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Simple Summary: The electrocardiogram (ECG) represents one of the main instruments used
by cardiologists for patient evaluation and diagnosis formulation. It is used for some types of
cardiomyopathy, such as arrhythmogenic cardiomyopathy (ACM). In this setting, particular ECG
signs have also been related to prognosis. Our review summarizes the ACM ECG signs that have a
demonstrated prognostic role.

Abstract: Arrhythmogenic cardiomyopathy (ACM) is a rare cardiac disease, characterized by the
progressive replacement of myocardial tissue with fibrous and fatty deposits. It can involve both
the right and left ventricles. It is associated with the development of life-threatening arrhythmias
and culminates in sudden cardiac death. Electrocardiography (ECG) has emerged as a pivotal tool,
offering diagnostic insights and prognostic information. The specific ECG abnormalities observed in
ACM not only contribute to early detection but also hold the key to the prediction of the likelihood of
severe complications. The recognition of these nuanced ECG manifestations has become imperative
for clinicians as it guides them in the formulation of tailored therapeutic strategies that address both
the present symptoms and the potential future risks.
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1. Introduction

Arrhythmogenic cardiomyopathy (ACM) stands as a rare yet menacing cardiac disor-
der, characterized by the progressive replacement of myocardial tissue with fibrous and
fatty deposits; it primarily affects the right ventricle. The chief concern lies in the potential
development of life-threatening arrhythmias, culminating in sudden cardiac death [1].

In the diagnostic landscape of ACM, electrocardiography (ECG) emerges as a pivotal
tool, offering not only diagnostic insights but also invaluable prognostic information. The
distinct ECG signs associated with ACM serve as early harbingers of the disease’s trajectory,
unveiling crucial details about the electrical disturbances resulting from pathological
changes in the cardiac tissue [1].

As we delve into the intricacies of ACM, it becomes apparent that ECG serves not
merely as a diagnostic aid but also as a prognostic compass. The prognostic importance of
ECG findings is widely recognized, as they serve as critical indicators of disease severity
and risk stratification. ECG abnormalities are often among the earliest detectable signs
of ACM and can provide valuable insights into the underlying myocardial structural and
electrical abnormalities, aiding in both diagnosis and prognostication [1].

Specific ECG findings are commonly observed in ACM and are associated with an
increased risk of adverse cardiac events, including ventricular arrhythmias and sudden
cardiac death. The presence, pattern, and extent of these abnormalities can help clinicians

Biology 2024, 13, 265. https:/ /doi.org/10.3390/biology13040265

https:/ /www.mdpi.com/journal/biology


https://doi.org/10.3390/biology13040265
https://doi.org/10.3390/biology13040265
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biology
https://www.mdpi.com
https://orcid.org/0000-0003-2110-8961
https://orcid.org/0000-0002-9122-9534
https://orcid.org/0000-0002-5285-7140
https://doi.org/10.3390/biology13040265
https://www.mdpi.com/journal/biology
https://www.mdpi.com/article/10.3390/biology13040265?type=check_update&version=1

Biology 2024, 13, 265

20f11

assess the severity of myocardial involvement and the likelihood of future arrhythmic
events. Moreover, serial ECG assessments allow disease progression to be monitored [1].

In addition to aiding in risk stratification and disease monitoring, ECG findings
also inform therapeutic decisions in ACM. For example, the presence of certain ECG
abnormalities may prompt the consideration of implantable cardioverter—defibrillator (ICD)
placement for the primary prevention of sudden cardiac death, especially in individuals at
higher risk.

Overall, ECG plays a pivotal role in the comprehensive evaluation and management
of ACM patients, providing valuable prognostic information that guides clinical decision
making, improves risk stratification, and ultimately enhances patient outcomes. The
recognition of these nuanced ECG manifestations has become imperative for clinicians as
it guides them in the formulation of tailored therapeutic strategies that address both the
present symptoms and potential future risks [1].

This discussion seeks to underscore the dual role of ECG in ACM—unveiling diagnos-
tic clues and providing essential prognostic insights. In doing so, clinicians can intervene
more effectively, harnessing the prognostic value of ECG to steer patients toward tailored
treatments and, ultimately, improved outcomes.

2. Methodological Considerations

To summarize the current evidence related to the prognostic ECG signs in ACM, a sys-
tematic review was performed. The review was performed in accordance with the PRISMA
(Preferred Reporting Items for Systematic reviews and Meta-Analyses) guidelines [2]. The
terms searched were: “((ECG) OR (EKG) OR (electrocardiogram) OR (electrocardiographic))
AND ((sign) OR (predictor) OR (marker)) AND ((arrhythmogenic cardiomyopathy) OR
(ARVC) OR (ARVD) OR (right ventricular dysplasia) OR (dysplasia))”. The databases
analyzed were PubMed, BioMed Central, and Cochrane Library.

Only papers published in English in or before September 2023 in peer-reviewed
journals were selected. The inclusion criteria of the studies were: (1) observational or
clinical trials involving patients with ACM. Overall, 744 studies were selected (Figure 1).
After a first evaluation, 535 records were screened; of these, 161 were excluded for different
reasons (Figure 1).

| Records identified through databases searching (n= 744) |

* n=168 duplicate

¢ n= 367 out of the field of interest

Records screened (n= 209)

* n=32case report

* n= 45review

* + n=21abstract
* n=34no English

* n =58 no prognostic analyss

‘ Full text articles assessed for eligibility (n= 19) |

| Studies included (n=19) |

Figure 1. Study flow.
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Finally, 19 studies were included in the systematic review. The quality of the included
studies was tested using pre-specified electronic forms of MINORS criteria [3]. The min-
imum score obtained was 10, and the maximum was 20. No studies were excluded on
the basis of quality assessment. In all the studies, ACM was defined as recommended:
a definite diagnosis of right ventricular arrhythmogenic cardiomyopathy was fulfilled
by 2 major or 1 major and 2 minor criteria or 4 minor criteria from different categories
(imaging, histomorphometry, genetics, ECG, and arrhythmic features); the left ventricular
involvement was described according to left ventricular dysfunction, fibrofatty infiltration,
and ECG signs [1].

3. Results

We presented the results of the systematic review, answering questions related to
the prognostic role of ECG signs in ACM. As summarized in Figure 1, 19 studies were
included. Prospective and retrospective single- and multicenter studies conducted between
1999 and 2023 were analyzed. The main endpoints were sustained ventricular tachycardia,
appropriate ICD discharge, and SCD. The ECG signs with significant prognostic values
included: TWI, QRS fragmentation, low QRS voltage, epsilon wave, QRS dispersion,
repolarization dispersion, terminal activation duration (Table 1).

Table 1. ECG signs and their prognostic value.

Main Characteristics Prognostic Value

T-wave inversion

QRS fragmentation

LQRSV

Epsilon wave

Single-center retrospective study,

Right ventricular electroanatomic

68 pts, year of publication 2016 [15]

transplantation

49 pts, year of publication 2013 [4] scar-related arrhythmic risk p=003
Single-center retrospective study, Any ventricular tachycardia or —0.04
405 ECG, year of publication 2021 [5] adverse cardiac outcome p=5
Single-center retrospective study, Arthythmic events 1pclud1ng VT
215 pts, year of publication 2013 [6] storms, appropriate ICD p =003
pisy interventions and NSVT
Single-center retrospective study, _
111 pts, year of publication 2015 [7] MACE p=0.020
Single-center prospective study,
137 pts, year of publication 2015 [8] ICD treatment of VT p <0.001
Single-center prospective study, . . . _
312 pts, year of publication 2017 [9] Appropriate ICD intervention p=0.018
Single-center retrospective study, Arrhythmic events even in early <0001
162 pts, year of publication 2017 [10] ACM p<5
Multicenter retrospective study, _
864 pts, year of publication 2021 [11] LTVA p =002
Multicenter retrospective study, Arrhythmic events including VT,
Co VF, SCD, and recurrent ICD p <0.001
335 pts, year of publication 2012 [12] .
discharges
Multicenter retrospective study,
360 pts, year of publication 2008 [13] MACE p <0029
Single-center prospective study, Heart failure death and heart ~0.010
111 pts, year of publication 2023 [14] transplantation p=5
Sinele-center prospective stud Composite endpoint of SCD, heart
& prosp Y failure-related mortality, and heart p=0.015
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Table 1. Cont.

Main Characteristics Prognostic Value

Single-center retrospective study,

QRS dispersion 40 pts, year of publication 2001 [16] SCD p <0.0001
Single-center retrospective study, Recurrence of ventricular <0.01
121 pts, year of publication 1999 [17] arrhythmias p=>
Single-center retrospective study, More advanced disease requiring <0.001
71 pts, year of publication 2017 [18] epicardial ablation p="
Single-center retrospective study,
25 pts, year of publication 1999 [19] SCD, VT p<0.05
- . . Single-center retrospective study,
Repolarization dispersion 40 pts, year of publication 2001 [16] SCD p < 0.0001
Single-center prospective study, ¢ Tp-e interval > all-cause mortality p=0.027

105 pts, year of publication 2019 [20]

Delayed right ventricular activation,
playing a role in ventricular p <0.05
tachycardia

Single-center retrospective study,

TAD 57 pts, year of publication 2009 [21]

4. T-Wave Inversion

T-waves are considered inverted if the negative component has an amplitude > 1 mV
(1 mm). T-wave inversion (TWI) in V1, V2, and V3, and beyond in otherwise healthy
individuals aged 14 years or older, is observed in only 4% of healthy women and 1% of men.
Therefore, it is reasonably specific in this population and is considered a major diagnostic
abnormality in ACM according to the revised 2010 task force criteria (Figure 2) [1].

QRS dispersion

Figure 2. Graphical abstract summarizing ECG signs with prognostic value in ACM.

Nava et al. found a direct correlation between the extent of T-wave negativity in the
precordial leads and right ventricular enlargement (r = 0.89; p =< 0.01): T changes could
be caused by the backwards dislocation of the left ventricle, which is secondary to RV
dilatation, asynchronous RV repolarization, or intraparietal RV conduction defects. So,
TWTI is an expression of the fibrofatty replacement that represents the arrhythmic substrate
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that is typical of ACM [22]. In fact, the presence of TWI suggests underlying structural and
electrical myocardial alterations, including fibrosis and ion channel dysfunction, which
contribute to the arrhythmic substrate [22]. An interesting observation regarding the
association between TWI and the arrhythmic substrate emerges from a study by Zorzi
et al.; this study demonstrated that the extent of negative T-waves across a 12-lead ECG
allows the noninvasive estimation of the amount of right ventricular electroanatomic scar
detected by endocardial voltage mapping as well as the prediction of the right ventric-
ular electroanatomic scar-related arrhythmic risk [4]. Similar findings were reported in
a retrospective study of 64 patients with ACM by Kalantarian et al.; the study showed
that inferior TWIs were predictors of RV enlargement and dysfunction and the risk of any
ventricular tachycardia or adverse cardiac outcome [5]. Furthermore, TWI, especially in the
lateral precordial leads (V5-V6), represents a sign of left ventricular involvement reflecting
myocardial repolarization abnormalities in the affected regions [5].

The prognostic value of the major criterion TWI has been described in a longitudinal
cohort study by Bhonsale et al., which showed that an increase in the number of inverted
precordial T-waves was associated with an increase in the proportion of subjects experienc-
ing an arrhythmic event. Patients with >3 precordial inverted T-waves demonstrated a
significantly increased arrhythmic risk compared with participants with T-wave inversion
on only one or two right precordial leads. Arrhythmic events among family members
occurred only in patients with >3 T inversions. An incremental risk pattern with an in-
creasing number of precordial T inversions was also seen for the occurrence of VT storms,
appropriate ICD interventions, and non-sustained ventricular tachycardia [6].

Saguner et al. confirm that an incremental relationship between precordial TWI
and MACE (cardiac death, heart transplantation, survived sudden cardiac death, ventric-
ular fibrillation, sustained ventricular tachycardia, or arrhythmic syncope) exists, with
>3 inverted precordial T-waves conferring an almost twofold increased hazard compared
with <3 precordial TWIs. An important and novel finding is the independent prognostic
value of inferior lead TWIs, which have been linked to left ventricle involvement, which
may explain their predictive utility. In multivariable analysis, inferior lead TWIs remained
an independent predictor of a major adverse cardiac event (MACE). These reliable and eas-
ily recognized abnormalities seem to constitute key elements of arrhythmic risk in patients
with ACM, probably because they are associated with severe right ventricle disease as well
as left ventricle involvement [7].

Link et al. enrolled 137 patients with ACM to identify the predictors, characteristics,
and treatment of ventricular arrhythmias. Of the 137 enrolled patients, 108 received ICDs.
Among the patients who underwent ICD implantation, 48 had ventricular arrhythmias
treated by the ICD during follow-up. In a multivariate analysis, the only two predictors of
ICD treatment for ventricular arrhythmias were pre-implantation sustained monomorphic
ventricular tachycardia or sustained polymorphic ventricular fibrillation (p = 0.0029) and
inferior T-wave inversions (p = 0.0159). There were no sudden deaths in the cohort with
ICDs or in the cohort who did not receive ICDs. In particular, 22 individuals had the
occurrence of rapid, sustained monomorphic ventricular tachycardia (>240 beats/min) or
sustained polymorphic ventricular fibrillation after ICD implantation. In a multivariate
analysis, only younger age at the time of ICD implantation was predictive of life-threatening
ventricular arrhythmias (p = 0.032) [8].

Orgeron et al. in a paper published in 2017, revealed that patients with ACM who
undergo ICD implantation for primary or secondary prevention have a remarkably high
incidence of appropriate ICD therapies both for any sustained ventricular arrhythmia
(22% annually) and for VF/VFL (3.6% annually). Among the clinical variables that were
identified as predictors of any appropriate ICD therapy were >3 T-wave inversions in ECG,
a history of sustained ventricular tachycardia at presentation, inducibility at EPS, male sex,
and a PVC count > 1000/24 h [9].

As demonstrated by Laren et al., TWIs are useful for the identification of arrhythmic
events even in early ACM [10]. According to these data, the number of leads with TWIs
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became a predictor in the ACM risk score validated in 2019 by Cadrin-Tourigny et al. [10].
An even more recent study by Cadrin-Tourigny et al. specifically investigated the predictive
factors of life-threatening ventricular arrhythmias (LTVAs) to serve as a closer surrogate
marker for sudden cardiac death risk. The latter study highlighted the fact that younger
age, male sex, PVC count, and number of leads with T-wave inversion were predictive of
LTVA [11].

5. QRS Fragmentation

ORS fragmentation is defined as the presence of additional deflections/notches at
the beginning of the QRS, on top of the R-wave, or in the nadir of the S-wave. Previous
studies have suggested a link between QRS fragmentation and myocardial scar, which
potentially indicates a poorer prognosis in patients with coronary artery disease [23]. This
finding also suggests that QRS fragmentation may reflect myocardial replacement in ACM.
Additionally, fragmented QRS complexes may be observed in ACM that also involves the
left ventricle, which is suggestive of myocardial fibrosis and conduction disturbances [24].
Notably, QRS fragmentation exhibits less inter-observer variability compared to other
depolarization abnormalities like the epsilon wave, although it is not included in the
revised task force criteria (TFC) of 2010 [1]. The Roudijk group compared ACM patients
and both symptomatic and asymptomatic pathogenic variant carriers with a control group
and found that QRS fragmentation was more frequent in both disease groups (including
those with a definite diagnosis and those with only gene mutation) [24]. Additionally, they
highlighted the utility of this abnormality in diagnosing early-stage disease [24]. Peters
et al. retrospectively analyzed 305 ACM patients, of whom 83% had QRS fragmentation;
they found that QRS fragmentation within the S-wave of leads V1 and V3 (68% of the study
population) was significantly associated with arrhythmic events, including ventricular
tachycardia, primary ventricular fibrillation, sudden cardiac death, and recurrent ICD
discharges [12]. In a group of 111 patients, that included possible, borderline, and definite
ACM diagnosis according to the 2010 revised TFC, QRS fragmentation constituted an
independent predictor of major adverse cardiovascular events (MACE), with a hazard ratio
(HR) of 2.65 (1.1 to 6.34), p < 0.029), retaining its significance even in a subgroup of patients
with low arrhythmic risk, i.e., those without previous SCD, VE, and/or sustained VT [13].

6. Low Voltage QRS

Low QRS voltage occurs in several cardiomyopathies and pericardial disease. Its
specificity for ACM is low [25]. Recently, the Padua criteria included low QRS voltage in
limb leads as an ECG minor criterion of diagnosis [26]. The presence of low QRS voltage
in limb leads has been reported to be specific for left ventricular involvement in ACM.
The mechanism seems to be related to the decrease in left ventricular mass. Furthermore,
this sign correlates with a high number of left ventricular segments affected by LGE [26].
Although its diagnostic role is not already validated, there are some data supporting its
prognostic value. Effectively, the low QRS voltage is an ECG marker of a high degree of
fibrofatty infiltration or fibrosis, which also involves the left ventricle, and of a more severe
clinical profile as well. A recent cohort study by Olivetti et al. suggests that the presence
and the extension of low QRS voltage can be an independent risk predictor associated with
heart failure death and heart transplantation in ACM patients, regardless of the arrhythmic
risk [14].

7. Epsilon Wave

The epsilon wave is defined as a low-amplitude deflection following the QRS complex
in the right precordial leads. The epsilon wave primarily arises from delayed right ventric-
ular activation, which is attributable to impaired electrical propagation through isolated
myocytes amidst the fibrofatty tissue substitution [15]. Furthermore, the epsilon wave may
only manifest during exercise testing, suggesting its association with the early stage of
disease development [27,28]. Regarding its prognostic significance, the literature remains
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inconclusive. In a population of 68 ACM patients, Gallo et al. reported a link between
epsilon waves and an increased risk of the composite endpoint of sudden cardiac death,
heart failure-related mortality, and heart transplantation, with an odds ratio (OR) of 20.9
(1.8-239.8, p = 0.015), suggesting a potential role in disease progression [15]. In contrast,
Turrini et al. found no significant difference in epsilon wave prevalence among patients
with ACM across varying risk profiles [29]. Wu et al. observed a trend towards poorer
prognosis in patients with epsilon waves, but without high statistical significance [30]. In
a population of 215 patients harboring ACM-related mutations, Bhonsale et al. demon-
strated a correlation between the presence of either major depolarization abnormalities
(e.g., epsilon wave and QRS duration exceeding 110 ms in the right precordial leads) or
minor depolarization abnormalities (e.g., terminal activation duration and late potentials
in a signal-averaged ECG) and an increased risk of adverse outcomes. However, patients
without any depolarization abnormalities also had low event-free survival, suggesting that
this parameter was not a good discriminator on its own. On the other hand, the integration
of information from both depolarization and repolarization abnormalities appeared to be
valuable in stratifying patients based on their risk of life-threatening arrhythmias. They
identify high-risk patients as those with >3 precordial inverted T-waves, intermediate-risk
patients as those with an isolated depolarization abnormality or TWI in V1-2 and depo-
larization abnormalities, and low-risk patients as those with less than two TWIs and no
repolarization abnormalities [6]. In an event-free population of 115 ACM patients, the
presence of depolarization abnormalities, i.e., the epsilon wave, was not associated with an
increased risk of life-threatening ventricular arrhythmias [31].

8. QRS Dispersion

QRS dispersion, defined as the difference between the longest and shortest QRS
duration in any lead, reflects regional variations in depolarization timing. It has been
associated with both right ventricular (RV) diameter and volume, as assessed by cardiac
magnetic resonance (CMR), and also with a late gadolinium enhancement (LGE) detection
rate, which may have prognostic importance in assessing the risk of sudden death [32]. A
study by Turrini et al. compared 4 groups: 20 sudden death victims, 20 ACM patients with
history of ventricular arrhythmias, 20 ACM patients with less than 3 premature ventricular
beats (PVBs), and 20 controls. The analysis demonstrated that a QRS dispersion > 40 ms
was an independent predictor of sudden cardiac death, with a sensitivity and specificity
of 90% and 77%, respectively [16]. Also, Peter S et al. observed a correlation between
QRS dispersion, defined in this case as >50 ms, and recurrent episodes of ventricular
arrhythmias [17]. However, both studies lacked long-term follow up data. Hsieh’s group
analyzed the QRS dispersion as the angular difference between the reconstruction vectors
obtained from the QRS loop decomposition, based on a principal component analysis, and
created the variable defined as interlead QRS dispersion (IQRSD). They evaluated IQRSD
in four groups of patients: those with ACM who had undergone epicardial ablation, those
with ACM with ventricular tachycardia (VT), those with an idiopathic right ventricular
outflow tract (RVOT) VT, and a control group. IQRSD was effectively able to distinguish the
ACM patients from the controls and could identify patients with more advanced disease
who required epicardial ablation intervention [18].

9. Repolarization Dispersion

Repolarization abnormalities are some of the significant contributors to life threaten-
ing arrhythmias and mortality, and they are frequently observed in electrocardiograms
of patients with ACM. Specifically, repolarization dispersion, which arises from uneven
refractory periods and activation times, reflects the underlying pathological substrate of
fibrofatty myocardial replacement. Several ECG parameters have been proposed to iden-
tify repolarization dispersion, with the most common being the interlead variability in
the QT interval duration (classified as abnormal when greater than 65 ms). Regarding
its prognostic value, the literature is inconclusive. On one hand, Turrini et al. reported



Biology 2024, 13, 265

8of 11

significatively higher QT dispersion in patients who had experienced sudden death com-
pared with living patients with various arrhythmic profiles (defined based on a history
of sustained ventricular tachycardia); they also confirmed the 65 ms cut-off as a valuable
tool for refining risk stratification [16]. On the other hand, Benn et al. found no correlation
between QT dispersion and the severity of symptoms, while still supporting its role in
distinguishing ACM patients from healthy controls [19]. Repolarization dispersion was
further investigated using other parameters, including the Tp-e interval, cTp-e interval,
Tp-e/QT ratio, and Tp-e/QTc ratio. They were observed to be prolonged in ACM pa-
tients compared with healthy subjects. In multivariate analyses, the ¢ Tp-e interval was
also significantly associated with all-cause mortality, with an odds ratio (OR) of 1.166
(1.017-1.336, p = 0.027) [20].

10. Terminal Activation Duration

Terminal activation duration (TAD) is measured from the S-nadir to the end of all
depolarization deflections, and it is considered prolonged when it exceeds 55 ms in any of
the leads V1-3. In the absence of a right bundle branch block, it is considered to be a minor
diagnostic criterion for ACM. TAD has been also described as an extension of the “S wave
upstroke”, and it could be considered a marker of delayed right ventricular activation,
which has been suggested to play a role in the pathogenesis of ventricular tachycardia (VT)
in ACM [21].

11. Conclusions and Future Directions

The ECG findings regarding ACM showed a validated diagnostic role, a good cor-
relation with imaging features, and a potential prognostic value (Figure 2). In fact, there
are some signs such as TWI that showed an important correlation with prognosis [22].
Figure 3 shows an ACM ECG sign according to increasing prognostic value. Combined
ECG signs in ACM can carry significant prognostic implications, aiding in risk stratification
and management decisions. Patients presenting with multiple ECG abnormalities are often
at higher risk for adverse cardiac events, including ventricular arrhythmias and sudden
cardiac death because of a more extensive myocardial involvement [26].

LOW RISK

- L OO

HIGH RISK

Figure 3. ECG signs with increasing prognostic value in ACM.

T-wave inversion in the precordial leads combined with other ECG abnormalities, such
as QRS prolongation or fragmented QRS complexes, suggests more extensive myocardial
fibrosis and electrical instability, which correlate with an increased risk of arrhythmias.
Additionally, low voltage QRS complexes may indicate advanced myocardial involvement
and fibrosis, further elevating the risk of adverse outcomes [26].
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Clinicians use these combined ECG signs as part of a comprehensive risk assessment
in ACM patients. Those with multiple ECG abnormalities may require closer monitoring
and aggressive management of arrhythmic risk factors. Figure 4 shows an ECG of a 42-year-
old man with biventricular ACM and combined ECG signs. However, some challenges
and limitations have to be considered, such as the phenotypic variability observed among
patients. The disease manifests differently in individuals, making it crucial to identify the
specific ECG patterns associated with distinct clinical outcomes.

|
(2 o W o e ) 7 v"“ﬂ'\/"“"f'\/\-’d’f\/\*‘v\["‘ﬂ ‘l/

| i 2
“,r.__,a‘.—___‘,___.l‘—-—._ﬁm__.!k_/—\d.,v—‘}w L(\/.A.‘M—«.'L

VI P P i Y VLS 6 0 Y B (= |

Figure 4. An ECG of a 42-year-old man summarizing ACM prognostic signs.

Genetic factors play a significant role in ACM and understanding the genotype—
phenotype correlation is crucial for personalized risk stratification [1]. Future research
should focus on integrating genetic data with ECG findings to enhance prognostic accuracy.

Future studies should focus on combining ECG data with advanced imaging modali-
ties, such as cardiac magnetic resonance imaging (CMR); it may provide a comprehensive
understanding of ACM pathophysiology. The integration of multimodal data could refine
risk stratification and guide therapeutic interventions.

Additionally, longitudinal studies with extended follow-up periods are imperative
to capture the dynamic changes in ECG patterns and their correlation with clinical out-
comes. The ECG changes noted during the follow-up of ACM patients have generally been
perceived by investigators as evidence of disease progression, possibly reflecting areas of
new myocardial involvement or progressive adverse remodeling. It may be hypothesized
that dynamic ECG changes in ACM are an early disease expression related to gap junction
and desmosome remodeling, in the absence of detectable clinical structural or functional
alterations or the typical histological changes in the fibrofatty replacement. In contrast,
when overt disease is present, ECG abnormalities may be stable or progressive, presumably
because significant structural changes have occurred.

The main data that are currently available are derived from a retrospective analysis;
prospective cohorts will contribute valuable insights into the progression of ACM and aid
in refining prognostic models.

The prognostic role of ECG in ACM is an evolving field with exciting prospects. As
our understanding of the disease deepens and technology advances, integrating multiple
modalities and refining predictive models will undoubtedly contribute to improved patient
outcomes. Collaborative efforts among clinicians, researchers, and technology developers
are essential to unravel the complexities of ACM and to pave the way for more effective
diagnostic and therapeutic strategies.



Biology 2024, 13, 265 10 of 11

Author Contributions: Conceptualization, E.T. and EV.; Methodology, E.T., EV,, VA. and G.A.; Data
curation, V.A., G.A,, M.\M,, D.L. and L.C.; writing-original draft preparation, E.T, V.A. and G.A.;
review and editing, EV., C.B. and M.B.; Supervision, M.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Marcus, EI.; McKenna, W.J.; Sherrill, D.; Basso, C.; Bauce, B.; Bluemke, D.A.; Calkins, H.; Corrado, D.; Cox, M.G.; Daubert, ].P,;
et al. Diagnosis of arrhythmogenic right ventricular cardiomyopathy/dysplasia: Proposed modification of the Task Force Criteria.
Eur. Heart J. 2010, 31, 806-814. [CrossRef] [PubMed]

Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrrow, C.; Gotzsche, P.C.; Ioannidis, ].P.A.; Clarke, M.; Devereaux, PJ.; Kleeijnen, J.;
Moher, D.; et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate healthcare
interventions: Explanation and elaboration. BMJ 2009, 339, b2700. [CrossRef] [PubMed]

Slim, K.; Nini, E.; Forestier, D.; Kwiatkowski, F.; Panis, Y.; Chipponi, J. Methodological index for non-randomized studies (minors):
Development and validation of a new instrument. ANZ J. Surg. 2003, 73, 712-716. [CrossRef] [PubMed]

Zorzi, A.; Migliore, F.; Elmaghawry, M.; Silvano, M.; Marra, M.P,; Niero, A.; Nguyen, K.; Rigato, I.; Bauce, B.; Basso, C.; et al.
Electrocardiographic predictors of electroanatomic scar size in arrhythmogenic right ventricular cardiomyopathy: Implications
for arrhythmic risk stratification. J. Cardiovasc Electrophysiol. 2013, 24, 1321-1327. [CrossRef] [PubMed]

Kalantarian, S.; Astrom Aneq, M,; Svetlichnaya, J.; Sharma, S.; Vittinghoff, E.; Klein, L.; Scheinman, M. Long-Term Electrocardio-
graphic and Echocardiographic Progression of Arrhythmogenic Right Ventricular Cardiomyopathy and Their Correlation With
Ventricular Tachyarrhythmias. Circ. Heart Failure 2021, 14, e008121. [CrossRef] [PubMed]

Bhonsale, A.; James, C.A ; Tichnell, C.; Murray, B.; Madhavan, S.; Philips, B.; Russell, S.D.; Abraham, T.; Tandri, H.; Judge, D.P;
et al. Risk stratification in arrhythmogenic right ventricular dysplasia/cardiomyopathy-associated desmosomal mutation carriers.
Circ. Arrhythm. Electrophysiol. 2013, 6, 569-578. [CrossRef] [PubMed]

Saguner, A.M.; Ganahl, S.; Baldinger, S.H.; Kraus, A.; Medeiros-Domingo, A.; Nordbeck, S.; Saguner, A.R.; Mueller-Burri, A.S,;
Haegeli, L.M.; Wolber, T.; et al. Usefulness of electrocardiographic parameters for risk prediction in arrhythmogenic right
ventricular dysplasia. Am. J. Cardiol. 2014, 113, 1728-1734. [CrossRef]

Link, M.S.; Laidlaw, D.; Polonsky, B.; Zareba, W.; McNitt, S.; Gear, K.; Marcus, F.; Estes, N.A., 3rd. Ventricular arrhythmias in the
North American multidisciplinary study of ARVC: Predictors, characteristics, and treatment. J. Am. Coll Cardiol. 2014, 64, 119-125.
[CrossRef] [PubMed]

Orgeron, G.M.; James, C.A.; Te Riele, A ; Tichnell, C.; Murray, B.; Bhonsale, A.; Kamel, I.R.; Zimmerman, S.L.; Judge, D.P,; Crosson,
J.; et al. Implantable Cardioverter-Defibrillator Therapy in Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy:
Predictors of Appropriate Therapy, Outcomes, and Complications. J. Am. Heart Assoc. 2017, 6, €006242. [CrossRef]

Leren, 1.S.; Saberniak, J.; Haland, T.F,; Edvardsen, T.; Haugaa, K.H. Combination of ECG and Echocardiography for Identification
of Arrhythmic Events in Early ARVC. JACC Cardiovasc. Imaging 2017, 10, 503-513. [CrossRef]

Cadrin-Tourigny, J.; Bosman, L.P.; Wang, W.; Tadros, R.; Bhonsale, A.; Bourfiss, M.; Lie, J.H.; Saguner, A.M.; Svensson, A.;
Andorin, A.; et al. Sudden cardiac death prediction in arrhythmogenic right ventricular cardiomyopathy: A multinational
collaboration. Circ. Arrhythm. Electrophysiol. 2021, 14, e008509. [CrossRef] [PubMed]

Peters, S.; Truemmel, M.; Koehler, B. Prognostic value of QRS fragmentation in patients with arrhythmogenic right ventricular
cardiomyopathy /dysplasia. J. Cardiovasc. Med. (Hagerstown) 2012, 13, 295-298. [CrossRef] [PubMed]

Peters, S.; Triimmel, M.; Koehler, B. QRS fragmentation in standard ECG as a diagnostic marker of arrhythmogenic right
ventricular dysplasia-cardiomyopathy. Heart Rhythm. 2008, 5, 1417-1421. [CrossRef] [PubMed]

Olivetti, N.Q.S.; Sacilotto, L.; Wulkan, F.; D’ Arezzo Pessente, G.; Lombardi Peres de Carvalho, M.; Moleta, D.; Tessariol Hachul, D.;
Veronese, P.; Hardy, C.; Pisani, C. Clinical Features, Genetic Findings, and Risk Stratification in Arrhythmogenic Right Ventricular
Cardiomyopathy: Data From a Brazilian Cohort. Circ. Arrhythm Electrophysiol. 2023, 16, €011391. [CrossRef] [PubMed]

Gallo, C,; Blandino, A.; Giustetto, C.; Anselmino, M.; Castagno, D.; Richiardi, E.; Gaita, F. Arrhythmogenic right ventricular
cardiomyopathy: ECG progression over time and correlation with long-term follow-up. J. Cardiovasc. Med. (Hagerstown) 2016,
17,418-424. [CrossRef] [PubMed]

Turrini, P.; Corrado, D.; Basso, C.; Nava, A.; Bauce, B.; Thiene, G. Dispersion of ventricular depolarization-repolarization: A
noninvasive marker for risk stratification in arrhythmogenic right ventricular cardiomyopathy. Circulation 2001, 103, 3075-3080.
[CrossRef]


https://doi.org/10.1093/eurheartj/ehq025
https://www.ncbi.nlm.nih.gov/pubmed/20172912
https://doi.org/10.1136/bmj.b2700
https://www.ncbi.nlm.nih.gov/pubmed/19622552
https://doi.org/10.1046/j.1445-2197.2003.02748.x
https://www.ncbi.nlm.nih.gov/pubmed/12956787
https://doi.org/10.1111/jce.12246
https://www.ncbi.nlm.nih.gov/pubmed/24016194
https://doi.org/10.1161/CIRCHEARTFAILURE.120.008121
https://www.ncbi.nlm.nih.gov/pubmed/34550004
https://doi.org/10.1161/CIRCEP.113.000233
https://www.ncbi.nlm.nih.gov/pubmed/23671136
https://doi.org/10.1016/j.amjcard.2014.02.031
https://doi.org/10.1016/j.jacc.2014.04.035
https://www.ncbi.nlm.nih.gov/pubmed/25011714
https://doi.org/10.1161/JAHA.117.006242
https://doi.org/10.1016/j.jcmg.2016.06.011
https://doi.org/10.1161/CIRCEP.120.008509
https://www.ncbi.nlm.nih.gov/pubmed/33296238
https://doi.org/10.2459/JCM.0b013e32834bed0a
https://www.ncbi.nlm.nih.gov/pubmed/22450866
https://doi.org/10.1016/j.hrthm.2008.07.012
https://www.ncbi.nlm.nih.gov/pubmed/18783995
https://doi.org/10.1161/CIRCEP.122.011391
https://www.ncbi.nlm.nih.gov/pubmed/36720007
https://doi.org/10.2459/JCM.0000000000000354
https://www.ncbi.nlm.nih.gov/pubmed/27119598
https://doi.org/10.1161/01.CIR.103.25.3075

Biology 2024, 13, 265 11of11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Peters, S.; Peters, H.; Thierfelder, L. Risk stratification of sudden cardiac death and malignant ventricular arrhythmias in right
ventricular dysplasia-cardiomyopathy. Int. J. Cardiol. 1999, 71, 243-250. [CrossRef] [PubMed]

Hsieh, W.H,; Lin, C.Y.; Te, A.L.D.; Wu, C.IL; Chung, FP; Chang, Y.C.; Chang, S.L.; Lin, C.; Lo, LW,; Hu, Y.F; et al. A novel
noninvasive surface ECG analysis using interlead QRS dispersion in arrhythmogenic right ventricular cardiomyopathy. PLoS
ONE 2017, 12, €0182364. [CrossRef] [PubMed]

Benn, M.; Hansen, P.S.; Pedersen, A.K. QT dispersion in patients with arrhythmogenic right ventricular dysplasia. Eur. Heart |.
1999, 20, 764-770. [CrossRef]

Cekirdekci, E.I; Bugan, B. Can abnormal dispersion of ventricular repolarization be a predictor of mortality in arrhythmogenic
right ventricular cardiomyopathy: The importance of Tp-e interval. Ann. Noninvasive. Electrocardiol. 2019, 24, €12619. [CrossRef]
Jain, R.; Dalal, D.; Daly, A.; Tichnell, C.; James, C.; Evenson, A.; Jain, R.; Abraham, T.; Tan, B.Y.; Tandri, H.; et al. Electrocardio-
graphic features of arrhythmogenic right ventricular dysplasia. Circulation 2009, 120, 477-487. [CrossRef] [PubMed]

Nava, A.; Canciani, B.; Buja, G.; Martini, B.; Daliento, L.; Scognamiglio, R.; Thiene, G. Electrovectorcardiographic study of
negative T waves on precordial leads in arrhythmogenic right ventricular dysplasia: Relationship with right ventricular volumes.
J. Electrocardiol. 1988, 21, 239-245. [CrossRef] [PubMed]

Das, M.K.; Suradi, H.; Maskoun, W.; Michael, M.A.; Shen, C.; Peng, J.; Dandamudi, G.; Mahenthiran, J. Fragmented wide QRS on
a 12-lead ECG: A sign of myocardial scar and poor prognosis. Circ Arrhythm Electrophysiol. 2008, 1, 258-268. [CrossRef] [PubMed]
Roudijk, R.W.; Bosman, L.P; van der Heijden, J.E; de Bakker, ] M.T.; Hauer, RN.W.; van Tintelen, J.P.; Asselbergs, EW.; Te
Riele, A.S.J.M.; Loh, P. Quantitative Approach to Fragmented QRS in Arrhythmogenic Cardiomyopathy: From Disease towards
Asymptomatic Carriers of Pathogenic Variants. J. Clin. Med. 2020, 9, 545. [CrossRef] [PubMed]

Zorzi, A.; Bettella, N.; Tatangelo, M.; Del Monte, A.; Vessella, T.; Poscolieri, B.; Crescenzi, C.; Pegorin, D.; D’ Ascenzi, F; Pescatore,
V.; et al. Prevalence and clinical significance of isolated low QRS voltages in young athletes. Europace 2022, 24, 1484-1495.
[CrossRef] [PubMed]

Corrado, D.; Perazzolo Marra, M.; Zorzi, A.; Beffagna, G.; Cipriani, A.; Lazzari, M.; Migliore, F; Pilichou, K.; Rampazzo, A;
Rigato, I.; et al. Diagnosis of arrhythmogenic cardiomyopathy: The Padua criteria. Int. J. Cardiol. 2020, 319, 106-114. [CrossRef]
[PubMed]

Adler, A.; Perrin, M.J.; Spears, D.; Gollob, M.H. Epsilon wave uncovered by exercise test in a patient with desmoplakin-positive
arrhythmogenic right ventricular cardiomyopathy. Can. J. Cardiol. 2015, 31, 819.e1-819.e2. [CrossRef]

Angaran, P; Laksman, Z.; Zhang, H.; Porepa, L.F,; Rutberg, J.; James, C.; Krahn, A.D.; Judge, D.P,; Calkins, H.; Gollob,
M.H. Exercise testing in asymptomatic gene carriers exposes a latent electrical substrate of arrhythmogenic right ventricular
cardiomyopathy. J. Am. Coll. Cardiol. 2013, 62, 1772-1779. [CrossRef]

Turrini, P.; Corrado, D.; Basso, C.; Nava, A.; Thiene, G. Noninvasive risk stratification in arrhythmogenic right ventricular
cardiomyopathy. Ann. Noninvasive Electrocardiol. 2003, 8, 161-169. [CrossRef]

Wu, S.; Wang, P; Hou, Y.; Yang, P; Xiao, Y.; Zhan, X. Epsilon wave in arrhythmogenic right ventricular dysplasia/cardiomyopathy.
Pacing Clin. Electrophysiol. 2009, 32, 59-63. [CrossRef]

Lie, @.H.; Rootwelt-Norberg, C.; Dejgaard, L.A.; Leren, LS.; Stokke, M.K.; Edvardsen, T.; Haugaa, K.H. Prediction of Life-
Threatening Ventricular Arrhythmia in Patients With Arrhythmogenic Cardiomyopathy: A Primary Prevention Cohort Study.
JACC Cardiovasc. Imaging 2018, 11, 1377-1386. [CrossRef] [PubMed]

Ma, N.; Cheng, H.; Lu, M; Jiang, S.; Yin, G.; Zhao, S. Cardiac magnetic resonance imaging in arrhythmogenic right ventricular
cardiomyopathy: Correlation to the QRS dispersion. Magn. Reson. Imaging 2012, 30, 1454-1460. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0167-5273(99)00142-4
https://www.ncbi.nlm.nih.gov/pubmed/10636530
https://doi.org/10.1371/journal.pone.0182364
https://www.ncbi.nlm.nih.gov/pubmed/28771538
https://doi.org/10.1053/euhj.1998.1400
https://doi.org/10.1111/anec.12619
https://doi.org/10.1161/CIRCULATIONAHA.108.838821
https://www.ncbi.nlm.nih.gov/pubmed/19635971
https://doi.org/10.1016/0022-0736(88)90098-2
https://www.ncbi.nlm.nih.gov/pubmed/3171457
https://doi.org/10.1161/CIRCEP.107.763284
https://www.ncbi.nlm.nih.gov/pubmed/19808417
https://doi.org/10.3390/jcm9020545
https://www.ncbi.nlm.nih.gov/pubmed/32079223
https://doi.org/10.1093/europace/euab330
https://www.ncbi.nlm.nih.gov/pubmed/35243505
https://doi.org/10.1016/j.ijcard.2020.06.005
https://www.ncbi.nlm.nih.gov/pubmed/32561223
https://doi.org/10.1016/j.cjca.2015.01.025
https://doi.org/10.1016/j.jacc.2013.04.084
https://doi.org/10.1046/j.1542-474X.2003.08212.x
https://doi.org/10.1111/j.1540-8159.2009.02176.x
https://doi.org/10.1016/j.jcmg.2018.05.017
https://www.ncbi.nlm.nih.gov/pubmed/30031702
https://doi.org/10.1016/j.mri.2012.06.005
https://www.ncbi.nlm.nih.gov/pubmed/22819580

	Introduction 
	Methodological Considerations 
	Results 
	T-Wave Inversion 
	QRS Fragmentation 
	Low Voltage QRS 
	Epsilon Wave 
	QRS Dispersion 
	Repolarization Dispersion 
	Terminal Activation Duration 
	Conclusions and Future Directions 
	References

