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ABSTRACT

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a hereditary cardiomyopathy, predom-
inantly affecting young males, regardless of their ethnicity. Due to its variable penetrance, females
usually have milder and less malignant phenotypes, and it may be diagnosed in older individuals. Ac-
cordingly, some affected individuals may remain asymptomatic while in others sudden cardiac death
represents the inaugural symptom. Exercise-related palpitations and syncope are red-flag symptoms
in otherwise healthy adolescents and young adults and should be fully investigated, with ARVC as
a potential diagnosis. Clinicians should adopt a cardiomyopathy-oriented mindset that is focused on
recognizing suspicious electrocardiograms, structural abnormalities, and family history of sudden
cardiac death. Complete baseline investigations should be performed in all individuals suspicion
of ARVC, regardless of their symptoms. These include multi-modality imaging (echocardiogram,
cardiac magnetic resonance imaging), electrocardiogram monitors, and maximal exercise tolerance
tests. Genetic testing should be regarded as the final piece of the puzzle and offered in individuals
with a high pre-test probability. A clinically actionable result allows for predictive family testing and
pre-implantation diagnosis. Importantly, it should be offered only with appropriate pre and post-test
counseling. Both clinicians and patients should understand that not identifying a variant causing
the disease does not exclude ARVC. Finally, three clinical cases illustrating the potential caveats in
diagnosing ARVC are discussed.
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INTRODUCTION: EVOLVING
UNDERSTANDING OF ARVC
Arrhythmogenic right ventricular cardiomyo-
pathy (ARVC) is an umbrella term for a group
of genetically determined heart muscle dis-
orders, in which the right ventricular (RV) my-
ocardium is replaced by fibro-fatty infiltrate.
This is due primarily to abnormalities of the
desmosomal proteins caused by mutations
affecting the corresponding genes. In turn,
this leads to negatively altered myocardial
architecture, with ventricular dilatation and
systolicimpairment, but also marked electrical

instability.

ARVCremains arare cardiac condition.The
prevalence ranges from 1:2500 to 1:5000 indi-
viduals, making it far less frequent than other
cardiomyopathies, such as hypertrophic car-
diomyopathy (1:500) [1, 2]. By contrast, ARVC

is frequently reported as the most prevalent
cardiomyopathy by registries investigating
sudden cardiac death in young individuals
[3, 4]. This highlights the malignant course
and dire prognosis of this condition, even
in otherwise asymptomatic young individu-
als.The usual age of diagnosis is in adulthood,
between the ages of 20 and 40, albeit some
asymptomatic individuals may be diagnosed
much later in life through family screening,
given the variable penetrance of the con-
dition in the same family. ARVC has been
traditionally associated with the Caucasian
population from the Mediterranean basin.
Considering data from multiple dedicated
ARVC registries from different countries, the
condition does not appear to have a propen-
sity towards a specific ethnicity or region [5].
Sex influences the prevalence and prognosis
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of the condition. Men are more likely to be affected and
express a more malignant phenotype, perhaps due to sex
hormones and higher exercise workload [6].

The original International Task Force Criteria for the
Clinical Diagnosis of ARVC were published in 1994 and in-
cluded structural, histological, electrocardiographic (ECG),
arrhythmic features as well as family history. These criteria
were highly specific, as they were based on the typical
forms of this condition, seen in probands or individuals
who died suddenly because of ARVC. Hence, they lacked
sensitivity for early diagnosis or family screening [7]. Based
on progress made in imaging and cardiogenetics, the
2010 Proposed Modification of the Task Force Criteria in-
cluded cardiac magnetic resonance imaging [MRI] findings
and identification of pathogenic mutations as a major crite-
rion [7]. In order to incorporate individuals presenting with
early phenotypes, two additional diagnostic thresholds
were introduced - possible and borderline. Importantly, it
is this version of the Task Force Criteria that acknowledged
anterior T-wave inversion, defined as inverted T-waves in
V1-V3 or beyond in individuals over 14 years of age in the
absence of right bundle-branch block, as a major criterion
(they were previously considered only a minor criterion) [7].
The 2020 proposed Padua Criteria introduced a paradigm
shiftin ARVC diagnosis, as they acknowledged arrhythmo-
genic cardiomyopathy as a spectrum that may predomi-
nantly affect either the right or left ventricle (LV), or both,
while highlighting fibro-fatty myocardial replacement as
the common and distinctive feature [8]. Certain genotypes
(DSP, PLN) have a more prominent LV involvement, with
little RV involvement, which would not allow for a formal
diagnosis to be made according to the 2010 criteria [9,
10]. Hence, the 2020 Padua Criteria aimed to address this
gap to allow providing care and surveillance to patients
with arrhythmogenic cardiomyopathies, as well as their
families. Furthermore, in a large registry of sudden cardiac
deaths due to arrhythmogenic cardiomyopathy, histology
confirmed biventricular involvement in 70% of cases,
whereas exclusive RV involvement was rare (13%) [11]. The
exact frequency of biventricular involvement in clinical
practice is difficult to estimate, as histologic examination
is not routinely performed. The frequency also depends
on the desmosomal mutations identified in the studied
population. The likelihood of identifying LV abnormalities
depends on the imaging method employed. For instance,
LV systolic impairment or dilatation, detectable also by
echocardiography, seem to be less frequent than late
gadolinium enhancement, detectable only by cardiac MRI
[12,13].Thus, when cardiac MRl is systematically performed
in patients with a suspicion of ARVC, LV involvement is
frequently identified. The extent of LV involvement may
be variable and disproportionate to the RV involvement.

The current review will focus on RV involvement, which
represents an important and relevant clinical entity, as
the 2023 European Society of Cardiology guidelines for
the management of cardiomyopathies maintain ARVC as

a distinct phenotype in the classification of cardiomyo-
pathies [14]. A comprehensive comparison between the
2010 Proposed Modification of the Task Force Criteria and
2024 Proposed Diagnostic Criteria for Arrhythmogenic
Cardiomyopathy (European Task Force Consensus Report)
is detailed in Table 1 [7, 15].

DIAGNOSING ARVC
— SCENARIOS AND CHALLENGES

Symptoms and clinical presentations

Symptoms in individuals with ARVC vary according to the
phase of the disease. In the early phases, structural abnor-
malities are not significant enough to cause right-sided
heart failure symptoms, and patients very rarely mention
fatigue or exertional dyspnea. Palpitations are commonly
reported, and they can be more pronounced with exertion.
Syncope may also occur. Unheralded or exercise-induced
syncope should trigger comprehensive investigations.

Sudden cardiac arrest can be the first symptom, particu-
larly inyoungindividuals. Arrhythmogenic cardiomyopathy
with right and/or LV involvement was the most prevalent
cardiomyopathy identified in a cohort of adolescents (ages
10-19) who died suddenly [4].

Right-sided heart failure symptoms are usually reported
by individuals who already have an established diagnosis
of ARVC, as RV dilatation and impairment occur in the
later phases of the disease. In advanced cases, with severe
structural or arrhythmic phenotypes, one should consider
referral to specialized centers that can offer advanced heart
failure treatment options, including heart transplants [16].
When the RV remodeling becomes clinically significant,
the desmosomal reserve is lost and the functional decline
towards an advanced NYHA class can be steep.

Rarely, in patients already implanted with an implanta-
ble cardioverter-defibrillator, heart failure symptoms may
be precipitated due to lead-related tricuspid regurgitation.
ARVC patients are a challenging population for device
implantation because of the extensive and dynamic RV
remodeling. Difficult lead placement occurs in 18.4% of
patients, while lead malfunction and displacement were
reported in 9.8% and 3.3% of patients, respectively [17].
Tricuspid regurgitation worsens by at least 1 grade in 20%
of patients after implantation of a cardiac device, but spe-
cific data for patients with ARVC are lacking [18].

ECG in ARVC diagnosis

Electrical abnormalities noted on 12-lead ECG are very
often the earliest changes seen in ARVC. As ECG changes
can be subtle and without associated striking imaging
abnormalities, clinicians may be falsely reassured, particu-
larly if the individual is asymptomatic. Clinicians should be
particularly aware of anterior T-Wl and epsilon waves as red
flags for ARVC. The significance of anterior T-Wl in diagnos-
ing ARVC depends on several aspects, such as the individu-
al'sage, the extension and the presence of the right-bundle

2 www.journals.viamedica.pl/polish_heart_journal



Mihnea Casian et al,, ARVC: Diagnostic challenges from imaging to genetics

Table 1. Comparison between the 2010 Proposed Modification of the Task Force Criteria and the 2024 European Task Force Consensus Report

Criteria 2010 Proposed Modification of 2024 European Task Force Consensus Report [15] Comments
the Task Force Criteria [7]

Morpho- Findings were grouped according to
-functional imaging method (2D echo/CMR).
ventricular RV FW RWMA (akinesia, dyskinesia,

abnormalities  or aneurysm) are a minor criterion
only if in association with impaired

RVEF or RV dilatation.

Structural/ Percentage of residual myocytes on

/tissue altera-  EMB sample allows for classification

tions into a minor (60%-75%) or major
criterion (<60%).

or RV dilatation.

myocytes.

ECG repolari-

zation abnor-

malities criterion.
ECGrepolari-  Epsilon waves are considered a

zation abnor-  major criterion.

malities Terminal activation delay and late

potential by SAECG are minor
criteria.

Arrhythmias

Imaging method is not specifically mentioned.
Multidetector computer tomography mentioned.
RV FW RWMA (akinesia, dyskinesia, or aneurysm) are
considered a minor criterion without impaired RVEF

Anterior T-wave inversion extending beyond V3
in children <14 years has been added as a minor

Epsilon waves are only a minor criterion.

Late potentials are not mentioned anymore.
Terminal activation duration of QRS (at least 55 ms)
remains a minor criterion.

RV involvement may be segmental, without
global dilatation/impairment. Hence, RV
FW RWMA have been upgraded to a minor
criterion on their own.

Fibrous replacement of the myocardium in at least
one sample is a major criterion, regardless of residual

RV LGE on CMR is recognized as a minor criterion.

Anterior T-WI (V1-V3) with J-point elevation
due to early repolarization should be
excluded. Extensive T-WI (V1 to V5/V6) may
reflect a more pronounced RV dilatation,
rather than LV involvement.

ECG filtering and high-interobserver variabi-
lity were acknowledged as potential issues
leading to overdiagnosis of Epsilon waves.
Late potentials SAECG were not included as
they are not routinely performed anymore
and have a low diagnostic accuracy.

Frequent ventricular extrasystoles (> 500/24 h) with

LBBB morphology and non-inferior axis have been

upgraded to major criterion.

History of cardiac arrest due to VF/sustained VT of

unknown morphology is acknowledged as a minor

criterion.

Family history No changes

Abbreviations:

CMR, cardiac magnetic resonance; ECG, electrocardiography; EMB, XXX [??please expand]; FW, XXX [??please expand]; LBBB, left bundle branch block; LGE, late gadolinium
enhancement; LV, left ventricle; RV, right ventricle; RVEF, right ventricular ejection fraction; RWMA, XXX [??please expand]; SAECG, XXX [??please expand]; VF, ventricular

fibrillation; VT, ventricular tachycardia

branch block. Negative T-waves in leads V1 to V3 or beyond,
in individuals who are at least 14 years old, in the absence
of the right-bundle branch block or ST-segment elevation,
are considered a major criterion [15]. Conversely, negative
T-waves inV1 and V2 only or beyond V3 in the presence of
the right-bundle branch block or in children under the age
of 14, constitute minor criteria. A challenging situation is
often posed by the juvenile pattern in teenagers between
the ages of 14 and 16.The juvenile pattern consists of neg-
ative T-waves extending to V3 in adolescents <16 years old
and is recognized as a benign clinical entity in the absence
of other ECG changes, relevant family history, or symptoms
[19]. Out of an abundance of caution, a repeat ECG should
be sought once the individual is at least 16 years old to en-
sure the repolarization abnormalities are resolved. Impor-
tantly, the pattern should not extend beyond V3. Negative
T-waves beyond V3 require further investigations even in
individuals <16 years old. Epsilon waves are depolarization
changes consisting of low-amplitude signals between the
end of the QRS and the onset of the T-wave in the anterior
leads. They are considered a minor criterion, as they are
not entirely sensitive, nor specific [15]. They may be seen
in other cardiomyopathies, such as cardiac sarcoidosis,
and they are subject to great interobserver variability [20],
which makes diagnosis unreliable.

Ventricular arrhythmias may be noted on 12-lead ECG
and can raise further concerns in individuals with suspi-
cion of ARVC. The ventricular ectopic beats with RV origin

will have a left bundle-branch block morphology and are
considered a major or minor criterion if they are frequent
(>500/24 h) and depending on their axis [15]. Premature
ventricular contractions with an inferior axis originating
from the RV outflow tract (RVOT) are less specific and
can be benign, hence only considered a minor criterion,
whereas those showing a superior axis (negative in the
inferior leads) originate from the RV apex or triangle of
dysplasia and would raise further concerns of underlying
cardiomyopathy; therefore, they are considered a major
criterion [15].

This is why suggestive ECG findings, even in asympto-
matic individuals with normal baseline echocardiographic
studies, should be thoroughly investigated and followed
up with a Holter monitor, exercise tolerance test, and
cardiac MRI.

Imaging in ARVC

Patients undergoing investigations for ARVC suspicion
should follow a stepwise approach. The transthoracic
echocardiogram may be unremarkable in the early stages
of the disease, without RV dilatation or impaired systolic
function. The 2010 Revised Task Force Criteria considered
several RV echocardiographic abnormalities as either major
or minor criteria. The presence of a regional wall motion
abnormality, except for hypokinesia, which is more subjec-
tive and can be easily overdiagnosed, in conjunction with
evidence of RV dilatation, documented by measuring the

www.journals.viamedica.pl/polish_heart_journal 3



POLISH HEART JOURNAL

MNMMMM ﬁ“‘*r“’)"f_“”“”"qr“

i LMMMR“JMLM,L ,w\rﬂ@ H\"" \__J/kﬂ; o

TIS0.: ECHO 4
X5-1
83Hz
18cm
m

+RVOT Diam 4.0 cm 8
RVOT Area 126 cm’
SV (RVOT) 323 ml .
Qp/Qs 32

Figure 1. Clinical case 1. A 20-year-old male with a family history of sudden cardiac death (mother aged 45) reported palpitations, synco-
pe, and exertional dyspnea. He was referred with the suspicion of arrhythmogenic right ventricular (RV) cardiomyopathies based on the
presence of ventricular arrhythmias and dilated RV, combined with non-sustained ventricular tachycardia and a large number of premature
ventricular contractions on electrocardiogram (ECG) Holter monitoring. An ICD was implanted for primary prevention before his referral. The
12-lead resting ECG (A) demonstrates sinus rhythm at 75 bpm, normal PR interval, fragmented QRS in V1-V2, and inverted T-waves in leads

IIl and aVF. The QRS terminal activation duration is more than 55 ms in V2. The 12-lead 24-hour Holter ECG monitor (B) shows evidence of
non-sustained ventricular tachycardia (mean heart rate of 190 bpm) with superior axis and right bundle branch block-morphology, suggest-
ing a left-ventricular origin. The transthoracic echocardiogram (C) demonstrates mitral annular disjunction (red arrow) and bileaflet prolapse
with mild mitral regurgitation. The RV appears dilated, with an RV outflow tract of 4 cm (D) and normal systolic function without regional wall
motion abnormalities. The saline bubble study (E) confirms simultaneous contrast in both atria (red arrow). The Qp/Qs was 3.2 (D), which was
later confirmed by right heart catheterization. It also showed high oxygen saturations in the RV and pulmonary artery (F). The transesoph-

ageal echocardiogram and subsequent cardiac computed tomography allowed for making the final diagnosis: sinus venosus atrial septal
defect with aberrant drainage of the right pulmonary veins in the superior vena cava with associated mitral valve prolapse with annular
disjunction. The patient was referred for surgery for correction of the atrial septal defect and aberrant drainage of the pulmonary veins, and

1 month later, the RV volumes were normal.

RVOT from two different windows (PLAX and PSAX), or RV
systolic function impairment (FAC <33%) were mentioned
as criteria for structural alterations [7]. These criteria were
not mentioned anymore in the 2020 Proposed Diagnos-
tic Criteria for Arrhythmogenic Cardiomyopathy, which
emphasizes the role of cardiac MRI [15]. The limitations
of applying the echocardiographic criteria have been
acknowledged in certain populations, such as adolescent
male athletes or adult endurance athletes, as up to 25% of
healthy individuals would meet the major RVOT dimension
criterion [21-23]. Perhaps more concerning is that these
individuals might also have ECG changes due to athletic
adaptation, such as anterior T-wave inversion, which would
potentially result in an erroneous definite diagnosis of
ARVC and profound implications. Speckle-tracking has
been suggested by several studies as a potential method
to further discriminate between physiological adaptation
and pathology in athletes, albeit findings are not entirely
consistent since the extent of RV remodeling is depend-
ent on the sports discipline [24-27] and the quality of RV

free wall tracking is variable. Therefore, the limitations of
speckle-tracking should be acknowledged, and in clinical
practice, findings should be interpreted with caution. RV
dilatation, particularly without functional impairment and
obvious regional wall motion abnormalities, should always
be further assessed by assessing the Qp/Qs ratio, which, if
greater than 1.5, indicates a significant left-to-right shunt
(Figure 1)

Cardiac MRl is a superiorimaging modality in assessing
the RV, considering its high spatial and temporal resolution.
Itis the gold standard for quantifying ventricular volumes
and systolic function. It also enables identifying regional
wall motion abnormalities more accurately, as they can
be seen and confirmed in two orthogonal planes. Fur-
thermore, flow quantification can be used for estimating
Qp/Qs, which helpsin differentiating between ARVCand RV
remodeling due to a volume overload. The most attractive
feature of cardiac MRl is myocardial tissue characterization
through mapping and late gadolinium enhancement. RV
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enhancement confirmed in two orthogonal views is a minor
criterion for structural alteration [15].

ARVC is a desmosomal disease, hence, other cellular
junctions will be also be affected. This can be seen in pa-
tients with Naxos or Caravajal disease, where the cardiac
features are associated with hair and skin abnormalities due
to mutations in the JUP and DSP genes. When it comes to
the distribution of junctional proteins, buccal cells behave
in the same way as heart cells [28]. Immunofluorescence
of the buccal mucosa showed signal redistribution of cer-
tain proteins, such as PKP1 [28]. In a pediatric cohort, no
changes in protein distribution were seen until there was
clinical evidence of disease. Progressive shifts in the dis-
tribution of key proteins correlated with worsening of the
disease phenotype, while restoration of junctional signal
for Cx43 was seen in patients with a favorable response to
anti-arrhythmic therapy [29]. This might be a promising
tool in diagnosing and monitoring the disease.

Differential diagnosis in patients investigated
for ARVC

“Electrical” phenocopies
The overlap between channelopathies and cardiomyopa-
thies has been further indicated by advances in genom-
ics and proteomics [30]. Notably, loss of expression of
desmosomal proteins may also induce sodium channel
dysfunction. This finding is based on experimental studies
demonstrating molecular crosstalk between desmosomes,
voltage-gated sodium channels, and gap junction proteins
found in the intercalated discs [31]. In the early stages of
the disease the electrical features, such as resting ECG
abnormalities and/or ventricular arrhythmias may be
predominant, without evidence of structural remodeling
on cardiac magnetic resonance imaging or echocardio-
gram. At this stage, differential diagnosis should include
channelopathies, particularly Brugada syndrome (BrS) and
catecholaminergic polymorphic ventricular tachycardia
(CPVT). Several case reports have shown resting or pro-
vokable BrS ECG patterns in ARVC patients and epsilon-like
waves in BrS patients [32-34]. Albeit patients with BrS do
not usually exhibit any overt abnormalities on cardiac im-
aging, histopathologic studies demonstrated an increased
collagen content throughout the right and LV myocardium,
suggesting an underlying cardiomyopathic process even
in patients believed to have channelopathy [35, 36]. The
two conditions may also have a common genetic back-
ground, as SCN5A variants are associated with ARVC and
BrS. Nonetheless, ARVC and BrS are two distinct entities,
with entirely different clinical evolution, prognosis, and risk
of sudden cardiac death. Evidence of myocardial fibrosis or
RV abnormalities on cardiac imaging in patients with BrS
should prompt further investigations and consideration of
arrhythmogenic cardiomyopathy.

CPVT is defined by normal resting ECG and cardiac
imaging studies. The electrical hallmark of the conditions

is bi-directional ventricular tachycardia (BiVT), which is
triggered by exercise or other high adrenergic states. BiVT
can also be a feature of ischemia, digoxin toxicity, myo-
carditis, Andersen-Tawil syndrome, cardiomyopathies, or
sarcoidosis [37]. Certain PKP2 mutations were found to be
associated with BiVT. Interestingly, the onset of the elec-
trical manifestations and/or sudden cardiac death in these
patients was independent of structural abnormalities [38].
Genetic testing becomes pivotal in confirming diagnosis
in symptomatic patients (e.g., exercise-induced syncope,
sudden cardiac arrest) with bi-directional ventricular
arrhythmias and no overt cardiac structural abnormali-
ties. The RYR2 and less often the CASQ2 gene mutations
are responsible for CPVT.

In some instances, the suspicion of an underlying ARVC
is raised after ventricular arrhythmias are noted on Holter
ECG monitor tapes or resting ECG, especially in young pa-
tients who mention palpitations or syncope. Differentiating
between an idiopathic RVOT VT, which is a benign clinical
entity manifesting itself as a paroxysmal monomorphic
exercise-induced arrhythmia, and an ARVC-related RVOT
VT can be challenging. Electrical features, such as QRS du-
ration, transition or notching, reflect the origin of the RvOT
VT, which can be free-wall or septal, but cannot be entirely
reliable in discriminating between an idiopathic or cardi-
omyopathic substrate of the arrhythmia [15]. Apparently,
benign RVOT premature ventricular contractions have
also been noted in desmosomal-gene mutation carriers
who did not otherwise show an overt phenotype [39]. An
intrisicoid deflection time >80ms and a QS morphology in
lead V1, particularly when present in combination, have
been suggested as red flags for underlying cardiomyopathy
[391. RV regional wall abnormalities (thinning, dyskinesia)
can be detected by CMR in idiopathic RVOT, which may
correspond to the origin of the arrhythmia [40]. The RV is
not dilated and the systolic function should be normal in
this case, as a dilated RV with impaired systolic function
would be more suggestive of underlying cardiomyopathy.
The adenosine therapeutical challenge provides further
insight, as idiopathic RVOT VT terminates with adenosine.
In individuals presenting with VT and no overt structural
abnormalities suggestive of ARVC, endocardial voltage
mapping can differentiate between an early phase of
the condition or idiopathic RVOT VT, by identifying the
low voltage areas corresponding to areas of fibro-fatty
replacement.

“Imaging” phenocopies

Athletic adaptation is perhaps one of the most clinically
significant scenarios in which differentiating between
physiology and pathology (ARVC) is crucial for the in-
dividual’s prognosis and management. It is well known
that high-intensity physical activity increases the risk of
sudden cardiac death and has deleterious effects on the
myocardium in patients diagnosed with ARVC, even in
genotype-positive/phenotype-negative individuals [41].
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Conversely, physiological adaptation, particularly in endur-
ance athletes, may raise the suspicion of underlying ARVC.
This is commonly due to evidence of RV enlargement on
imaging or suspicious electrical features, such as anterior
T-wave inversion (T-WI) or ventricular arrhythmias. When
these changes are present, particularly in association, orin
a symptomatic athlete (e.g., palpitations or syncope with
exercise), comprehensive investigations and follow-up are
warranted.

Athletic cardiac remodeling is defined by symmetrical
and balanced cardiac enlargement, with the left and RV
proportionally dilated. The specific discipline also affects
the degree of remodeling, as athletes involved in mixed
and endurance sports would be expected to have larger
RV dimensions [42]. There appears to be a slightly greater
increase in RV volumes and as a result, a RV/LV end-di-
astolic volume ratio of 1.2 or less is accepted in athletes
[43, 44]. Values greater than 1.2 increase the likelihood
of pathological RV dilatation [44]. Physiologic RV remod-
eling also includes balanced outflow and inflow dimen-
sions. A disproportionately enlarged RV outflow would be
more suggestive of ARVC, rather than athletic adaptation.
Lower RV systolic function and lower deformation values
are expected in endurance athletes, as the degree of
dysfunction seems to be greater, the longer the intense
exercise is sustained [43].

In extreme cases of endurance training, adverse car-
diac remodeling may occur, involving disproportionate
enlargement of the right heart cavities and increased
arrhythmogenicity [45]. This has been referred to as “ex-
ercise-induced ARVC,” and the phenotype can be at least
partially reversible with detraining [45]. Current thinking
suggests an interaction between the genetic make-up of
the athlete and the environmental stimulus in the form of
high volume and intensity of endurance training. Regional
wall-motion abnormalities, such as RV wall aneurysms,
should never be considered athletic adaptation. RV late
gadolinium enhancement, mentioned as a minor criterion
for structural alterations, can be difficult to confirm in CMR
studies due to the thinness of the RV wall, making it an
unreliable imaging marker in clinical practice [15]. Insertion
point fibrosis is most often limited to the inferior insertion
point and should be considered an incidental finding
in athletes if found in isolation [46]. Ultimately, the car-
dio-pulmonary exercise test may be useful in challenging
the athlete’s cardiovascular fitness and confirming that it
reflects the degree of athletic adaptation.

Anterior T-WI are considered a hallmark of ARVC when
seen beyond V2. The ECG abnormalities may be subtle
and present before imaging would detect any overt ab-
normalities. While very rare in the general population,
inverted T-waves beyond V2 are more common in athletes,
particularly in female athletes and elite endurance athletes,
explainable in some cases, at least partially, by the RV apex
being displaced towards the axilla [47, 48]. Accordingly,
these changes are more commonly noted in individuals

with greater ventricular volumes. Generally, when anterior
T-WIlis due to athletic adaptation, it is limited to V1-V3 but
can sometimes extend to V4, preceded by J-point eleva-
tion of at least Tmm and seen in isolation [47, 49, 50]. In
Afro-Caribbean athletes, anterior T-Wi extending to V4 with
J-point elevation and convex ST-segment elevation are rec-
ognized as a normal repolarization pattern [19]. Preceding
ST-segment depression or an isoelectric ST-segment should
increase the suspicion of underlying cardiomyopathy,
albeit in a significant number of white female athletes, the
J-point segment may be in line with the onset of the QRS
[47]. Another useful marker is the QRS terminal activation
delay, which should not exceed 55 ms (Figure 2). Terminal
activation delays of at least 55 ms or longer have been as-
sociated with larger RV volumes and more impaired right
ventricular ejection fraction (RVEF) and may represent the
sole ECG abnormality in genotype-positive individuals who
would not otherwise fulfill criteria for diagnosis according
to the 2010 Task Force Criteria. In very young athletes,
the duration of the terminal activation delay appears to
correlate with the years of training, presumably reflecting
RV remodeling [53]. The same study found that a terminal
activation delay 55 ms can be found in isolation in a minor-
ity of children (7%) with structurally normal hearts, albeit
this was a cross-sectional study without prospective data
derived from long-term follow-up [53].

Cardiac sarcoidosis is an infiltrative cardiomyopathy
that appears in the context of granulomatous inflamma-
tion. RV involvement outside other complications, such
as pulmonary hypertension due to pulmonary fibrosis
or LV dysfunction, may occur. Ventricular arrhythmias,
epsilon waves, RV dilatation, systolic impairment, or late
gadolinium enhancement are common features. The
presence of atrioventricular block is a characteristic of
cardiac sarcoidosis. Both conditions may present with
associate flares of myocardial inflammation. Traditionally,
positron emission tomography-computed tomography
with ®fluorodeoxyglucose (FDG) has been used for cardi-
ac sarcoidosis. Based on the specific FDG uptake pattern,
such as multiple noncontiguous perfusion defects with
associated FDG uptake or multifocal FDG uptake in combi-
nation with extracardiac FDG uptake, specificity can reach
up to 100% [54]. Nevertheless, the absence of FDG uptake
cannot exclude cardiac sarcoidosis, as in the “burned out”
forms, the metabolically active granulomas are replaced by
fibrosis. In such instances, the location of late gadolinium
enhancement should be carefully interpreted. LV septal or
basal subepicardial or RV free walls have been frequently
described in cardiac sarcoidosis [54]. For this reason, fusion
FDG-PET and CMR imaging should be performed when
available. It should not be forgotten that FDG uptake itself
reflects increased metabolism and is not exclusively specific
for cardiac sarcoidosis. As ARVC can present phases of ac-
tive inflammation, FDG uptake may be occasionally noted
[55]. This particular presentation has been described in
patients bearing PKP2, DSP, or DSG2 variants [56]. However,
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Figure 2. Clinical case 2. An 18-year-old Caucasian female, competitive swimmer, asymptomatic and without any relevant family history,
attended a cardiac screening event. A 12-lead resting electrocardiogram (ECG) (A) demonstrates sinus bradycardia at 45 bpm, normal PR
interval, rSr’ pattern in V1 with a QRS duration of 100 ms, and inverted T-waves in V1-V4 with isoelectric ST-segment (red arrows). The QRS
terminal activation duration is less than 55 ms in V2-V3. The cardiopulmonary exercise test confirms a peak VO, of 49.2 ml/min/kg (131% of
predicted). The exercise ECG tracings are unremarkable, without any ventricular arrhythmias, and the QTc measures 450 ms in the 4" minute
of recovery. Cardiac MRI (C and D) shows mildly dilated ventricles (LVEDVI 108 ml/m? RVEDVI 111 ml/m?) with normal systolic, increased
stroke volumes and no evidence of regional wall motion abnormalities or myocardial fibrosis. The second ECG (B) performed one year later,
following 6 months of relative detraining, demonstrates upright T-waves in V2-V4 (red arrows). These investigations allowed us to reasonably

rule out ARVC and establish an athlete’s heart phenotype

FDG uptake was only exceptionally noted in the RV [55].
Hence, it would be reasonable to consider ARVC the more
likely diagnosis when there is evidence of significant RV
involvement, with minimal or no LV involvement. In cases
with active inflammation, it may be difficult to distinguish
between ARVC and sarcoidosis. Endomyocardial biopsy
should be pursued, as the histopathological features are
entirely different (fibro-fatty replacement versus myocar-
dial granulomas). Table 2 summarizes the findings that
guide differential diagnosis between the clinical entities
discussed in this section.

Genetics: Utility, implications, and limitations

Genetics play an important role in diagnosing individuals
and their relatives with ARVC, as the inheritance pattern
is considered autosomal dominant. However, penetrance
varies greatly with sex, age, and environmental factors, such
as exercise. Identification of a pathogenic genetic variant
constitutes a major criterion, while a likely pathogenic
variant is a minor criterion [15]. Haploinsufficiency is the
mechanism through which loss-of-function mutations
become pathogenic. This refers to the fact that having

only one functional copy of the gene is insufficient to
ensure the normal function of the protein encoded by the
affected gene. Genes involved in ARVC are classified as
desmosomal (PKP2, DSP. DSC2, JUP), non-desmosomal, or
genocopies (TMEM43, PLN, TGFB3, CTNNA3, CDH2, SCN5A)
[15]. Up to 50% of ARVC patients may harbor at least one
disease-causing variant. This means that failing to identify
the disease-causing variant does not exclude the diagnosis,
as gene-elusive ARVC is an acknowledged clinical entity.
Importantly, analysis of copy-number variation should
always be performed since this variant can be found in up
to 4% of negative cases [57]. Copy-number variation repre-
sents the number of repetitions in an individual’s genome,
which leads to duplications or deletions.

Should a pathogenic or likely-pathogenic variant
be identified in an individual (proband or index case),
predictive family screening ensues. First-degree relatives
can be offered targeted genetic testing for the specific
mutation after appropriate genetic counseling. This allows
for individuals not harboring the same genetic variant to
be safely discharged and not followed up, as their risk of
developing the condition is similar to that of the general
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Table 2. [please complete the title]

Low QRS

voltages

AV block RBBB

Arrhythmias Echocardiogram

ARVC + Isoelec- + + Infrequent +
tric
depres-
sed
Sarco- + isoelec- + + Frequent +
idosis tric High grade AV
depres- block
sed
Athletic  Inisola-  Elevated - Possible First or +
adapta- tion isoelec- in isola- second
tion Can tric tion degree type 1
extend If explainable
toV4 by increased
vagal tone
(concomitant
bradycardia)
Idio- - - - - -
pathic
RVOT
VT
ASD/ + Isoelec- - - - +
PFO tric
depres-
sed

PVC, LBBB Dilated RV Impaired systolic +
morphology Regional wall function
with superior motion abnorma- Increased RVEDV
and/or inferior lities or disproportiona-
axis Impaired radiar te to LVEDV
Multiple mor- function RWMA
phologies Abnormal FW longi-
NSVT/VT tudinal strain
More frequent
with exercise
PVC,NSVT/VT  Similar to ARVC but Similar to ARVC +
Multiple mor-  with LV involvement but with LV Multifocal
phologies involvement LV involve-
Correlates ment
with location
of myocardial
fibrosis
Usually Dilated right RVEDV/LVEDV RV insertion
<500/24 h ventricle <1.2 point
LBBB with Balanced RVOTO/RV ~ Functioncanbe  Can be seen
inferior axis inflow dimensions mildly impaired,
Subdue with Normal longitudinal but increased
exercise function stroke-volumes
No regional wall No RWMA
motion abnorma-
lities
LBBB with Normal RV Normal RV -
superior axis
NSVT/VT
Exercise-in-
duced
Dilated RV Dilated RV
Normal longitudi- Normal longi-
nal/ radiar function tudinal/ radiar
No regional wall function
motion abnorma- No regional wall
lities motion abnorma-
Qp/Qs >1or >1.5if lities
significant Qp/Qs>1or>15
if significant

Abbreviations: ASD, atrial septal defect; AV, atrio-ventricular; LVEDV, left ventricular end-diastolic volume; NSVT, non-sustained ventricular tachycardia; PFO, patent foramen
ovale; RVEDV, right ventricular end-diastolic volume; RVOTO, right ventricular outflow tract obstruction; other — see Table 1

population. Conversely, individuals who harbor the variant
require complete investigations and deep phenotyping to
ascertain if they are carriers (genotype-positive/pheno-
type-negative) or express an early phenotype. Regardless
of the result, these individuals will require regular follow-up.
Importantly, even genotype-positive/phenotype-negative
individuals should be made aware of specific lifestyle
recommendations that include exercise prescription.
Pre-implantation genetic diagnosis in carriers is an option
for family planning, if available.

Identification of variants may also have prognostic im-
plications in the proband. It has been acknowledged that
the 2019 ARVC Risk Calculator performs better in gene-pos-
itive individuals, particularly those with PKP2 variants, rath-
er than in gene-elusive [58]. In addition, individuals with
a DSP or DSG2 variant have an increased risk of developing
heart failure compared to PKP2 carriers [59, 60].

Sometimes, in up to 16% of carriers, more than one
disease-causing variant may be identified [61]. Compound
heterozygosity refers to variants of the same gene being
encoded in trans while having mutations in two different
genesis called digenic heterozygosity. This has prognostic
implications, as the probability of expressing a phenotype
or developing malignant ventricular arrhythmias increases
(Figure 3) [61].

One of the most challenging results of genetic testing
is a variant of uncertain significance, as it is not a clinically
actionable result. Variants are classified on a spectrum
that ranges from benign to pathogenic, according to the
evidence which supports their ability to cause a particular
disease. Variants of uncertain significance are a heter-
ogeneous “buffer” category. In this category, there are
several subcategories (cold, tepid, warm, and hot) in which
variants may be grouped according to the probability of
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Figure 3. Clinical case 3. A 16-year-old asymptomatic Caucasian male, taeckwondo player, with a strong family history of premature sudden
death, was referred after a screening electrocardiogram (ECG) (C) showed anterior T-wave inversion (V3-V4, red arrows). The current ECG (A)
demonstrates sinus rhythm at 45 bpm without anterior T-wave inversion but with evidence of epsilon waves in V3-V4 (B, red arrows). Ante-
rior T-wave inversion may show variability on serial ECGs in arrhythmogenic right ventricular cardiomyopathies (ARVC). Importantly, the ECG
findings (B) should not be mistaken for a juvenile pattern given the patient’s age, as T-wave inversion should not extend beyond V3. Speck-
le-tracking analysis (D) confirms reduced right-ventricular (RV) free-wall strain (-17.8%) with abnormal post-systolic shortening on the strain
curves (red arrow). The initial 24-hour Holter ECG monitor identified 3500 polymorphic ventricular ectopic beats (3%) without non-sustained
ventricular tachycardia. The cardiac MRI shows a disproportionately dilated RV (RVEDVi 110ml/m?) (panels E and F) with impaired systolic
function (RVEF 44%) and dyskinesia of the free wall (panels E and G, red arrows). The LV is normal and has preserved systolic function without
evidence of myocardial fibrosis. The patient fulfills the criteria for a definite diagnosis of ARVC. Genetic testing is performed for confirma-
tion, showing a likely pathogenic PKP2 variant (c.1034+1G>C) and a DSP variant of uncertain significance (c.273+5G>A). As there is more
evidence suggesting that the variant may, in fact, be pathogenic according to most in-silico predictions and publications, it is considered
a”hot” variant. Hence, predictive genetic testing ensued in his sister and parents, targeting both variants. The PKP2 variant was identified in
his father and sister, while the DSP was found in his mother. None of his relatives exhibited a phenotype at the time of family screening. It is
well established that the penetrance of desmosomal mutations varies greatly among affected family members. In this case, the significant
RV involvement at an early age might be explained by the patient’s participation in competitive sports and the existence of two variants
identified in different genes. He stopped competitive sports. Three years after the initial diagnosis, the 24-hour Holter ECG monitor identified
multiple runs of ventricular tachycardia with different morphologies (I and J), with the longest lasting for 30 seconds at an average heart rate
of 190 bpm (1). The patient remained asymptomatic, without experiencing syncope. An ICD was implanted in primary prevention

being pathogenic. This classification is highly dynamic
since new evidence, such as in-silico predictions, and
updates regarding the prevalence in the healthy pop-
ulation constantly provide additional insight regarding
variants. As a result, variants previously considered to
have an uncertain significance might be reclassified as
likely-pathogenic or, conversely, likely-benign. Discerning
between background noise and a potentially actionable
result is difficult and requires a multidisciplinary approach
involving cardiologists, clinical geneticists, and genetic
counselors. As a consequence, genetic testing should be
undertaken by expert centers that have the necessary re-
sources to interpret the results appropriately and counsel
carriers. Variants of uncertain significance should have
their significance periodically checked with the laboratory
that performed the initial testing. Reclassification might
have implications for the individual but also the family,
as predictive testing is offered for likely pathogenic or
pathogenic variants. Finally, in selected cases where there

is some evidence that the variant may be warm or hot,
segregation analysis may be performed. This requires
a coordinated effort between cardiologists and clinical
geneticists, as relatives being investigated will require
deep phenotyping methods (such as cardiac MRI) to as-
certain if they express a subclinical or early phenotype in
conjunction with the presence or absence of the genetic
mutation. Some limitations of the segregation analysis are
related to the variable penetrance of certain genotypes,
which is common for desmosomal mutations.

CAVEATS IN DIAGNOSING ARVC
THROUGH CLINICAL CASES
This section illustrates the challenges in interpreting imag-
ing and ECG findings in individuals with suspected ARVC
through three different clinical cases. Acknowledging the
limitations of each investigation, the value of genetics
and serial follow-up is evident in preventing misdiagnosis,
which would have dramatic prognostic implications.
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TAKE-HOME MESSAGES

With the array of available diagnostic tools and evolving
knowledge, diagnostic sensitivity in ARVC has greatly
improved. As opposed to the older paradigm, clinicians
are more aware of the subtle electrical and imaging abnor-
malities that may indicate an early phenotype. However,
interpreting these findings may be challenging. Hence, di-
agnosing ARVC has become less straightforward and much
more nuanced. When ARVC is suspected in an individual,
the clinical context, family screening, presence/absence
of symptoms, and abnormal ECG, and/or imaging find-
ings guide the sequence of investigations performed for
deep-phenotyping and, ultimately, risk stratification. Young
and/or athletic individuals are particularly challenging
populations given the significant overlap between an early
ARVC phenotype, age-related or sports-induced repolariza-
tion changes, and congenital cardiac disease. Genetic test-
ing further refines diagnosis when used judiciously and has
prognostic implications. Furthermore, it may serve as the
initial and sometimes sole investigation when employed
in cascade family testing with appropriate counseling.
Acknowledging the limitations of each investigation and
the variable penetrance of ARVCis essential to avoid under-
diagnosis and, in some instances, overdiagnosis. Perhaps
the most useful clinical tool available is a serial follow-up,
particularly for borderline cases, where ARVC cannot be
reasonably ruled out.

Article information
Conflict of interest: None declared.
Funding: None.

Open access: This article is available in open access under Creative
Common Attribution-Non-Commercial-No Derivatives 4.0 Interna-
tional (CC BY-NC-ND 4.0) license, which allows downloading and
sharing articles with others as long as they credit the authors and the
publisher, but without permission to change them in any way or use
them commercially. For commercial use, please contact the journal
office at polishheartjournal@ptkardio.pl

REFERENCES

1. Basso C, Corrado D, Marcus Fl, et al. Arrhythmogenic right ventricular
cardiomyopathy. Lancet. 2009;373(9671): 1289-1300, doi: 10.1016/50140-
6736(09)60256-7, indexed in Pubmed: 19362677.

2. ElliottPM, Anastasakis A, Borger MA, et al. 2014 ESC Guidelines on diagno-
sisand management of hypertrophic cardiomyopathy: The Task Force for
the Diagnosis and Management of Hypertrophic Cardiomyopathy of the
European Society of Cardiology (ESC). Eur Heart J. 2014; 35(39): 2733-2779,
doi: 10.1093/eurheartj/ehu284, indexed in Pubmed: 25173338.

3. ThieneG.Sudden cardiac death in the young: A genetic destiny? Clin Med
(Lond). 2018; 18(Suppl 2): s17-523, doi: 10.7861/clinmedicine.18-2-517,
indexed in Pubmed: 29700088.

4. Finocchiaro G, Radaelli D, D'Errico S, et al. Sudden cardiac death among
adolescents in the United Kingdom. J Am Coll Cardiol. 2023;81(11): 1007-
-1017,doi: 10.1016/j.jacc.2023.01.041, indexed in Pubmed: 36922085.

5. Elmaghawry M, Alhashemi M, Zorzi A, et al. A global perspective of
arrhythmogenic right ventricular cardiomyopathy. Glob Cardiol Sci
Pract. 2012; 2012(2): 81-92, doi: 10.5339/gcsp.2012.26, indexed in
Pubmed: 24688993.

6.  CorradoD, Link MS, Calkins H. Arrhythmogenic right ventricular cardiomy-
opathy. N EnglJMed. 2017;376(1):61-72, doi: 10.1056/NEJMra1509267,
indexed in Pubmed: 28052233.

20.

21.

22.

23.

24.

Marcus F, McKenna W, Sherrill D, et al. Diagnosis of arrhythmogenic
right ventricular cardiomyopathy/dysplasia. Circulation. 2010; 121(13):
1533-1541, doi: 10.1161/circulationaha.108.840827.

Graziano F, Zorzi A, Cipriani A, et al. Diagnosis of arrhythmogenic car-
diomyopathy: The Padua criteria. Int J Cardiol. 2020; 319(1): 106-114,
doi: 10.1016/j.ijcard.2020.06.005, indexed in Pubmed: 32561223.
Verstraelen TE, van Lint FHM, Bosman LP, et al. Prediction of ventricular
arrhythmiain phospholamban p.Arg14del mutation carriers-reaching the
frontiers of individual risk prediction. Eur Heart J. 2021; 42(29): 2842-2850,
doi: 10.1093/eurheartj/ehab294, indexed in Pubmed: 34113975.

Wang W, Murray B, Tichnell C, et al. Clinical characteristics and risk stratifi-
cation of desmoplakin cardiomyopathy. Europace. 2022; 24(2): 268-277,
doi: 10.1093/europace/euab183, indexed in Pubmed: 34352074.

Miles C, Finocchiaro G, Papadakis M, et al. Sudden death and left ventri-
cularinvolvement in arrhythmogenic cardiomyopathy. Circulation.2019;
139(15):1786-1797,doi: 10.1161/CIRCULATIONAHA.118.037230, indexed
in Pubmed: 30700137.

Igual B, Zorio E, Maceira A, et al. Arrhythmogenic cardiomyopathy. Pat-
terns of ventricular involvement using cardiac magnetic resonance [article
in Spanish]. Rev Esp Cardiol. 2011; 64(12): 1114-1122, doi: 10.1016/j.
recesp.2011.07.014, indexed in Pubmed: 22030343.

Sen-Chowdhry S, Syrris P, Ward D, et al. Clinical and genetic characteriza-
tion of families with arrhythmogenic right ventricular dysplasia/cardio-
myopathy provides novel insights into patterns of disease expression.
Circulation. 2007; 115(13): 1710-1720, doi: 10.1161/CIRCULATIONA-
HA.106.660241, indexed in Pubmed: 17372169.

Arbelo E, Protonotarios A, Gimeno JR, et al. 2023 ESC Guidelines for the
management of cardiomyopathies: Developed by the task force on the
management of cardiomyopathies of the European Society of Cardio-
logy (ESC). Eur Heart J. 2023; 44(37): 3503-3626, doi: 10.1093/eurhear-
tj/ehad194, indexed in Pubmed: 37622657.

Corrado D, Anastasakis A, Basso C, et al. Proposed diagnostic criteria for
arrhythmogenic cardiomyopathy: European Task Force consensus report.
IntJ Cardiol. 2024; 395: 131447, doi: 10.1016/j.ijcard.2023.131447, indexed
in Pubmed: 37844667.

Scheel PJ, Giuliano K, Tichnell C, et al. Heart transplantation strategies in
arrhythmogenic right ventricular cardiomyopathy: A tertiary ARVC centre
experience. ESCHeart Fail. 2022; 9(2): 1008-1017, doi: 10.1002/ehf2.13757,
indexed in Pubmed: 34953065.

Schinkel A. Implantable cardioverter defibrillators in arrhythmogenic
right ventricular dysplasia/cardiomyopathy. Circulation: Arrhythmia and
Electrophysiology. 2013; 6(3): 562-568, doi: 10.1161/circep.113.000392.
Andreas M, BurriH, PrazF, et al. Tricuspid valve disease and cardiacimplan-
table electronic devices. Eur Heart J. 2024; 45(5): 346-365, doi: 10.1093/eu-
rheartj/ehad783, indexed in Pubmed: 38096587.

Drezner JA, Sharma S, Baggish A, et al. International criteria for electrocar-
diographic interpretation in athletes: Consensus statement. Br J Sports
Med. 2017; 51(9): 704-731, doi: 10.1136/bjsports-2016-097331, indexed
in Pubmed: 28258178.

Platonov PG, Calkins H, Hauer RN, et al. High interobserver variability in
the assessment of epsilon waves: Implications for diagnosis of arrhyth-
mogenic right ventricular cardiomyopathy/dysplasia. Heart Rhythm.
2016; 13(1): 208-216, doi: 10.1016/j.hrthm.2015.08.031, indexed in
Pubmed: 26304715.

Augustine DX, Willis J, Sivalokanathan S, et al. Right ventricular assess-
ment of the adolescent footballer’s heart. Echo Res Pract. 2024; 11(1): 7,
doi: 10.1186/544156-023-00039-4, indexed in Pubmed: 38424646.
Sharma C, Dorobantu DM, Ryding D, et al. Investigating the accuracy
of quantitative echocardiographic-modified task force criteria for
arrhythmogenic ventricular cardiomyopathy in adolescent male elite
athletes. Pediatr Cardiol. 2022; 43(2): 457-464, doi: 10.1007/500246-021-
02744-5, indexed in Pubmed: 34689217.

D'Ascenzi F, Pelliccia A, Corrado D, et al. Right ventricular remodelling
induced by exercise training in competitive athletes. Eur Heart J Cardio-
vasc Imaging. 2016; 17(3): 301-307, doi: 10.1093/ehjci/jev155, indexed
in Pubmed: 26092834.

La Gerche A, Burns AT, Mooney DJ, et al. Exercise-induced right ventri-
cular dysfunction and structural remodelling in endurance athletes. Eur
Heart J. 2012; 33(8): 998-1006, doi: 10.1093/eurheartj/ehr397, indexed
in Pubmed: 22160404.

10 www.journals.viamedica.pl/polish_heart_journal


http://dx.doi.org/10.1016/S0140-6736(09)60256-7
http://dx.doi.org/10.1016/S0140-6736(09)60256-7
https://www.ncbi.nlm.nih.gov/pubmed/19362677
http://dx.doi.org/10.1093/eurheartj/ehu284
https://www.ncbi.nlm.nih.gov/pubmed/25173338
http://dx.doi.org/10.7861/clinmedicine.18-2-s17
https://www.ncbi.nlm.nih.gov/pubmed/29700088
http://dx.doi.org/10.1016/j.jacc.2023.01.041
https://www.ncbi.nlm.nih.gov/pubmed/36922085
http://dx.doi.org/10.5339/gcsp.2012.26
https://www.ncbi.nlm.nih.gov/pubmed/24688993
http://dx.doi.org/10.1056/NEJMra1509267
https://www.ncbi.nlm.nih.gov/pubmed/28052233
http://dx.doi.org/10.1161/circulationaha.108.840827
http://dx.doi.org/10.1016/j.ijcard.2020.06.005
https://www.ncbi.nlm.nih.gov/pubmed/32561223
http://dx.doi.org/10.1093/eurheartj/ehab294
https://www.ncbi.nlm.nih.gov/pubmed/34113975
http://dx.doi.org/10.1093/europace/euab183
https://www.ncbi.nlm.nih.gov/pubmed/34352074
http://dx.doi.org/10.1161/CIRCULATIONAHA.118.037230
https://www.ncbi.nlm.nih.gov/pubmed/30700137
http://dx.doi.org/10.1016/j.recesp.2011.07.014
http://dx.doi.org/10.1016/j.recesp.2011.07.014
https://www.ncbi.nlm.nih.gov/pubmed/22030343
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.660241
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.660241
https://www.ncbi.nlm.nih.gov/pubmed/17372169
http://dx.doi.org/10.1093/eurheartj/ehad194
http://dx.doi.org/10.1093/eurheartj/ehad194
https://www.ncbi.nlm.nih.gov/pubmed/37622657
http://dx.doi.org/10.1016/j.ijcard.2023.131447
https://www.ncbi.nlm.nih.gov/pubmed/37844667
http://dx.doi.org/10.1002/ehf2.13757
https://www.ncbi.nlm.nih.gov/pubmed/34953065
http://dx.doi.org/10.1161/circep.113.000392
http://dx.doi.org/10.1093/eurheartj/ehad783
http://dx.doi.org/10.1093/eurheartj/ehad783
https://www.ncbi.nlm.nih.gov/pubmed/38096587
http://dx.doi.org/10.1136/bjsports-2016-097331
https://www.ncbi.nlm.nih.gov/pubmed/28258178
http://dx.doi.org/10.1016/j.hrthm.2015.08.031
https://www.ncbi.nlm.nih.gov/pubmed/26304715
http://dx.doi.org/10.1186/s44156-023-00039-4
https://www.ncbi.nlm.nih.gov/pubmed/38424646
http://dx.doi.org/10.1007/s00246-021-02744-5
http://dx.doi.org/10.1007/s00246-021-02744-5
https://www.ncbi.nlm.nih.gov/pubmed/34689217
http://dx.doi.org/10.1093/ehjci/jev155
https://www.ncbi.nlm.nih.gov/pubmed/26092834
http://dx.doi.org/10.1093/eurheartj/ehr397
https://www.ncbi.nlm.nih.gov/pubmed/22160404

Mihnea Casian et al,, ARVC: Diagnostic challenges from imaging to genetics

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

La Gerche A, Burns AT, D'Hooge J, et al. Exercise strain rate imaging
demonstrates normal right ventricular contractile reserve and clarifies
ambiguous resting measures in endurance athletes. J Am Soc Echocar-
diogr. 2012; 25(3): 253-262.e1, doi: 10.1016/j.ech0.2011.11.023, indexed
in Pubmed: 22192334.

Dorobantu DM, Riding N, McClean G, et al. The use of 2-D speckle tracking
echocardiography in differentiating healthy adolescent athletes with
right ventricular outflow tract dilation from patients with arrhythmo-
genic cardiomyopathy. Int J Cardiol. 2023; 382: 98-105, doi: 10.1016/j.
ijcard.2023.04.001, indexed in Pubmed: 37030404.

Oxborough D, Heemels A, Somauroo J, et al. Left and right ventricular
longitudinal strain-volume/area relationships in elite athletes. Int J Cardio-
vasc Imaging. 2016; 32(8): 1199-1211, doi: 10.1007/s10554-016-0910-4,
indexed in Pubmed: 27209282.

Bueno-Beti C, Asimaki A. Cheek-pro-heart: What can the buccal mucosa
do forarrhythmogenic cardiomyopathy? Biomedicines. 2023; 11(4): 1207,
doi: 10.3390/biomedicines11041207, indexed in Pubmed: 37189825.
Bueno-Beti C, Field E, Tsatsopoulou A, et al. Analysis of buccal mucosa as
aprognostic tool in children with arrhythmogenic cardiomyopathy. Prog
Pediatr Cardiol. 2022; 64: None, doi: 10.1016/j.ppedcard.2021.101458,
indexed in Pubmed: 35300203.

Pappone C, Micaglio E, Locati ET, et al. The omics of channelopathies and
cardiomyopathies: what we know and how they are useful. Eur Heart
J Suppl. 2020; 22(Suppl L): L105-L109, doi: 10.1093/eurheartj/suaa146,
indexed in Pubmed: 33654474.

Corrado D, Zorzi A, Cerrone M, et al. Relationship between arrhythmogenic
right ventricular cardiomyopathy and Brugada syndrome: New insights
from molecular biology and clinical implications. Circ Arrhythm Electro-
physiol. 2016; 9(4): e003631, doi: 10.1161/CIRCEP.115.003631, indexed
in Pubmed: 26987567.

Marras E, Basso C, Sciarra L, et al. Unexplained syncope, Brugada-like
ECG and minimal structural right ventricular abnormalities: Which is the
right diagnosis? J Cardiovasc Med (Hagerstown). 2009; 10(3): 273-275,
doi: 10.2459/JCM.0b013e328322fc09, indexed in Pubmed: 19262216.
Letsas KP, Efremidis M, Weber R, et al. Epsilon-like waves and ventri-
cular conduction abnormalities in subjects with type 1 ECG pattern of
Brugada syndrome. Heart Rhythm. 2011; 8(6): 874-878, doi: 10.1016/j.
hrthm.2011.01.043, indexed in Pubmed: 21315837.

Corrado D, Basso C, Buja G, et al. Right bundle branch block, right
precordial ST-segment elevation, and sudden death in young people.
Circulation.2001;103(5): 710-717,doi: 10.1161/01.cir.103.5.710, indexed
in Pubmed: 11156883.

Miles C, Asimaki A, Ster IC, et al. Biventricular myocardial fibrosis and
sudden death in patients with Brugada syndrome. J Am Coll Cardiol.
2021; 78(15): 15111521, doi: 10.1016/j.jacc.2021.08.010, indexed in
Pubmed: 34620408.

Nademanee K; Raju H, de Noronha SV, et al. Fibrosis, connexin-43, and
conduction abnormalities in the Brugada syndrome. J Am Coll Cardiol.
2015; 66(18): 1976-1986, doi: 10.1016/j.jacc.2015.08.862, indexed in
Pubmed: 26516000.

Almarzugi A, Kimber S, Quadros K, et al. Bidirectional ventricular tachycar-
dia: Challenges and solutions. Vasc Health Risk Manag. 2022; 18: 397-406,
doi: 10.2147/VHRM.S274857, indexed in Pubmed: 35698640.

Tester DJ, Ackerman JP, Giudicessi JR, et al. Plakophilin-2 truncation
variants in patients clinically diagnosed with catecholaminergic poly-
morphic ventricular tachycardia and decedents with exercise-associated
autopsy negative sudden unexplained death in the young. JACC Clin
Electrophysiol. 2019; 5(1): 120-127, doi: 10.1016/j.jacep.2018.09.010,
indexed in Pubmed: 30678776.

Novak J, Zorzi A, Castelletti S, et al. Electrocardiographic differentiation
of idiopathic right ventricular outflow tract ectopy from early arrhythmo-
genic right ventricular cardiomyopathy. Europace. 2017; 19(4): 622-628,
doi: 10.1093/europace/euw018, indexed in Pubmed: 28431055.

Globits S, Kreiner G, Frank H, et al. Significance of morphological abnorma-
lities detected by MRIin patients undergoing successful ablation of right
ventricular outflow tract tachycardia. Circulation. 1997; 96(8): 2633-2640,
doi: 10.1161/01.cir.96.8.2633, indexed in Pubmed: 9355904.

PellicciaA, Sharma'S, Gati S, et al. 2020 ESC Guidelines on sports cardiology
and exercise in patients with cardiovascular disease: The Task Force on
sports cardiology and exercise in patients with cardiovascular disease of

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

the European Society of Cardiology (ESC). Eur Heart J. 2020; 42(1): 17-96,
doi: 10.1093/eurheartj/ehaa605, indexed in Pubmed: 32860412.
D'Ascenzi F, Pisicchio C, Caselli S, et al. RV remodeling in olympic athle-
tes. JACC Cardiovasc Imaging. 2017; 10(4): 385-393, doi: 10.1016/j.
jcmg.2016.03.017, indexed in Pubmed: 27544901.

La Gerche A, Rakhit DJ, Claessen G. Exercise and the right ventricle:
A potential Achilles’ heel. Cardiovasc Res. 2017; 113(12): 1499-1508,
doi: 10.1093/cvr/cvx156, indexed in Pubmed: 28957535.

Moccia E, Papatheodorou E, Miles CJ, et al. Arrhythmogenic cardiomy-
opathy and differential diagnosis with physiological right ventricular
remodelling in athletes using cardiovascular magnetic resonance. Int
JCardiovasc Imaging. 2022;38(12): 2723-2732, doi: 10.1007/510554-022-
02684-y, indexed in Pubmed: 36445664.

Heidbuchel H, Prior DL, La Gerche A. Ventricular arrhythmias associated
with long-term endurance sports: What is the evidence? Br J Sports Med.
2012;46 Suppl 1:i44-i50, doi: 10.1136/bjsports-2012-091162, indexed in
Pubmed: 23097479.

Matek A, Bucciarelli-Ducci C. Myocardial fibrosis in athletes - current
perspective. Clin Cardiol. 2020; 43(8): 882-888, doi: 10.1002/clc.23360,
indexed in Pubmed: 32189357.

Malhotra A, Dhutia H, Gati S, et al. Anterior T-wave inversion in young
white athletes and nonathletes: Prevalence and significance. J Am Coll
Cardiol. 2017; 69(1): 1-9, doi: 10.1016/j.jacc.2016.10.044, indexed in
Pubmed: 28057231.

Brosnan M, La Gerche A, Kalman J, et al. Comparison of frequency of si-
gnificant electrocardiographic abnormalities in endurance versus nonen-
durance athletes. Am J Cardiol. 2014; 113(9): 1567-1573, doi: 10.1016/j.
amjcard.2014.01.438, indexed in Pubmed: 24641963.

Calore C, Zorzi A, Sheikh N, et al. Electrocardiographic anterior T-wave
inversion in athletes of different ethnicities: differential diagnosis between
athlete’s heart and cardiomyopathy. Eur Heart J. 2016; 37(32): 2515-2527,
doi: 10.1093/eurheartj/ehv591, indexed in Pubmed: 26578198.
Finocchiaro G, Papadakis M, Dhutia H, et al. Electrocardiographic dif-
ferentiation between ,benign T-wave inversion’ and arrhythmogenic
right ventricular cardiomyopathy. Europace. 2019; 21(2): 332-338,
doi: 10.1093/europace/euy179, indexed in Pubmed: 30169617.

De Lazzari M, Zorzi A, Cipriani A, et al. Relationship between electro-
cardiographic findings and cardiac magnetic resonance phenotypes in
arrhythmogenic cardiomyopathy.J Am Heart Assoc. 2018;7(22): 009855,
doi: 10.1161/JAHA.118.009855, indexed in Pubmed: 30571483.

Mast TP, Teske AJ, Te Riele AS, et al. Prolonged electromechanical interval
unmasks arrhythmogenic right ventricular dysplasia/cardiomyopathy in
the subclinical stage. J Cardiovasc Electrophysiol. 2016; 27(3): 303-314,
doi: 10.1111/jce.12882, indexed in Pubmed: 26585103.

Sarcevi¢ Z, Tepavéevi¢ A. Factors associated with terminal activa-
tion duration in young athletes. Kardiol Pol. 2023; 81(5): 512-514,
doi: 10.33963/KP.a2023.0052, indexed in Pubmed: 36871298.

Cheng RK, Kittleson MM, Beavers CJ, et al. Diagnosis and manage-
ment of cardiac sarcoidosis: A scientific statement from the Ame-
rican Heart Association. Circulation. 2024; 149(21): e1197-e1216,
doi: 10.1161/CIR.0000000000001240, indexed in Pubmed: 38634276.
Protonotarios A, Wicks E, Ashworth M, et al. Prevalence of F-fluorodeoxy-
glucose positron emission tomography abnormalities in patients with
arrhythmogenic right ventricular cardiomyopathy. Int J Cardiol. 2019; 284:
99-104, doi: 10.1016/j.ijcard.2018.10.083, indexed in Pubmed: 30409737.
Bariani R, Cipriani A, Rizzo S, et al. ,Hot phase’ clinical presentation in
arrhythmogenic cardiomyopathy. Europace. 2021; 23(6): 907-917,
doi: 10.1093/europace/euaa343, indexed in Pubmed: 33313835.

Wilde A, Semsarian C, Marquez M, et al. European Heart Rhythm Associa-
tion (EHRA)/Heart Rhythm Society (HRS)/Asia Pacific Heart Rhythm Society
(APHRS)/Latin American Heart Rhythm Society (LAHRS) Expert Consensus
Statement on the state of genetic testing for cardiac diseases. EP Euro-
pace. 2022; 24(8): 1307-1367, doi: 10.1093/europace/euac030, indexed
in Pubmed: 35373836.

Protonotarios A, Bariani R, Cappelletto C, et al. Importance of genotype
forrisk stratification in arrhythmogenic right ventricular cardiomyopathy
using the 2019 ARVCrisk calculator. Eur Heart J. 2022; 43(32): 3053-3067,
doi: 10.1093/eurheartj/ehac235, indexed in Pubmed: 35766183.
Hermida A, Fressart V, Hidden-Lucet F, et al. High risk of heart failure
associated with desmoglein-2 mutations compared to plakophilin-2 mu-

www.journals.viamedica.pl/polish_heart_journal 11


http://dx.doi.org/10.1016/j.echo.2011.11.023
https://www.ncbi.nlm.nih.gov/pubmed/22192334
http://dx.doi.org/10.1016/j.ijcard.2023.04.001
http://dx.doi.org/10.1016/j.ijcard.2023.04.001
https://www.ncbi.nlm.nih.gov/pubmed/37030404
http://dx.doi.org/10.1007/s10554-016-0910-4
https://www.ncbi.nlm.nih.gov/pubmed/27209282
http://dx.doi.org/10.3390/biomedicines11041207
https://www.ncbi.nlm.nih.gov/pubmed/37189825
http://dx.doi.org/10.1016/j.ppedcard.2021.101458
https://www.ncbi.nlm.nih.gov/pubmed/35300203
http://dx.doi.org/10.1093/eurheartj/suaa146
https://www.ncbi.nlm.nih.gov/pubmed/33654474
http://dx.doi.org/10.1161/CIRCEP.115.003631
https://www.ncbi.nlm.nih.gov/pubmed/26987567
http://dx.doi.org/10.2459/JCM.0b013e328322fc09
https://www.ncbi.nlm.nih.gov/pubmed/19262216
http://dx.doi.org/10.1016/j.hrthm.2011.01.043
http://dx.doi.org/10.1016/j.hrthm.2011.01.043
https://www.ncbi.nlm.nih.gov/pubmed/21315837
http://dx.doi.org/10.1161/01.cir.103.5.710
https://www.ncbi.nlm.nih.gov/pubmed/11156883
http://dx.doi.org/10.1016/j.jacc.2021.08.010
https://www.ncbi.nlm.nih.gov/pubmed/34620408
http://dx.doi.org/10.1016/j.jacc.2015.08.862
https://www.ncbi.nlm.nih.gov/pubmed/26516000
http://dx.doi.org/10.2147/VHRM.S274857
https://www.ncbi.nlm.nih.gov/pubmed/35698640
http://dx.doi.org/10.1016/j.jacep.2018.09.010
https://www.ncbi.nlm.nih.gov/pubmed/30678776
http://dx.doi.org/10.1093/europace/euw018
https://www.ncbi.nlm.nih.gov/pubmed/28431055
http://dx.doi.org/10.1161/01.cir.96.8.2633
https://www.ncbi.nlm.nih.gov/pubmed/9355904
http://dx.doi.org/10.1093/eurheartj/ehaa605
https://www.ncbi.nlm.nih.gov/pubmed/32860412
http://dx.doi.org/10.1016/j.jcmg.2016.03.017
http://dx.doi.org/10.1016/j.jcmg.2016.03.017
https://www.ncbi.nlm.nih.gov/pubmed/27544901
http://dx.doi.org/10.1093/cvr/cvx156
https://www.ncbi.nlm.nih.gov/pubmed/28957535
http://dx.doi.org/10.1007/s10554-022-02684-y
http://dx.doi.org/10.1007/s10554-022-02684-y
https://www.ncbi.nlm.nih.gov/pubmed/36445664
http://dx.doi.org/10.1136/bjsports-2012-091162
https://www.ncbi.nlm.nih.gov/pubmed/23097479
http://dx.doi.org/10.1002/clc.23360
https://www.ncbi.nlm.nih.gov/pubmed/32189357
http://dx.doi.org/10.1016/j.jacc.2016.10.044
https://www.ncbi.nlm.nih.gov/pubmed/28057231
http://dx.doi.org/10.1016/j.amjcard.2014.01.438
http://dx.doi.org/10.1016/j.amjcard.2014.01.438
https://www.ncbi.nlm.nih.gov/pubmed/24641963
http://dx.doi.org/10.1093/eurheartj/ehv591
https://www.ncbi.nlm.nih.gov/pubmed/26578198
http://dx.doi.org/10.1093/europace/euy179
https://www.ncbi.nlm.nih.gov/pubmed/30169617
http://dx.doi.org/10.1161/JAHA.118.009855
https://www.ncbi.nlm.nih.gov/pubmed/30571483
http://dx.doi.org/10.1111/jce.12882
https://www.ncbi.nlm.nih.gov/pubmed/26585103
http://dx.doi.org/10.33963/KP.a2023.0052
https://www.ncbi.nlm.nih.gov/pubmed/36871298
http://dx.doi.org/10.1161/CIR.0000000000001240
https://www.ncbi.nlm.nih.gov/pubmed/38634276
http://dx.doi.org/10.1016/j.ijcard.2018.10.083
https://www.ncbi.nlm.nih.gov/pubmed/30409737
http://dx.doi.org/10.1093/europace/euaa343
https://www.ncbi.nlm.nih.gov/pubmed/33313835
http://dx.doi.org/10.1093/europace/euac030
https://www.ncbi.nlm.nih.gov/pubmed/35373836
http://dx.doi.org/10.1093/eurheartj/ehac235
https://www.ncbi.nlm.nih.gov/pubmed/35766183

POLISH HEART JOURNAL

60.

tations in arrhythmogenic right ventricular cardiomyopathy/dysplasia.
Eur J Heart Fail. 2019; 21(6): 792-800, doi: 10.1002/ejhf.1423, indexed in
Pubmed: 30790397.

Bhonsale A, Groeneweg JA, James CA, et al. Impact of genotype on
clinical course in arrhythmogenic right ventricular dysplasia/cardiomy-
opathy-associated mutation carriers. Eur Heart J. 2015; 36(14): 847-855,
doi: 10.1093/eurheartj/ehu509, indexed in Pubmed: 25616645.

61.

Rigato |, Bauce B, Rampazzo A, et al. Compound and digenic heterozy-
gosity predicts lifetime arrhythmic outcome and sudden cardiac death
in desmosomal gene-related arrhythmogenic right ventricular cardiomy-
opathy. Circ Cardiovasc Genet. 2013;6(6): 533-542, doi: 10.1161/CIRCGE-
NETICS.113.000288, indexed in Pubmed: 24070718.

www.journals.viamedica.pl/polish_heart_journal


http://dx.doi.org/10.1002/ejhf.1423
https://www.ncbi.nlm.nih.gov/pubmed/30790397
http://dx.doi.org/10.1093/eurheartj/ehu509
https://www.ncbi.nlm.nih.gov/pubmed/25616645
http://dx.doi.org/10.1161/CIRCGENETICS.113.000288
http://dx.doi.org/10.1161/CIRCGENETICS.113.000288
https://www.ncbi.nlm.nih.gov/pubmed/24070718

