
amiodarone alone or in combination with beta-
blocking agents [3]. Only those patients, who could
not be adequately controlled by antiarrhythmic
drugs, as assessed by Holter monitoring, exercise

stress testing, and/or programmed pacing, were treat-
ed by ablation. There was no exclusion due to age,
clinical condition, or other factors.

Clinical Series

The study population consisted of 17 men and five
women. The mean age at the time of the first abla-
tion was 38±14 years (mean±SD), range 20 to 70
(Fig. 19.1). The mean left ventricular ejection fraction
(LVEF) was 59±10%. It was below 45% in two pa-
tients (Fig. 19.2).

Two patients who had an implantable defibrilla-
tor had ablation for the treatment of frequent and
poorly tolerated episodes of VT. Four patients had in-
cessant VT at the time of the first ablation. One pa-
tient had previous antiarrhythmic surgery performed
at La Salpêtrière hospital, 23 years before the first ab-
lation procedure.
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Fig. 19.1 • Distribution of age at first ablation in the present
series of 22 patients. Note the wide spectrum at which the
severe form of arrhythmia (resistant VT) occurred. It is possi-
ble that this distribution may be skewed toward the younger
age since some of the older patients may have died of con-
gestive heart failure before developing severe arrhythmias



Methods

Steerable catheters with 8 mm distal electrodes, some
of them irrigated, were used for mapping and RF ab-
lation [4]. The temperature-controlled catheters were
manufactured by Medtronic Cardiorhythm (San
Jose, CA), Biosense Webster (Baldwin Park, CA), and
by Boston Scientific EPT (San Jose, CA).

The generators used for RF ablation were
Medtronic Stockert and the EPT 1000XP generators.
Each of these generators incorporated a micro-com-
puter with the appropriate software for impedance
and temperature monitoring. The return radiofre-
quency electrode was located on patients, back adja-
cent to the indifferent electrode used for fulguration
or defibrillation.

The fulgurator was a Fulgucor (Odam, Wissem-
bourg, France) delivering a monophasic damped sine
wave of 8ms duration at 10% of the baseline. In the
fulguration sessions, bursts of two consecutive catho-
dal shocks were programmed at 160J [5].

During the procedures, the fluoroscopic events
were recorded on videodisc and the ECG and endo-
cardial signals were recorded using a Cardiolab Sys-
tem (GE Marquette Medical Systems, Houston, TX).

Mapping was performed with the Carto system
(Biosense Webster, Baldwin Park, CA) or the Loca-
Lisa Medtronic system.

Radial blood pressure was monitored continu-
ously during the procedure. A SvO2 Swan-Ganz
catheter was inserted in the pulmonary artery to
monitor cardiac output and RV ejection fraction. A
second SvO2 Swan-Ganz catheter was positioned in
the coronary sinus to monitor myocardial oxygen

consumption during VT. This parameter was found
to be a reliable marker for procedure tolerance [6].
Intravenous heparin was given to patients with
marked right ventricular dilatation according to well-
established protocols. Monitoring of coagulation was
performed during the procedure by APTT He-
mochrom, Bard, US.

Before ablation, class I antiarrhythmic drugs
were discontinued for at least 5 half-lives. Amio-
darone was continued. Only monomorphic or mul-
tiple monomorphic sustained ventricular tachycar-
dias, either clinical or induced during the ablation
session, were considered for attempted ablation.
The procedure was performed under general anes-
thesia in order to have continuous assessment of
myocardial function and in critical cases to moni-
tor thrombogenicity by transesophageal echocar-
diography. Ventricular tachycardia was induced by
programmed pacing. In some cases pacing and iso-
prenaline injection were required to induce VT.
Dobutamine was used in case of significant hypo-
tension.

The classical approach of VT mapping was to
record the earliest potentials before the QRS com-
plex was seen on the surface tracing during ventric-
ular tachycardia. This coupling interval was usually
longer than 30 ms in patients with structural heart
disease. Pacemapping was also used with the aim of
reproducing the morphology of QRS complexes
during spontaneous VT in all twelve leads. Pacemap-
ping was achieved by slight overdrive pacing during
VT using the same catheter used to deliver electrical
energy for ablation. In addition, VT should be pre-
sent after interruption of pacing. Special attention
was paid to treat the area of slow conduction that
was frequently represented by fragmented high fre-
quency potentials located between two ventricular
QRS complexes. There are additional features which
facilitate the identification of the zone of slow con-
duction that is a necessary link for the perpetuation
of arrhythmia [7-11].

During the study period, RF was used first for all
ablation attempts. When it was ineffective or if there
was an impedance rise or lack of increase of temper-
ature after multiple attempts of RV ablation, one or
several F were delivered through the same catheter
during the same session.

When the F technique was used, the DC ablation
signal of voltage and current was displayed on the
screen of a two-channel digital Tektronix 5116 oscil-
loscope. This enabled to assess that the energy of each
shock was correctly delivered, and that there was no
damage to the catheter permitting its use for the next
shock if necessary.
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Fig. 19.2 • Left ventricular ejection fraction at the time of
first ablation. Note the bimodal distribution with two cases
below 45% (p<0.05)
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The In-Hospital Follow-Up Period

Postoperative hemodynamic surveillance consisted of
monitoring the radial artery blood pressure for 24h.
After each ablation session, the surface ECG was
monitored continuously by computerized telemetry
(GE Marquette).

Control of VT was always assessed before hospi-
tal discharge by 3 days of telemonitoring.

Definition of terms

The following definitions of the ablation results have
been simplified from those used in the previous re-
port [1]. If ventricular tachycardia identical or simi-
lar to the previous attacks in rate as well as in mor-
phology on the twelve-lead ECG occurred sponta-
neously or was inducible by the same previously
defined protocols, the case was considered a “failure”.
Any favorable change in the behavior of VT as com-
pared to the features observed before ablation in-
cluding decrease in the rate of VT ( 10 bpm), num-
ber of VT morphologies, sustained VT becoming
nonsustained or effectiveness of antiarrhythmic
drugs, was classified as a “partial success” because the
ablation had prevented or clinically modified the ar-
rhythmias by some alteration of the arrhythmogenic
substrate. Effectiveness of drug treatment was as-
sessed by EPS in case of rapid hemodynamically un-
stable VTs or by monitoring in slower, well-tolerated
VT episodes.

The case was classified as “success” when drugs
were no longer needed and when patients were non-
inducible after ablation. However, antiarrhythmic
drugs were continued in the vast majority of cases for
safety reasons (multiple episodes of rapid VT or VF
documented prior to ablation or induced during the
procedure,or to treat ventricular or supraventricular
extrasystoles after ablation). The final clinical assess-
ment of VT control was represented by the sum of
“success,” and “partial success.”

A repeat ablation session was always performed in
patients in whom a session and previously defined
drug therapy failed.

Follow-Up

After hospital discharge, follow-up was systematical-
ly assessed by a computer-based system consisting of
discussion with the referring physician or the refer-
ring hospital, as well as by direct telephone calls to the
patient or family members. Follow-up was based on

the time interval between the first ablation procedure
and the latest information obtained for each patient.

Statistical Analysis

Statistical analysis and graphs have been performed
with Statistica v6.0 (Statsoft, Tulsa, OK). The t-test
was used for all statistical computations. A p value

0.05 was considered significant.

Results

During the ablation procedure, VT was monomor-
phic in six patients, five patients had two morpholo-
gies, four had three, and seven had from four to eight
morphologies (Fig. 19.3).

Thirteen patients were successfully treated by a
single session, four required two sessions, two re-
quired three sessions, and one four. However, two pa-
tients of the same cohort received eight and eleven
sessions respectively, during the same study period
(Fig. 19.4). They will be later referred to as Case #1
and Case #2 (Fig. 19.5).

Ablation was done only in the right ventricle in
all patients. Four to 34 applications of RF energy
(mean=17) were delivered as initial treatment. This
approach alone proved to be successful in ten patients
with “success” and three more patients with a “par-
tial success” leading to a clinical success of 60%. F was
used as secondary treatment in patients who failed
from 17 to 34 RF applications. This approach was
used in the nine remaining patients with the delivery
of two to eight DC shocks.

Fig. 19.3 • Largest number of VT morphologies observed for
each patient during the procedures



Originally we changed catheters after two DC
shocks. However at present, all catheters were able to
withstand high-energy shocks. Repeat ablation ses-
sions were performed during the same hospital stay in
four patients (one had three sessions during the same
stay). A new hospitalization was necessary in six pa-
tients needing two to ten rehospitalizations. The time
interval between these sessions is presented in detail
for the two cases #1 and #2 in Figs. 19.6 and 19.7.
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Fig. 19.4 • VT ablation in ARVC/D (including surgery) lead-
ing to a final clinical success rate of 100%. Information in the
boxes indicates number of patients and outcome.The roman
numerals indicate the number of sessions of ablations
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Patient Follow-Up After the Last Session

No patient was lost to follow-up. The mean follow-
up period was 35 (±22 months, SD) ranging from 6
to 73 months.

Overall Results

VT catheter ablation failed only in one patient (Case
#2) finally controlled by surgery (Fig. 19.4).

Complications

No complications were observed in this study as
compared to the patients treated before 1999, during
which one patient (not ARVC/D) died when a per-
cutaneous epicardial approach was used [1].

Survival

In this series, no patient died suddenly after hospital
discharge and there were no deaths due to congestive
heart failure. Of note, two patients had a left ven-
tricular ejection fraction below 45% (Fig. 19.2). This
was clearly different from other patients and sug-
gested the role of a superimposed episode of my-
ocarditis as we have previously described [12-14].

Comments

RF ablation of ventricular tachycardia is used world-
wide with acceptable results [15-17]. It is confirmed
by this study that its effectiveness (used in combina-
tion with F) leads to a success rate of 95%. However,
failure in one patient after eleven attempts and the
need of eight ablation sessions in other patients are
intriguing.

Case #1 had diffuse involvement of the right ven-
tricle with severe dilatation and total akinesia of the
right ventricle. Almost the entire right ventricle in-
cluding the RV septum was involved in the arrhyth-
mogenic process. Clinical success was obtained only
when each of the critical areas were ablated.

In Case #2, the explanation of ablation failure is
different. The zone of VT origin was not disseminat-
ed in multiple areas of the RV. It was on the free wall
of the right ventricle easily accessible to the ablation
catheter. In addition, the techniques of mapping, per-
formed by two different pieces of advanced electro-
anatomical equipments, indicated the same critical

area. The endocardial ablation procedure failed
whereas epicardial ablation during open-chest surgery
proved effective. It confirmed that the re-entrant phe-
nomenon was located on the surviving epicardial
fibers. Recording of a distinct high amplitude epicar-
dial potential in middiastole suggested a layer of my-
ocardium exhibiting slow conduction properties. This
feature was similar to delayed potentials observed on
the epicardium of a patient with Uhl’s anomaly, rather
than ischemic myocardium.

The ventricular arrhythmias of all the other pa-
tients were finally controlled with fewer ablation at-
tempts. It is necessary to propose a particular mech-
anism to explain this ablation failure. The surgeon
discovered a large zone of fibrosis. This could not be
the result of the previous ablations scar. In that case
the thinness of RV myocardial free wall (especially in
ARVD) should have not prevented successful abla-
tion. The only explanation was suggested by the
pathology observed in the most severe forms of the
disease with major dilatation and akinesia as shown
in Fig. 19.6 and color plate 14 of reference 18. This
illustration shows whitish plaques consisting of hya-
line fibrosis on the endocardium. Histologic study
demonstrated this represented an old organized mur-
al thrombus.

Therefore, this case illustrates that chronic VT re-
sistant to endocardial ablation can be managed by
epicardial RF ablation without extracorporeal circu-
lation. A previous transcutaneous epicardial ablation
failed for unclear reasons.

To the best of our knowledge this is the first re-
port of this technique for the antiarrhythmic treat-
ment of severe ventricular tachycardia.

Overview of VT Management

It seems important to stress that ablation of VT is one
aspect of the treatment of ventricular tachycardia.
The high success rate of ablation is also due to the ex-
pertise of our group in the use of antiarrhythmic
drugs, especially in the preparation of patients before
the ablative techniques. For example, in a patient with
poorly tolerated fast VT, or VT that degenerates
rapidly to ventricular fibrillation, low-rate continu-
ous injection of IV amiodarone or an oral loading
dose is the first approach to therapy. In most cases,
this causes a slower and more stable sustained
monomorphic VT amenable to precise mapping and
effective treatment by ablation.

The number of different morphologies of VT
may vary during the follow-up due to disease pro-
gression or simple modification of the arrhythmo-



genic substrate without clear anatomic changes.
However, in some patients, multiple ablation at-
tempts were necessary during the same session and
it was confirmed that multiple morphologies of VT
is not a deterrent for successful ablation.

In this study only two patients had an ICD be-
fore ablation. However, ICD was frequently im-
planted after the ablation or during the follow-up
in order to protect the patient because of disease
progression leading to new episodes of rapid VT or
VF. Therefore ICD implantation was performed in
nine patients. All patients with ICD had follow-up
every 6 months. VTs were detected in the two ex-
ceptional patients and led to rehospitalizations.
One patient had well tolerated asymptomatic VT
interrupted by antitachycardia pacing (ATP), fol-
lowed by two appropriate shocks in December,
2005, several VT episodes, and one appropriate
shock in early 2006. Since then the patient has not
had recurrent VT. Two patients had nonsustained
VT. Three patients received inappropriate shocks.
One patient had palpitations but no recording of
VT by the device.

New forms of VT observed during the follow-up
may be related to disease progression and may re-
quire additional ablation. In our experience, no pa-
tient needed heart transplant for arrhythmia man-
agement but one (in the low LVEF group), who re-
cently had heart transplant for heart failure.

RF Antiarrhythmic Epicardial Surgery

Histologic material of the native heart of this trans-
planted patient showed presence of fibro fatty re-
placement of the myocardium of both ventricles.
Lymphocytes also involved both ventricles with the
pattern of multifocal clusters mostly located in the
subepicardial layers of the right ventricle.

RF antiarrhythmic epicardial surgery may prove
effective in the most difficult cases resistant to endo-
cardial RF ablation.

Overview of VT Ablation in the Literature

Several studies have reported a similar success rate in
patients with ARVC/D. Verma et al. obtained a suc-
cess rate of 82% on a series of 22 cases [19]. Several
less clear studies concerning the definitions of cases
included under the term of ARVC/D have been re-

ported by Marchlinski et al. on a series of 21 cases
with a success rate of 89% [20]. Manaka et al. have
reported a series of 41 patients with a success rate of
80% [21]. These results seems better than those ob-
tained in idiopathic dilated cardiomyopathy in the
study of Soejima et al., with a success rate of only
54% [22]. This is probably related to the anatomic
structure of diseased myocardium in this particular
entity. It should be noted that the definition of suc-
cess is not uniform in the literature.

In summary:
1. Radiofrequency alone or in combination with

fulguration is appropriate as a first approach for
VT ablation in ARVD with a success rate of 90%.

2. In a resistant case it was possible to control in-
cessant VT with surgical epicardial radiofrequen-
cy ablation.

3. Overview of RF ablation of VT from the literature
shows a similar success rate 80%-90% with the
same long-term occurrence of new VTs during the
follow-up.

Conclusions

ARVC/D is a structural heart disease, affecting young
adults, leading to cardiac rhythm disorders, mostly
ventricular arrhythmias. Sudden death may be the
first presentation of the disease. Ablation techniques
have been used for the treatment of VT cases resis-
tant to drug therapy. The use of radiofrequency en-
ergy is appropriate as a first approach for VT abla-
tion in ARVC/D. Fulguration is effective for VT ab-
lation and can be used after ineffective RF ablation.
However, these techniques requires expertise, gener-
al anesthesia, and more than one session in half of
patients.

Radiofrequency and/or fulguration plus other
common forms of treatment, including pacemakers
and ICDs, provided a clinical success rate of 95% in
a series of 22 consecutive patients studied over
6 years. This result is in agreement with data re-
ported by other centers and presented in the litera-
ture. However, successful ablation achieved by epi-
cardial surgical RF ablation was only obtained in
one patient after failure of four consecutive ablation
sessions incorporating both endocardial RF and
DC energy.

This new technique of surgical epicardial ra-
diofrequency ablation can be extended to other
catheter-resistant arrhythmogenic substrates.
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Addendum

After submission of this chapter, Case #2 had two ap-
propriate shocks for rapid VT documented by inter-
rogation of the ICD memory. The drug regimen was
not changed and no further arrhythmias were ob-
served until the present time, three months after the
ICD shocks. However, the patient developed increas-
ing signs of heart failure and is now on the waiting
list for heart transplant.
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Introduction

The management of patients with arrhythmogenic
right ventricular cardiomyopathy/dysplasia (ARVC/D)
has evolved considerably over the last several years. Be-
cause many patients with ARVC/D may be at risk for
sudden cardiac death (SCD) and clinical series have re-
ported favorable outcomes with this therapy, the im-
plantable cardioverter-defibrillator (ICD) has assumed
a larger role in therapy. On the basis of collective ob-
servations from several series of patients, implantation
of an ICD in a patient with ARVC/D has a major im-
pact on decreasing the risk of SCD. This chapter ex-
amines the available clinical information regarding
ICD therapy in patients with ARVC/D.

Natural History, Mode of Death,
and Risk Stratification

It is now appreciated that the spectrum of clinical
presentation of ARVC/D is characterized by hetero-
geneity. Individual patients may be symptomatic or
asymptomatic and, in addition, asymptomatic rela-
tives of patients with ARVC/D may have ARVC/D.
Given this relatively diverse phenotypic expression,
risk stratification for sudden death or arrhythmia is
crucial in the clinician’s decision whether to recom-
mend implantation of an ICD.

Cardiovascular death is a recognized complica-
tion of ARVC/D [1], and generally takes the form of
SCD, often without any precursor symptoms [2-4].
In a series of patients with SCD under 65 years of age,
ARVC/D is reported as the cause of death in 3%-20%
[5-7]. Recent single center series aimed at defining
the natural history of ARVC/D have demonstrated
that cardiac death occurred in approximately 16% of
their cohorts during follow-up of between 4 and
8 years (annual mortality rate, 2.3%-4%) [8, 9].
These observations may suggest that, as a group, pa-
tients with ARVC/D are at increased risk of SCD rel-

ative to other cardiomyopathies and thus should be
offered an ICD. Among the many questions that
need to be considered when managing patients with
ARVC/D are: (1) which patients are at highest risk for
arrhythmic death; and (2) whether implantation of
an ICD necessarily confers an improvement in sur-
vival in patients with ARVC/D.

Risk stratification for sudden cardiac death in
ARVC/D has been addressed in small natural history
series of cases from tertiary referral centers [8, 9]. Such
series may potentially overestimate annual mortality,
and may disproportionately represent higher risk pa-
tients referred for evaluation and management. Nev-
ertheless, the observations derived from such studies
are instructive, particularly in light of the considerable
length of follow-up, allowing valuable insights into
the natural history of ARVC/D. Sudden death (pre-
sumably arrhythmic) accounts for the majority of car-
diovascular deaths in ARVC/D, as it has been shown
in earlier series. However, other modes of cardiovas-
cular death are also encountered. In one series of 130
patients, followed for 8.1±7.8 years, of which ten
(7.7%) patients received an ICD, a surprisingly high
prevalence of death caused by heart failure (HF) em-
phasizes the propensity for development of right
and/or left ventricular dysfunction over time. Of the
24 patients who died, 21 died of cardiovascular caus-
es: 59% of these were deemed to have died from pro-
gressive HF, and 29% experienced sudden death [8].

In a second group of 61 patients followed for
55±47 months, ten patients died of cardiovascular
causes: eight died of presumed arrhythmic causes
(SCD), and two died of advanced heart failure [9].
Thirty-nine percent of this cohort had an ICD.

It is not clear whether the former finding repre-
sents the true natural history of the disease, or a
change in the course of the disease due to contem-
porary heart failure and/or arrhythmia management
(several patients in both series received ICDs and
were on antiarrhythmic drugs). It is plausible that
progressive myocardial dysfunction may result in a
higher incidence of arrhythmias over time. Howev-
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er, conclusive clinical observations to support this no-
tion in this group are not yet available.

Clinically relevant risk factors may be identified,
largely from observational series. The risk factors
most significantly linked with sudden death in two
recent series include severe right ventricular dilata-
tion and reduction in right ventricular function 
[8, 9]. Left ventricular involvement on echocardiog-
raphy or clinical left ventricular failure, left atrial di-
latation, previous aborted cardiac death or ventricu-
lar fibrillation (VF), and (to a lesser degree) certain
electrocardiographic markers (including first degree
heart block, bundle branch block, and long QRS du-
ration in lead V1) also serve as markers of risk [8, 9].

These risk factors are important in the clinical deci-
sion process of whether or not to implant an ICD.
Figure 20.1 illustrates survival data in the form of a
Kaplan-Meier analysis from a group of 130 ARVC/D
patients followed over a mean of 8.1±7.8 years. From
these observations it is evident that the group of pa-
tients with ventricular tachycardia (VT) and clinical
heart failure (left or right) fared significantly worse
than those without VT or those with VT but without
heart failure. Figure 20.2 presents data from another
series of ARVC/D patients followed for a mean of
55±47 months. This also illustrates that the presence
of congestive heart failure or left ventricular abnor-
malities on echocardiography predict worse survival.
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Fig.20.1 • Kaplan-Meier analysis of cumulative
survival from cardiovascular death according
to a combination of risk factors in a series of
patients with ARVC/D: Group I: absence of VT
(solid line); Group II: VT without signs of HF
(clinical signs of RV failure and/or LV dysfunc-
tion) (dashed line); Group III:VT and signs of HF
(dotted line). From [8] with permission from
Lippincott Williams & Wilkins

Fig. 20.2 • (a) Kaplan-Meier survival analysis (cumulative proportion surviving) of 57 patients with ARVC/D, comparing the
group of patients with congestive heart failure (CHF) (n=7) with the group without CHF (n=50) (p<0.0001). The numbers
of patients remaining at risk of death or heart transplantation during follow up are listed beneath the plot. (b) Kaplan-Meier
survival analysis (cumulative proportion surviving) of 57 patients with ARVC/D, comparing the group of patients with left
ventricular abnormalities (LVA) (n=23) with the group without LVA (n=34) (p=0.0003). The numbers of patients remaining
at risk for death or heart transplantation during follow-up are listed beneath the plot. Reproduced from [9] with permis-
sion from the BMJ Publishing Group

a b
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Efficacy of ICDs in ARVC/D

A considerable body of data exists about the efficacy of
ICD therapy in patients diagnosed with ARVC/D.
While no prospective randomized trials of ARVC/D
have compared ICD therapy with antiarrhythmic drug
treatment, catheter ablation of VT, or no therapy, the
available clinical data supports the use of ICDs in
ARVC/D. Forty percent of ARVD patients have appro-
priate ICD therapy if they have spontaneous or in-
duced VT with hemodynamic compromise or unex-
plained syncope [10]. Despite this high frequency of
appropriate ICD intervention, the actual patient sur-
vival over time is 96% [10], supporting the role of ICD
in prolonging survival in this patient population. The
best data currently available relating to the efficacy of
ICD therapy in ARVC/D patients come from several re-
cent series of ARVC/D patients who received ICDs and
were subsequently followed clinically over a variable
period of time [10-15]. Data from these series are sum-
marized in Table 20.1 and published in a review by
Wichter et al. [16]. Cumulatively, 303 patients with
ARVC/D who underwent ICD implantation at several
centers worldwide are represented. The majority of
ICD implants were performed for: secondary preven-
tion (after episodes of resuscitated cardiac arrest, doc-
umented sustained VT, or syncope) or primary pre-
vention (inducibility of VT during electrophysiologic
study, family history of SCD in first degree relatives).

Intermediate and long-term outcomes may be an-
alyzed from these data, thereby providing some insight

into the efficacy of ICDs in this patient population. The
majority of these series focused on clinical outcomes,
complications (related to both initial implantation of
the device as well as long-term integrity of the systems
used), and frequency and timing of appropriate and in-
appropriate therapies delivered by the ICD. In several
of these series, some attempt was made to identify clin-
ical variables predictive of ICD utilization, VT/VF, and
death. Although all patients were diagnosed with
ARVC/D on the basis of certain major and minor di-
agnostic criteria stipulated by the international Task
Force criteria [17] and were therefore relatively hetero-
geneous, one study identified a genetically homoge-
neous population with ARVC/D specific to eleven New-
foundland families (ARVD5, involving region 3p25 on
the short arm of chromosome 3) [15]. The latter group
may shed additional light on familial ARVC/D, and may
in time provide insight into the value of genetic screen-
ing as a tool to identify asymptomatic relatives for the
purposes of risk stratification [16].

Predictive Value of Electrophysiologic Study

Several patients in these studies were subjected to
electrophysiologic study (EPS) prior to ICD implan-
tation, mainly to perform programmed stimulation
to determine inducibility of ventricular arrhythmias
[10, 11, 13]. Link et al. [11] described nine of twelve
patients as having inducible monomorphic VT of left
bundle morphology with a mean cycle length of

Author Year Pts Study Male Follow-up Primary Overall Appropriate Life-saving Time to Complications 
(n) type (%) (months) prevention mortality ICD ICD first shock (%)

(%) (%) therapy therapy* (see key)
(%) (%)

[11] 1997 12 SC 58 22±13 0 8 67 50 NR 33

[12] 2001 9 SC 89 32±24 0 0 78 44 NR NR

[10] 2003 132 MC 70 39±25 22 3 48 24 22±26 months** 14

[13] 2004 42 MC 52 42±26 40 2 78 NR 0.1-66 months2 14
(median 9 months)

[14] 2004 60 SC 82 80±43 7 13 68 40 0.3-41.4 months2 45
(median 4.1 months)

[15] 2005 48 MC 63 31 73 0 701 30 2 weeks - 5.1 years3 6
(median 2.9 years)

* See text for definition
1 Five-year cumulative frequency for first appropriate ICD discharge
2 Range
** Mean time from implant
3 Male cohort
ICD, implantable cardioverter-defibrillator; MC, multicenter study; SC, single center study; NR, not reported
Adapted from [16] © 2005, with permission from the American College of Cardiology Foundation

Table 20.1 • Studies on efficacy of ICD therapy in ARVC/D



270±40 ms (range 220 to 350 ms). Antitachycardia
pacing (ATP) was successful in seven of eight patients
in whom it was attempted. In the multicenter series
reported by Corrado et al. [10], 98 of 111 (88%) pa-
tients had either sustained VT during EPS (67 pa-
tients; 68%) with a mean cycle length of 284±66 ms
(range 210 to 415 ms), or VF (31 patients; 32%). It is
instructive that, of the 98 inducible patients, 49% ex-
perienced appropriate ICD therapy during the fol-
low-up period (39±25 months), whereas 54% of 13
noninducible patients had appropriate ICD inter-
ventions. Positive and negative predictive values of
EPS in this group were both approximately 50%. The
type of ventricular arrhythmia induced at EPS did
not predict the occurrence of VF during follow-up.
This series therefore suggests that the EPS has limit-
ed value in identifying ARVC/D patients at risk for
lethal tachyarrhythmias, an observation in keeping
with its limited predictive value in cardiomyopathies
other than ischemic cardiomyopathy.

In contrast, Roguin et al. [14] report that induction
of VT during EPS was the most significant predictor for
ICD firing in their cohort of 42 patients (41 underwent
EPS, 31 were inducible for VT; 81% of those who had
ICD therapy during follow-up were inducible vs. 44%
who did not; p=0.024). However, these results may be
partially explained by a relatively high ICD firing rate
in this trial (78% over a mean follow-up period of
3.5 years), which in turn may be due to clinical char-
acteristics of the population, or to the low prevalence
of beta blocker and antiarrhythmic drug use.

Appropriate Therapies and Life-Saving 
Interventions

Once an ICD is implanted, it appears that many (if
not most) ARVC/D patients experience an appropri-
ate ICD intervention (either antitachycardia pacing or
defibrillation shock). In the series already mentioned,
a high incidence of appropriate ICD interventions was
encountered. Overall, between 48% and 78% of pa-
tients received appropriate ICD interventions during
the mean follow-up period of 2-7 years after implan-
tation [10-15] (Table 20.1). Many of these patients ex-
perienced multiple shocks during this period, and VT
storm was not infrequently encountered. In the largest
series to date, the rate of appropriate interventions
was 15% per year [10]. Appropriate intervention rates
were similar in patients presenting with VT, unex-
plained syncope, or cardiac arrest, although the lat-
ter group experienced slightly more events during
follow-up (Fig. 20.3). An important observation is
that patients with hemodynamically well-tolerated
VT had significantly longer event-free survival than
those with hemodynamic compromise during VT,
unexplained syncope, or cardiac arrest. None of the
asymptomatic patients implanted because of a fam-
ily history of SCD experienced any appropriate ICD
interventions, regardless of the results at EPS.

One method employed to assess the benefits of
the ICD in observational series has been proposed by
the Muenster group and compares the actual patient
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Fig. 20.3 • Analysis of appropriate ICD in-
terventions experienced by a 132-patient
cohort with ARVC/D and an ICD: these
Kaplan-Meier curves depict freedom from
any appropriate ICD interventions for dif-
ferent patient subgroups (with ARVC/D)
stratified for clinical presentation. From
[10] with permission from Lippincott
Williams & Wilkins
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survival rates with projected freedom of fast VT/VF
>240 bpm (used as a surrogate for aborted SCD)
[14]. This is achieved by device interrogation and
analysis of ICD interventions in response to either VF
or flutter during follow-up. When comparing actual
patient survival rates with projected SCD-free sur-
vival rates in this manner, it becomes apparent that
there is a significant improvement in survival. In the
large series reported by Corrado et al. [10], 24% of
patients had one or more episodes of either VF, ven-
tricular flutter, or both, that were successfully recog-
nized and treated by their device, and that would oth-
erwise likely have been fatal. These interventions
were therefore deemed to be life-saving. In this pop-

ulation, actual total patient survival rates were 96%,
compared with a 72% VF/flutter-free survival rate at
36 months (Fig. 20.4). The largest single-center ex-
perience was published by Wichter et al. [14] and
provides the longest follow-up period (mean
80±43 months) reported to date. This group found
an estimated survival benefit of 23%, 32%, and 35%
after 1, 3, and 7 years of follow-up. Event-free survival
in that cohort appeared to plateau after about 5 years
after the ICD was implanted, suggesting that the
greatest benefit may be observed earlier in the course
after ICD implantation [14, 17] (Fig. 20.5). These re-
sults were confirmed by other series reporting simi-
lar rates of life-saving ICD interventions (30%-50%

Fig. 20.4 • Survival data from 132 patients
with ARVC/D with implanted defibrillators.
This Kaplan-Meier analysis compares actual
patient survival with survival free of ventricu-
lar fibrillation/flutter that in all likelihood
would have been fatal in the absence of an
appropriate ICD intervention. Divergence be-
tween lines reflects the estimated survival
benefit conferred by ICD therapy in these pa-
tients. At 36 months, actual total patient sur-
vival was 96%, compared with 72% VF/flutter-
free survival.The general population estimat-
ed survival rate was 99.5% when matched for
age, gender, and ethnicity.From [10] with per-
mission from Lippincott Williams & Wilkins

Fig.20.5 • Mortality and recurrence of VT or VF
during follow-up (80 ±43 months) after ICD
implantation in ARVC/D. Kaplan-Meier curves
depict event-free survival for all-cause mor-
tality, fast VT/VF (>240 bpm), and VT/VF at any
rate. The difference between all-cause mor-
tality and fast VT/VF indicates the potential
survival benefit from ICD therapy in this
cohort. From [14] with permission from
Lippincott Williams & Wilkins



Study Year Pts (n) Clinical characteristic P OR 95% CI

[10] 2003 132 Age/5 yrs* 0.007 0.77 0.57-0.96
LV ejection fraction 0.037 0.94 0.89-0.95
Cardiac arrest <0.001 79 6.8-90.6
VT with hemodynamic compromise 0.015 14 1.7-21.1
Unexplained syncope 0.07 7.5 0.84-1.81

[13] 2004 42 Induction of VT at EPS 0.031 11.2 1.23-101.24
Severe RV dilation 0.07 3.41 0.88-14.21
Male gender 0.11 2.64 0.80-8.71

[14] 2004 60 Extensive RV dysfunction1 0.041 2.09 1.03-4.24
Inducible VT/VF at EPS 0.069 2.16 0.94-5.0
Left ventricular involvement 0.078 1.94 0.93-4.05

CI, confidence interval; EPS, electrophysiologic study; LV, left ventricular; OR, odds ratio; RV, right ventricular; VF, ventricular fib-
rillation/flutter; VT, ventricular tachycardia
* or per 5-year interval
1 As defined by severe regional (≥2 RV areas) or global (RV ejection fraction ≤45%) RV dysfunction

Table 20.2 • Clinical characteristics associated with appropriate ICD therapy for VT or VF in ARVC/D

of patients over the course of follow-up) [11, 12, 15],
although in some cases slightly more permissive de-
finitions were applied to arrive to this determination.

Time of first appropriate ICD therapy may yield
further insight into the potential for ICD to improve
outcomes. From published data, it appears that
most patients received their first appropriate ther-
apy in 4 months to 3 years after ICD implantation
(Table 20.1). In a homogeneous cohort of ARVC/D
patients compared with controls, it was observed that
time to first ICD discharge for VT >240 bpm was sim-
ilar to the time of death of the control group, con-
firming this concept of “hypothetical death” [14, 15].

Predictors of ICD Therapy

Although natural history studies have shed light on
the pathologic progression of ARVC/D, as well as cer-
tain risk factors for death, published series following
these patients after ICD implantation have provided
valuable information about risk predictors for VT
and VF. As such, they offer the possibility of refining
current views on indications for ICD therapy in
these patients.

In three recent, separate cohorts totaling 234 pa-
tients followed after ICDs were implanted for various
indications, several predictors for appropriate ICD fir-
ing were identified [10, 13, 14]. Table 20.2 summarizes
these findings. In the largest of these series [10], a his-
tory of either cardiac arrest or VT with hemodynam-
ic compromise, younger age, and left ventricular in-
volvement were found to be independent predictors of
potentially lethal arrhythmias. In the group experi-
encing cardiac arrest or VT with hemodynamic com-

promise, a high incidence of VF/flutter (10% per year
of follow-up) was encountered despite antiarrhythmic
drug therapy, thus strongly suggesting that these pa-
tients were indeed ideal candidates for ICD therapy.
Similarly, patients presenting with unexplained syn-
cope also derived significant benefit from ICD im-
plantation, as evidenced by their 8%-per-year rate of
resuscitative interventions. On the contrary, VT with-
out hemodynamic compromise did not predict bene-
fit, as only one patient (3% from this category) had VF
during follow-up. These findings correspond to those
in ischemic heart disease patients, in whom hemody-
namically well-tolerated VT exhibited a lower SD rate
compared with cardiac arrest survivors [18]. None of
the asymptomatic patients who underwent ICD im-
plantation for a family history of SCD experienced an
appropriate ICD intervention, although the numbers
of patients in this group were too small to draw any
definite conclusions.

Roguin et al. [13] identified four variables as pre-
dictors for ICD firing. These included induction of
VT during EPS, detection of spontaneous nonsus-
tained VT, moderate-to-severe dilatation of the right
ventricle, and male gender. Of these, induction of VT
at EPS remained statistically significant in multivari-
ate analysis, with the other variables trending toward
significance. In the study of Wichter et al. [14], mul-
tivariate analysis identified extensive RV dysfunction
as an independent predictor of appropriate ICD
therapy during follow-up, with inducible VT or VF
at EPS and left ventricular involvement demonstrat-
ing a trend toward statistical significance.

While it remains true that no randomized study
exists comparing ICD therapy to no therapy or an-
tiarrhythmic drug therapy in this group, data from the
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Corrado cohort [10] reveal that the majority of
appropriate interventions occurred despite concomi-
tant antiarrhythmic therapy (sotalol, amiodarone, or
β-blockers, alone or in combination). This provides
strong support for the notion that ICDs confer supe-
rior protection against life-threatening arrhythmias
compared to antiarrhythmic agents in ARVC/D.

Safety of ICD Implantation in ARVC/D

Concern has been expressed about the potential for
risks and complications of transvenous lead implan-
tation in diseased RV myocardium. These relate not
only to an increased risk of perforation, but also to
suboptimal sensing, pacing, and defibrillation effica-
cy. Although procedure-related deaths were extreme-
ly rare in all series following patients with ARVC/D af-
ter ICD implantation, both procedural complications
and long-term performance complications of the
leads were not uncommonly encountered (Table 20.1).

Lead perforation in various (mainly non-ARVC/D)
ICD populations has been reported with an incidence
of 0.6% to as high as 5.2% [19, 20]. There were no re-
ported lead perforations in any of the referenced
ARVC/D series. Repeated note is made by several of
the implanting groups of the need for meticulous ven-
tricular lead placement to ensure adequate R-wave
sensing and pacing thresholds. This is due to the con-
sideration that diseased RV myocardium (replaced by
fibrofatty deposits) may render satisfactory sensing,
pacing, and defibrillation thresholds difficult to
achieve. Uniformly, screw-in leads are preferred.
Although a higher number of RV sites were tested pri-
or to lead fixation in the ARVC/D series, a lower final
R-wave amplitude was achieved in ARVC/D patients
compared with patients with other diseases [11, 14, 17].
It appears that final pacing and defibrillation thresholds
(at least acutely) are comparable [14].

When followed over time, undersensing or pac-
ing failure (due to exit block) may be encountered
with significant frequency in ARVC/D patients as a
result of progressive fibrofatty myocardial replace-
ment at the RV lead tip. In series with relatively short
follow-up periods, this problem was not reported
[11, 12]. However, late after implantation, this prob-
lem is encountered with considerable frequency. Five
patients out of 132 required an additional RV lead in
Corrado’s cohort [10], and eight of the 60 patients
described by Wichter et al. required lead revision or
implantation of an additional pace/sense lead late af-
ter implantation (median, 65 months) [14]. Corra-
do et al. further report the need for additional sub-
cutaneous or epicardial patches or high-energy de-

vices in order to achieve a 10-J margin of safety for
defibrillation at implant [10].

In following ARVC/D patients with ICDs, partic-
ular attention must be given to these considerations,
and particular care must be employed to note any
progressive loss of R-wave sensing amplitude or pac-
ing threshold during follow-up, which may not only
indicate device or lead compromise, but also possibly
disease progression [14]. This is especially true in this
generally young patient population, who will require
a device for the remainder of their lives. Lead failure
relates not only to a compromise in pace/sense or de-
fibrillation function by the mechanisms described, but
also to the mechanical issues of lead insulation fail-
ure and fracture [14]. An increase in failure rates of
transvenous leads has been reported late after im-
plantation (beyond 4-5 years), and this incidence
tends to increase with time after implant [20, 21]. This
has been verified by Wichter et al. in ARVC/D patients
undergoing long-term follow-up, with a high rate of
lead-related complications (cumulatively 37% at
7 years) [14]. Lead failure may also contribute to in-
appropriate or inadequate delivery of ICD therapy.

Device Selection

A conservative approach to the complexity of the lead
system used with the implanted defibrillator appears
prudent. While dual-chamber systems seem attractive
since they may reduce inappropriate ICD therapies
because of improved ability to discriminate between
supraventricular and ventricular arrhythmias, a re-
duction in the number of implanted leads may be a
favorable approach in this relatively young patient
group, precisely because of the incidence of lead-re-
lated complications over long-term follow-up. There
is currently no firm evidence to support the routine
use of a dual-chamber defibrillator in ARVC/D. How-
ever, for patients with inappropriate sinus node func-
tion and preserved atrioventricular conduction, this
is a viable option. The potential benefits of such an
approach should, however, still be weighed against
the long-term complications associated with addi-
tional hardware for each individual patient.

Conclusions

Based on the available clinical data it is reasonable to
conclude that ICD is the preferred therapy for sec-
ondary prevention of sudden cardiac arrest in pa-
tients with ARVC/D [1, 22, 23]. When considering
ICD for primary prevention, it should be kept in



mind that predictive markers of SCD in patients with
ARVC/D have not yet been defined in large prospec-
tive studies focusing on survival. However, based on
the best available clinical data, risk factors that have
clinical utility in identifying patients with ARVC/D
who are at risk for life-threatening ventricular ar-
rhythmias include induction of VT during electro-
physiologic testing, detection of nonsustained VT on
noninvasive monitoring, male gender, and severe RV
dilation or extensive RV involvement. In addition,
young age at presentation, LV involvement, prior car-
diac arrest, or unexplained syncope serve as markers
of risk [8, 9, 10-14]. Patients with genotypes of
ARVC/D associated with a high risk for SCD should
be considered for ICD therapy [15, 17].

While the role of ICD therapy for primary pre-
vention of sudden death in patients with ischemic
heart disease and dilated, nonischemic cardiomy-
opathy is well established based on multiple clinical
trails with a consistent finding of benefit, the data
supporting ICD use in ARVC/D patients are less ex-
tensive. In the guidelines of the American College of
Cardiology and the American Heart Association,
ARVC/D is not mentioned specifically as a standard
indication for placement of an ICD [22]. However,
familial or inherited conditions with a risk of SCD
such as hypertrophic cardiomyopathy and long QT
syndromes are acknowledged as Class IIA indications
for an ICD [22]. The Task Force on SCD of the Eu-
ropean Society of Cardiology proposed that an ICD
should be implanted in ARVC/D patients with an in-
creased risk for SCD, based on the presence of a pre-
vious cardiac arrest, syncope due to VT, evidence for
extensive RV disease, LV involvement, and presenta-
tion with polymorphic VT and RV apical aneurysm
(which is associated with a genetic locus on chro-
mosome 1q42-43) [23].

Most recently, new guidelines for the manage-
ment of patients with ventricular arrhythmias and
the prevention of sudden cardiac death were pub-
lished by the AHA, ACC, and ESC [24]. Based on the
growing body of evidence resulting from recently
published data, this document provides recommen-
dations for the risk stratification and indication of
ICD implantation in patients with ARVC/D.

It is evident that there is not yet a clear consensus
on the specific risk factors that identify those patients
with ARVC/D in whom the probability of SCD is suf-
ficiently high to warrant an ICD for primary preven-
tion. The results of large, prospective registries of
ARVC/D patients with rigorous enrollment criteria in
whom ICDs have been placed for primary prevention
will give insights into the optimal risk stratification
techniques for primary prevention. In the meantime,

individualized decisions for primary prevention of
SCD must be based on experience, judgment, and the
available data. In considering this decision, the clini-
cian should be mindful that, in patients with ARVC/D,
ICD has proved safe and reliable in sensing and ter-
minating sustained ventricular arrhythmias. Sudden
death is rare in the available clinical series while ap-
propriate ICD therapy is common [8, 9, 10-12].
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Introduction

Arrhythmogenic right ventricular cardiomyopa-
thy/dysplasia (ARVC/D) has long been considered a
disease with the risk of sudden cardiac death (SCD)
[1, 2]. Life-threatening arrhythmias have been em-
phasized as the main clinical feature and major ther-
apeutic problem. In long-term follow-up studies,
high rates of SCD have been reported, particularly in
the young. Enormous progress has been made in re-
cent years in the treatment of arrhythmias, changing
the clinical outcome of ARVC/D. Implantable car-
dioverter-defibrillator (ICD) implantation, radiofre-
quency (RF) ablation or hybrid therapy for high-risk
patients have significantly decreased the incidence of
SCD in this group of patients. Worldwide awareness
of the disease, advances in diagnostic procedures,
preparticipation screening tests of young athletes,
and family examinations have identified affected
people early and enabled proper management, de-
creasing the incidence of SCD as the first symptom
of the disease. Success in the fight against SCD un-
masked the problem of heart failure in patients with
a longer disease history.

Heart Failure in ARVC/D

In the first follow-up studies of ARVC/D patients,
heart failure was described as a rare event. In 1987

Blomstrom-Lundqvist et al. reported three cases of
right heart failure among 15 patients with ARVC/D
observed for 1.5-28 (mean 8.8) years [3]. Two of
them died, one suddenly, the other due to conges-
tive heart failure. The prognostic importance of
heart failure was raised by Pinamonti et al. in
1992, who observed significantly higher mortality
of patients who presented heart failure symptoms
than in patients with arrhythmias (p=0.038) [4].
Heart failure was observed by Peters et al. in 13 pa-
tients (11%) of a consecutive cohort of 121 pa-
tients with ARVC/D over a period of 12 years [5].
Three of them died and three others underwent or
were waiting for heart transplantation. A review of
the literature up to 1999 indicated that 46% of car-
diac deaths in clinical series of patients with
ARVC/D were due to heart failure. Later this pro-
portion began to change. Patients who died due to
heart failure or underwent heart transplantation in
large clinical series reported in 2003-2005 repre-
sented 47%-66% of all cases of cardiac terminal
events (Table 21.1) [5-8]. The mean age of patients
who died because of severe pump failure or un-
derwent heart transplantation was significantly
higher than those who died suddenly both in the
pathologic study of Basso et al. [9] and clinical se-
ries of Peters [10].

Isolated right ventricular failure in ARVC/D, be-
ing a result of dilatation, wall thinning and wall mo-
tion dysfunction due to loss of cardiomyocytes,
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Author No pts Follow-up HF % pts NSCD+OHT 
(years, mean) No pts

Blomstrom-Lundqvist, 1987 [3] 15 8.8 20% 1

Peters, 1999 [5] 121 4-8 11% 3+3

Hulot, 2004 [6] 130 8 16% 5+2

Lemola, 2005 [7] 61 4.6 11% 2+5

Corrado, 2003 [8] 132 (ICD) 3.3 4

HF, heart failure; NSCD, nonsudden cardiac death; OHT, orthotopic heart transplantation; pts, patients

Table 21.1 • Risk of nonsudden cardiac death in patients with ARVC/D – a systematic review of literature



represents a unique clinical situation where right
heart failure is accompanied by low pulmonary
pressure. As only 5 mm Hg is a sufficient pressure
difference to provide adequate pulmonary flow,
even severe damage of the right ventricle (RV) mus-
cle has no apparent effect on hemodynamics. Para-
doxical ventricular septum motion and prominent
right atrial contraction provide functional com-
pensation enabling normal physical activity for a
long time. It is not well known what factors are a
trigger for symptoms of right ventricular failure.
Left ventricle (LV) damage, superimposed my-
ocarditis, atrial fibrillation, incessant ventricular
tachycardia, and RV thrombosis are the most fre-
quent mechanisms bringing mild RV heart failure
symptoms.

Extensive damage of the RV leading to isolated
RV failure symptoms is more frequent in the fatty
variant of the disease, characterized by intensive
fatty infiltration of the RV, reaching the endo-
cardium and sparing the LV and septum (Fig. 21.1),

whereas biventricular failure mimicking dilated
cardiomyopathy, is observed in the fibro-fatty vari-
ant [11].

LV damage in patients with ARVC/D is known to
be a risk factor of SCD as well as congestive heart fail-
ure and non-SCD [7, 12, 13]. It is not unusual, par-
ticularly in the fibrofatty variant of the disease. LV
damage is observed in up to 55% patients and is char-
acterized by focal hypokinesis at the apex and infero-
posterior wall without severe chamber dilatation or,
less frequently, by diffuse hypokinesis and moderate
dilatation (Fig. 21.2) [14]. Macroscopic and histo-
logical involvement of the LV was observed even in
76% of hearts with ARVC/D and was characterized
by similar abnormalities to those found in the RV
with a predominance of fibrosis [15]. In some genetic
forms of the disease, LV damage appears early and
leads to a clinical picture of dilated cardiomyopathy
more frequently than in other forms of the disease.
In ARVD8 (desmoplakin gene mutation) LV in-
volvement was seen in 43%, and heart failure symp-
toms in 14% of patients [16]. LV damage is also a typ-
ical feature of ARVD4, although severe manifestation
of symptoms was reported only in patients involved
in sport activities [17].

A possible mechanism of progressive right or biven-
tricular failure, triggering apoptosis and necrosis due to
Ca2+ ions overloading, is inflammation. Inflammatory
cells (CD43-positive lymphocytes) are detected in two-
thirds of cases with the fibrofatty variant of the disease
[11]. Fontaine and colleagues demonstrated progres-
sion of the disease due to superimposed inflammation
[18].Although viral myocarditis was demonstrated on-
ly in single cases, increased susceptibility to infection
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Fig. 21.1 • ARVC/D-fatty variant. a Heart removed at cardiac
transplantation. b Two-dimensional echocardiogram of an
apical four-chamber examination. Dilated right ventricle
and regular diameter of left ventricle

a

b

Fig. 21.2 • Left ventricular (LV) involvement in ARVC/D.
Parasternal long-axis apical view. Apical aneurysm of LV
(arrow)
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with cardiotropic viruses in the diseased myocardium
cannot be excluded [19].

The most important clinical marker of diffuse RV
lesions with LV involvement, significantly associated
with thromboembolism and heart failure, is atrial fib-
rillation (AF). Supraventricular tachyarrhythmias are
not rare in ARVC/D. Supraventricular tachycardia,
paroxysmal atrial tachycardia, and AF are reported in
clinical series observed in 14%-28% cases [7, 20-21].
Patients with supraventricular arrhythmias are older
and have a longer disease duration. Whereas
supraventricular tachycardias are probably a result of
electrical instability of the right atrial myocardium,
AF is tightly connected with advanced RV damage
and often accompanied by LV impairment. Lack of
atrium contraction worsens RV function, resulting in
apparent heart failure symptoms [22].

There are very few reports available on throm-
boembolic complications in patients with ARVC/D.
Most of them describe atrial thrombus formation in
patients with the extensive form of the disease and
with concomitant AF [23-26]. RV thrombosis is
usually associated with severe dilatation of the RV
and significant wall motion abnormalities [27]. The
incidence of thromboembolic complications in
ARVC/D seems to be less frequent than in patients
with left ventricular failure of other causes (annual
incidence: 0.48 vs. 1.9%, respectively) [27]. Despite
their rare occurrence, these complications should
not be underestimated because their clinical presen-
tation is usually quite serious. Both pulmonary em-
bolism with fatal outcome and severe heart failure in
case of RV outflow tract thrombosis have been ob-
served (Fig. 21.3). In patients with a severely dilated
and akinetic RV, spontaneous echocardiographic
contrast due to stagnant blood may be also ob-
served (Fig. 21.4).

Management of Heart Failure

Management of patients with RV or biventricular
heart failure includes diuretics, angiotensin-convert-
ing enzyme inhibitors, and β-blockers. A new selec-
tive aldosterone antagonist – eplerenone – has re-
cently been reported to be effective in combined di-
uretic treatment [28]. Beta-blockers, next to their
antiarrhythmic activity, are known to inhibit apop-
tosis [29]. Anticoagulant therapy is obligatory in pa-
tients with AF and highly recommended in those
with severe RV damage and spontaneous echocar-
diographic contrast in the RV.

Fig. 21.4 • Apical four-chamber view. Cloud of echoes re-
sulting from stagnant blood – echogenic blood – in right
chambers

Fig. 21.3 • a Apical four-chamber view.Thrombus in the RV
apex (arrows). b RV outflow tract with thrombus from
parasternal long axis view (arrow). Ao, aorta; LV, left ventri-
cle; RA, right atrium; RV, right ventricle. From [27]

a

b



Sinus rhythm control in patients with ARVC/D is
essential. Maintaining sinus rhythm is a difficult task
and the therapeutic goal is to postpone permanent
AF as long as possible. Amiodarone, less effective than
sotalol in ventricular arrhythmias and burdened with
a high incidence of side-effects, is entirely justified in
prophylactic therapy of AF. In management of acute
AF, both pharmacological conversion and electrical
cardioversion are possible. In patients with heart
failure symptoms and long-lasting AF, rhythm con-
version should be attempted. In recurrent AF result-
ing in deterioration of heart function and refractory
to pharmacological prevention, pulmonary vein ab-
lation should be considered.

Ablation is indicated in patients with incessant or
frequent sustained ventricular tachycardias that wors-
en ventricle function.

In patients with isolated right ventricular failure
refractory to pharmacological therapy, a surgical ap-
proach was proposed by Chachques et al. [30]. They
applied modifications to the conventional LV car-
diomyoplasty procedure by using the left latissimus
dorsi muscle to perform RV cardiomyoplasty. In a 10-
year follow up of four patients with ARVC/D after the
procedure, the authors observed hemodynamic and
functional improvement without perioperative mor-
tality, life-threatening arrhythmias, and RV-failure re-
lated deaths.

Recently, right ventricular exclusion surgery
(Fontan-type repair) has been used in patients with
ARVC/D [31, 32]. Theoretically, patients with ARVC/D
are ideal candidates for this procedure, because they
fulfill selection criteria for this kind of surgery (low
pulmonary pressure, normal LV function). It may be
an alternative treatment for refractory patients with si-
nus rhythm before heart transplantation is considered.
In critically ill patients it may be a rescue procedure
when waiting for a donor.

Patients with biventricular heart failure become
candidates for heart transplantation. However,
heart transplant carries only 50% survival at
12 years and it should avoided or postponed as long
as possible [33]. RV resynchronization was recent-
ly proposed for patients with congenital heart de-
fects with RV failure and its beneficial role was
shown by some authors, suggesting that it may be
a promising, novel method of therapy for patients
with chronic RV failure [34, 35]. No data are avail-
able concerning potential clinical benefit of cardiac
resynchronization therapy in ARVC/D. Further
studies are needed to determine its role in this dis-
ease. As ARVC/D is a genetically determined enti-
ty, genetic engineering is expected to bring novel
therapeutic proposals.
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Introduction

Although sudden death during sport is a rare event, it
always has a tragic impact because it occurs in appar-
ently healthy individuals and assumes great visibility
through the news media, due to the high public pro-
file of competitive athletes [1-4]. For centuries it was
a mystery why cardiac arrest should occur in vigorous
athletes, who had previously achieved extraordinary
exercise performance without any symptoms. The
cause was generally ascribed to myocardial infarction,
even though evidence of ischemic myocardial necro-
sis was rarely reported. It is now clear that the most
common mechanism of sudden death during sports
activity is an abrupt ventricular tachyarrhythmia as a
consequence of a wide spectrum of cardiovascular dis-
eases, either acquired or congenital [2, 4, 5]. The cul-
prit diseases are often clinically silent and unlikely to
be suspected or diagnosed on the basis of spontaneous
symptoms. Systematic cardiovascular screening (in-
cluding 12-lead ECG) of all subjects embarking in
sports activity has the potential to identify those ath-
letes at risk and to reduce mortality [6].

Arrhythmogenic right ventricular cardiomyopa-
thy/dysplasia (ARVC/D) is an inherited heart muscle
disease that predominantly affects the right ventricle
(RV) and is characterized pathologically by RV my-
ocardial atrophy with fibro-fatty replacement. Clin-
ically, the disease presents with ventricular electrical
instability leading to ventricular tachycardia or ven-
tricular fibrillation which may precipitate cardiac
arrest, particularly during physical exercise [7-9].

In this chapter we will examine the role of ARVC/D
in causing sudden death in young competitive athletes
and suggest a prevention strategy based on identifica-
tion of affected athletes at preparticipation screening.

Sudden Death in the Athlete

The frequency with which sudden death occurs in
young athletes during organized competitive sports

is very low and varies in the different series reported
in the literature. In a retrospective analysis conduct-
ed in the US, the prevalence of fatal events in high
school and college athletes, 12-24 years of age, has
been estimated to be less than 1 in 100,000 per year
[10, 11], whereas a prospective population-based
study in Italy reported a three times greater incidence
among competitive athletes 12-35 years of age [12].

The vast majority of athletes who die suddenly
have underlying structural heart disease, which pro-
vides a substrate for ventricular fibrillation. Sudden
cardiac death is usually the result of an interaction be-
tween transient acute abnormalities (“trigger”) and
structural cardiovascular abnormalities (“substrate”).

Triggers of sudden death in young competitive ath-
letes include exercise-related sympathetic stimulation,
abrupt hemodynamic changes and acute myocardial
ischemia leading to life-threatening ventricular ar-
rhythmias. As shown in Table 22.1, the pathological
causes of sudden death reflect the age of participants.
Although atherosclerotic coronary artery disease ac-
counts for the vast majority of fatalities in adults (age
>35 years) [13-15], in younger athletes there is a broad
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Age 35 years

Atherosclerotic coronary artery disease

Age <35 years

Hypertrophic cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy/
dysplasia

Premature coronary atherosclerosis

Congenital anomalies of coronary arteries

Myocarditis

Aortic rupture

Valvular disease

Pre-excitation syndromes and conduction diseases

Ion channel diseases

Congenital heart disease, operated or unoperated

Table 22.1 • Cardiovascular causes of sudden death asso-
ciated with sports



spectrum of cardiovascular substrates (including con-
genital and inherited heart disorders) [5, 10, 12, 16-
20]. Cardiomyopathies have been consistently impli-
cated as the leading cause of sports-related cardiac ar-
rest in the young, with hypertrophic cardiomyopathy
accounting for more than one third of fatal cases in the
US [3] and ARVC/D for approximately one fourth in
the Veneto region of Italy [6]. Other cardiovascular
substrates include congenital coronary anomalies, pre-
mature atherosclerotic coronary artery disease, my-
ocarditis, dilated cardiomyopathy, mitral valve pro-
lapse, conduction system diseases, and WPW syn-
drome. Rarely sudden death may be due to either a
nonarrhythmic cause such as aortic rupture compli-
cating Marfan syndrome and bicuspid aortic valve or
by noncardiac conditions including bronchial asthma
and rupture of a cerebral aneurysm.

Six to ten percent of sudden death victims have
no evidence of structural heart disease and the cause
of their sudden death is probably related to a prima-
ry electrical heart disorder such as inherited cardiac
ion channels defects (channelopathies) including
long and short QT syndromes, catecholaminergic
polymorphic ventricular tachycardia, and Brugada
syndrome [21-24].

Finally, sudden death during sport can also be the
result of a nonpenetrating blow to the chest wall
(commotio cordis), which can trigger abrupt ven-
tricular fibrillation in the absence of any cardiac
structural lesions [25].

ARVC/D: A Leading Cause of Sudden Death 
in Young Athletes

Systematic monitoring and pathologic investigation of
sudden death in young people and athletes of the
Veneto Region of Italy showed that ARVC/D is the most
common pathologic substrate accounting for nearly
one fourth of fatal events on the athletic field [6, 12].
The incidence of sudden death from ARVC/D in ath-
letes is estimated to be 0.5 per 100,000 persons per year
(Fig. 22.1). Sudden death victims with ARVC/D were
all males with a mean age of 22.6±4 years [12].

The hallmark lesion of the disease is the extensive
replacement of the RV myocardium by fibrofatty tis-
sue (Fig. 22.2). The autopsied hearts demonstrate
massive regional or diffuse fibrofatty infiltration,
parchment-like and translucence of the RV free wall,
and mild to moderate RV dilatation, together with
aneurysmal dilatations of postero-basal, apical, and
outflow tract regions. These RV pathologic features
allow differential diagnosis with training-induced
RV adaptation (“athlete’s heart”), usually consisting

of global RV enlargement without regional dilata-
tion/dysfunction. Histologically, fibro-fatty infiltra-
tion is usually associated with focal myocardial
necrosis and patchy inflammatory infiltrates. It is
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Fig. 22.1 • Incidence and relative risk (RR) of sudden death
from major cardiovascular causes among young athletes and
nonathletes. ARVC/D, arrhythmogenic right ventricular car-
diomyopathy/dysplasia; CAD, coronary artery disease; CCA,
congenital coronary artery anomalies. Modified from [12]

Fig. 22.2 • Electrocardiographic and pathologic features in a
19-year-old soccer player who died suddenly from ARVC/D.(a)
Twelve-lead ECG obtained at preparticipation screening
showing typical abnormalities consisting of inverted T waves
from V1 to V4 and premature ventricular beats with a left bun-
dle branch block morphology;(b) Panoramic histological view
of the RV free wall showing transmural fibro-fatty replacement
of myocardium (Heidenhain trichrome). Modified from [37]
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noteworthy that fibrofatty scar and aneurysms are
potential sources of life-threatening ventricular ar-
rhythmias. The histopathologic arrangement of the
surviving myocardium embedded in the replacing fi-
brofatty tissue may lead to non-homogeneous intra-
ventricular conduction predisposing to re-entrant
mechanisms.

The advent of molecular genetic era has provid-
ed new insights in understanding the pathogenesis of
ARVC/D, showing that it is a desmosomal disease re-
sulting from defective cell adhesion proteins such as
plakoglobin, desmoplakin, plakophilin-2, desmo-
glein-2, and desmocollin-2 [26]. It has been hypoth-
esized that the lack of the protein, or the incorpora-
tion of mutant protein into cardiac desmosomes,
may provoke detachment of myocytes at the interca-
lated discs, particularly under the condition of me-
chanical stress during training and competitive sports
activity [27, 28]. As a consequence, there is progres-
sive myocyte death with subsequent repair by fibro-
fatty replacement. Life-threatening ventricular ar-
rhythmias may occur either during the “hot phase”
of myocyte death as abrupt ventricular fibrillation or
later in the form of scar-related macro-re-entrant
ventricular tachycardia [29].

Risk of Sudden Death from ARVC/D During
Physical Exercise

A prospective clinico-pathologic study of sudden
death in the young in the Veneto region of Italy
demonstrated that adolescents and young adults in-
volved in sports activity have a 2.8 times greater risk
of sudden cardiovascular death than their nonathletic
counterparts [12]. However, sports itself is not the
cause of the enhanced mortality, but it triggers car-
diac arrest in those athletes who have cardiovascular
conditions that predispose to life-threatening ven-
tricular arrhythmias during physical exercise such as
cardiomyopathy (primarily hypertrophic cardiomy-
opathy and ARVC/D), premature coronary artery
disease, and congenital coronary artery anomalies.

ARVC/D leads to sudden death during physical
exercise with an estimated 5.4 times greater risk of
dying suddenly during competitive sports than dur-
ing sedentary activity (Fig. 22.1). The reason for the
propensity for ARVC/D to precipitate effort-depen-
dent sudden cardiac arrest is not completely known.
Physical exercise acutely increases the RV afterload
and cavity enlargement, which in turn may elicit ven-
tricular arrhythmias by stretching the diseased RV
myocardium [30]. Mechanical stress such as that oc-
curring during training and sports competition may

provoke myocyte death and associated ventricular ar-
rhythmias in the presence of genetically defective
desmosomes [26-28]. The adverse effect of exercise
on the phenotypic expression of ARVC/D was re-
cently addressed by Kirchhof et al. in an experimen-
tal study on heterozygous plakoglobin-deficient mice
[31]. As compared to wild-type controls, mutant
mice had increased RV volume, reduced RV function,
and more frequent and severe ventricular tachycar-
dia of RV origin. Endurance training accelerated the
development of RV dysfunction and arrhythmias in
plakoglobin-deficient mice.

Alternatively, a “denervation supersensitivity” of
the RV to catecholamines has been advanced to ex-
plain exercise-induced ventricular arrhythmias [32].
Sympathetic nerve trunks may be damaged and/or
interrupted by the RV fibrofatty replacement which
distinctively progresses from the epicardium to the
endocardium, resulting in a denervation supersensi-
tivity to catecholamines. Arrhythmogenic mecha-
nisms in the denervated supersensitive myofibers in-
clude dispersion of refractoriness and re-entry, trig-
gered activity, or both.

Finally, in a subgroup of patients with familial
ARVC/D, a cardiac ryanodine receptor (RYR2) mis-
sense mutation leading to abnormal calcium release
from the sarcoplasmic reticulum has been identified
[33]. Wall mechanical stress, such as that induced by
RV volume overload during exercise, is expected to
exacerbate the cardiac ryanodine channel dysfunc-
tion [33]. Therefore, a potential arrhythmogenic
mechanism of sport-related cardiac arrest in patients
with ARVC/D is triggered by activity due to late af-
terdepolarizations, which are provoked by intracel-
lular calcium overload and enhanced by adrenergic
stimulation [34].

Causes of Sudden Death in Young Athletes:
Italian vs. US Experience

Although ARVC/D has been demonstrated to be the
leading cause of sudden death in athletes of the
Veneto region of Italy, studies in the US showed a
higher prevalence of other pathologic substrates such
as hypertrophic cardiomyopathy, anomalous coro-
nary arteries, and myocarditis [1, 3, 10].

This discrepancy may be explained by several fac-
tors. There have been no previous investigations such
as the “Juvenile Sudden Death” Research Project in the
Veneto region of Italy that have prospectively investi-
gated a consecutive series of sudden death in young
people occurring in a well-defined geographic area
with an homogeneous ethnic group. Therefore, the



previously reported causes in the US may have been
influenced by the unavoidable limitations in patient
selection because of retrospective analysis. Moreover,
in other large studies, the autopsies were usually per-
formed by different examiners, including local pathol-
ogists and medical examiners [10]. In the Italian
study, to obtain a higher level of confidence in the re-
sults, morphological examination of all hearts was
performed according to a standard protocol by the
same group of experienced cardiovascular patholo-
gists. Comparison between the previous and the pre-
sent study with regard to the prevalence of ARVC/D
among the causes of sudden death in young people
and athletes is limited by the fact that ARVC/D is a
clinical-pathologic condition which has been discov-
ered only recently [7, 35]. ARVC/D is rarely associat-
ed with cardiomegaly and usually spares the left ven-
tricle, so that affected hearts may be erroneously di-
agnosed as normal hearts [7-9]. In the past, therefore,
a number of sudden deaths in young people and ath-
letes, in which the routine pathologic examination
disclosed a normal heart, may, in fact, have been due
to unrecognized ARVC/D. The high incidence of
ARVC/D in the Veneto region may be due to a genet-
ic factor in the population of northeastern Italy [26],
although ARVC/D can no longer be considered as pe-
culiar “Venetian disease” since there is growing evi-
dence that it is ubiquitous, still largely underdiag-
nosed both clinically and at postmortem investiga-
tion, and accounts for significant arrhythmic
morbidity and mortality worldwide [9, 36].

Preparticipation screening of young people em-
barking in competitive athletic activity which is in
practice in Italy for more than 20 years has changed
the prevalence of pathologic substrates of sports-re-
lated sudden death. We recently demonstrated that
sudden death from hypertrophic cardiomyopathy in
athletic fields was successfully prevented by identifi-
cation and disqualification of the affected athletes at
preparticipation screening [6]. As a consequence of
this process, other cardiovascular conditions such as
ARVC/D and premature coronary artery disease have
thereby come to account for a greater proportion of
all sudden deaths in Italian athletes.

Clinical Profile of Athletes Dying Suddenly
from ARVC/D

Early identification of athletes with ARVC/D plays a
crucial role in the prevention of sudden death dur-
ing sports. The most frequent clinical manifestations
of the disease consist of ECG depolarization/repo-
larization changes mostly localized to right precordial

leads, global and/or regional morphologic and func-
tional alterations of the RV, and arrhythmias of RV
origin [7-9, 36-38]. The disease should be suspected
even in asymptomatic individuals on the basis of
ECG abnormalities and ventricular arrhythmias [2,
6, 7]. Ultimately, the diagnosis relies on visualization
of morphofunctional RV abnormalities by imaging
techniques (such as echocardiography, angiography,
and cardiac magnetic resonance) and, in selected cas-
es, by histopathologic demonstration of fibrofatty
substitution at endomyocardial biopsy [37].

It is noteworthy that more than 80% of athletes
of the Veneto Region series who died from ARVC/D
had a history of syncope, ECG changes, or ventricu-
lar arrhythmias [6] (Fig. 22.2). More recently, we con-
firmed this data by reviewing clinical and ECG find-
ings from a Multicenter International Registry in 22
young competitive athletes who died suddenly of
ARVC/D proven at autopsy [39]. Right precordial in-
verted T-waves (beyond lead V1) had been recorded
in 88% of athletes who had a 12-lead ECG during life
and subsequently died suddenly; right precordial
QRS duration >110 msec in 76%, and ventricular ar-
rhythmias with a left bundle branch block pattern in
76%, mostly in the form of isolated/coupled prema-
ture ventricular beats or nonsustained ventricular
tachycardia. Limited exercise testing induced ven-
tricular arrhythmias in six of twelve athletes (50%).
Submaximal exercise testing, available in five athletes,
showed a “pseudo” normalization of right precordial
repolarization abnormalities in all. Thus, the major-
ity of young competitive athletes who died suddenly
from ARVC/D showed ECG abnormalities that could
raise the suspicion of the underlying cardiovascular
disease at preparticipation evaluation and lead to fur-
ther testing for a definitive diagnosis. Right precor-
dial T-wave inversion (beyond V1) appears to be the
most useful clinical marker for the presence of a po-
tentially fatal ARVC/D in apparently healthy young
competitive athletes, considering that T-wave inver-
sion in V1-V3 occurs in <1% of men with apparent-
ly normal hearts, age 19-45 [40].

Preparticipation Screening and Prevention
of Sudden Death

For more than 20 years systematic preparticipation
screening, based on 12-lead ECG in addition to his-
tory and physical examination, has been the prac-
tice in Italy [6, 41]. This screening strategy has
proven to be effective in the identification of ath-
letes with previously undiagnosed hypertrophic
cardiomyopathy, due to the high sensitivity (up to
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95%) of 12-lead ECG for suspicion/detection of this
condition in otherwise asymptomatic athletes.
Moreover, during long-term follow-up no deaths
were recorded among these disqualified athletes
with hypertrophic cardiomyopathy, suggesting that
restriction from competition may reduce the risk of
sudden death [6].

Despite the high prevalence of ECG abnormali-
ties, such as T-wave inversion in right precordial leads
and ventricular arrhythmias with a left bundle
branch block morphology at preparticipation evalu-
ation, the majority of sudden death victims from
ARVC/D had not been identified at preparticipation
screening, thus explaining why this condition was
previously reported to be the leading cause of sud-
den death in Italian athletes [6, 12]. The most plau-
sible explanation is that, unlike HCM, ARVC/D is a
condition that was discovered only recently (approx-
imately two decades ago) and was either underdiag-
nosed or regarded with skepticism by cardiologists.
Recently, Corrado et al. reported the results of a time-
trend analysis of the changes in incidence rates and
causes of sudden cardiovascular death in young ath-
letes age 12-35 years in the Veneto region of Italy be-
tween 1979 and 2004, after the introduction of sys-
tematic preparticipation screening [42]. Over the
same time interval, they performed a parallel study
which examined trends in cardiovascular causes of
disqualification from competitive sports in 42,386
athletes undergoing preparticipation screening at the
Center for Sports Medicine in Padua. Fifty-five sudden
cardiovascular deaths occurred in screened athletes
(1.9 deaths/100,000 person-years) and 265 deaths in
unscreened nonathletes (0.79 deaths/100,000 person-
years). The annual incidence of sudden cardiovascu-
lar death in athletes decreased by approximately 90%,
from 3.6/100,000 person-years in 1979-1980 to
0.4/100,000 person-years in 2001-2004, whereas the
incidence of sudden death among the unscreened
nonathletic population did not change significantly
over that time. The decline in the death rate started af-
ter mandatory screening was initiated and persisted to
the late screening period. Compared with the pre-
screening period (1979-1981), the relative risk of sud-
den cardiovascular death was 44% lower in the early
screening period (1982-1992) and 79% lower in the
late screening period (1993-2004). Most of the reduced
death rate was due to fewer cases of sudden death from
cardiomyopathies, mostly from ARVC/D. Time-trend
analysis showed that the incidence of sudden death
from this latter condition fell by 84% over the 24-year
span (Fig. 22.3). This decline of mortality from car-
diomyopathies paralleled the concomitant increase in
the number of athletes with cardiomyopathies (both

hypertrophic cardiomyopathy and ARVC/D) who
were identified and disqualified from competitive
sports over the screening periods at the Center for
Sports Medicine in Padua. Screening athletes for car-
diomyopathies is a life-saving strategy and 12-lead
ECG is a sensitive and powerful tool for identifica-
tion, risk stratification and management of athletes
affected by hypertrophic cardiomyopathy and
ARVC/D [41, 42].

Sports Eligibility

The ultimate diagnosis of cardiomyopathy in a young
competitive athlete can be difficult due to the pres-
ence of physiologic (and reversible) structural and
electrical adaptations of the cardiovascular system to
long-term athletic training. This condition known as
“athlete’s heart” is characterized by an increase in
ventricular cavity dimension and wall thickness
which overlaps with cardiomyopathies [43]. An ac-
curate differential diagnosis is crucial not only be-
cause of the potentially adverse outcome associated
with cardiomyopathy in an athlete, but also due to the
possibility of misdiagnosis of pathologic conditions
requiring unnecessary disqualification from sport,
with financial and psychological consequences.

A sizable proportion of highly trained athletes
have an increase in RV cavity dimensions which rais-
es the question of ARVC/D. Morphologic criteria in
favor of physiologic RV enlargement consists of pre-
served global and regional ventricular function, with-
out evidence of wall motion abnormalities such as
dyskinetic regions and/or diastolic bulgings.
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Fig. 22.3 • Average annual incidence rates of sudden death
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1.41; p for trend=0.02)



During the last two decades, advances in molec-
ular genetics have allowed identification of a grow-
ing number of defective genes involved in the patho-
genesis of ARVC/D [26]. The hope is that molecular
genetic tests will be available clinically in the near fu-
ture for definitive differential diagnosis between
ARVC/D and training-related physiologic RV
changes.

According to US and European recommenda-
tions for sports eligibility [44, 45], athletes with clin-
ical diagnosis of ARVD/C should be excluded from
all competitive sports. This recommendation is in-
dependent of age, gender, and phenotypic appear-
ance and does not differ for those athletes without
symptoms, or treatment with drugs, or interven-
tions with surgery, catheter ablation, or the im-
plantable defibrillator. The presence of a free-stand-
ing automated external defibrillator at sporting
events should not be considered absolute protection
against sudden death [46], nor a justification for par-
ticipation in competitive sports in athletes with pre-
viously diagnosed ARVD/C [44, 45, 47].
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