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Abstract

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterized by a high incidence of
ventricular tachyarrhythmias and sudden cardiac death that appear early in the natural history of
the disease and may precede significant ventricular remodeling. The classical pathology of ARVC
is degeneration of right ventricular free wall myocardium and its replacement by fat and fibrous
tissue. The clinical presentation may be highly variable, however, and genetic penetrance is
typically low which makes definitive diagnosis difficult, especially in early stages of the disease.
Endomyocardial biopsy (EMB) has not been used widely in the diagnosis of ARVC, in part
because pathological changes are usually most conspicuous in the epicardium of the right
ventricular free wall and tend to spare the endocardium and interventricular septum. Thus,
diagnostic pathological features of ARVC are often not seen in conventional septal biopsies.
Diagnostic yield may be increased by sampling the RV free wall or by using 3-dimensional
electroanatomic voltage mapping to identify affected areas, but these approaches can carry
increased risk and require specialized equipment and experience. Moreover, diagnostic
pathological changes may not be apparent in early disease despite an increased risk of arrhythmias
and sudden death. This review considers the role of EMB in the diagnosis of ARVC and highlights
recent advances in identifying potential tissue biomarkers that arise early in the disease process
and occur diffusely throughout the myocardium. Analysis of conventional EMB using such
biomarkers could improve diagnostic sensitivity and accuracy but widespread clinical application
of this approach requires further validation.
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Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a primary myocardial disorder
characterized by a high incidence of arrhythmias and sudden cardiac death. The disease
name reflects the usual predominant involvement of the right ventricle (RV), but increasing
recognition of biventricular or left-dominant forms warrants adoption of the broader term
arrhythmogenic cardiomyopathy.! This review will focus largely on the classical right-
dominant form of the disease (ARVC) because it has been studied most extensively.
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ARVC has a prevalence of 1:1000 to 1:5000 in the general population?, while in certain
parts of the world it is the major cause of sudden death in individuals <35 years of age.3
These numbers may be underestimated because wide phenotypic variation, age-related
progression and low genetic penetrance may obscure the diagnosis.* Currently, the diagnosis
of ARVC rests upon fulfilling criteria established by an International Task Force (Table 1)
which, although relatively specific, are not highly sensitive.>:6

One feature that distinguishes ARVC from other primary heart muscle disorders associated
with sudden death is the early occurrence of arrhythmias out of proportion to the degree of
structural damage and contractile derangement. The so-called “concealed phase” of ARVC,
in which electrophysiological abnormalities emerge before the onset of apparent
pathological changes, is unique among the primary cardiomyopathies. In hypertrophic
cardiomyopathy, for example, the risk of arrhythmias appears to be linked to the underlying
substrate of myocyte disarray, hypertrophy and fibrosis. In dilated cardiomyopathy,
arrhythmic events generally occur in the context of LV dilatation and contractile
dysfunction. In contrast, life-threatening arrhythmias may appear early in the natural history
of ARVC often preceding significant structural remodeling of the myocardium. In this
sense, the early concealed phase of ARVC is reminiscent of the ion channelopathies in
which arrhythmias develop in structurally normal hearts. Although there is usually no
difficulty in distinguishing ARVC from ion channel diseases, these two groups of diseases
share the common feature of a highly arrhythmogenic phenotype that can arise without
apparent structural changes. Despite the clear risk of sudden death during the “concealed
phase”, the diagnosis of ARVC and risk stratification can be particular difficult.”

Structural changes develop as the disease progresses and may become pronounced. The
earliest evidence of myocyte degeneration and accumulation of fibrofatty scar tissue
typically occurs in the posterior RV free wall, the outflow tract and the apex, areas that have
come to be known as the “triangle of dysplasia”.1 Myocyte degeneration begins in the
epicardial-most muscle and progresses towards the endocardium, typically sparing a thin
lining of endocardial muscle. This pattern of injury is distinctly different than in others types
of cardiomyopathy or in ischemic or pressure overload injury in which pathological changes
are more prominent in endocardial muscle. Mononuclear inflammatory infiltrates are often
seen in affected areas although it is unclear whether this is a primary manifestation of
disease or develops as a secondary response to myocyte injury. In either scenario,
inflammation could play a pathogenic role in tissue injury and arrhythmogenesis, although
this potential mechanism remains largely unexplored. Ongoing disease progression can lead
to diffuse RV free wall and LV involvement, but even in advanced disease, the
interventricular septum tends to be spared. A small subset of patients develops biventricular
heart failure as a late complication.} In general, tissue samples from patients with
established ARVC may show a heterogeneous picture with variable degrees of myocardial
injury and repair including acute necrosis with inflammatory infiltrates, subacute damage
with active fibrosis and adipocytes replacing myocytes, and chronic damage with mature
fibrous tissue and adipocytes surrounding residual surviving myocytes (Fig 1).8

The genetic basis of ARVC

ARVC is a familial disease in ~50% of cases and most commonly follows an autosomal
dominant pattern of inheritance, although recessive forms have been recognized.* Initial
insights into disease mutations came from analysis of Naxos disease and Carvajal syndrome,
recessively inherited cardiocutaneous conditions characterized by cardiomyopathy combined
with palmoplantar keratoderma and “woolly” hair.%:10 Unambiguous identification of
affected individuals with these rare recessive forms facilitated identification of truncation
mutations in genes encoding the desmosomal proteins plakoglobin (Naxos disease)® and
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desmoplakin (Carvajal syndrome),10 which provided the initial insight that ARVC is related
to potential defects in desmosomes. Desmosomes are intercellular adhesion junctions. They
are particularly abundant in tissues subjected to mechanical stress, such as the heart and the
epidermis.1! They are composed of membrane-spanning desmosomal cadherins
(desmocollins and desmogleins) and intracellular linker proteins of the armadillo
(plakoglobin and plakophilins) and plakin (desmoplakin) families that connect adhesion
junctions to intermediate filaments of the cytoskeleton (Fig 2).12 Mutations in genes
encoding all five desmosomal proteins have been implicated in ARVC and can be identified
in ~50% of cases that fulfill the Task Force criteria. In some cases, a single sequence
variant in a desmosomal protein gene, such as that encoding plakophilin2, may be
insufficient to cause ARVC by itself but may contribute to disease expression when
combined with another sequence variant in the same gene (compound heterozygosity) or
with a sequence variant in another desmosomal protein gene (digenic heterozygosity).13:14
Mutations in nondesmosomal genes have also been associated with ARVC, the most
convincing of which include those encoding transmembrane protein43%° and the
intermediate filament protein desmin.1® Others include transforming growth factor beta-317
and the cardiac ryanodine receptor, although the latter has been more strongly linked to
another distinct entity, catecholaminergic polymorphic ventricular tachycardia.18

Pathological changes in endomyocardial biopsy (EMB)

The first widely recognized clinical description of ARVC was reported in 1982,19 but it was
not until the late 1980°s that pathological features of the disease were systematically
assessed.20 In an autopsy study of sudden deaths from the Veneto region of Italy, Thiene
and colleagues described two distinct patterns — a predominantly fatty (lipomatous) pattern
characterized by infiltration of muscle by mature adipocytes only, and a fibrofatty
(fibrolipomatous) pattern characterized by both fat and fibrous tissue. Both patterns
extended from the epicardium to the endocardium and spared the trabecular myocardium.20
The fatty variant typically involved the RV anterolateral and infundibular regions, whereas
the posteroinferior wall, the septum and the LV appeared normal. In the fibrofatty variant,
the RV free wall appeared thinner and focally translucent, with saccular aneurysms of the
apex, the infundibulum and the posteroinferior wall (the so-called triangle of dysplasia).20 In
a subsequent study, the same group described pathological changes in 18 hearts showing the
fibrofatty pattern. The RV was affected in all cases, whereas fibrofatty tissue accumulation
in the LV was observed in 14 and septal involvement was seen in 6.21 Histologically,
affected areas showed myocyte degeneration associated with extensive accumulation of fat
and fibrous tissue. A majority of cases exhibited inflammatory cell infiltrates associated with
focal myocyte necrosis.?! This was one of the first descriptions of LV involvement in
“classical” ARVC, a pattern that has since become widely recognized. Although these
authors reported septal involvement in roughly a third of the specimens, they did not provide
details about the amount and specific location of fibrofatty tissue accumulation in the
interventricular septum.2! In general, however, the septum tends to be the least frequently
affected area in ARVC.

Since the original description of these two pathological variants, it has been recognized that
individuals with purely fatty infiltration of the RV are older, tend not to have a family
history of sudden death and do not appear to be at increased risk of sudden death during
sleep or nonstrenuous activity.22 Fat is normally present on the epicardial surface of the RV
and typically surrounds intramural coronary vessels.22 Small foci of intramyocardial fat also
occur within the RV in healthy individuals and may be increased in association with chronic
alcohol abuse or inherited myopathies.23 Intramyocardial fat has been observed in 85% of
individuals who died of noncardiac causes, with greater amounts in older subjects and
women.24 The lateral RV wall is most commonly affected, followed by the anterior wall,
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with the least amount of fat present posteriorly.24 Taken together, these observations suggest
that infiltration of the myocardium by adipose tissue without demonstrable myocyte
degeneration and fibrosis does not fall within the pathological spectrum of arrhythmogenic
cardiomyopathy.24 For this reason, fibrofatty replacement, but not pure fatty infiltration, of
the myocardium on EMB was considered to be a major diagnostic criterion in the original
ARVC Task Force recommendations.® However, this was included as a purely qualitative
determination without an attempt to link diagnostic predictive power to the extent of this
pathological change in a conventional septal biopsy.

Recently, Basso et al. analyzed “simulated biopsies” obtained using a clinical bioptome in
explanted hearts from patients with ARVC, dilated cardiomyopathy and pure fatty
infiltration of the RV to establish quantitative morphometric criteria for the diagnosis of
ARVC.25 They sampled each heart in various locations and measured the amount of total
biopsy section area occupied by fat, fibrosis, and “residual myocardium”. The most reliable
indicator of ARVC was the amount of residual myocardium in biopsies that also contained a
combination of fat and fibrous tissue. A diagnostic specific of 95% and sensitivity of 80%
was achieved in biopsies containing <59% residual myocardium, with the remaining area
occupied by a variable mixture of fat and fibrous tissue. However, the diagnostic yield
varied considerably in biopsies obtained from different sites and the interventricular septum
was among the least informative areas. The presence of fat without fibrosis was not
considered of diagnostic value in ARVC.25 These observations, which have been
incorporated in the updated Task Force Criteria,® underscore the importance of sampling
location as a factor in the diagnostic yield of EMB in ARVC. It should also be stressed that
this morphometric study was limited to analysis of ARVC hearts in which diffuse or
segmental pathological changes were well developed. These quantitative criteria would not
be expected to be fulfilled in patients with early ARVC including those exhibiting frequent
arrhythmias.

Diagnostic yield versus risk

Typically, ARVC spares the septum and even in advanced cases usually does not involve the
entire thickness of the RV.22 It is not surprising, therefore, that a biopsy obtained from the
right side of the interventricular septum is unlikely to be diagnostic.2> Sampling the RV free
wall, especially in the most frequently involved regions that make up the “triangle of
dysplasia”, may increase diagnostic yield but also carries increased risk of ventricular
perforation and tamponade. Moreover, even this approach is limited by the patchy nature of
the disease. Consequently, a negative biopsy is of no value in excluding ARVC. One
potential strategy to improve diagnostic yield is to use electroanatomic voltage mapping
(EAM) to guide sampling of areas most likely to show pathological features. One study
examined 11 patients with overt and 11 with suspected ARVC. All subjects underwent EMB
sampling at RV areas of low-voltage areas identified by EAM. In 81% of cases, voltage
mapping-guided EMB was diagnostic for ARVC suggesting a high diagnostic sensitivity
with this approach.26 Complications were unusual; only 2 patients showed minimal
pericardial effusion following the procedure.28 In another study, 32 patients who fulfilled
Task Force criteria after noninvasive clinical evaluation were subjected to EAM and EMB to
validate the diagnosis.2’ Low-voltage areas were generally associated with the presence of
myocardial degeneration and fibrofatty replacement. No RV free wall perforations or other
complications were reported. Interestingly, a subset of patients who fulfilled clinical criteria
for ARVC showed inflammation without fibrofatty replacement in their biopsies, consistent
with an inflammatory cardiomyopathy mimicking ARVC.2” More recently, Pieroni et al.
studied 30 patients with a clinical diagnosis of ARVC, 29 of whom showed an abnormal
voltage map.28 EAM-guided EMB confirmed the diagnosis of ARVC in 15 patients, while
the remaining patients had active myocarditis fulfilling the Dallas criteria. Taken together,
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there studies demonstrate that EAM can improve diagnostic yield in EMB in patients who
fulfill clinical criteria for the disease. They also focus renewed attention on the relationship
between inflammation and clinical manifestations of ARVC and emphasize the need for
additional work on this question. Although complication rates were low, there remain
concerns about the hazards of sampling the RV free wall, particularly in nonreferral centers
lacking extensive experience. Furthermore, EAM guidance is probably of limited value in
early disease in which there may be a significant risk of serious arrhythmias with minimal or
absent structural abnormalities.

Beyond histology -- characterizing the molecular pathology of ARVC

To better understand the pathogenesis of ARVC in patients, we have used immunohisto-
chemistry to characterize the distribution of mechanical junction molecules at intercalated
disks in diseased human myocardium. Because ARV C is typically caused by autosomal
dominant mutations, we first asked whether mutant desmosomal proteins are expressed in
the myocardium and, if so, whether they reside within cell-cell junctions at intercalated
disks. Given the complex binding interactions of many proteins within desmosomes, we also
asked whether a dominant mutation in a single desmosomal protein could affect the
distribution of other (nonmutant) binding partners within the intercalated disk.2°

Our initial studies were focused on Naxos disease, a rare recessive condition caused by
truncation of the C-terminal domain of the desmosomal protein plakoglobin (y-catenin).?
We observed that the mutant protein, plakoglobin, failed to localize normally at cardiac
intercalated disks, whereas Western blots of whole tissue lysates showed clearly that it was
expressed in the myocardium.3% Additional studies of Carvajal syndrome, a related recessive
cardiocutaneous syndrome caused by truncation of the desmosomal protein desmoplakin,10
showed that both the mutant protein (desmoplakin) and one of its binding partners,
plakoglobin, failed to localize at cell-cell junctions.3! This observation showed that a
mutation in one desmosomal protein may affect the distribution or localization of another
(non-mutant) protein of the desmosome.

More recent studies of patients with nonsyndromic ARVC have also shown diminished
immunoreactive signal for plakoglobin at intercalated disks (Fig 3).32 This consistent
finding occurred in patients with documented mutations in desmoplakin, plakophilin-2,
desmoglein-2 and plakoglobin, but also in cases of pathologically documented ARVC in
which genetic screening had not identified a mutation in any of the known candidate genes.
Plakoglobin signal at cell-cell junctions was reduced not only in RV regions showing typical
pathological changes of fibrofatty replacement, but also in the LV free wall and
interventricular septum (including the subendocardium) which appeared histologically
unremarkable.32 Reduced plakoglobin signal at intercalated seemed to be specific for
ARVC, at least based on the observation that signal appeared normal in 15 cases of end-
stage heart failure caused by ischemic, dilated or hypertrophic cardiomyopathy.32

These observations suggest that reduced immunoreactive signal for plakoglobin in a heart
biopsy may be useful in the diagnosis of ARVC. Further studies will be required to validate
the specificity and sensitivity of this test but, based on these initial observations, it appears
that reduced plakoglobin signal at cell-cell junctions occurs early in the disease (perhaps
during the concealed phase) and diffusely throughout the myocardium. Thus, it may be
possible in the future to aid in the diagnosis of ARVC by identifying changes in the
distribution of desmosomal proteins in conventional RV septal biopsies that otherwise show
no evidence of myocyte degeneration or fibrofatty tissue accumulation. It must be
remembered, however, that the cause of ARVC is undetermined in the roughly 50% of
patients with no known desmosomal gene mutation. Whether loss of plakoglobin signal
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from junctional pools occurs in these cases remains unknown and requires additional study.
29 Thus far, immunohistochemical studies have been confined to examples of typical right-
sided ARVC. Its potential diagnostic utility in other forms of arrhythmogenic
cardiomyopathy including the recently recognized left-dominant form32 is unknown. There
has also been no systematic analysis of asymptomatic individuals or family members of
probands, largely because there has been no compelling medical indication for them to
undergo EMB. And, there has been no systematic analysis of some other types of heart
disease associated with arrhythmias and sudden death such as ion channel diseases,
idiopathic ventricular tachycardia and various inflammatory diseases. Thus, the sensitivity
and specificity of this marker in identifying early disease or its ability to distinguish
penetrant and non-penetrant gene carriers remains to be determined.

As a member of the catenin family of proteins, plakoglobin fulfills dual roles as both an
adhesion junction protein and a nuclear signaling molecule that can participate in Wnt
signaling pathways. Wnt pathways are involved in fundamental biological processes such as
normal cardiac development and differentiation, cardiac hypertrophy, heart failure and
aging.34 Wnt pathways regulate cell adhesion and morphogenetic movements by mediating
changes in cell cycling, gene expression, cytoskeletal rearrangements and calcium
homeostasis. A major component of the canonical Wnt pathway is B-catenin which, like
plakoglobin (y-catenin), resides in cell-cell junctions and is also a signaling molecule.3* The
precise role of plakoglobin in Wnt signaling is still incompletely understood, but some
evidence suggests that redistribution of plakoglobin from junctional to intracellular and/or
intranuclear sites can perturb Wnt signaling pathways.3® The fact that changes in junctional
plakoglobin signal occur consistently in nonsyndromic ARVC with or without documented
desmosomal gene mutations raises the possibility that altered Wnt signaling mediated by
redistribution of plakoglobin may be part of a final common pathway in disease
pathogenesis.36

Conclusions

ARVC has an unusually prominent arrhythmogenic phenotype that is manifest early in the
natural history of the disease, often preceding the development of ventricular remodeling or
contractile dysfunction. Accurate and timely diagnosis is, therefore, pivotal in preventing
sudden, unexpected cardiac death. Although the pathological demonstration of myocardial
degeneration and fibrofatty replacement is regarded as the diagnostic “gold standard”,
endomyocardial biopsy has not been consistently helpful in recognizing the disease partly
owing to its patchy nature and lack of histological abnormalities at early stages. Recently,
novel molecular markers have been identified that could prove useful if adopted in clinical
practice, but further research is required to confirm their diagnostic usefulness.
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Figure 1.
Myocyte degeneration and fibrofatty replacement in right ventricular free wall biopsy
samples from patients with ARVC. A: hematoxylin/eosin stain; B: Masson’s trichrome stain.
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Figure 2.
Schematic diagram of a desmosome.
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Figure 3.

Representative myocardial immunofluorescence images in a control and two examples of
autosomal dominant ARVC. Specific immunoreactive signal for all intercalated disk
proteins appears as bright white structures at apparent cell-cell junctions against the darker
(lower intensity) background of myocytes cut in a longitudinal plane of section. Signal for
plakoglobin at intercalated disks is reduced in both cases of ARVC, compared to controls,
whereas the amount of signal at cell-cell junctions for other desmosomal proteins including
desmoplakin and plakophilin2 is reduced in some cases of ARVC but not in others. In
contrast, signal at intercalated disks for the nondesmosomal adhesion molecule N-cadherin
is normal in ARVC. The apparent absence of specific junctional signal for a given protein in
an ARVC does not prove that the protein is absent from the intercalated disks but only that it
is below the threshold of detection by indirect immunofluorescence microscopy.
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Table 1
Revised Task Force Criteria for ARVC (modified from Marcus et al.® with permission).
1. Global or regional dysfunction and structural alterations
Major By 2D echo:
. Regional RV akinesia, dyskinesia, or aneurysm
. and 1 of the following (end diastole):
- PLAX RVOT 232 mm (corrected for body size [PLAX/BSA] 219 mm/m?)
- PSAX RVOT >36 mm (corrected for body size [PSAX/BSA] >21 mm/m?)
- or fractional area change <33%
By MRI:
. Regional RV akinesia or dyskinesia or dyssynchronous RV contraction
. and 1 of the following:
- Ratio of RV end-diastolic volume to BSA >110 mL/m? (male) or >100 mL/m? (female)
- or RV ejection fraction <40%
By RV angiography:
. Regional RV akinesia, dyskinesia, or aneurysm
Minor | By 2D echo:

. Regional RV akinesia or dyskinesia

. and 1 of the following (end diastole):
- PLAX RVOT 229 to <32 mm (corrected for body size [PLAX/BSA] >16 to <19 mm/m?)
- PSAX RVOT >32 to <36 mm (corrected for body size [PSAX/BSA] >18 to <21 mm/m?)

- or fractional area change >33% to <40%

By MRI:
. Regional RV akinesia or dyskinesia or dyssynchronous RV contraction
. and 1 of the following:
- Ratio of RV end-diastolic volume to BSA >100 to <110 mL/m?2 (male) or >90 to <100 mL/m? (female)

- or RV ejection fraction >40% to <45%

11. Tissue characterization of the wall

Major Residual myocytes <60% by morphometric analysis (or <50% if estimated), with fibrous replacement of the RV free wall
myocardium in >1 sample, with or without fatty replacement of tissue on endomyocardial biopsy
Minor | Residual myocytes 60% to 75% by morphometric analysis (or 50% to 65% if estimated), with fibrous replacement of the RV free

wall myocardium in >1 sample, with or without fatty replacement of tissue on endomyocardial biopsy

111. Repolarization abnormalities

Major Inverted T waves in right precordial leads (V1, V5, and V3) or beyond in individuals >14 years of age (in the absence of complete
right bundle-branch block QRS =120 ms)
Minor . Inverted T waves in leads V; and V, in individuals >14 years of age (in the absence of complete right bundle-branch

block) or in Vg4, Vs, or Vg
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. Inverted T waves in leads V4, V,, V3, and V, in individuals >14 years of age in the presence of complete right bundle-
branch block

1V. Depolarization/conduction abnormalities

Major | Epsilon wave (reproducible low-amplitude signals between end of QRS complex to onset of the T wave) in the right precordial leads
(Vito Vy)

Minor . Late potentials by SAECG in >1 of 3 parameters in the absence of a QRS duration of 2110 ms on the standard ECG
. Filtered QRS duration (fQRS) >114 ms

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

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

. Terminal activation duration of QRS =55 ms measured from the nadir of the S wave to the end of the QRS, including R’,
in V4, V,, or V3, in the absence of complete right bundle-branch block

V. Arrhythmias

Major Nonsustained or sustained ventricular tachycardia of left bundle-branch morphology with superior axis (negative or indeterminate

QRS in leads Il, I, and aVF and positive in lead aVL)
Minor . Nonsustained or sustained ventricular tachycardia of RV outflow configuration, left bundle- branch block morphology
with inferior axis (positive QRS in leads Il, 111, and aVF and negative in lead aVL) or of unknown axis

. >500 ventricular extrasystoles per 24 hours (Holter)

VI. Family history

Major . ARVC/D confirmed in a first-degree relative who meets current Task Force criteria

. ARVC/D confirmed pathologically at autopsy or surgery in a first-degree relative

Identification of a pathogenic mutation® categorized as associated or probably associated with ARVC/D in the patient
under evaluation

Minor . History of ARVC/D in a first-degree relative in whom it is not possible or practical to determine whether the family
member meets current Task Force criteria

. Premature sudden death (<35 years of age) due to suspected ARVC/D in a first-degree relative

. ARVC/D confirmed pathologically or by current Task Force Criteria in second-degree relative

PLAX stands for parasternal long-axis view; RVOT: RV outflow tract; BSA: body surface area; PSAX: parasternal short-axis view; aVF:
augmented voltage unipolar left foot lead; and aVL: augmented voltage unipolar left arm lead.

Diagnostic terminology for criteria: definite diagnosis: 2 major or 1 major and 2 minor criteria or 4 minor from different categories; borderline: 1
major and 1 minor or 3 minor criteria from different categories; possible: 1 major or 2 minor criteria from different categories.

TA pathogenic mutation is a DNA alteration associated with ARVC that alters or is expected to alter the encoded protein, is unobserved or rare in a

large control population, and either alters or is predicted to alter the structure or function of the protein or has demonstrated linkage to the disease
phenotype in a conclusive pedigree.

J Cardiovasc Electrophysiol. Author manuscript; available in PMC 2012 January 1.



