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ADVANCES IN CARDIOVASCULAR IMAGING

Multimodality Imaging in Arrhythmogenic Right
Ventricular Cardiomyopathy
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ABSTRACT: Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a rare, heritable myocardial disease associated
with the development of ventricular arrhythmias, heart failure, and sudden cardiac death in early adulthood. Multimodality
imaging is a central componentin the diagnosis and evaluation of ARVC. Diagnostic criteria established by an international
task force in 2010 include noninvasive parameters from echocardiography and cardiac magnetic resonance imaging.
These criteria identify right ventricular structural abnormalities, chamber and outflow tract dilation, and reduced right
ventricular function as features of ARVC. Echocardiography is a widely available and cost-effective technique, and it
is often selected for initial evaluation. Beyond fulfillment of diagnostic criteria, features such as abnormal tricuspid
annular plane excursion, increased right ventricular basal diameter, and abnormal strain patterns have been described.
3-dimensional echocardiography may also expand opportunities for structural and functional assessment of ARVC.
Cardiac magnetic resonance has the ability to assess morphological and functional cardiac features of ARVC and is
also a core modality in evaluation, however, tissue characterization of the right ventricle is limited by spatial resolution
and low specificity for detection of pathological changes. Nonetheless, the ability of cardiac magnetic resonance to
identify left ventricular involvement, offer high negative predictive value, and provide a reproducible structural evaluation
of the right ventricle enhance the ability and scope of the modality. In this review, the prognostic significance of
multimodality imaging is outlined, including the supplemental value of multidetector computed tomography and nuclear
imaging. Strengths and weaknesses of imaging techniques, as well as future direction of multimodality assessment,
are also described.
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The earliest case series to describe ARVC identified

(ARVC), the most well-recognized heritable arrhyth-

mogenic cardiomyopathy (ACM), is a rare genetic
disease characterized by myocyte loss and fibrofatty
replacement, primarily of the right ventricle. It is associ-
ated with ventricular arrhythmias and an increased risk of
sudden cardiac death and heart failure, and it has been
recognized as an underlying cause of exercise-induced
sudden cardiac death in young patients.! A broader
understanding of ARVC has led to the development of
diagnostic criteria,? identification of associated geno-
types,® and publication of consensus statements to guide
management.*

Arrhythmogenic right ventricular cardiomyopathy

increased right ventricular diastolic dimension in patients
with 2-dimensional echocardiograms.? Since then, there
has been an evolving role for multimodality imaging in
diagnosis, family screening, and prognostication. Given
the morbidity of the illness and risk of sudden death,
as well as lack of clinical symptoms at a young age,
identification and monitoring for disease phenotype by
noninvasive methods are increasingly relevant for the
management of ARVC. The following sections provide a
clinical overview of ARVC and the role of multimodality
imaging in the evaluation and management of patients
with ARVC.
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Nonstandard Abbreviations and Acronyms

ACM arrhythmogenic cardiomyopathy

ARVC arrhythmogenic right ventricular
cardiomyopathy

CMR cardiac magnetic resonance imaging

LGE late gadolinium enhancement

Lv left ventricle

MDCT multidetector computed tomography

RV-FAC right ventricular fractional area change

RVOT right ventricular outflow tract

TAPSE tricuspid annular plane systolic
excursion

BACKGROUND

The prevalence of ARVC is reported at ~1 in 5000."®
Patients tend to present with symptoms in the second
to fifth decade of life."® In general, the preclinical phase
of the disease exhibits minimal or no structural abnor-
malities. However, the first manifestation of the disease
may be sudden cardiac death,® noted in 11% of patients
diagnosed with ARVC in one study,” and a family history
of the disease is present in over 30% to 50% of cases.’
The most common presenting symptoms include palpita-
tions, followed by syncope, atypical chest pain, dyspnea,
and heart failure.®

The disease is believed to result from genetically
mediated disruption of desmosomes, which are critical
for maintaining normal intercellular junctions as well as
intracellular and intercellular signal transduction.! How-
ever, a genetic cause is unknown in one-third of the
patients.® Myocyte detachment and uncoupling because
of mechanical stress is thought to promote the patholog-
ical changes seen in ARVC, particularly because intense
aerobic exercise is associated with higher risk of disease
progression.’ 10"

Histopathologic samples from biopsy and autopsy
studies suggest that desmosomal disruption promotes
myocyte death, fibrofatty replacement of the myocar-
dium, and scattered foci of inflammation."'® Macroscopi-
cally, wall thinning and aneurysmal dilation are seen in
the right ventricle, traditionally in the region enclosed by
the subtricuspid region of the right ventricle, right ventric-
ular outflow tract at the infundibulum, and right ventricu-
lar apex, known as the triangle of dysplasia." However, it
has recently been recognized that the RV apex is only
impacted in the most severe forms of the disease and
that the third arm of the triangle is the posterolateral left
ventricle (LV).1213

Diagnostic criteria were initially proposed by an
international task force in 1994 using a scoring sys-
tem with major and minor criteria.'* These criteria
were revised in 2010 (Table 1) to improve sensitivity
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by including quantitative imaging measurements and
genotype."? In summary, structural, pathological, elec-
trocardiographic, and genetic/family history criteria
are used to establish a definite, borderline, or pos-
sible diagnosis of ARVC according to fulfillment of
major and/or minor criteria. Challenges in diagnosis
include poor specificity of ECG findings, multiple pos-
sible causes for right ventricular arrhythmias, difficulty
in assessing the right ventricle using imaging, and at
times inconclusiveness of the pathogenicity of genetic
variants detected.’

ARVC has a mortality estimated at 0.08% to 3.6% per
year, and the clinical course is predominately dictated by
ventricular arrhythmias and development of heart failure
in advanced disease.'® The prevalence of left ventricu-
lar or biventricular dysfunction is variably reported, which
is thought to be because of discrepancies in selection
criteria for analyses, variable sensitivity of imaging used,
differences in the genetic basis of ARVC, and refer-
ral bias."'® Broadly, ARVC is typically managed first by
assessment of sudden death risk and implantable cardio-
verter defibrillator implantation in high-risk patients.’®!
Other components of therapy include avoidance of high-
intensity physical activity, beta blocker therapy, treatment
of symptomatic ventricular arrhythmias with antiarrhyth-
mic medications and/or catheter ablation, and heart
failure therapies as appropriate. Cascade screening of
family members is vital.*'®

While ARVC has been traditionally characterized by
dysfunction of the RV, pathological involvement of the
LV is well-described.”®?" LV-dominant and biventricu-
lar pathological changes have also been demonstrated
by cardiac magnetic resonance imaging (CMR).'222
Because of frequent involvement of the left ventricle,
several experts have suggested retitling the disease
entity as ACM instead of ARVC to more broadly describe
the spectrum of phenotypic variants.”®2' Recognizing a
lack of diagnostic criteria for left-dominant disease in the
2010 Task Force Criteria, new diagnostic criteria to rede-
fine right-dominant, biventricular, and left-dominant dis-
ease phenotypes of ACM have recently been proposed
(“the Padua Criteria”). 2023

The Heart Rhythm Society (HRS), conversely, has
defined ACM as a term for arrhythmogenic disorders of
the myocardium not secondary to ischemic, hypertensive,
or valvular heart disease, which includes ARVC as well
as other illnesses such as cardiac amyloidosis, sarcoid-
osis, Chagas disease, and LV noncompaction.* Arrhyth-
mogenic left ventricular cardiomyopathy is also included,
although the authors acknowledge a lack of validated
diagnostic criteria for this disease entity.* The following
sections refer to ARVC and ACM in accordance with
HRS definitions, which is endorsed by multiple cardio-
vascular societies; however, our authors recognize the
ongoing debate regarding the diagnostic characteriza-
tion of ARVC.
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Table 1.
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2010 Modified Task Force Criteria for Diagnosis of ARVC

Major

Minor

I. Global or regional dysfunction and structural alterations

By 2D echocardiogram

By 2D echocardiogram

Regional RV akinesia, dyskinesia, or aneurysm and 1 of the following (end-
diastole):

Regional RV akinesia, dyskinesia, or aneurysm and 1 of the following
(end-diastole):

PLAX RVOT 232 mm (PLAX/BSA =19 mm/m?)

29 mm <PLAX RVOT <32 mm (16 <PLAX/BSA <19 mm/m?

PSAX RVOT >36 mm (PSAX/BSA >21 mm/m?)

32 <PSAX RVOT <36 mm (18 <PSAX/BSA <21 mm/m?)

Or RV-FAC <33%

Or 33% <RV-FAC <40%

By MRI

By MRI

Regional RV akinesia or dyskinesia or dyssynchronous RV contraction and 1
of the following:

Regional RV akinesia or dyskinesia or dyssynchronous RV contraction
and 1 of the following:

RV end-diastolic volume/BSA >110 mL/m? (male) or >100 mL/m? (fe-
male)

100 mL/m? <RV end-diastolic volume/BSA <110 mL/m? (male) or 90
mL/m? <RV end-diastolic volume/BSA <100 mL/m? (female)

Or RV ejection fraction <40%

Or 40% <RV ejection fraction <45%

By RV angiography

Regional RV akinesia, dyskinesia, or aneurysm

II. Tissue characterization of RV wall

Residual myocytes <60% by morphometric analysis (or <560% if estimated),
with fibrous replacement of the RV free wall myocardium in >1 sample, with or
without fatty replacement of tissue on endomyocardial biopsy

Residual myocytes 60% 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

Ill. Repolarization abnormalities

Inverted T waves in right precordial leads (V‘, V,, and VS) or beyond in individu-

als >14 y of age (in the absence of complete RBBB)

Inverted T waves in leads V, and V, in individuals >14 y of age (in the ab-
sence of complete RBBB) or in V,, Vg orV

Inverted T waves in leads V, V,, V,, and V, in individuals >14 y of age in
the presence of complete RBBB

IV. Depolarization/conduction abnormalities

Epsilon wave in the right precordial leads (V, to V)

Late potentials by SAECG in 21 of 3 parameters in the absence of a QRS
duration 2110 ms on the standard ECG:

Filtered QRS duration >114 ms

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

Root mean square voltage of terminal 40 ms <20 pV

Terminal activation duration of QRS >55 ms measured from the nadir of the
S-wave to the end of the QRS, including R’ in V,, V,, or V,, in the absence
of complete RBBB

V. Ventricular arrhythmias

Nonsustained or sustained VT of LBBB morphology with superior axis (nega-
tive or indeterminate QRS in leads I, lll, and aVF and positive in lead aVL)

Nonsustained or sustained RVOT VT of LBBB morphology with inferior
axis (positive QRS in leads II, Ill, and aVF and negative in lead aVL) or with
unknown axis

>500 ventricular extrasystoles per 24 h (Holter)

V1. Family history

ARVC confirmed in a first-degree relative who meets current TFC

History of ARVC in a first-degree relative in whom it is not possible or
practical to determine whether the family member meets current TFC

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

Premature sudden death (<35 y of age) due to suspected ARVC in a first-
degree relative

Identification of a pathogenic mutation categorized as associated or probably
associated with ARVC in the patient

ARVC confirmed pathologically or by current TFC in second-degree relative

Diagnosis

Definite: 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.

2D indicates 2-dimensional; ARVC, arrhythmogenic right-ventricular cardiomyopathy; aVF, augmented Vector Foot; aVL, augmented Vector Left; BSA, body surface
area; ECG, electrocardiography; LBBB, left bundle branch block; MRI, magnetic resonance imaging; PLAX, parasternal long-axis view; PSAX, parasternal short-axis view;
RBBB, right bundle branch block; RV, right ventricular; RV-FAC, right ventricular fractional area change; RVOT, right ventricular outflow tract; SAECG, signal-averaged

electrocardiography; TFC, Task Force Criteria; and VT, ventricular tachycardia.

Adapted from Marcus et al? with permission. Copyright ©2010, Wolters Kluwer Health, Inc.
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ECHOCARDIOGRAPHY

As a noninvasive, widely available, and inexpensive imag-
ing modality, echocardiography is often selected in ini-
tial evaluation of ARVC, although CMR imaging is also
usually pursued if resources and expertise are avail-
able. The modality also serves an important role for
serial assessment of RV and LV size and function and
recommended by the an international expert report'
especially in patients in whom CMR imaging may be
obscured because of the presence of an implantable
cardioverter defibrillator. Qualitative parameters out-
lined in the 2010 Task Force Criteria for diagnosis of
ARVC include identification of wall motion abnormalities
such as right ventricular akinesia, dyskinesia, or aneu-
rysm, while quantitative parameters rely on RV chamber
dimensions such as right ventricular outflow tract (RVOT)
diameter from the parasternal long axis and parasternal
short axis (PSAX) views, as well as measurement of right
ventricular fractional area change (RV-FAC).? Criteria are
summarized in Table 1, noting that one of the described
wall motion abnormalities is necessary to satisfy major or
minor criteria by echocardiography. While specific, these
criteria lack sensitivity* and several other echocardio-
graphic features and findings have been identified to
further support diagnosis or predict clinical progression.

More detailed structural evaluation of ARVC beyond
Task Force Criteria includes identification of other
metrics of regional and global right heart dilation and
dysfunction. Several studies have identified abnormal
right-sided chamber sizes in patients with ARVC, includ-
ing right atrial and right ventricular enlargement, in addi-
tion to RVOT enlargement from the parasternal long and
short axis views, compared with those of controls.?5-2¢
Morphological abnormalities such as hyper-reflective
moderator band, trabecular derangement, and saccula-
tions have also been described® Contrast-enhanced
studies can improve delineation of the endocardium and
evaluation of structural abnormalities.?®

Regarding valvular assessment, tricuspid regurgi-
tation is associated with poor prognosis.3®®' There are
limited data regarding surgical correction of functional
tricuspid regurgitation in patients with ARVC; however,
a case series of 3 patients suggested it could have a
therapeutic role in selected patients.®

In addition to decreased RV-FAC, as identified by the
2010 Task Force Criteria,? other indices of right ven-
tricular dysfunction have been reported. Compared with
controls, tricuspid annular motion in the lateral, septal,
and posterior locations, as well as tissue Doppler veloc-
ity patterns in diastole in all locations, were decreased
in patients with ARVC.2" In addition, patients with ARVC
had a decreased lateral systolic annular velocity.?” Abnor-
mal tricuspid annular plane systolic excursion (TAPSE)
<17 millimeters (mm) has been associated with major
adverse cardiovascular events in an observational study,
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although reduced RV-FAC was determined to be the
strongest echocardiographic predictor of adverse out-
comes.®® TAPSE, RV-FAC, and peak systolic tricuspid
annular velocity (S) have also been found to be predic-
tive of reduced right ventricular ejection fraction of <45%
by CMR343%; however, measurement of S’ was found to
be more reproducible and feasible in comparison to RV-
FAC.% In addition, a meta-analysis found TAPSE and &'
to be significantly lower in patients with ARVC compared
with healthy controls.®® These findings suggest a poten-
tial diagnostic role for TAPSE and S| although TAPSE
and S’ are not included in the 2010 Task Force Crite-
ria and further validation of these markers is needed. A
summary of select echocardiographic features that may
be useful in diagnostic evaluation or for prediction of
adverse events is given in Table 2.

Echocardiography is also useful for the detection of
pathological involvement of the left ventricle. On echocar-
diography, the presence of left ventricular dysfunction, as
defined by left ventricular ejection fraction <60%, added
predictive value for death or heart transplantation above
that of baseline RV dysfunction.®' However, LV systolic
dysfunction is not always appreciated by conventional
echocardiography despite abnormalities seen on CMR,
which could lead to undetected LV involvement3® Left
ventricular deformation imaging was shown to improve
identification of LV involvement in ARVC, using CMR as
the reference standard.®® Identification of LV involvement
was also shown to have prognostic implications and may
precede RV involvement.3849

A limitation of RV evaluation by transthoracic echo-
cardiography is the complexity of the RV geometry and
a narrow acoustic window.' Emerging nontraditional
techniques for evaluation of the RV in ARVC may play
a role and include 3-dimensional (3D) echocardiogra-
phy and RV strain. Compared with 2-dimensional (2D)
echocardiography, 3D echocardiography may provide
more accurate volume assessment of the RV by com-
parison to CMR, which is considered the gold stan-
dard.5%%" However, standardized cutoff values and risk
stratification from 3D echocardiography measures have
yet to be established through prospective studies.*'
Transesophageal echocardiography, another nontradi-
tional technique, while only studied to a limited extent in
ARVC, may allow enhanced detection of right ventricu-
lar structural abnormalities compared with transthoracic
echocardiography.®

Right ventricular strain, which can be assessed on
both echocardiography and CMR, is the measurement
of myocardial deformation as a percentage change in
dimension, whereas strain rate is its time derivative.®
Multiple studies have identified abnormal right ventricu-
lar strain and strain rate, particularly of the RV free wall
and subtricuspid region, in ARVC.263654-57 Apnormal right
ventricular strain and strain rate have also been associ-
ated with structural progression of ARVC.?® Furthermore,
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Table 2. Diagnostic and Prognostic Performance of Select Echocardiographic, CMR, and MDCT Imaging Markers in ARVC

Markers for diagnosis

Markers for prognosis

Parameter End point Citation Parameter End point Citation
Echocardiography
RV-FAC <48% Se 100%, Sp 73% for RVEF <45% | Wang et al*® | RV-FAC <33% MACE, median 6.3y (IQR, 1.8-9.8): HR, 3.12 | Saguner et al®
by CMR (95% Cl, 1.42-6.87; ~=0.005)
TAPSE <16.8 mm Se 80%, Sp 87% for RVEF <45% Wang et al*®* | TAPSE <17 mm MACE, median 5.3y (IQR, 1.8-9.8): HR, 2.15 Saguner et al*®
by CMR (95% Cl, 1.10-4.17; P=0.02)
S'<8.8 cm/s Se 80%, Sp 79% for RVEF <45% Wang et al*®* | RVEDA >28 cm? MACE, median 5.3 y (IQR, 1.8-9.8): HR, 2.96 Saguner et al®®
by CMR (95% Cl, 1.48-5.91; P=0.002)
RVGLS >-20.4% Se 52.6%, Sp 100% for definite Pieles et al*” | LVPSS of pos- MACE, mean 5.9 y+2.3: HR, 4.9 (95% ClI, Mast et al®®
ARVC by 2010 TFC in adolescents terolateral wall 1.7-14.2; P=0.01)
>—12.5%
RVFWS >-17% Se 96%, Sp 93% for RVEF <45% Focardi et RVFWS >-20% Structural progression of RVOT-PSAX at me- Malik et al®®
by CMR al’ dian 3.6 y (IQR, 1.3-6.8): OR, 18.4 (95% ClI,
2.7-125.8; ~=0.003)
RV-FAC <33% and | MACE, mean 10.7 y£7.7: HR, 6.3 (95% ClI, Pinamonti
LVEF <50% 2.17-17.45; F<0.001) etal’
TR jet area >4 cm? | MACE, mean 10.7 y+7.7: HR, 7.60 (95% ClI, Pinamonti
2.60-22.0; £<0.001) etal®
CMR
Any RV wall motion Se 96%, Sp 100% for definite ARVC | Aquaro et Normal CMR MACE, median 4.3 y (IQR, 2.8-6.1): NPV of Aquaro et al*'
abnormality (excluding by 2010 TFC al*° 96.9%
hypokinesia) plus any MACE, median 5y (IOR, 2-8): NPV of 100% | Aquaro et al*®
pre- or post-contrast
signal abnormality MACE, mean 4.3 y+1.5: NPV of 98.8% Deac et al*®
RV or LV LGE Concordance of 92% with endo- Perazzolo RVEF, per % de- Ventricular arrhythmia, median 4.83 y (IQR, Cadrin-Touri-
myocardial biopsy for detection of Marra et al** | crease 2.44-9.33), HR, 1.08 (95% ClI, 1.01-1.04; gny et al'®

myocardial fibrosis in patients with
possible, borderline, or definite
ARVC by 2010 TFC

P=0.002)

Annular subepicardial Association with a nondesmosomal Segura- LV Involvement by MACE, median 5y (IQR, 2-8): HR, 4.2 (95% Aquaro et al*?
LV-LGE pattern mutation vs desmosomal mutation vs | Rodriguez CMR Cl, 2.1-8.4; P=0.0001)
negative genotype (76.5% vs 23.5% | et al*
vs 0%, P=0.02)
LV-GLS MACE, mean 4.10 y+1.77: HR, 3.578 (95% Shen et al*®
>—12.65% Cl, 1.139-11.245; ~=0.029)
MDCT
CT scoring system Se 87%, Sp 94.4%, PPV 87% for Nakajima
definite ARVC by 2010 TFC et al¥’
Fat extent >8.5% of RV | Se 94%, Sp 92% for definite ARVC | Cochet et
free wall by 2010 TFC al®
Citation Definition of marker/outcome

Saguner et al*®

MACE: cardiac death, heart transplantation, survived sudden cardiac death, VF, sus-

tained VT, and arrhythmogenic syncope

Mast et al*®

MACE: spontaneous sustained monomorphic ventricular tachycardia, sudden cardiac
death, aborted sudden cardiac death, appropriate ICD intervention for a ventricular ar-

rhythmia, and heart transplantation

Pinamonti et al®'

MACE: death and heart transplantation

Aquaro et al*!

MACE: sudden cardiac death, appropriate ICD shock, and resuscitated cardiac arrest

Aquaro et al*?

MACE: sudden cardiac death, appropriate ICD intervention, and aborted cardiac arrest
LV involvement: defined as at least 1 of the following—LVEF <500%, LV-WMA, LV fat infil-

tration, nonischemic pattern LV-LGE

Deac et al®®

MACE: cardiac death, sustained VT, VF, and appropriate ICD discharge

Shen et al*®

MACE: sustained VT or VF, cardiac death, resuscitated cardiac arrest, heart transplanta-

tion, and appropriate ICD shock

Nakajima et al*’

CT scoring system: fulfillment of major and/or minor criteria based on fatty infiltration of
the RV and interventricular septum, bulging of the RV free wall, and dilatation of the RV

A summary of select imaging markers and relationship to prognostic and diagnostic end points are shown for echocardiography, CMR, and MDCT. These parameters are not
explicitly included in the 2010 Task Force Criteria, other than RV-FAC and RVEF. ARVC indicates arrhythmogenic right ventricular cardiomyopathy; CMR, cardiac magnetic resonance;
CT, computed tomography; GLS, global longitudinal strain; HR, hazard ratio; ICD, implantable cardioverter defibrillator; IQR, interquartile range; LGE, late gadolinium enhancement;
LV, left ventricle; LVEF, left ventricular ejection fraction; LVPSS, left ventricular peak systolic strain; MACE, major adverse cardiovascular events; MDCT, multidetector computed to-
mography; NPV, negative predictive value; OR, odds ratio; PPV, positive predictive value; RV, right ventricle; RV-FAC, right ventricular fractional area change; RVEDA, right ventricular
end diastolic area; RVEF, right ventricular ejection fraction; RVFWS, peak RV free wall systolic strain; RVOT-PSAX, right ventricular outflow tract diameter on parasternal short axis
view; Se, sensitivity; Sp, specificity; TAPSE, tricuspid annular plane systolic excursion; TFC, Task Force Criteria; TR, tricuspid regurgitation; VF, ventricular fibrillation; VT, ventricular
tachycardia; and WMA, wall motion abnormalities.
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mechanical dispersion, which is defined as the SD of
the time-to-peak strain in a multisegmented RV model,™®
was more pronounced in early phase (nondefinite) ARVC
patients®® compared with those of patients with ventricu-
lar tachycardia originating from the RVOT, and was also
found to be a marker of prior arrhythmia events in early
phase ARVC patients.’® Combining information from RV
mechanical dispersion with RV deformation patterns has
shown incremental improvement in identifying patients
with a history of life-threatening ventricular arrhythmia.®
Echocardiographic deformation imaging has also dem-
onstrated a role in computational modeling of cardiac tis-
sue properties in patients with ARVC.®'

The presence of abnormal RV strain by echocardiog-
raphy as an early marker of disease has been suggested
in the adolescent population.3” In one study of adolescent
patients investigated for ARVC, abnormal RV strain was
associated with likelihood of ARVC diagnosis despite the
fact that the majority of patients in the cohort did not
meet echocardiographic Task Force Criteria.®” An exam-
ple of assessment for RV strain is given in Figure 1C.

Stress imaging may be useful for assessing progno-
sis, given the link between exercise activity and disease
progression,"'" although the additive value is currently
uncertain. One study compared 19 patients with ARVC
with age- and sex-matched subjects and endurance
athletes using strain echocardiography both at rest and
after stress and found that 3-dimensional RV ejection
fraction and strain were lower in patients with ARVC than
in control subjects.®? Furthermore, RV strain after exer-
cise did not change significantly in patients with ARVC,
whereas RV strain increased in magnitude in the com-
parison groups.%?

In recognition of the value for a more comprehen-
sive echocardiographic assessment of ARVC, an expert
consensus from the European Heart Society recently
suggested routine evaluation of RV basal diameter and
TAPSE (conventional echocardiographic parameters) as
well as RV and LV strain and mechanical dispersion, in
addition to the listed features in the 2010 Task Force

Multimodality Imaging in ARVC

Criteria for patients with suspected or established
ARVC. Furthermore, they recommended the addition of
3D echocardiography for qualitative structural assess-
ment and quantitation of ejection fraction when available,
noting that the value of 3D echocardiography and cutoff
thresholds need to be established.” The HRS, however,
suggests that further validation is needed before recom-
mending parameters beyond the 2010 Task Force Crite-
ria for routine use.*

Regarding long-term monitoring, there is considerable
heterogeneity in the structural progression of ARVC®
and presence of progression has been shown to pre-
dict clinical outcomes,®* suggesting the importance of
serial monitoring in patients with ARVC. A 2020 inter-
national expert report recommends an echocardiogram
on initial evaluation as well as follow-up imaging every 1
to 3 years according to age, genetic status, and clinical
features.”® Specific recommendations by the European
Association of Cardiovascular Imaging are further out-
lined in Haugaa et al.”

CARDIAC MAGNETIC RESONANCE
IMAGING

CMR is the preferred initial test for evaluation of patients
with suspected ARVC. It is also of value in serial follow
up of ARVC patients or at-risk patients such as rela-
tives of ARVC probands. The modality has the ability to
assess a variety of structural and functional cardiac fea-
tures, including biventricular chamber morphology, cham-
ber volumes, wall thickness, myocardial mass, regional
motion, fibrosis, adipose content, interstitial and cellular
edema, and flow, and is not subject to acoustic window
or body size limitations.?* CMR thus is uniquely capable
of comprehensive evaluation of the known structural
manifestations of ARVC, which include RV outflow tract
enlargement, RV ventricular dilation, fibrofatty replace-
ment of the myocardium, and global or regional systolic
dysfunction.?® According to the 2010 Task Force Criteria,
qualitative CMR identification of RV akinesia, dyskinesia,

A B

C

Figure 1. Echocardiography and right ventricle (RV) strain in arrhythmogenic right ventricular cardiomyopathy (ARVC).
Representative echocardiographic images in a patient with ARVC. A dilated RV is seen on the apical 4-chamber view in (A) end-diastole and
(B) end-systole. C, RV free wall strain is markedly reduced in magnitude at —9.6% (normal is <—209%).
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or dyssynchronous RV contraction are required to sat-
isfy either major or minor diagnostic criteria.? Addition-
ally, abnormal RV end-diastolic volume indexed to body
surface area or RV ejection fraction by CMR are required
quantitative parameters to assign CMR criteria? Fea-
tures are summarized in Table 1.

Of note, the reference ranges reported in the 2010
Task Force Criteria are derived from controls in the multi-
ethnic study of atherosclerosis (MESA), which specified
ventricular volumes in patients aged 45 to 85 years of
age using an older gradient-echo cine MRI technique,
while steady-state free precession (SSFP) sequences
are now more contemporarily used for chamber volume
assessment?®® As such, some experts feel the 2010
Task Force Criteria may need to be updated to include
SSFP normal ranges.®” Others note that screening for
ARVC often occurs during teenage years, and normal RV
dilatation of the athletic heart may reduce the specific-
ity of current RV volume thresholds.?¢%8 Additionally, the
requirement of regional wall motion abnormalities with
RV dilation or systolic dysfunction to satisfy 2010 Task
Force Criteria has been found to have low sensitivity, and
some experts recommend using isolated RV wall motion
abnormalities on CMR as a freestanding criterion that
could be combined with presence of underlying fatty or
fibrotic infiltration.'™3® Furthermore, high inter-observer
variability in assessment of RV regional and global con-
tractile function has been observed.®>%°

In addition to RV chamber dilation and reduced RV
ejection fraction, atrial abnormalities are increasingly
recognized. When compared with controls, enlarged left
and right atria and decreased biatrial function using atrial
ejection fraction and strain rate have been noted.?#™ Fur-
thermore, parameters of atrial chamber enlargement and
dysfunction are predictive of incident atrial arrhythmias,
suggesting atrial involvement of ARVC.28

With regards to myocardial tissue characterization,
early CMR evaluations of ARVC described fatty infiltra-
tion of the RV using T1 spin-echo sequences.”’ How-
ever, intramyocardial fat has also been seen in older,
obese patients without ARVC, and this finding is thus
nonspecific.® In addition, despite the accepted patho-
logical mechanism of fibrofatty infiltration predispos-
ing for arrhythmic events and ventricular dysfunction,
fatty infiltration has been seen in a high proportion of
autopsy cases in non-ARVC patients dying of noncardiac
causes.®® Furthermore, tissue characterization of the RV
is difficult because of the presence of a thin free wall,
which reduces spatial resolution.?*

Late gadolinium enhancement (LGE) imaging is an
established marker of fibrosis in contrast-enhanced
imaging®* and is well-described in ARVC in both the left
and right ventricles,?*® with RV involvement in as many
as 88% of patients™ and LV involvement in as many
as 61% of patients.” In a study of 36 patients with
possible, borderline, and definite ARVC who underwent
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both contrast-enhanced CMR and endomyocardial
biopsy during the same hospital admission, CMR dem-
onstrated a 92% concordance with endomyocardial
biopsy for detection of myocardial fibrosis.** It should
be noted that a majority of patients in this study had
either isolated LV LGE or biventricular LGE (8 patients
and 18 patients, respectively), thus, LV fibrosis could
have been collected on biopsy specimens particularly
if obtained from the apical septal wall. A relationship
between genotype and patterning on LGE imaging
has also been suggested, with one study identifying
an association between desmin gene mutation and cir-
cumferential subepicardial LGE of the LV.* The addi-
tion of fibrofatty infiltration or LGE to regional RV wall
motion abnormalities may also provide incremental
improvement in identifying patients with ARVC, as one
study demonstrated high diagnostic accuracy within a
cohort of ARVC patients and matched healthy controls
when these markers were combined.*® However, LGE
itself is a nonspecific finding and may not distinguish
between ARVC and ischemic or other nonischemic
right ventricular cardiomyopathies.* Moreover, some
experts consider LGE to be a feature of late stage
ARVC, as concomitant findings of advanced disease,
such as RV dilation or dysfunction, are often present.®®
It is thus important to emphasize that although both
fatty infiltration and LGE can be detected by CMR in
ARVC, they have been excluded from the Task Force
Criteria due to poor reproducibility and a lack of both
sensitivity and specificity. Characteristic findings of
ARVC by CMR are depicted in Figure 2A through 2C
(and Videos S1 and S2).

While the conventional description of pathologi-
cal involvement of the RV inflow tract, outflow tract,
and apex (Triangle of Dysplasia) was initially described,
the presence of LGE involving the LV (Figure 3), most
prominently of the inferolateral or apicolateral seg-
ments (the so-called displaced triangle of dysplasia),'>?
has prompted expert opinion to redefine the classically
affected region of ARVC.'?% Additionally, the presence
of LV involvement has been observed independently of
the stage of RV disease, refuting the traditional notion
that LV involvement appears in late-stage disease.”™

Outcome prediction in ARVC using CMR is an evolv-
ing area of investigation. Multiple studies have identified
a high negative predictive value for cardiac events with
a normal cardiac MRI, nearing 100% in patients with
suspected or definitive ARVC.#'*% A recent prediction
model identified reduced RV ejection fraction as a risk
factor for sustained ventricular arrhythmias in a popula-
tion of patients with ARVC without sustained arrhyth-
mias at baseline,® although a follow-up study suggested
risk underestimation for patients with LV involvement
(defined as left ventricular ejection fraction <60%, wall
motion abnormalities, fat infiltration, and/or LGE with a
nonischemic pattern).“Q Furthermore, one meta-analysis
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CMR

MDCT

Figure 2. Features of arrhythmogenic right ventricular cardiomyopathy (ARVC) on cardiac magnetic resonance (CMR) and

multidetector computed tomography (MDCT).

Cine 4-chamber images in systole (A) and diastole (B) in a 47-y-old female with ARVC, showing a dyskinetic segment of the basal right ventricular
free wall (arrow). C, Short-axis late gadolinium enhancement image in the same patient showing right ventricle (RV) inferior and anterior wall late
enhancement (arrows). D, Fifty-four-year-old male with ARVC who underwent preablation MDCT. Imaging shows multiple microaneurysms (white
arrows) of the RV free wall and fatty infiltration (red arrow). An implanted cardioverter defibrillator lead is also present (yellow arrow).

found the presence of LGE on CMR to be a predictor for
major adverse cardiovascular events with a relative risk
of 2.48 in comparison to LGE-negative ARVC patients.™
A summary of selected CMR parameters for diagnostic
evaluation and outcome prediction is shown in Table 2.

A recent international expert consensus report does
not identify a role for serial CMR studies in ARVC
patients, primarily due to cost and time-consuming
nature of the exam.” Furthermore, many ARVC patients
have ICDs implanted, which may compromise CMR
image quality. However, repeat CMR could be con-
sidered in patients with definitive ARVC who develop
worsening clinical symptoms or new ECG abnormalities,
arrhythmias, or echocardiographic findings.' Additionally,
patients with ARVC and clinical heart failure were more
likely to have features of RV dysfunction by echocardio-
gram and CMR compared with ARVC patients without
clinical heart failure,® suggesting value for serial func-
tional assessment of the RV for prediction of heart failure
symptom development. Fast CMR sequences can also
be utilized to lower acquisition times, particularly in the
context of serial scans; however, such protocols require
compressed sensing algorithms for acceleration of cine
acquisitions, which is feasible but requires the appropri-
ate equipment and is not universally available.

In the future, CMR tissue deformation and strain anal-
ysis (Figure 4) may provide diagnostic and prognostic
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information. Strain imaging has demonstrated prom-
ise in differentiating ARVC and borderline ARVC from
healthy volunteers as well as other disease entities,
such as right ventricular outflow-tract ventricular tachy-
cardia (RVOT-ventricular tachycardia) and Brugada syn-
drome, through the presence of impaired LV and RV
strain.*677-80 |n addition, CMR has demonstrated the
ability to distinguish ARVC from athlete’s heart using
strain and strain rate of the mid-ventricular RV free
wall®" Such assessments may allow objective identifi-
cation of RV dysfunction, which are otherwise based on
qualitative assessment in the 2010 Task Force Criteria.?
Novel techniques to perform water and fat separation®?
and high resolution 3D LGE®#* may allow incremental
improvement in identification of ARVC, however, further
development and validation of these techniques are
needed.?* Moreover, development of enhanced pulse
sequences for T1 mapping may allow for improved
quantification of RV myocardial fibrosis, which is largely
restricted to the LV currently due to limited spatial
resolution.%®

RECOMMENDED ASSESSMENT BY CMR

Assessment of right ventricular regional wall motion
is challenging in ARVC and sometimes subject to
inter-reader variability. We previously published a
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Figure 3. Example of left ventricular involvement in arrhythmogenic right ventricular cardiomyopathy (ARVC).

Cardiac magnetic resonance example in a 19-year-old runner with a history of ventricular tachycardia after a race, and a subsequent
diagnosis of ARVC and variant of uncertain significance in the PKP2 gene. Late gadolinium enhancement (LGE) images show enhancement
in the apicolateral left ventricular wall (A, short axis view, B, 4 chamber view, white arrows pointing to area of LGE), the so-called displaced

triangle of dysplasia.

comprehensive review on this topic summarizing many
of the findings and pitfalls we have encountered in clini-
cal practice.® In patients with ARVC, the basal inferior
and lateral walls of the RV are often the first to show
structural abnormalities, and structural abnormalities
seem to progress from base to apex.'? Isolated api-
cal wall motion abnormalities are rare in true cases of
ARVC, and the presence of an RV apicolateral bulge
near the moderator band insertion may lead to misdi-
agnosis.® Long axis cine views of the RV, both in the
4-chamber and axial plane, are important to include in
any ARVC CMR protocol, however, it is important to note
that RV shape is variable, particularly in the axial plane,
and any wall motion abnormalities in the long axis plane
should ideally be confirmed in the short axis plane as
well. Additionally, tethering of the anterior wall of the RV
to the posterior sternum is a normal variant that can be
mistaken for a wall motion abnormality.858¢

In the short axis plane, outward bulging of the myo-
cardium in early systole of the inferior wall and the
angle of the RV is commonly encountered in ARVC.
In addition, lifting of the RV inferior wall from the dia-
phragmatic surface in systole is classically absent in
ARVC owing to dyskinesis of the inferior wall but is
present in normal patients. In our experience, systole
is the most important part of the cardiac cycle for
identification of wall motion abnormalities in ARVC.
We have found that irregular diastolic relaxation pat-
terns in the RV are common across various types of
patients and may be misleading. Finally, we find that
that a common source of misdiagnosis is the presence
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of RV fatty infiltrates. RV fat is not specific to ARVC
and difficult to assess reliably, hence its absence from
the 2010 Task Force Criteria. We strongly discourage
use of RV fat on imaging to influence clinical decision
making.

As an additional note, implantable cardioverter defi-
brillator implantation may obscure the ability to interpret
CMR in patients with ARVC. However, several strate-
gies may be used to enhance image quality. Gradient-
echo (GRE) sequences may be used to improve image
quality in favor of standard SSFP images. Additionally,
wideband filtering algorithms may further improve image
quality in the vicinity of an implanted device, including
LGE images. In-depth recommendations are described
elsewhere.®

Comprehensive ARVC Exam

1. Cine imaging: 2-chamber, 4-chamber, short axis
stack, RVOT, and axial stack

2. Tissue characterization: axial stack of dark blood
T1-weighted images, optional axial stack of fat-
saturated dark blood T1-weighted images, and
late gadolinium enhancement images in the same
planes as cine imaging

INVASIVE MODALITIES AND MODALITIES
USING IONIZING RADIATION

The 2010 Task Force Criteria include findings by RV angi-
ography (regional RV akinesia, dyskinesia, or aneurysm)
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Figure 4. Example of right ventricular
strain imaging using cardiac
magnetic resonance (CMR) in
arrhythmogenic right ventricular
cardiomyopathy (ARVC).

Example of long axis strain imaging of the
right ventricle (RV) using CMR showing
reduced basal strain and preserved apical
RV strain in a 47-y-old woman with ARVC.

as major criteria for diagnosis of ARVC.2 However, owing
to the widespread availability and noninvasive nature of
alternative modalities, this technique is not frequently
used for evaluation or diagnosis.

Multidetector computed tomography (MDCT) does
not currently have a defined role in the diagnosis of
ARVC by the 2010 Task Force Criteria.? While not gen-
erally used for initial testing, CT may provide potential
diagnostic utility. The technique offers accurate quantita-
tion of RV and LV volumes and function, as well as the
ability to identify and quantitate fatty tissue.*3%® CT also
offers high temporal and spatial resolution (0.5 mm)?* at
low-dose radiation levels of 1 to 2 millisieverts'®?4%® and
much shorter scan times compared with CMR.

In terms of diagnostic performance, one study using
CT created a scoring system using fatty tissue, bulging
appearance of the RV, and dilatation of the right ventricle
and compared it against the 2010 Task Force Criteria
as the reference standard in 77 patients with diagnosed
or suspected ARVC, and cited a sensitivity, specificity
and positive predictive value of 87%, 94.4%, and 87%,
respectively for definite ARVC.” Another study of 36
patients with ARVC by 2010 Task Force Criteria that
included matched controls and patients with ischemic
cardiomyopathy determined that a fat extent threshold
of 85% of the RV free wall had a 94% sensitivity and
92% specificity of diagnosing ARVC.*® Fat content also
correlated to RV size, dysfunction, presence of epsilon
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waves, T wave inversions in V1-V3, and presence of
PKP2 mutations.*® Additional studies have suggested a
role for identifying myocardial fat and tissue heterogene-
ity by MDCT and integration with catheter mapping to
localize regions of ventricular tachycardia substrate.888°
Nonetheless, further validation is needed to establish the
utility of this modality for routine clinical care in ARVC
patients. A representative MDCT image of a patient with
ARVC is shown in Figure 2D.

Current recommendations suggest utilization of
MDCT for evaluation of structural RV and/or LV remod-
eling particularly in patients in whom echocardiographic
information is insufficient and CMR is contraindicated or
not available.*'® Such patients may include those with
significant arrhythmia, claustrophobia, ICDs, or patients
with suspected focal ARVC.2*

Similar to MDCT, nuclear imaging techniques are also
not included in the 2010 Task Force Criteria for diag-
nosis of ARVC.2 Therefore, the role in screening and
prognostication for these modalities continues to evolve.
Radionuclide angiography is capable of quantitating RV
ejection fraction, and the SD of regional times of end sys-
tole has been identified as a possible marker of diffuse
or localized ARVC.® Studies by '%%|-labeled norepineph-
rine analog on metaiodobenzylguanidine ('?3I-MIBG)
single-photon emission computed tomography have
suggested abnormal sympathetic innervation in patients
with ARVC, and abnormal tracer uptake by '2°I-MIBG
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single-photon emission computed tomography has been
associated with a higher incidence of ventricular tachyar-
rhythmias.®'®? These studies suggest a potential role for
'2-MIBG single-photon emission computed tomogra-
phy in arrhythmia risk stratification. Another study ret-
rospectively evaluated 18F-fluorodeoxyglucose positron
emission tomography (FDG-PET) in patients with ARVC
and found evidence for active myocardial inflammation,
suggesting a role for myocarditis in the pathogenesis of
ARVC.% Furthermore, myocardial beta-adrenergic recep-
tor density, as assessed by PET, was found to be lower
in patients with ARVC compared with age-matched con-
trols.®* Expert consensus by the European Association of
Cardiovascular Imaging assert that while nuclear imaging
modalities may have the ability to provide risk assess-
ment, further investigation is needed."®

Three-dimensional endocardial voltage mapping is an
invasive modality that may also have a role in diagnosis
and management of ARVC by identifying electroana-
tomic regions of scar within the RV.'® Although the 2010
Task Force Criteria? do not define a specific role for 3D
endocardial voltage mapping, the 2019 HRS guidelines
state that voltage mapping may improve yield of endo-
myocardial biopsy by identifying regions of low voltage.*
Furthermore, the technique may provide guidance in
catheter ablation of recurrent ventricular tachycardia.’
However, the technique is limited by procedure availabil-
ity, and a 2020 expert consensus report suggests using
endocardial voltage mapping only for select patients
undergoing catheterization for arrhythmia management
and not for routine diagnosis."

DIFFERENTIATION FROM OVERLAP
DIAGNOSES

Several cardiomyopathies and arrhythmogenic syn-
dromes share clinical features with ARVC. As such, the
role of multimodality imaging in distinguishing ARVC
from other cardiomyopathies is critical, particularly in
gene and histopathologic elusive cases. It is important
to note that certain diagnoses, such as sarcoidosis,
myocarditis, and athlete’s heart, may not be easily dis-
tinguished from ARVC. For example, a recent study sug-
gested that the 2010 Task Force Criteria may not reliably
distinguish cardiac sarcoid from ARVC as patients with
cardiac sarcoidosis may fulfill ARVC diagnostic criteria.®
However, extensive left ventricular involvement, lower
left ventricular ejection fractions, and positive PET scans
were more commonly seen in sarcoidosis, whereas larger
RVOT measurements were seen in ARVC.?® Similarly, the
physiological stresses of exercise are known to dispro-
portionately affect the right-sided cardiac chambers,*®
and though LGE on CMR is nonspecific for ARVC, up
to 40% of athletes may demonstrate fibrosis of the
RV insertion points.”” However, the right atrium is often
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disproportionately affected in patients with ARVC, and
a recent study has utilized this feature by designing a
scoring system that incorporates the ratio of RA to LA
volume to distinguish athlete’s heart from ARVC.*® The
spectrum of clinical and diagnostic overlap between
ARVC and other diseases underscores the importance of
reader familiarity with imaging findings of overlap diag-
noses and why findings by multimodality imaging must
be integrated into clinical context. Table 3 summarizes
the characteristic findings of overlap diagnoses by multi-
modality imaging.

ROLE OF CARDIAC IMAGING IN FAMILY
SCREENING

The optimal timing and frequency of screening for rela-
tives of probands using multimodality imaging is unknown,
particularly in context of variable genotype expression
and penetrance of ARVC.** In one study evaluating the
penetrance of ARVC, 47% of mutation-positive family
members without signs of ARVC at inclusion ultimately
fulfilled criteria for diagnosis after a median of 5.7 years
of follow-up.®* Of note, structural progression was moni-
tored largely by echocardiography in this study. Another
study identified new-onset definite ARVC by serial CMR
in a subset of patients who did not meet the 2010 Task
Force Criteria but had RV dysfunction and a family his-
tory of ARVC or an ARVC-associated gene mutation at
baseline.®® Though limited, these studies provide some
evidence for periodic monitoring for structural progres-
sion in at-risk relatives without a definite diagnosis of
ARVC. While the decision, timing, and modality for serial
imaging in at-risk family members is often individualized,
our authors will generally seek repeat imaging every 2
to b years in this patient population. When technically
feasible, our authors prefer serial imaging by CMR given
its ability to perform a more comprehensive examination
compared with echocardiography.

Per the 2019 HRS guidelines,* all first-degree rela-
tives are recommended to undergo clinical evaluation
every 1 to 3 years, starting at 10 to 12 years of age,
though it may be reasonable for asymptomatic members
who do not have a familial variant and also have a nor-
mal cardiovascular evaluation to be released from regu-
lar screening unless symptoms occur. The guidelines
further recommend cardiovascular evaluations to include
a 12-lead EKG, ambulatory EKG, and cardiac imaging,
but do not specifically describe the frequency of serial
imaging.

KNOWLEDGE GAPS AND FUTURE
DIRECTIONS

The ability to identify ARVC early in its disease course is
vital, as it allows for the opportunity to extend screening
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Table 3. Comparison of Imaging Findings in Overlap Diagnoses

Multimodality Imaging in ARVC

Imaging modality

Overlap diagnosis

Echocardiography

CMR

MDCT

PET

Athlete's heart

Balanced dilation of car-

diac chambers

Same structural findings as echocardiography

Wall thickness <15 mm

Absence of RWMA

LGE, if present, is generally limited to the RV
insertion points

Sarcoidosis Reduced LV function Characteristic nonischemic LGE pattern of the | Mediastinal lymph- Heterogenous tracer
RWMA may be seen interventricular septum and/or lateral wall, often | adenopathy may be uptake in gctwe car-
basal detected diac sarcoid
Myocarditis Reduced LV function Reduced LV function May demonstrate and

RWMA may be seen

Tissue edema

RWMA may be seen

Patchy subepicardial myocardial LGE (nonisch-
emic pattern)

May show pericardial involvement

localize active myo-
cardial inflammation

Dilated cardiomyopathy

Dilated LV cavity

Dilated LV cavity

Reduced LV function

Reduced LV function

Mid-wall septal LGE on CMR

RVOT-VT

Normal imaging findings

Normal imaging findings

Brugada syndrome

Normal imaging findings

Normal imaging findings

Uhl's anomaly (total absence of
right ventricular myocardium)

Apposition of endocar-
dium and epicardium

Apposition of endocardium and epicardium

A summary of diagnoses that may be mistaken for arrhythmogenic right ventricular cardiomyopathy and associated characteristic imaging findings is given. CMR indi-
cates cardiac magnetic resonance; LGE, late gadolinium enhancement; LV, left ventricle; MDCT, multidetector computed tomography; PET, positron emission tomography;
RV, right ventricular; RVOT-VT, right ventricular outflow tract ventricular tachycardia; and RWMA, regional wall motion abnormalities.

to relatives, implement therapeutic and preventative
measures (such as implantable cardioverter defibrillator
implantation), and provide a platform for illness counsel-
ing. Despite the advancement of multimodality imaging
in the diagnosis of ARVC, several challenges remain.
Because ARVC is rare, nearly all studies of noninvasive
imaging techniques are retrospective in design. Addition-
ally, most studies evaluate the performance of imaging
modalities in patients who ultimately fulfill the 2010 Task
Force Criteria, which may artificially inflate reported spec-
ificities in diagnosis or prediction of adverse events. The
onset of disease in early adulthood highlights the value
for identification of ARVC in late childhood and adoles-
cence, before symptom manifestation. Identification of
imaging markers of disease in the pediatric population
could enhance the role of early noninvasive imaging in
at-risk populations; however, relatively few studies have
evaluated patients in this age group. Ongoing multicenter
registries that follow high-risk patients from childhood on
may help identify and establish these imaging markers.
The widespread use of noninvasive imaging modalities
in the diagnosis of ARVC, particularly contrast-enhanced
CMR, has led to a growing recognition for biventricular and
left-ventricular involvement 0?23 As mentioned previously,
new diagnostic criteria have been proposed (‘the Padua
criteria”) to combine these clinical entities as disease vari-
ants under an umbrella diagnosis of ACM, noting overlap
in the genetic bases of left-dominant, right-dominant, and
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biventricular phenotypes.'8202123190 As the links between
genotypes and phenotypes are further elucidated, our
understanding for how to characterize this spectrum of ill-
nesses, and more importantly, the implications of diagnosis
on management and prognosis, will continue to evolve.

Finally, diagnosis of definite ARVC by the 2010 Task
Force Criteria requires fulfillment of nonimaging criteria
(see Table 1). As noted previously, current imaging tech-
niques are unable to definitively distinguish ARVC from
other disease entities without additional clinical informa-
tion, and findings must be considered within clinical and
pathological contexts. Nonetheless, the development
and understanding of novel techniques in ARVC, such as
3D echocardiography, RV strain imaging by echocardiog-
raphy and CMR, and high resolution 3D LGE using CMR,
may provide incremental predictive value for symptom
and disease course in the future.

CONCLUSIONS

The role of multimodality imaging in ARVC has evolved
since the earliest case series described the disease?
Potential for early recognition and treatment of ARVC
will depend on improved accessibility of current imaging
modalities, as well as further advancement and innova-
tion of established techniques. Less established modali-
ties, such as MDCT and nuclear imaging, also have
potential to supplement standard techniques by providing
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prognostic information and modifying how ARVC is fol-
lowed and managed.
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