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Inherited cardiomyopathies
Important progress has been made in our understanding of the pathogenesis of inherited
cardiomyopathies, the phenotypical expression of identified pathogenic genetic variants and the
treatment of patients with inherited cardiomyopathies. (1-5) Several genes have been identified
in which pathogenic variants are associated with genetic predisposition for the development of
cardiomyopathy. (6-9) However, incomplete penetrance and variable expression of disease have
been observed among carriers of pathogenic variants which complicate cascade screening regimens
and standardized treatment protocols. (5, 8-11) Furthermore, observations of variety in phenotypes
within pedigrees and among carriers of the same pathogenic variant have challenged the concept
of monogenic inheritance of inherited cardiomyopathies and underlined the importance of (epi)
genetic and environmental modifiers. (12, 13) An important example is exercise, which is one of the
modulating factors for both the induction of arrhythmias and progression of disease in patients with
arrhythmogenic cardiomyopathy (ACM). (14) ACM is an inherited cardiomyopathy characterized by
fibrofatty replacement of predominantly, but not exclusively, the right ventricular myocardium, which
may result in potentially lethal ventricular arrhythmias and progressive ventricular dysfunction. (1)
Approximately 75% of patients with ACM carry a pathogenic variant, predominantly in desmosomal
genes such as PKP2, DSP and DSG2, but also non-desmosomal genes such as PLN and SCN5A have been
described. (15-18)

Sudden death, arrhythmogenesis and the phenotypical spectrum of
arrhythmogenic cardiomyopathy
In general, the mechanism of ventricular arrhythmia is represented in Coumel’s triangle of
arrhythmogenesis: 1) the arrhythmogenic substrate, 2) a triggering factor and 3) the presence of factors
modulating the induction and sustainability of the arrhythmia. The substrate for sudden cardiac death
in young individuals is typically described as coronary abnormalities, congenital heart disease, inherited
arrhythmia syndromes or inherited cardiomyopathy. (2, 4, 5, 10) Sudden cardiac death due to ventricular
arrhythmia is frequently observed in families with inherited cardiomyopathies.(3, 4, 10, 19) Inherited
cardiomyopathies are usually divided in three subcategories: hypertrophic cardiomyopathy (HCM),
dilated cardiomyopathy (DCM), and arrhythmogenic cardiomyopathy (ACM). (20) HCM is characterized
by disarray of myocardial fibers and hypertrophy of both cardiomyocytes and the myocardium, whereas
the DCM category is defined by early ventricular dilatation and dysfunction. (20) ACM is characterized
by fibrofatty alteration starting at the epicardium and a clinical presentation with electrocardiographic
abnormalities and ventricular arrhythmias early in the clinical course of disease. (1, 20) All these
subcategories of inherited cardiomyopathies may progress into heart failure as end-stage disease,
resembling a DCM phenotype. A large and well defined subcategory of ACM is arrhythmogenic right
ventricular cardiomyopathy (ARVC) with predominant right ventricular disease, but also predominant
left ventricular or biventricular subcategories exist. These ACM subcategories show fibro-fatty alteration
and usually ventricular arrhythmias in the early stages of disease. (1, 16, 20, 21) Definition of ACM as
ARVC and associated forms with left ventricular involvement is used in The Netherlands and followed
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in this thesis. (22) The much broader definition of ACM as used in a recent report by the Heart Rhythm
Society, including a large amount of other entities characterized by ventricular arrhythmias such as
amyloidosis and myocarditis, is not used in this thesis. (5) Especially in families of patients with ACM,
the incidence of sudden cardiac death is high among young individuals. (11, 23) Ventricular fibrillation
resulting in sudden cardiac death may be the first symptom of disease in ACM. (5, 24) Early identification
of individuals at high risk of developing ventricular arrhythmia remains an important clinical challenge
in these families. Further insight in the early development of ACM and the mechanisms contributing
to ventricular arrhythmia induction may aid in identification of high risk individuals. In ACM, (non)sustained monomorphic ventricular arrhythmias with a left bundle branch morphology are frequently
observed. (16) However, sudden cardiac death and fast polymorphic ventricular arrhythmias also have
been observed among young individuals without any other phenotypical signs of disease. Whether
arrhythmic triggers are more important for unstable arrhythmia induction in early stages of ACM
compared to more substrate-driven monomorphic ventricular tachycardia in more advanced stages of
ACM remains unknown. Maximal effort should be made to prevent such devastating events as sudden
cardiac death in asymptomatic and young individuals among relatives of patients with definite ACM. A
personalized risk stratification approach by a recently developed risk calculator may aid clinical decision
making to prevent sudden cardiac death. (25, 26) This risk calculator was designed to calculate the risk
of ventricular arrhythmias in patients with a definite diagnosis of ACM and without prior sustained
ventricular tachycardia. The development of a risk calculator to calculate the risk of ventricular
arrhythmia and/or the risk of developing an ACM phenotype in relatives without signs of disease may
further aid shared decision making during the clinical management of relatives.

Cascade screening in relatives of patients with arrhythmogenic cardiomyopathy
The identification of a pathogenic variant in a patient with ACM enables genetic and cascade screening
among his or her relatives. In genotype positive families, only genotype positive relatives are referred
for clinical cascade screening because genotype negative individuals are believed to be of low risk
to develop cardiomyopathy. Importantly, relatives without the (likely) pathogenic variant which was
identified in the proband, may be discharged from further periodic cardiologic evaluation. The primary
aim of cascade screening is the early identification of individuals with development of cardiomyopathy
and those at high risk of sudden cardiac death, among relatives of patients with inherited
cardiomyopathies. Although several guidelines for cascade screening in inherited cardiomyopathies
have been published, the actual yield for the prevention of sudden cardiac death remains unknown.
Furthermore, cascade screening remains a major clinical challenge in families with ACM due to variable
and age-dependent penetrance of disease and the observations of sudden cardiac death in ‘’healthy’’
relatives. (2, 4, 5) When (sub)clinical disease is identified in a relative the intensity of clinical follow-up
can be increased, the advice for sport restriction can be endorsed and prophylactic drug treatment or
implantable cardioverter defibrillator implantation can be discussed with the relative during shared
decision making. (5) Cascade screening should ideally aid to select relatives with high risk of developing
cardiomyopathy or arrhythmia, and also identify low risk relatives for low frequent follow-up to reduce
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the burden of cascade screening on the health care system. However, the optimal diagnostic modalities
to identify subclinical disease in relatives remains unknown. In current clinical practice, cascade
screening regimens consist of a 1-3 yearly clinical follow-up with standard 12-lead electrocardiogram,
Holter recording and cardiac imaging with either echocardiography or cardiac magnetic resonance
imaging. (5) Also exercise testing may be used, although not routinely, since exercise may unmask early
signs of disease by electrocardiographic changes or induction of arrhythmias.

Electrical and structural progression of arrhythmogenic cardiomyopathy
An important consequence of cascade screening regimens is the participation of often asymptomatic,
healthy and young individuals. (5, 11, 27) These relatives may experience disease expression during their
lifetime, but a significant proportion (10-25%) will never develop any sign of disease. (10, 11, 27) The
complex set of diagnostic Task Force criteria for the diagnosis of ACM requires extensive and thorough
clinical- and genetic evaluation to establish a definite diagnosis of ACM. (16, 28) Besides family and
genetic criteria, the Task Force criteria include histological, arrhythmia, depolarization, repolarization
and imaging criteria. These criteria reﬂect several phenotypic features of this heterogenic disease.
Furthermore, the natural history of disease and progression is variable. In general, ACM progresses from
a concealed phase without any phenotypical signs of disease into an electrical phase, and finally into
a structural phase with prominent fibrosis, ventricular dilatation and myocardial dysfunction. (27, 29,
30) The presence and extent of the structural abnormalities are associated with a worse prognosis due
to the induction of monomorphic ventricular tachycardia and the induction of myocardial dysfunction
with the progression into congestive heart failure. (27, 31-33) The optimal set of diagnostic modalities
to monitor this disease progression remains unknown.

Identification of an early phenotype of arrhythmogenic cardiomyopathy
The identification of rather subtle and early signs of disease expression may enable identification of
individuals with early stages of disease. As a consequence, these individuals may benefit from early
treatment and lifestyle interventions to prevent further progression of disease and adverse events.
This ‘’early disease’’ phenotype may remain undetected by conventional diagnostic modalities such
as the 12-lead ECG, echocardiography and cardiac magnetic resonance imaging. However, the use
of new and experimental diagnostic modalities such as electrocardiographic imaging (also known as
inverse electrocardiography) and deformation imaging are promising techniques to define such an
‘’early’’ phenotype of ACM. (27, 28, 30) Electrocardiographic imaging may be able to describe the early
electrical changes of the subtricuspid area before structural changes are present. During sinus rhythm,
these electrical changes are masked in the QRS complex when using conventional 12-lead ECG. The
electrocardiographic imaging technique combines cardiac imaging with electrocardiography and may
be able to identify these electrical changes. However, the technique is still experimental and needs to
be validated to be used for this application and may require further optimization during imaging of
sinus rhythm. (34-36) Deformation imaging has been thoroughly studied in ACM and is used to describe
structural remodeling in patients with ACM. The strain imaging of the right ventricle has described
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strain pattern subtypes which have shown to be of both diagnostic and prognostic value in patients
with ACM. (30-32)

OUTLINE OF THIS THESIS
In this thesis, “Electrophysiological methods for early detection and risk stratiﬁcation in arrhythmogenic
cardiomyopathy”, we present and discuss the application and possibilities of electrophysiological
diagnostic modalities for the evaluation and risk stratification of patients with arrhythmogenic
cardiomyopathy (ACM). We will focus on the role of the standard 12-lead electrocardiogram (ECG) and
electrocardiographic imaging in cascade screening among patients with PKP2, PLN and SCN5A variants.
These genes of interest are chosen because of higher prevalence of their (likely) pathogenic (founder)
mutations in The Netherlands.
To improve the diagnostic yield of cascade screening and increase the number of family members who
participate in cascade screening regimens we designed a translational research consortium. In Chapter
2 we discuss novel non-invasive techniques and biomarkers which are evaluated in this translational
research consortium. In this chapter we also describe the interaction between clinical research, cellular
research and animal models which is needed to understand the early expression of disease among
carriers of pathogenic variants. Furthermore, we underline the importance of the implementation of this
research into a biobank environment to actually enable translational research. Although the incidence
of ACM peaks during young adulthood, pediatric-onset ACM has been increasingly recognized during
the recent decade. The identification of early disease phenotypes may benefit from further description
of the pediatric-onset of ACM. The cascade screening and diagnostic limitations in the evaluation
of pediatric-onset ACM are discussed in Chapter 3 and Chapter 4. Chapter 4 also evaluates factors
associated with adverse events during follow-up of patients with pediatric-onset ACM and provides
suggestions to improve the diagnostic yield of cascade screening for pediatric-onset ACM. In families
with inherited cardiomyopathies, cascade screening often starts with genetic analysis. As described
above, the cascade screening of relatives is complicated by incomplete penetrance of disease and
variable expression. The evaluation of a Dutch founder mutation in SCN5A with variable phenotypes,
including ACM, provided further insight in the phenomenon of variable expression. In Chapter 5, we
describe the phenotypes, natural history and potential genetic modifiers among carriers of this Dutch
founder mutation in SCN5A. The incidence of ventricular arrhythmias is high among patients with ACM,
and the prediction of events may aid clinical decision making. Several electrocardiographic features
have been described to be associated with the occurrence of ventricular arrhythmias in ACM. Chapter
6 evaluates the diagnostic and prognostic value of fragmented QRS in patients with ACM and their
relatives, in which we used a quantitative approach to fragmentation of the QRS complex. Improving the
reproducibility of ECGs may improve the diagnostic value of the ECG during longitudinal monitoring and
cascade screening. Chapter 7 describes our novel method to improve the reproducibility of electrode

16

General introduction and thesis outline

positions for standard 12-lead electrocardiograms using a 3D camera algorithm. This method may be
used to describe subtle electrical progression of ACM by detailed ECG waveform comparison during
longitudinal follow-up with ECG recordings. Sustained ventricular tachycardia in ACM is predominantly
characterized by left bundle branch morphology on the ECG, due to the presence of right ventricular
substrates. Furthermore, ventricular tachycardia with left bundle branch morphology is a diagnostic
criterion. Although left ventricular involvement is increasingly recognized, right bundle branch
morphology ventricular tachycardia is infrequently reported. In Chapter 8 we report in the incidence of
right bundle branch morphology ventricular tachycardia among patients with ACM and describe their
clinical characteristics. Since left bundle branch block morphology sustained ventricular tachycardia is
part of the 2010 diagnostic criteria for ACM, these criteria play an important role in de early diagnosis
of disease in probands. However, right bundle branch block morphology ventricular tachycardia is
reported in ACM, and may in theory be associated with dilatation of the ventricles and left ventricular
involvement.
Another novel approach to enable description of subtle electrical changes of the myocardium may
be non-invasive electrocardiographic imaging (i.e. inverse electrocardiography). The accuracy of
inverse electrocardiography for focal rhythm such as ventricular pacing or premature ventricular
beats is promising. However, the performance during sinus rhythm is reported to be highly variable.
Since electrical changes in the myocardium may be early signs of disease and may be associated with
arrhythmias, we evaluated new electrocardiography based diagnostic modalities to aid early diagnosis
and risk stratification. However, inverse electrocardiography (i.e. electrocardiographic imaging) first
required optimization of the performance during sinus rhythm. The effects of the His-Purkinje system
on the initiation of ventricular activation was implemented in the initial estimate of the algorithm. In
Chapter 9 we describe this optimization of our inverse electrocardiography algorithm, and evaluated
the algorithm using simulation and clinical data. Next, we validated the performance of the algorithm in
patients referred for endocardial and epicardial electroanatomical mapping in a clinical validation study,
which we describe in Chapter 10. Finally, discussion of the thesis is described in Chapter 11.
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Chapter 2

ABSTRACT
In relatives of index patients with dilated cardiomyopathy and arrhythmogenic cardiomyopathy, early
detection of disease onset is essential to prevent sudden cardiac death and facilitate early treatment
of heart failure. However, the optimal screening interval and combination of diagnostic techniques
are unknown. The clinical course of disease in index patients and their relatives is variable due to
incomplete and age-dependent penetrance. Several biomarkers, electrocardiographic and imaging
(echocardiographic deformation imaging and cardiac magnetic resonance imaging) techniques are
promising non-invasive methods for detection of subclinical cardiomyopathy. However, these techniques
need optimisation and integration into clinical practice. Furthermore, determining the optimal interval
and intensity of cascade screening may require a personalised approach. To address this, the CVONeDETECT (early detection of disease in cardiomyopathy mutation carriers) consortium aims to integrate
electronic health record data from long-term follow-up, diagnostic data sets, tissue and plasma samples
in a multidisciplinary biobank environment to provide personalised risk stratification for heart failure
and sudden cardiac death. Adequate risk stratification may lead to personalised screening, treatment
and optimal timing of implantable cardioverter defibrillator implantation. In this overview article, we
describe non-invasive diagnostic techniques used for detection of subclinical disease in relatives of
index patients with dilated cardiomyopathy and arrhythmogenic cardiomyopathy.
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INTRODUCTION
In the Netherlands, pathogenic variants in the plakophillin-2 (PKP2) and phospholamban (PLN) gene are
the most prevalent genetic predispositions for familial dilated cardiomyopathy (DCM) and arrhythmogenic
cardiomyopathy (ACM) (1, 2). Sudden cardiac death (SCD) may be the first manifestation of disease in
asymptomatic relatives of index patients with inherited cardiomyopathy (3). Pathogenic variants are
found in 40% of DCM index patients and 67% of ACM index patients (2, 4). Due to increased awareness
and improved genetic analysis techniques, the number of identified relatives carrying a pathogenic
variant without overt clinical disease – currently estimated at 300,000 individuals- is increasing. Despite
this genetic risk, only 40-60% of relatives will develop cardiomyopathy; this phenomenon is known
as incomplete penetrance of disease (5, 6). This variability is presumably caused by a combination
of variants in specific genes, epigenetic regulation and environmental factors. Furthermore, disease
development in relatives varies per specific genotype (5, 6). For example, in carriers of the R14del
variant in PLN, resulting in super-inhibition of the sarcoplasmic reticulum calcium pump , disease
penetrance is high (75-90%) (7). In carriers of pathogenic PKP2 variants, which may result in dysfunction
of cardiac desmosome proteins, disease penetrance is generally lower (40-60%) (1, 4, 5).

Genetic and clinical cascade screening
Current guidelines recommend clinical evaluation for first-degree relatives every 1-3 years, starting
at 10-12 years of age. Recommended evaluation includes 12-lead electrocardiography (ECG), Holter
monitoring and cardiac imaging (8). Cascade screening is aimed to identify relatives at high risk of SCD
or cardiomyopathy, who could benefit from early pharmacological and lifestyle intervention or device
implantation (3). However, the optimal age to start cascade screening, the optimal screening intervals
and the most adequate combination of tests are currently unknown.

Electrical and structural myocardial remodelling
Inherited cardiomyopathies are characterised by both electrical and structural remodelling of
the myocardium. Electrical remodelling promotes heterogeneous conduction delay and ectopic
activity, hampers electro-anatomical coupling and enhances arrhythmia susceptibility (9). Structural
remodelling results in contractile impairment and fibrofatty infiltrate formation, resulting in (regional)
myocardial dysfunction and ventricular dilatation (9, 10). Several electrocardiographic methods,
imaging modalities and biomarkers are known or have been proposed to assess myocardial remodelling
(8). Ideally, screening methods for asymptomatic relatives are non-invasive, automated, quantitative
and user-independent. In this article, we provide an overview of existing and future screening methods
for early detection of inherited cardiomyopathies and their integration into the eDETECT consortium
and biobank infrastructure (Fig. 1).

25

2

Chapter 2

Figure 1. Overview of the integration of cascade screening, individualised risk prediction and individualised treatment
into an eDETECT Biobank infrastructure. ICD implantable cardioverter defibrillator.

DIAGNOSTIC TECHNIQUES: ELECTROPHYSIOLOGY
Routine 12-lead ECG evaluations are recommended for both index patients and relatives as they
have diagnostic and prognostic implications in ACM and DCM (11-13). In ACM, T-wave inversions in
the precordial leads and non-sustained ventricular tachycardia during Holter monitoring are risk
factors for ventricular arrhythmias (8, 14). In relatives, premature ventricular complexes have been
associated with ventricular arrhythmias and disease onset (8, 9, 14). In DCM, first- or second-degree
atrioventricular block, left bundle branch block and prolonged QRS duration are associated with worse
prognosis (13). PR interval prolongation might be the first manifestation of DCM due to LMNA or SCN5A
pathogenic variants (8, 13). Low-voltage QRS complexes can be observed in carriers of desmosomal
and PLN pathogenic variants (8, 13). An important limitation of ECG analysis and Holter monitoring is
the short interval of rhythm monitoring opposed to the day-to-day variation of arrhythmias. Wearable
monitors might overcome this limitation, thereby providing insight into the risk for SCD and ventricular
arrhythmia. Artificial intelligence has proven potential, as it is able to predict atrial fibrillation utilising
a 12-lead ECG recording during sinus rhythm (15). However, further research is required to predict
ventricular tachycardia utilising 12-lead ECG recordings.
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Integration of electrocardiography and imaging
Electrocardiographic imaging (ECGi) may be a promising non-invasive technique to identify early
electrical remodelling by computing the depolarisation and repolarisation sequences. This technique
combines high-resolution ECG recordings from body surface electrodes with cardiac imaging. ECGi
has successfully been used to localise arrhythmogenic substrates of atrial fibrillation and ventricular
arrhythmias (16). For example, abnormalities in repolarisation sequence have been successfully
identified in patients with Brugada syndrome (steep dispersion of repolarisation in the right ventricular
outflow tract), long QT syndrome (steep recovery gradients) and SCD survivors (abnormal recovery of
repolarisation) (17).

DIAGNOSTIC TECHNIQUES: IMAGING
Non-invasive cardiac imaging modalities such as echocardiography and cardiac magnetic resonance
imaging (CMR) are routinely used for screening of relatives and play a key role in diagnosis of
cardiomyopathies (8, 9, 12). However, early signs of disease may go unnoticed by conventional
measurements. Advanced techniques such as (echocardiographic or CMR-based) deformation imaging
and CMR-based tissue characterisation by T1 mapping might have incremental value in diagnosing
subclinical signs of cardiomyopathy.

Deformation imaging
Deformation imaging enables oﬄine quantification of myocardial contractility and has the ability to
overcome the limitations of subjective wall motion assessment. This technique is performed either
with echocardiography (‘speckle tracking’) or with CMR (‘feature tracking’), and can be used for global
and regional assessment of both ventricles (18). In ACM, deformation imaging was shown to reveal
subtle mechanical changes in at-risk relatives (10, 19). Furthermore, normal deformation patterns
in the basal area of the right ventricle were associated with absence of disease progression, while
abnormal deformation patterns precede established signs of ACM (20). Consequently, deformation
imaging distinguishes relatives with subclinical disease from those in a truly concealed stage, and may
therefore be useful in determining screening frequency (Fig. 2).

Tissue characterisation
T1 mapping enables detection of interstitial myocardial fibrosis in patients with mild disease, in
contrast to conventional late gadolinium enhancement, which is able to show only focal fibrosis in
patients with advanced structural disease (21). Indeed, recent studies have shown that abnormal tissue
characteristics with T1 mapping are present in the inferior and posterolateral segments in patients with
cardiomyopathy as well as carriers of pathogenic variants.
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Figure 2. Comparison between conventional and advanced imaging for different stages of disease: no structural
disease, subclinical structural disease and overt structural disease. LV left ventricle, RV right ventricle, SEPT septal,
ANT anterior, LAT lateral, POST posterior, INF inferior, ECV extracellular volume.

DIAGNOSTIC TECHNIQUES: BIOMARKERS
Genetic biomarkers
The specific effects of the pathogenic variant on protein function may serve as a biomarker for disease
penetrance; however, this does not predict the timing of disease onset (22). Prospective genotypephenotype studies should focus on the clinical applicability of genetic biomarkers. This accounts, for
example, for the recently published polygenic risk score, which inﬂuences the response to sodium
channel blocking drugs in individuals with Brugada syndrome (23).

Diagnostic biomarkers
The recent discovery of anti-desmoglein 2 (DSG2) autoantibody serum levels which may contribute to
a promising diagnostic biomarker, since these antibodies were present in all (borderline) ACM patients
and absent in control subjects (24). Although the underlying pathophysiological mechanism and the
diagnostic value are unknown, anti-DSG2 autoantibody serum levels are associated with disease
severity and arrhythmia incidence (r = 0.70 for premature ventricular complex burden).
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Prognostic biomarkers
Several non-specific prognostic biomarkers such as troponin, B-type natriuretic peptide (BNP) and
N-terminal (NT)-pro-hormone BNP (NT-proBNP) are associated with mortality in cardiomyopathies
(22). Importantly, markers of fibrosis (collagen formation and breakdown), markers of inﬂammation and
circulatory microRNAs are expected to be associated with disease severity. However, their applicability
as early disease markers is still unknown (25). In contrast to serum biomarkers, non-invasive analysis
of extra-cardiac tissue (such as buccal mucosa) appears to be promising (26). Through biobanking
studies it may be possible to provide a biomarker-based risk profile of individuals. For example, recent
advancements in proteomics have combined functional analysis of gut proteins with known heart
failure biomarkers (BNP and NTproBNP) to improve their prognostic value (27).

INTEGRATION OF DIAGNOSTIC TECHNIQUES
The main goal of the CVON-eDETECT consortium is to prevent SCD and to facilitate early treatment
of heart failure in relatives by early detection of disease and improved risk stratification. First, we
aim to improve participation in genetic counselling and testing in index patients and relatives by
improving the provision of information for patients, relatives and health care professionals (https://
www.erfelijkehartziekten.nl) (28). Second, we aim to facilitate prospective genotype-phenotype cohort
studies using a biobank structure and to implement advanced diagnostic techniques into clinical
practice.
Pre-clinical studies will address underlying disease mechanisms, further facilitating early detection and
risk prediction. A biobanking structure with blood and tissue samples combined with imaging and clinical
data facilitates this translational approach (data catalogue available at https://www.durrercenter.nl/edetect/). Long-term clinical follow-up data from the Dutch ACM Registry (median 9.5 (4.6-16.2) years),
imaging data and samples from the cardiogenetic biobanks of the Amsterdam UMC, UMC Groningen and
UMC Utrecht were integrated (4, 29). To personalise treatment, a risk calculator has been established
predicting the risk of ventricular arrhythmias in patients with ACM (https://arvcrisk.com/, Fig. 3) (30).
The CVON-eDETECT consortium aims to create a similar risk calculator to predict SCD and development
of cardiomyopathy in relatives. This may aid shared decision-making concerning the implantation of
implantable cardioverter defibrillators, sports restriction or drug therapy to reduce progression of heart
failure as well as the implementation of a more patient-tailored approach to follow-up intensity and
frequency once subclinical disease has been established in relatives.
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Figure 3. Prediction of sustained ventricular arrhythmia in patients diagnosed with arrhythmogenic right ventricular
cardiomyopathy without previous sustained ventricular arrhythmia. ARVC arrhythmogenic right ventricular
cardiomyopathy, VT ventricular tachycardia, PVC premature ventricular complex, T-wave inv T-wave inversion, RVEF
right ventricular ejection fraction. Reproduced with permission (30)

CONCLUSION
Carriers of pathogenic ACM and DCM variants are at risk for SCD and heart failure, and early intervention
requires personalised risk stratification. Integration of state-of-the-art imaging and electrophysiological
diagnostic techniques into clinical practice is essential to optimise cascade screening. Within CVONeDETECT, a biobank structure combining clinical phenotypes with genotype, imaging and biomarker
information aims to facilitate identification of early disease (bio)markers and risk factors in inherited
cardiomyopathy.
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Arrhythmogenic Right Ventricular Cardiomyopathy
in a pediatric patient: limitations of diagnostic
criteria and opportunities for improvement
R.W. Roudijk, R. Evertz, A.J. Teske, C. Marcelis, D. Bosboom, B.K. Velthuis,
F.E.A. Udink ten Cate, A.S.J.M. te Riele

Chapter 3

ABSTRACT
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is rarely diagnosed in childhood. We
describe a 9-year-old girl with genetically confirmed ARVC who presented with syncope, ventricular
arrhythmias and biventricular myocardial dysfunction. This case highlights the need for development
of pediatric-specific diagnostic ARVC criteria and discusses potential diagnostic improvement using
echocardiographic deformation imaging.
Abbreviations: ARVC = arrhythmogenic right ventricular cardiomyopathy; CMR = cardiac magnetic
resonance imaging; DCM = dilated cardiomyopathy; ECG = electrocardiogram; LGE = late gadolinium
enhancement; NSVT = non-sustained ventricular tachycardia; PVC = premature ventricular complex;
TFC: Task Force Criteria; WMA = wall motion abnormality.
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PATIENT PRESENTATION AND PAST MEDICAL HISTORY
A 9-year-old girl was admitted to our hospital for evaluation of recurrent syncope. Prior to presentation,
she experienced daily episodes of palpitations with near-syncope and two episodes of syncope during
exercise (e.g. gymnastics class at school). She did not have chest pain or dyspnea. Her family history
was negative for sudden cardiac death or cardiomyopathy. She did not participate in competitive sports.
Her medical history only included urticaria. She was not taking any medication. Physical examination
was unremarkable.

3

DIFFERENTIAL DIAGNOSIS
Syncope in children has a broad differential (see Table 1). Exercise-induced syncope associated with
palpitations is highly suspicious of a cardiac cause, especially ventricular arrhythmias.
Table 1. Differential Diagnosis of Syncope
Diﬀerential diagnosis
1.

Arguments pro/con diagnosis

Cardiac causes

Primary electrical disease
Long QT syndrome
RVOT / LVOT Tachycardia
Catecholaminergic Polymorphic Ventricular
Tachycardia (CPVT)

Normal QT interval and presence of significant structural heart
disease makes diagnosis unlikely.
Presence of significant structural heart disease makes diagnosis
unlikely.
Patients with CPVT present with exercise-induced ventricular
arrhythmias in absence of structural heart disease. In this case,
presence of significant structural heart disease in this case makes
CPVT diagnosis unlikely.
NB patients in the ‘concealed’ phase of ARVC can present with
exercise-induced ventricular arrhythmias in absence of structural
disease, a presentation that mimics CPVT. However, CPVT
does not progress into structural heart disease, has a different
genetic etiology and ventricular arrhythmias have a polymorphic
character compared to monomorphic left bundle branch block
morphology in cases of classical ARVC.

Cardiomyopathy
Dilated cardiomyopathy (DCM)

Mild LV dilatation (104ml/m2) and LV dysfunction (49%) are
suggestive of diagnosis. The incidence of DCM in children is
far higher compared to ARVC which is more commonly seen
during young adulthood. However, DCM was not the most
likely diagnosis because the evident RV involvement and the
occurrence of ventricular arrhythmias in the early stages of
disease are more suggestive of ARVC with LV involvement.
Patients with ARVC and LV involvement can mimic patients with
DCM, however the arrhythmic risk and genetic etiology are
different (4).
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Table 1. Continued
Hypertrophic (obstructive) cardiomyopathy
(HCM)
Arrhythmogenic Right Ventricular
Cardiomyopathy (ARVC)

Not likely, LV myocardial segment diameters are within two
standard deviations when corrected for age.
Most likely diagnosis, due to presentation with ventricular
tachycardia, significant PVC burden, focal akinesia of the
RV with epicardial LGE with RV dilatation and dysfunction.
Diagnosis confirmed by pathogenic desmosomal variants.

Myocardial inﬂammation
Sarcoidosis

No evidence of systemic or cardiac sarcoidosis (Table 3).

Myocarditis

No evidence of active myocarditis on T2 imaging of CMR and
normal troponin levels. Normal inﬂammatory markers, virus
serology and bacterial cultures (Table 3)

Other cardiac causes
Valvular disease

Echocardiography showed no severe valvular disease.

Acute myocardial infarction or ischemia
Acute aortic dissection

No acute coronary syndrome or no signs of an abberant
coronary artery on imaging.
No evidence of aortic dissection on echocardiography or CMR.

Cardiac Masses

No myxoma or cardiac tumor on echocardiography or CMR.

Cardiac tamponade

No pericardial effusion on echocardiography or CMR or signs.

Pulmonary hypertension

Besides RV dilatation, no other signs of pulmonary hypertension
on echocardiography or CMR.
Besides RV dilatation, no other signs of pulmonary embolism
echocardiography or CMR.

Pulmonary embolism
2.

Neurally mediated (reﬂex) syncope

Situational

Micturition

Clear cardiac pathology and relation with exercise make cardiac
cause more likely.
Clear cardiac pathology and relation with exercise make cardiac
cause more likely.
Syncopes had no relation with micturition.

Carotid sinus syndrome/hypersensitivity

Clear cardiac pathology make cardiac cause more likely.

Vasovagal

3.

Orthostatic hypotension syncope

Postural tachycardia syndrome

No relation of syncope with posture.

Drug induced hypotension.

No drug or substance usage in history.

Autonomic failure

No signs of orthostatic hypotension.

Volume depletion

No history of ﬂuid loss or dehydration.

Abbreviations: CMR = cardiac magnetic resonance imaging; LGE = late gadolinium enhancement; LV = left ventricle;
LVOT = left ventricular outflow tract; PVC = premature ventricular complex; RV = right ventricle; RVOT = right
ventricular outflow tract; VT = ventricular tachycardia.
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CLINICAL EVALUATION
Electrocardiography
The 12-lead ECG showed sinus rhythm, right heart axis, normal conduction intervals, high R-wave
amplitude, T-wave inversions in leads V1-4 and ﬂattened T waves in the inferior leads (Figure 1). A 24hour Holter revealed 1689 premature ventricular complexes (PVCs) and four episodes of non-sustained
ventricular tachycardia (NSVT) with unknown morphology at 250-270 bpm.

3

Figure 1. Electrocardiographic and cardiac magnetic resonance evaluation.
(A) ECG at presentation shows a right heart axis (+128°) and T-wave inversions in leads V1-4 and ﬂattened T waves
in the inferior leads. (B) ECG during follow up shows an incomplete right bundle branch block, fragmented QRS in
V1-3 and T-wave inversions in leads V1-5. (C) Holter registration of NSVT (arrow). (D) CMR four-chamber image with
multifocal LGE in the septum and lateral LV wall. (E) CMR short axis image with multifocal LGE in the septum and
inferior RV wall. Abbreviations as in text.
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Echocardiography
Two-dimensional transthoracic echocardiography showed a morphologically normal heart and left
ventricular (LV) wall thickness. Mild biventricular dilatation and systolic dysfunction was present (LV
ejection fraction(EF) 50% and tricuspid annular plane systolic excursion 17 mm). Task Force Criteria (TFC)
for ARVC were not fulfilled as no right ventricular (RV) wall motion abnormalities (WMA) were present.
However, deformation imaging using speckle tracking was indicative of biventricular dysfunction (Figure
2 and 3). RV subtricuspid strain showed systolic pre-stretch, as may be observed in adult ARVC.(1)
Global longitudinal strain was significantly reduced in both the LV (-13.5%; normal > |-18.5%|) and RV
(-20.0%; normal > |-26.5%|).

Figure 2. Echocardiographic deformation imaging of RV and LV
(A) Bull’s-eye plot with regional myocardial dysfunction (basal, midventricular septal and anteroseptal segments).
LV GLS was moderately affected (LV-GLS: -13.5%; normal 5%-95% range [|-18.4%| - |-23.6%|]. (9). (B) RV strain
imaging demonstrated significant impairment of the RV free wall (global: -19.5%) with abnormal pre-systolic stretch
of the basal and midventricular segments (white curve). Mean normal RV GLS is -29.0% [5%-95% range: |-26.5%| |-31.5%|].(10) The subtricuspid segment showed the lowest segmental longitudinal RV strain value (-18.9%; yellow
curve). Abbreviations: GLS: global longitudinal strain; LV = left ventricle; RV: right ventricle.
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Figure 3. LV rotational mechanics using echocardiographic deformation imaging.
Reversed apical rotation (clockwise rotation, turquoise curve) with subsequent loss of normal LV twist (white curve).
The pattern of rotation was identical for both base and apex (rigid body rotation).

Cardiac magnetic resonance imaging (CMR)
CMR confirmed biventricular dilatation and dysfunction (LV indexed end-diastolic volume [EDV] 104 mL/
m2 and LV EF 49%; RV EDV 117 ml/m2 and RV EF 36%) (Figure 1). Akinesia was observed in the inferior
RV and RV outflow tract which resulted in a major criterion for ARVC. T2-weighted images showed no
myocardial edema suggestive of myocarditis. Epicardial patchy late gadolinium enhancement (LGE) was
present in the LV, midwall septum extending to the inferior RV.

Miscellaneous
Laboratory examination, chest x-ray and ophthalmological examination (Table 1 and 3), did not yield a
specific diagnosis.

Diagnostic Confirmation by Genetic Testing
ARVC with LV involvement, was thought to be more likely than dilated cardiomyopathy (DCM) due to
the evident RV involvement and occurrence of ventricular arrhythmias in early stages of the disease
(Table 1). However, a definite diagnosis of ARVC could not be made during clinical evaluation because
the 2010 TFC for ARVC were not fulfilled (Table 2).(2)
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Table 2. Task Force Criteria
Feature

Criterion/points

No wall motion abnormalities.

No criterion, 0 points

Imaging Criteria
Echocardiography

Cardiac MRI

RVOT PLAX 28.1 mm [indexed to BSA 24.0]
and PSAX 23.7 mm [indexed to BSA 20.3], FAC
30.3%
Major criterion, 2 points
Regional wall motion abnormalities inferior
and RVOT. RV ejection fraction 36%, RV EDV
117 ml/m2,

Tissue characterization
Endomyocardial biopsy

Not performed.

-

T wave inversions in V1 – V4.

Not appropriate, because
of age < 14 years.

ECG

Normal TAD, no epsilon wave.

-

SAECG

Not performed

-

> 500 PVC/24 hours and polymorphic nonsustained ventricular tachycardia.
PVC with LBBB morphology, no ventricular
tachycardia.

Minor Criterion, 1 points

Identification of a pathogenic ARVC related
pathogenic variant.
No 1st or 2nd degree family members with
cardiomyopathy or sudden cardiac death.

Major criterion, 2 points.

Repolarisation abnormalities
ECG
Depolarisation abnormalities

Arrhythmia
24h holter monitoring
Exercise test

-

Family history
Genetic analysis
Family history of sudden death or
ARVC.
Total Task Force Points

5 points

Abbreviations: ARVC = arrhythmogenic right ventricular cardiomyopathy; BSA = body surface area; ECG =
electrocardiogram; EDV = end diastolic volume; LBBB = left bundle branch block; PLAX = parasternal long axis; PSAX
= parasternal short axis; PVC = premature ventricular complex; RV = right ventricle; RVOT = right ventricular outflow
tract; SAECG = signal averaged electrocardiogram; TAD = terminal activation duration.

Genetic testing confirmed an ARVC diagnosis. The patient was heterozygous for two Plakophillin
(PKP2) variants (c.397C>T, p.(Gln133*), classified as pathogenic and c.2615C>T, p.(Thr872Ile), classified
as variant of unknown significance) and one pathogenic Desmoglein (DSG2) variant (c.1003A>G,
p.(Thr335Ala)). Cascade screening confirmed ARVC diagnosis in her asymptomatic mother (44 years
old) who carried both PKP2 variants, had T-wave inversions in V1-3 and a major CMR criterion. She
was treated with sotalol and received a primary-prophylactic implantable cardioverter defibrillator
(ICD). The girl’s asymptomatic father (50 years old) carried the DSG2 variant and had normal cardiac
evaluation (ECG, echocardiogram, CMR).
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Management
The patient was started on sotalol to suppress her symptomatic ventricular arrhythmias, and
spironolactone to prevent further adverse ventricular remodeling. She was advised to avoid competitive
sports. A subcutaneous ICD was implanted before discharge.(3)
Table 3. Laboratory testing
Laboratory test

Value

Hemoglobin

7.9 mmol/L

Leucocytes

6.7 x 109/L

Angiotensine-converting enzyme (ACE)

17.3 U/L

Erythrocyte sedimentation rate

4 mm/h

Serum Amyloid A

2.9 mg/L

Troponin T

11 ng/L

NT-proBNP

670 pg/ml

Interleukin-2-receptor

409 U/ml

Thyroid-stimulating hormone (TSH)

2.32 mE/L

Free T4

13.8 pmol/L

Cytomegalovirus (CMV)

Negative IgG and IgM

Adenovirus

Negative IgG

Enterovirus

Negative serology

Inﬂuenza A and B

Negative IgG

Mycoplasma pneumonae

Negative IgG and IgM

Parvovirus

IgG positive and IgM negative

Coxiella burnetii

Negative IgG

Borrelia burgdorferi

Negative IgG and IgM

DISCUSSION
ARVC is rarely diagnosed before adolescence and the diagnostic TFC are not validated for use in pediatric
cohorts.(4,5) The case presented here emphasizes the limitations of the TFC in children and highlights
opportunities for improvement.

Low sensitivity of the TFC in pediatric patients
The diagnostic TFC were developed in a predominantly adult cohort.(2) To deal with this limitation,
repolarization abnormalities were excluded from the TFC in children <14 years of age. Of note, CMR
cutoffs were based on a comparison of adult ARVC probands to controls, the implications of which for
pediatric ARVC evaluation remains unknown.(2,6) The present case illustrates that the TFC are relatively

45

3

Chapter 3

insensitive for pediatric diagnosis and future studies should focus on validation in pediatric cohorts and
developing pediatric-specific imaging criteria. (3)

Low sensitivity of imaging criteria in early ARVC
In this patient, both echocardiography and CMR were suggestive of ARVC, but only CMR provided a
major criterion for ARVC diagnosis. This is not unexpected, since echocardiography is less sensitive
for ARVC evaluation than CMR.(7) However, our case illustrates that echocardiographic deformation
imaging may unmask the abnormal structural substrate, suggesting a possible role in screening for
ARVC.

Biventricular involvement in ARVC
Left ventricular involvement is well recognized in ARVC and leading to diagnostic overlap with DCM.
Indeed, this patient has clear biventricular involvement, hence should be regarded as spanning the
spectrum between ARVC and DCM. Given the overlapping phenotypes, it seems important to be vigilant
of arrhythmic risk and genetic etiology in apparent DCM cases.

Genotype-phenotype correlation
Early development of ARVC in this pediatric case may have been inﬂuenced by variants in both the
PKP2 and DSG2 gene. Indeed, multiple pathogenic variants are associated with worse prognosis.(8) In
contrast, while exercise is a known environmental modifier of the ARVC phenotype, our patient did not
participate in vigorous physical exercise.

Follow up
During 2.5 years of follow-up, the patient did not experience syncope or ICD interventions and the LV
and RV EF were stable. Device interrogation revealed frequent episodes of NSVT (maximum 160 bpm)
without requiring device therapy and a stable PVC burden of 5% of QRS complexes.

CONCLUSIONS
This report provides detailed phenotypic information of a young girl with two pathogenic desmosomal
variants. Albeit a diagnosis of ARVC is highly likely to explain her symptoms, our data highlights the fact
that the diagnostic TFC have low sensitivity for disease among children. Echocardiographic deformation
imaging may have added value for ARVC screening.
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ABSTRACT
Objectives: To describe characteristics, cascade screening results, and predictors of adverse outcome in
pediatric-onset arrhythmogenic right ventricular cardiomyopathy (ARVC).
Background: While ARVC is increasingly recognized in children, pediatric ARVC cohorts remain
underrepresented in the literature.
Methods: We included 12 probands with pediatric-onset ARVC (<18 years at diagnosis) and 68 pediatric
relatives (<18 years at first evaluation) referred for cascade screening. ARVC diagnosis was based on 2010
Task Force Criteria (TFC). Clinical presentation, diagnostic testing, and outcomes (sustained ventricular
tachycardia [VT]; heart failure) were ascertained. Predictors of adverse outcome were determined by
univariable logistic regression.
Results: Pediatric-onset ARVC was diagnosed in 12 probands and 12 (18%) relatives at age 16.6
(interquartile range 13.8-17.4) years, while 12 (18%) relatives reached ARVC diagnosis as adults (age 22.0
[interquartile range 20.0-26.7] years). Sudden cardiac death/arrest was the first disease manifestation
in 3 (25%) probands and 3 (4%) relatives. In patients without ARVC diagnosis at presentation (n=61),
ECG and Holter monitoring abnormalities occurred prior to development of imaging TFC (7.3±5.0
vs. 8.4±5.0 years). Clinical course was characterized by sustained VT (91%) and heart failure (36%) in
probands, which were rare in relatives (2% and 0%, respectively). Male sex (p<0.01), T-wave inversion
V1-3 (p<0.01), premature ventricular complexes/runs (p≤0.01) and decrease of biventricular ejection
fraction (p≤0.01) were associated with VT occurrence.
Conclusions: Pediatric ARVC carries high arrhythmic risk, particularly in probands. Disease progression
is particularly observed on ECG or Holter monitoring. Arrhythmic events are associated with male sex,
T-wave inversions, premature ventricular complexes/runs and reduced biventricular ejection fraction.
Keywords: Arrhythmogenic right ventricular cardiomyopathy, cascade screening, genetics, heart failure,
pediatric-onset, sudden cardiac death, ventricular tachycardia.
Abbreviations list: ARVC = arrhythmogenic right ventricular cardiomyopathy; CMR = cardiac magnetic
resonance; ECG = electrocardiogram; ICD = implantable cardioverter defibrillator; LVEF = left ventricular
ejection fraction; NSVT = non-sustained ventricular tachycardia; PVC = premature ventricular complex;
RVEF = right ventricular ejection fraction; TFC = task force criteria; VT = ventricular tachycardia.
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INTRODUCTION
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited cardiomyopathy characterized
by fibrofatty replacement of predominantly the right ventricular myocardium, which may result in
potentially lethal ventricular arrhythmias and progressive ventricular dysfunction (1). Definite ARVC
diagnosis requires an extensive diagnostic work-up as described in the so-called “Task Force” Criteria
(TFC), which were based on an adult population (1-3). Furthermore, penetrance of ARVC is highly
variable and age-dependent (4). Although disease penetrance peaks during young adulthood, rare but
severe cases of pediatric-onset ARVC have been described (5,6). As such, a diagnosis of pediatric-onset
ARVC has important implications, because these individuals are exposed to radical lifestyle modifications
at young age, frequent cardiovascular re-evaluations to monitor disease progression, and decisions on
implantable cardioverter defibrillator (ICD) implantation (7).
Pediatric-onset ARVC has increasingly been recognized during the past decade, and cascade screening
guidelines now recommend to start screening at the age of 10 years (7-10). Nonetheless, pediatric
ARVC patients are still underrepresented in the literature, and diagnostic as well as management
recommendations are based on the adult disease phenotype (3). Likewise, the yield of cascade
screening and predictors of adverse outcome in pediatric subjects remain unknown.
To address these shortcomings, we aim to describe the clinical presentation, phenotypic characteristics,
and outcomes of patients diagnosed with pediatric-onset ARVC. As a secondary objective, we sought
to determine predictors of disease expression and adverse outcome among pediatric relatives referred
for cascade screening.

METHODS
Study Population
The patient population was drawn from the Netherlands Arrhythmogenic Cardiomyopathy Registry
(www.acmregistry.nl) (11). This registry is a national, multicenter observational cohort that prospectively
enrolls patients with ARVC and their relatives who are referred for ARVC cascade screening. For the
purpose of this study, we included subjects who consented to our registry in the University Medical
Center Utrecht, Amsterdam University Medical Center, or University Medical Center Groningen, and
were evaluated for ARVC prior to the age of 18 years. The study was exempt from the Medical Research
Involving Human Subjects Act as per judgement of the Medical Ethics Committee (18-126/C, Utrecht,
the Netherlands).
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Clinical evaluation
Patients were evaluated according the registry protocol (11). Detailed clinical information regarding
demographics, presentation, and symptom onset was obtained for every participant using medical
record review. Phenotypic characterization was performed upon discretion of the treating physician,
and included 12-lead electrocardiograms (ECG), signal averaged electrocardiograms, exercise
testing, Holter monitoring recordings, echocardiography, cardiovascular magnetic resonance (CMR),
electrophysiological study and/or endomyocardial biopsy.

Genetic evaluation
Probands were defined as the first affected patient in a family in whom definite ARVC diagnosis was
confirmed. Relatives were defined as family members of a proband with definite ARVC, as done
previously (see Supplementary Table 1 (5,6,11)). All probands underwent genetic testing for the
ARVC-associated genes, while relatives were only tested for the variant identified in their proband.
Pathogenicity of variants was evaluated based on the guidelines developed by the American College
of Medical Genetics and Genomics (12,13). Subjects with an autopsy diagnosis of ARVC who either did
not undergo genetic screening or were obligate carrier were considered to carry the same variant as
identified in their first-degree relatives.

Arrhythmogenic right ventricular cardiomyopathy diagnosis
Diagnosis of ARVC was based on the revised 2010 TFC (3). Definite ARVC was defined as either ≥2 major,
1 major and ≥2 minor or ≥4 minor TFC. Pediatric-onset ARVC was defined as a definite ARVC diagnosis
prior to the age of 18 years. Precordial T-wave inversions were excluded from the TFC for patients prior
to the age of 14 years (3,14,15). Age-appropriate criteria were used to assess late potentials on signal
averaged electrocardiogram recordings, as published previously (16).

Follow-up and outcome definitions
Clinical management was performed upon discretion of the treating (pediatric) cardiologist. Follow-up
was determined from the date of first evaluation until the most recent clinical evaluation. In case of
cardiac transplantation or death, the dates at which these occurred were considered to be the dates
of last follow-up.
For cascade screening analyses, we evaluated the presence or absence of disease progression, which
was defined as the development of a new diagnostic 2010 TFC and/or progression from a minor to a
major criterion at last follow-up, that was absent at first presentation.
Our primary outcome was the occurrence of potentially life-threatening arrhythmic events, which was
defined as a composite of sustained ventricular tachycardia (VT), ventricular fibrillation, resuscitated
sudden cardiac arrest, sudden cardiac death, or appropriate ICD intervention, as done previously (17).
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Secondary outcomes included symptomatic heart failure, cardiac transplantation, and death. Definitions
are provided in Supplementary Table 1.

Statistical Analysis
All continuous data were presented as mean ± standard deviation or median (interquartile range), while
categorical variables were presented as numbers (percentages). Continuous variables were compared
using the independent Student t-test or Mann Whitney U test, and categorical data using Chi-square or
Fisher’s exact tests, as appropriate. By definition, serial cascade screening constitutes observed time,
which was visually evaluated by Kaplan Meier curves to determine differences in survival free from
disease progression. However, due to heterogeneity in the performed diagnostic modalities and/or
baseline evaluation, comparison using log-rank tests was considered inappropriate. Data were therefore
presented as incidence rates with 95% confidence intervals. Predictors of ventricular arrhythmias were
determined by univariable logistic regression, which was chosen over Cox regression since many subjects
presented with an event (i.e. the absence of observed time until the arrhythmic outcome limited our
ability to perform survival analysis). A p-value of <0.05 was considered statistically significant. Data was
analyzed using SPSS version 25.0 for Windows (SPSS Inc., Chicago, USA) and GraphPad Prism version 8.3
(La Jolla, California, USA).

Central Illustration. Cascade Screening and Follow-up in Pediatric-onset ARVC
The results of follow-up in probands and cascade screening in at-risk relatives are shown in the upper panel. Factors
associated with sustained VT and disease progression during follow-up are shown in the lower panels. Abbreviations
as in manuscript.
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RESULTS
Study Population
Figure 1. shows a ﬂowchart of our study population. As of July 1st, 2020 the Netherlands arrhythmogenic
cardiomyopathy registry includes a total of 1109 patients, of whom 80 (7%) patients were referred for
genetic and clinical evaluation prior to the age of 18 years in the predefined enrolling centers (11). Their
clinical characteristics at first presentation are presented in Table 1.

Figure 1. Flowchart of the Study Population
Flowchart of the included cohort from our ARVC registry, the selection of pediatric population, and clinical course of
patients included in the study. Symptomatic was defined as (near)-syncope or palpitations. * = population stratified
to enrolled centers as described in Methods: University Medical Center Utrecht, Amsterdam University Medical
Center, or University Medical Center Groningen. ** = Cause of death was therapy-resistant congestive heart failure
after a long history of VTs and heart failure. Abbreviations: Dx= definite ARVC diagnosis; HF= congestive heart failure;
other abbreviations as in manuscript.
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Table 1. Clinical characteristics at presentation stratified by probands and relatives.
Demographics of all patients
Male

Overall

Probands

Relatives

n=80

n=12

n=68

38 (48)

8 (67)

30 (44)

13.5[10.5 - 16.7]

16.8[13.7 - 17.1]

13.2[10.1 - 15.3]

Ventricular tachycardia

8 (10)

7 (58)

1 (2)

Resuscitated sudden cardiac arrest

3 (4)

2 (17)

1 (2)

Sudden cardiac death

3 (4)

1 (8)

2 (3)

Age at presentation
Type of presentation

Symptomatic

5 (6)

2 (17)

3 (4)

61 (76)

0

61 (90)

53/58 (91)

9/11 (82)

44/47 (94)

T-wave inversion V1-V3

11 (14)

9 (82)

2 (3)

T-wave inversion V1-V2

5 (7)

1 (8)

4 (6)

T-wave inversion V4-V6

1 (1)

0

1 (2)

Cascade screening
Molecular Genetic Analysis
(Likely)Pathogenic variant *
Clinical evaluation in alive patients
Electrocardiogram

Epsilon wave

1 (1)

0

1 (2)

Prolonged terminal activation duration

10 (13)

2 (18)

8 (12)

Any 12-lead ECG abnormality

18 (23)

10 (91)

8 (12)

Electrophysiology
Late potentials on signal averaged electrocardiogram

2/6 (33)

0

2/6 (33)

>500 PVCs/24h

7/48 (15)

2/4 (50)

5/44 (11)

Number of PVCs/24h

0 [0 - 58]

890 [23 - 11933]

0 [0 - 34]

10/74 (14)

6/10 (60)

4/64 (6)

LBBB VT superior axis

3 (4)

2 (18)

1 (2)

LBBB VT other axis

7 (9)

6 (55)

1 (2)

NSVT

Imaging
RVEF (%)

52 [44 - 55]

33 [25 - 45]

53 [46 - 57]

LVEF (%)

59 [56 - 64]

49 [39 - 56]

60 [57 - 64]

Late gadolinium enhancement on CMR †

7/22 (32)

3/4 (75)

4/18 (22)

Late gadolinium enhancement on CMR †

8 (10)

5 (46)

3 (5)

Diagnosis
Definite diagnosis at presentation
16/67 (24)
10/11 (91)
6/66 (9)
Median TFC score at presentation
2 [2 - 3]
6 [5 – 7]
2 [2 - 2]
Values are n (%), mean ± SD or median [interquartile range], as appropriate. Abbreviations as in manuscript. *
class 4 or 5 likely pathogenic and pathogenic variants (12), see Figure 2 and Supplementary Table 3 for a detailed
description. † all right ventricular associated late gadolinium enhancement in probands, one case of left ventricular
associated and three cases of right ventricular associated late gadolinium enhancement in relatives. Abbreviations:
LBBB = left bundle branch block, rest as in manuscript.
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Characteristics of Probands
A total of 12 pediatric probands (67% male, 16.8 [13.7-17.1] years old at first evaluation) were identified
(Figure 1 and Table 1). One (8%) proband (a 13-year old female) presented with sudden cardiac death
and died upon presentation (Supplementary Table 2). Since no clinical evaluation was available prior
to presentation, she was excluded from further analyses. The remaining pediatric probands most
commonly presented with sustained VT (n=7, 58%), followed by recurrent syncope (n=2, 17%) and
resuscitated sudden cardiac arrest (n=2, 17%). Among 11 pediatric probands who underwent genetic
testing, 9/11 (82%) carried a pathogenic/likely pathogenic genetic variant. Variants in PKP2 (n=5,
42%) were most prevalent, followed by digenic variants in PKP2 and DSG2 (n=2, 17%) and compound
heterozygosity (n=2, 17%) (Figure 2 and Supplementary Table 3).

Figure 2. Molecular Genetic Analysis in the Study Population
Pathogenic variants identified during molecular genetic testing, stratified by probands and relatives and presented as
percentages of tested individuals. Abbreviations: PKP2= Plakophilin-2; DSG2= Desmoglein-2; PLN= Phospholamban;
TTN= Titin; Mult. PV.= multiple pathogenic variants. See Supplementary Table 3 for a detailed summary of the
identified variants.

Clinical evaluation was available in 11 probands who presented alive. An abnormal ECG (n=10, 91%) was
the most frequently observed abnormality, with T-wave inversion in V1-3 among those >14 years of age
as most common finding (n=9, 82%). Almost half (n=5, 46%) of probands had abnormal cardiac imaging,
with a median right ventricular ejection fraction (RVEF) and left ventricular ejection fraction (LVEF) of
33% [25-45%] and 49% [39-56%], respectively. A definite diagnosis of ARVC was made at presentation
in 10/11 (91%) pediatric probands.

Characteristics of Relatives
Overall, 68 pediatric relatives (44% male, 13.2 [10.1-15.3] years old at first evaluation) were identified
(Figure 1 and Table 1). Two (3%) relatives (a 17-year old male and a 9-year old female) presented
with sudden cardiac death and died upon presentation prior to cascade screening (see Supplementary
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Table 2). Both cases were asymptomatic prior to their death and were not recognized as possible ARVC
cases during autopsy. Since no clinical evaluation was available prior to presentation, these subjects
were excluded from further analyses. The remaining relatives were most commonly referred for
clinical evaluation because of cascade screening (n=61, 90%), followed by (near)-syncope (n=2, 3%),
palpitations (n=1, 2%), sustained VT (n=1, 2%), and resuscitated sudden cardiac arrest (n=1, 2%). A total
of 19 (29%) relatives did not (yet) participate in genetic evaluation. Among 47 pediatric relatives who
underwent genetic evaluation, 44 (94%) carried a pathogenic/likely pathogenic genetic variant. Variants
in PKP2 (n=34, 72%) and PLN (n=8, 17%) were most prevalent (see Figure 2 and Supplementary Table
3). Differences between the identified genetic variants of probands and relatives occurred because we
included all subjects who were evaluated prior to the age of 18 years. This included relatives whose
respective proband presented at adult age, and whose proband was excluded for this study.
Table 2. Serial Evaluation among Subjects without Definite Diagnosis at Presentation.
Overall (n=61)
Clinical evaluation during follow-up
ECG progression*

14/56 (25)

T-Wave Inversion V1-3

5 (9)

T-Wave Inversion V1-2

4 (7)

T-Wave Inversion V4-6

1 (2)

Prolonged terminal activation duration

10 (18)

Holter monitoring progression*

11/56 (20)

>500PVC/24h

8 (14)

Number of PVC/24h

2 [0-191]

NSVT

7 (13)

Echocardiography progression*

6/59 (10)

Major echocardiographic criterion

4 (7)

Minor echocardiographic criterion

2 (3)

CMR progression*

12/59 (20)

Major CMR criterion

11 (19)

Minor CMR criterion

1 (2)

Disease progression on any test*

30/61 (49)

Events during follow-up
Ventricular tachycardia

1 (2)

Heart Failure

0 (0)

Death

0 (0)

Cardiac transplantation

0 (0)

Values are n (%), mean ± SD or median [interquartile range]. * = Progression is defined as the occurrence of a new
diagnostic TFC criterion during follow-up which was absent at first presentation. Abbreviations as in manuscript.
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Clinical evaluation was available in 66 relatives who presented alive (Table 1). An abnormal ECG was
observed at first evaluation in 8 (12%) relatives. Abnormal imaging was observed in 3 (5%) relatives,
with a median RVEF and LVEF of 53% [46-57%] and 60% (57-64%), respectively. A definite diagnosis of
ARVC was made at presentation in 6 (9%) living relatives. There was no difference in age (p=0.11) and
sex (p=0.90) among relatives with and without a definite ARVC diagnosis at presentation.

Yield of Serial Evaluation in Subjects without Diagnosis at Presentation
Overall, one proband (male, 17 years old, who presented with palpitations) and 60 relatives (46%
male, 12.6 [9.8–15.3] years old) did not fulfill ARVC diagnosis at time of first evaluation. Phenotypic
development during follow-up in these individuals is shown in Table 2 and Figure 3.
During 8.5 [5.2–12.4] years of follow-up, disease progression (defined as the presence of an abnormal
TFC at last follow-up, which was absent at enrollment) was observed in 30/61 (49%) subjects (43% males,
median age at first evaluation 13.8 [11.4–16.1] years old). Progression was most frequently observed on
ECG (n=14/56, 25%), followed by CMR (n=12/59, 20%), and Holter monitoring (n=11/56, 20%). Figure
4 shows progression on ECG, Holter monitoring and imaging during follow-up. Time to progression was
7.3±5.0 years for ECG/Holter monitoring abnormalities and 8.4±5.0 years for imaging changes (CMR
and/or echocardiography). This corresponded to a 1-year incidence rate of 0.054 (95% confidence
interval 0.035-0.081) for ECG/Holter monitoring, which was almost double the 1-year incidence rate
for newly abnormal imaging (incidence rate 0.029, 95% confidence interval 0.017–0.048). Among
ECG and Holter monitoring criteria, a newly prolonged terminal activation duration (n=10/56, 18%),
premature ventricular complex (PVC) count >500/24hrs (n=8/56, 14%) and non-sustained ventricular
tachycardia (NSVT, n=7/56, 13%) were the most prevalent findings. Regarding imaging criteria, new
CMR abnormalities (n=12/59, 20%) were more prevalent than new echocardiography criteria (n=6/59,
10%). None of the tests that were abnormal at presentation reverted to normal during follow-up.
Nineteen (1 proband and 18 relatives) subjects were diagnosed with ARVC during follow-up (31% of
those without diagnosis at presentation). This specific proband was referred for evaluation of recurrent
syncope and palpitations. While he did not meet the 2010 diagnostic TFC at first evaluation, he
experienced disease progression and a definite ARVC diagnosis was made before 18 years of age. This
made him eligible for inclusion as a pediatric proband in this study. The majority of these individuals
were females (n=11, 58%) who reached diagnosis in young adulthood (median age at diagnosis 19.9
[16.2–22.6] years). There was no significant difference in duration of follow-up between those with
and without definite ARVC diagnosis (median 8.6 [7.6–13.5] years vs. 8.1 [4.6–11.4] years, respectively,
p=0.14).
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Figure 3. Clinical Course and Follow-up among Patients Presenting Alive
Clinical course and follow up stratified by probands, relatives with definite ARVC diagnosis and relatives without
definite ARVC diagnosis. Abbreviations: HF = congestive heart failure; other abbreviations as in manuscript.

Clinical Characteristics associated with Arrhythmic Events
The remaining analyses were performed among all 77 patients who presented alive. Overall, 12 (16%)
subjects (10 probands and 2 relatives) experienced ventricular arrhythmias after median 1.8 [0.3 – 1.6]
years of follow-up, which included 10 probands who had a first event at presentation but experienced a
second event during follow-up (Figure 3). Heart failure developed in four (36%) probands after median
17.7 [6.0 – 24.1] years of follow-up, of whom one underwent cardiac transplantation (at age 47 years)
and two died (at age 21 and 37 years) due to therapy-resistant congestive heart failure (Figure 3).
None of the relatives experienced heart failure or death. As shown in Figure 3, first sustained VTs
typically occurred during late adolescence (median age 17.9 [17.2–18.8] years), whereas heart failure
was only observed during adulthood (median age 35.6 [23.1–38.2] years). Overall, 20 (11 probands
and 9 relatives) subjects had transvenous ICDs implanted, all of whom had a definite diagnosis
at time of ICD implantation. ICD follow-up was complicated by lead revision in two patients, which
included lead dysfunction in one patient and upgrade to a two-chamber system because of pacemaker
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syndrome in the other patient. Furthermore, one patient had two episodes of inappropriate shocks
due to atrial tachycardia and atrial fibrillation. In addition, 20 patients (11 probands and 9 relatives)
received antiarrhythmic medication: sotalol (n=12), betablockers (n=7) or ﬂecainide (n=1). A total of five
probands underwent VT ablation for recurrent sustained VT.
Table 3 shows the association of clinical characteristics with arrhythmic outcome in pediatric-onset
ARVC. As expected, probands were more likely to experience ventricular arrhythmia compared to
relatives (p<0.01). In addition, males had significantly increased risk of events compared to females
(p<0.01), while the identification of a pathogenic/likely pathogenic genetic variant associated with
arrhythmic occurrence with borderline significance (p=0.06). With regards to clinical evaluation,
T-wave inversions in V1-3 (p<0.01), documentation of NSVT (p<0.01) and a higher PVC count on Holter
monitoring (p=0.01) were associated with ventricular arrhythmias. In addition, both LVEF (p=0.01) and
RVEF (p<0.01) were lower in subjects with arrhythmic events.

Table 3. Characteristics of patients presenting alive, stratified by any VT event
VT
(n=12)

No VT
(n=65)

p-value

Demographics
Proband status

10 (83)

1 (2)

<0.01

Male sex

10 (83)

27 (42)

<0.01

9/12 (75)

42/44 (96)

0.06

9 (75)

2 (3)

<0.01

3241 [413 – 6892]

3 [1 – 285]

0.01

5/11 (46)

5/63 (8)

<0.01

LVEF

54 [49 – 59]

60 [57 – 64]

0.01

RVEF

32 [24 – 33]

53 [47 – 57]

<0.01

3/4 (75)

4/18 (22)

0.09

Pathogenic genetic variant
ECG and Holter monitoring
T-wave inversion in V1-3
Number of PVC/24h
NSVT
Imaging

Late gadolinium enhancement on CMR

Values are n (%), mean ± SD or median [interquartile range]. Abbreviations as in manuscript.
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Figure 4. Serial Evaluation of Patients without Definite Diagnosis at Presentation.
Panels A-C show Kaplan Meier curves per diagnostic modality depicting survival free from a new diagnostic criterion
during follow-up, which was absent at presentation. Per diagnostic test, only patients with a normal evaluation of
that specific modality at presentation were included in the analysis. A 1-year incidence rate with 95% confidence
interval was presented per diagnostic modality. (A) New “electrical” (ECG, Holter monitoring) criteria versus new
“imaging” (CMR and echocardiogram) criteria. (B) “Electrical” criteria: new ECG versus new Holter monitoring
criteria. The difference between the number of included ECG and Holter monitoring cases is explained by including
only cases with normal evaluation of that specific test at baseline. (C) “Imaging” criteria: new CMR versus new
echocardiographic criteria. Abbreviations: CI = confidence interval; IR = incidence rate.

61

Chapter 4

DISCUSSION
This study reports the clinical characteristics of subjects with pediatric-onset ARVC, describes testing
results during serial evaluation, and determines predictors of adverse clinical outcome. The main
findings of the study are: 1) sudden cardiac death may be the first manifestation of ARVC in both
pediatric probands and relatives; 2) definite ARVC diagnosis before adolescence is rare but should not
be overlooked, as potentially lethal complications may occur; 3) ECG, Holter monitoring and CMR most
frequently identify disease progression during follow-up; 4) T-wave inversions, frequent PVCs including
NSVT, and reduced biventricular ejection fraction are associated with arrhythmic events.

Pediatric-onset ARVC in the literature
Studies evaluating pediatric-onset ARVC are hampered by small sample sizes (Table 4). Regardless,
the available data suggests that the majority of pediatric-onset ARVC cases present during puberty
and adolescence, which was also observed in our cohort. Most prior studies focused on diagnostic
evaluation of pediatric ARVC cases, specifically investigating the diagnostic tests and criteria of the TFC
(18-21). We now extend prior findings in one of the largest cohorts of pediatric-onset ARVC subjects, by
evaluating the performance of diagnostic testing during cascade screening of relatives and focusing on
pediatric-specific markers of arrhythmic risk.

Sudden cardiac death as mode of presentation in pediatric-onset ARVC
In our study, sudden cardiac death (n=3) or sudden cardiac arrest (n=3) was the mode of presentation
in 6/80 (8%) of pediatric cases. While this percentage is much higher than in adult patients with ARVC
(22) and in children with dilated cardiomyopathy (23), it is similar to high-risk pediatric hypertrophic
cardiomyopathy cohorts (24). Of note, none of the subjects experiencing sudden cardiac death or sudden
cardiac arrest were medically evaluated before their event, which suggests the absence of symptoms
and/or short interval between symptom onset and arrhythmic events in these children (Supplementary
Table 2) (25). While these events will therefore be diﬃcult to prevent in probands, vigilance in relatives
should be high. Indeed, we observed one relative with sudden cardiac arrest without prior participation
in cascade screening. Importantly, none of the subjects experienced sudden cardiac death during
follow-up after medical evaluation. This suggest that proper management by monitoring of disease
progression, restriction of participation in sports, and ICD implantation may indeed prevent potentially
lethal complications.
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1995

2011

2015

2015

2016

2017

2018

2018

2018

2019

2019

2019

Bauce

Te Riele

Etoom

Despande

Chungsomprasong

Steinmetz

Sreetharan

Martins

DeWitt

Slesnink

Pieles

Year

Daliento

First Author

63
38

3

32

6

26

12

24

16

23

75

14

17

Definite
ARVC cases

15

12

15

9.2

12.6

14.0

15.2

12.6

11.8

15.3

15.0

14.9

Mean age
(yrs)

Table 4. Literature review of pediatric-onset ARVC

76

100

56

83

63

66

56

63

74

55

79

59

Sex
(% males)

Diagnostic evaluation of
CMR
Histopathologyphenotype correlation
Diagnostic evaluation of
CMR
Diagnostic evaluation of
2010 TFC
Histopathologyphenotype correlation
Diagnostic evaluation of
CMR
Genotype-phenotype
correlation
Histopathologyphenotype correlation
Diagnostic evaluation of
echocardiography

Natural history

Genotype-phenotype
correlation

Natural history

Evaluation

Association between specific pathogenic variants and rightdominant, left-dominant or biventricular disease.
Correlation between biventricular fibrofatty replacement
and CMR findings.
Echocardiographic criteria, indexed to body surface area,
did not differentiate between ARVC and controls. Reduced
RV strain was associated with ARVC diagnosis.

Association between right ventricular remodelling and left
ventricular involvement.
Genetic testing, CMR and ECG contributed to pediatriconset ARVC diagnosis.
Poor agreement between phenotype and endomyocardial
biopsy criteria.
Suggesting a role of myocarditis in pediatric-onset disease.

(39)

(38)

(10)

(37)

(36)

(18)

(21)

(35)

(20)

(8)

(19)

High incidence sudden cardiac death.
2010 TFC were superior over 1994 diagnostic criteria.
High proportion of pediatric pathogenic variant carriers
reached ARVC diagnosis.
Similar course of disease between adult- and pediatriconset ARVC.
Poor agreement between CMR and echocardiography 2010
TFC criteria.
Only half of ARVC patients met histopathology TFC criterion.

(34)

Ref.

Based on 1994 TFC.
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Penetrance of disease before and during adolescence
The majority of definite ARVC diagnoses occurred during adolescence or young adulthood, while
the youngest proband with definite ARVC diagnosis was 9 years old. This age distribution is similar
to observations in prior studies (Table 4) (8,10,18,19). In this context, it is important to note that the
diagnostic TFC for ARVC were derived from a predominantly adult population and lack both sensitive
and specific criteria for pediatric-onset of disease (3). For example, the cutoffs used for RV dilatation
and dysfunction are likely to overdiagnose disease in pediatric patients (26). Development of pediatricspecific criteria may enhance the diagnostic performance of the TFC in general and of specific modalities
in particular, which however likely requires a large dataset derived from multiple longitudinal ARVC
cohorts (17,19-22). Furthermore, future studies may elucidate the relation between environmental
factors such as exercise and (epi)-genetic modifiers associated with early disease manifestation of ARVC
(10,27).

Diagnostic testing during cascade screening
Our study showed that approximately one in three pediatric relatives develop definite ARVC during
follow-up. It is important to note that the presence of multiple pathogenic variants plays a pivotal role
in the early expression of an ARVC phenotype among pediatric probands and relatives, as has been
suggested previously (10). This is also in line with our findings, which underline the role of multiple
genetic variants inﬂuencing early expression of disease in very young ARVC patients. Of note, our study
supports the current recommendation to start cascade screening at the age of 10 years old, since the
youngest relative fulfilling ARVC diagnosis in our study was 11 years old. Furthermore, our findings
confirm the suggested approach to perform periodic screening with ECG, Holter recording, exercise
testing and cardiac imaging (7). However, the guidelines do not frame recommendations on the optimal
screening interval and best combination of tests during cascade screening.
Our study suggests that ARVC is a slowly progressive disease, and that ECG criteria, a higher PVC count
during Holter recording, and CMR imaging criteria are associated with disease progression during
follow-up. This may aid the development of follow-up recommendations in this overwhelmingly young
population. Although ECG parameters were important for diagnosis, only one case of epsilon waves
was confirmed in this cohort. This may be explained by both 1) variability in the identification of epsilon
waves in general; and 2) the rather significant amount of activation delay which should be present for an
epsilon wave to appear on the ECG, which is likely to be absent in our young pediatric population (28).
In addition to the parameters tested in this study, newer techniques can aid early disease detection.
One of those is echocardiographic deformation imaging, which was shown to have diagnostic and
prognostic potential during cascade screening of adult patients. Future studies should evaluate the
role of echocardiographic deformation imaging during cascade screening of pediatric patients, define
criteria to aid ARVC diagnosis in children, and define pediatric-specific criteria for disease progression
(29-31).
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Predictors of ventricular arrhythmia
It has been suggested that arrhythmogenicity in ARVC depends on several coexisting mechanisms:
triggered activity related to sympathetic activity, reentrant mechanisms due to myocardial fibrosis,
myocardial inﬂammation and/or ion channel dysfunction (32,33). These factors may explain the
observation of both fast, unstable rhythms such as polymorphic VT or ventricular fibrillation, and
hemodynamically stable monomorphic VT in ARVC patients. In our cohort, T-wave inversion in the right
precordial leads, NSVT, higher PVC count and reduced biventricular ejection fraction were associated
with ventricular arrhythmias, similar to risk factors recently described in a risk prediction model for
adult ARVC patients (www.arvcrisk.com) (17,22). Based on our results, risk stratification of pediatric
patients evaluated for ARVC should be based on a minimal clinical evaluation including an ECG, Holter
monitoring, exercise testing and imaging with either echocardiography and/or CMR. Future studies with
a larger sample size should validate this risk prediction model in pediatric subjects before widespread
use can be advocated in these young patients.

Limitations
The retrospective nature of this study and the small sample size may compromise generalizability of our
results. Ascertainment bias may have occurred due to referral to our tertiary cardiogenetic clinics. The
age cutoff of <18 years to define pediatric-onset of disease may be considered arbitrary. Although this
age cutoff is frequently used in (Dutch) clinical practice to distinguish pediatric from adult cases, disease
progression and severity should be assessed on a continuum. Participation in endurance exercise has
long been suggested as risk factor for early ARVC occurrence; however, reliable exercise data was
lacking in this cohort. Furthermore, based on the best available evidence, the 2010 TFC were used
to define ARVC diagnosis. However, these criteria have not been validated in pediatric subjects. Since
family history and genetic screening results play an important role in the 2010 TFC for relatives, a less
severe phenotype may be observed in relatives who fulfill diagnostic TFC.

CONCLUSION
To the best of our knowledge, this is the largest study describing the clinical characteristics and
outcomes of pediatric ARVC cases. Pediatric-onset ARVC is particularly recognized during adolescence,
and is characterized by frequent ventricular arrhythmias in probands. However, definite ARVC diagnosis
before adolescence should not be overlooked, because sudden cardiac death may be the first
manifestation of disease in both probands and relatives. Disease progression during cascade screening
is most frequently identified by ECG, Holter monitoring and CMR. Arrhythmic events are associated
with male sex, the number of T-wave inversions in the precordial leads, ventricular ectopy on Holter
monitoring, and reduced biventricular ejection fraction on cardiac imaging.
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CLINICAL COMPETENCIES
ARVC can also be a disease of adolescents, and is characterized by frequent ventricular arrhythmias
particularly in probands. Disease in relatives is most commonly identified by cascade screening and has
a more benign clinical course. Cascade screening and arrhythmic risk prediction should focus on ECG,
Holter monitoring and CMR imaging.

TRANSLATIONAL OUTLOOK
Future studies should establish pediatric-specific diagnostic criteria for ARVC, validate the performance
of a prognostic risk prediction model (arvcrisk.com) in pediatric subjects, and address which (epi)
genetic and environmental modifiers inﬂuence early disease manifestation in ARVC.
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SUPPLEMENTAL MATERIAL
Supplementary Table 1. Definitions
Phenotype

Definition

Definite ARVC diagnosis

Fulfillment of the 2010 Task Force Criteria of Arrhythmogenic Right
Ventricular Cardiomyopathy, i.e. ≥2 major criteria, 1 major and ≥2
minor criteria or ≥4 minor criteria.
definite ARVC diagnosis prior to the age of 18 years old.

(1)

Transient loss of conscience due to cerebral hypoperfusion,
characterized by a rapid onset, short duration, and spontaneous
complete recovery.
QRS duration of ≥ 120 ms, broad notched or slurred R wave in leads
I, aVL, V5, and V6, absent Q waves in leads I, V5, and V6, ST and T
waves usually opposite in direction to QRS,.
QRS duration ≥120 ms, rsrʹ, rsRʹ, rSRʹ, or qR in leads V1 or V2. in
leads V1 and V2, S wave of greater duration than R wave or >40 ms
in leads I and V6 in adults.
Ventricular tachycardia which lasts ≥ 30 seconds, or less than
30 seconds when terminated electrical or pharmacological
cardioversion.
≥3 consecutive premature ventricular complexes with a rate >100 /
min, lasting < 30 seconds.
Sustained ventricular tachycardia, ventricular fibrillation,
resuscitated sudden cardiac arrest or appropriate implantable
cardioverter-defibrillator (ICD) intervention.
A congenital or acquired, potentially fatal cardiac condition was
known to be present during life; or autopsy has identified a cardiac
or vascular anomaly as the probable cause of the event; or no extracardiac causes were identified by post-mortem examination and an
arrhythmic event was a likely cause of death.
Composite of sustained ventricular tachycardia (VT), ventricular
fibrillation, resuscitated sudden cardiac arrest (SCA), sudden cardiac
death (SCD), or appropriate ICD intervention
Clinical diagnosis of symptomatic congestive heart failure.

(2)

Pediatric-onset ARVC
Syncope

Left bundle branch block

Right bundle branch block

Sustained ventricular
tachycardia
Non-sustained ventricular
tachycardia
Ventricular arrhythmia

Sudden cardiac death

Arrhythmic events

Heart failure
Electrical progression

Reference

(2)

(2)

(3)

(3)
(3)

(3)

Digenic genetic variants

Observed new depolarizarion, repolarization or arrhythmia TFC
during follow-up.
Observed new imaging, either cardiac magnetic resonance or
echocardiographic TFC during follow-up.
Observed new diagnostic 2010 Task Force criterion and/or
progression from a minor criterion to a major criterion at last followup, that was absent at first presentation.
The first affected patient in a family in whom definite ARVC diagnosis (4)
was confirmed.
Family member of a proband which was referred for cascade
(4)
screening.
Pathogenic variants in ≥2 causal genes.
(5)

Compound heterozyous

Two or more pathogenic variants in a single casual gene.

Imaging progression
Disease progression

Proband
Relative
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Sex

M

F

2

3

9

17

13

N/A

Exercise

Rest

N/A

N/A

72

M

M

5

6

17

17

16

Postexercise
Exercise

Exercise

VF

VF

VF

Proband

Relative†

PKP2; deletion Proband
exon 7-14
PKP2; 1211Proband
1212insT
PKP2;
Relative
c.2509del

None ||

PKP2;
Relative†
p.(V406SfxX4)

None‡

Family
status

Symptoms
prior to SCD

N/A

N/A

N/A

N/A

No ARVC diagnosis;
biventricular hypertrophy,
fibrofatty and fibrosis.

None

Palpitations

Palpitations

None.

N/A

ARVC diagnosis based on
None
RV dilatation, fibrofatty
infiltration of RV subepicardial
until endocardium.

Autopsy

None, did not participate in cascade
screening yet.

None

None

This relative had SCD in 1984. The proband
of the family was diagnosed with definite
ARVC in 1996 when he presented with
cardiac arrest at 12 years of age.

Proband in the family was diagnosed with
definite ARVC in 1996, this relative died in
1981; long before any ARVC was made in
the family.
None.

Definite ARVC diagnosis based on
pathology report and therefore remarked
as proband in this family.
None.

None.

Prior medical evaluation

* = identified in SCD case or during cascade screening of relatives; † = identified as relative because ARVC was not diagnosed at the moment of autopsy, nother family member
was diagnosed with definite ARVC during clinical evaluation and defined as the proband of this family; ‡ = variant of unknown significance identified in mother of the patient
DSG2 c.2137G>A (p.Glu713Lys); || = variant of unknown significance identified in proband of the family in TTN; p(27328+5G>A).
Abbreviations: F = female; M = male; N/A = not available; RV = right ventricle; SCD = sudden cardiac death; VF = ventricular fibrillation.

M

4

Resuscitated Sudden Cardiac Arrest

F

1

VF

Age Activity
Rhythm Pathogenic
before SCD
variant*

Sudden cardiac death

#

Supplementary Table 2. Characteristics of included Sudden cardiac death/arrest cases
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Supplementary Table 3. Genotypes
Gene

Amino Acid
Change

Nucleotide
Change

DSG2

c.137G>A

p.(Arg46Gln)

5

2

0

2

c.874C>T

p.(Arg292Cys)

3

1

0

0

c.2386T>C

p.(Cys796Arg)

5

7

1

6

c.2146-1G>C

p.(Met716fs)

5

4

0

4

c.1211dup

p.(Val406Serfs*4)

5

5

1

3

c.2544G>A

p.(Trp848*)

5

5

1

4

c.1-?_1170+?del

p.(?)

5

3

0

3

c.2489+4A>C

p.(Lys768fs)

5

3

0

3

c.235C>T

p.(Arg79*)

5

3

0

3

c.1378G>A

p.(Val455fs)

5

1

0

1

c.1848C>A

p.(Tyr616*)

5

1

0

1

c.2014-1G>C

p.(?)

5

1

0

1

c.2062T>C

p.(Ser688Pro)

3

1

0

0

c.1-_2514+del

p.(?)

5

1

0

1

c.2489+1G>A

p.(Lys768fs)

5

1

1

0

c.2509del

p.(Ser837Valfs*94)

5

1

0

1

c.397C>T

p.(Gln133*)

PKP2

Class Number
of patients
with
molecular
genetic
analysis

Probands Relatives
with
with class
class 4/5 4/5 variants
variants

5

1

0

1

c.1511-?_2646+?del p.(?)

5

2

1

1

c.1-?_2646+?del

p.(0)

5

1

0

1

PLN

c.40_42del

p.(Arg14del)

5

8

0

8

TTN

c.27328+5G>A

p.(?)

3

2

0

0

5/3/3

1

1

0

5/5

1

1

0

5/ 5
/3

1

1

0

1

1

0

57

9

44

Multiple Variants
PKP2;DSG2;TMEM43 deletion exon
1-14; c.1072G>A;
c.718C>T
PKP2;PKP2
c.397C>T;
c.2615C>T
PKP2;DSG2;PKP2
c.397C>T;
c.1003A>G;
c.2615C>T
DSC2
c.608G>A; c.608G>A

p.(?);
p.(Ala358Thr);
p.(Arg240Cys)
p.(Gln133*);
p(Thr872Ile)
p.(Gln133*);
p(Thr335Ala);
p(Thr872Ile)
p.(Arg203His)

Total (n)

5

The adjudication of genetic variants was based on the American College of Medical Genetics and Genomics
guidelines, as previously described (1-2). Variants classified as pathogenic (class 5) or likely pathogenic (class 4) were
considered as disease causing variants in the clinical evaluation. * = (likely) pathogenic variants (n=53), variants of
unknown significance (n=4).
Abbreviations: DSC2 = desmocollin-2; DSG2 = desmoglein-2; PKP2 = plakophilin-2; PLN = Phospholamban; TMEM43
= Transmembrane protein 43; TTN = Titin.
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Chapter 5

ABSTRACT
Introduction: Pathogenic variants in SCN5A are associated with a range of clinical phenotypes such
as cardiac conduction disease (CCD), Brugada Syndrome, Long QT syndrome and cardiomyopathy.
This study describes the phenotypic heterogeneity and prognosis among carriers of a SCN5A
(c.2184_2186del; p.Leu729del) variant.
Methods: Clinical evaluation of six probands and cascade screening of 52 relatives was performed.
Haplotype and genealogical analysis were used to identify a common founder effect. Whole exome
sequencing was performed to study additional genetic modifiers. All-cause mortality was assessed by
family tree mortality ratio analysis.
Results: Probands (83% male) presented at a median age of 37 [interquartile range 23-51] years, with
ventricular arrhythmias (n=3) or atypical chest pain (n=3). All probands had evidence of CCD (mean PR
interval 204±13 ms, mean QRS duration 148±43 ms). Two probands were diagnosed with cardiomyopathy
(dilated cardiomyopathy in one and arrhythmogenic cardiomyopathy in the other). Overall, genotypepositive relatives (n=22) had prolonged PR intervals (p<0.001) and prolonged QRS duration (p=0.032)
compared to genotype-negative relatives (n=30). Among genotype-positive relatives, CCD was also the
most prominent phenotype but ventricular arrhythmia did not occur. No significant excess all-cause
mortality was observed among untreated obligate carriers and their siblings (p=0.062).
Conclusions: The SCN5A p.Leu729del is a founder variant with significant heterogeneity in phenotypes.
CCD is the primary phenotype in probands and relatives. Specific subphenotypes may be associated
with additional variants in susceptibility genes. No excess all-cause mortality was observed among
relatives. Low frequent cardiac screening is proposed given the relative mild phenotype of genotypepositive first-degree relatives.
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INTRODUCTION
The SCN5A gene encodes the α-subunit of the cardiac sodium channel (Nav1.5) which is involved
in depolarization of cardiomyocytes and consequently inﬂuences myocardial conduction velocity.
Pathogenic variants in SCN5A may result in a gain- or loss-of-function of the sodium channel, resulting
in a wide range of phenotypes including cardiac conduction disease (CCD), sick sinus syndrome (SSS),
atrial fibrillation (AF), Brugada syndrome (BrS), long QT syndrome (LQTS) and dilated cardiomyopathy
(DCM). 1 Furthermore, overlap syndromes have been recognized. 2 Even though relatives may share the
same pathogenic variant, phenotypes may differ within individuals of the same family. 2-4 Genotype–
phenotype relationship studies have only partly been able to explain this clinical variability among
carriers of pathogenic variants in SCN5A. 3-5
Recently, a Dutch proband was described with a pathogenic SCN5A variant (c.2184_2186del;
p.Leu729del) in the second transmembrane domain of the protein.

6

This proband presented with

cardiac arrest due to ventricular fibrillation (VF) at young adulthood and was successfully resuscitated.
He was not diagnosed with a specific phenotype during the clinical evaluation following this presentation,
possibly in part due to suboptimal imaging modalities at the time. However, during follow up he was
diagnosed with arrhythmogenic cardiomyopathy (ACM) based on a ventricular tachycardia with a left
bundle branch block morphology and superior axis recorded during an electrophysiological study
(EPS), a prolonged terminal activation duration, progression of T wave inversions in leads V1-3 on the
electrocardiogram (ECG), and progressive right ventricular dyskinesia and right ventricular outflow tract
dilatation on echocardiography. 6, 7 Since then, several other families with carriers of this p.Leu729del
variant in SCN5A have been identified. However, it is unknown whether a specific common phenotype
is associated with this variant, or which factors potentially inﬂuence the phenotype and natural history
of p.Leu729del variant carriers.
In this study, we investigated the variability in clinical phenotypes, assessed possible additional genetic
modifiers of specific subphenotypes, and calculated the all-cause mortality among these SCN5A
(c.2184_2186del; p.Leu729del) variant carriers.

METHODS
Study population and cascade screening
Probands carrying the c.2184_2186del; p.Leu729del variant in SCN5A were enrolled after referral to
our cardiogenetics clinics (Amsterdam UMC, UMC Utrecht and UMC Groningen; the Netherlands).
Probands were defined as the first patient in a family in whom the c.2184_2186del; p.Leu729del SCN5A
variant was identified. Relatives were defined as family members of a proband. Relatives were enrolled
after targeted genetic cascade screening, and clinical records were used for data collection. 8 Clinical
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management was performed at the discretion of the local physician and included, amongst others,
ECG, Holter recordings, exercise testing, echocardiography, cardiac magnetic resonance imaging (CMR),
coronary angiography or an EPS. Phenotyping after cascade genetic screening consisted of at least
an ECG and echocardiography. The study was approved by the respective institutional review boards.
All participants provided informed consent as per institutional protocol. The study was performed
according to the principles of the Declaration of Helsinki.

Phenotyping
Clinical phenotype was determined by an expert panel of two experienced electrophysiologists who
independently reviewed the available medical records, ECGs and imaging results of all probands and
relatives. The experts were blinded to the clinical diagnosis made by the treating physician. The panel
members determined the clinical phenotype based on currently available guidelines. 9-14 For definitions
of phenotypes see supplementary table 1. It was possible for the panelists to diagnose individuals
with multiple phenotypes. For example, diagnosing both CCD and cardiomyopathy in one individual.
Diagnoses were made independently and discrepancies between panels members were resolved by
consensus. The maximal PR interval and QRS duration were determined on digital 12-lead ECGs while
off anti-arrhythmic drugs. The longest QT interval in lead II or any precordial lead was determined and
corrected for heart rate using the Bazett formula.

Genotype – haplotype - and geographical analysis
All probands underwent whole exome sequencing (Illumina Novaseq6000, Illumina, San Diego, USA)
using a validated set of whole exome-based cardiomyopathy and inherited arrhythmia syndrome gene
panels to study genetic variants contributing to the phenotype.

15

For an overview of the performed

gene panels in probands, see supplementary table 2. Relatives were only tested for the pathogenic/
likely pathogenic variant(s) that were found in their respective probands using Sanger sequencing at
the discretion of the local physician. Haplotype analysis was performed in probands and in informative
relatives to assess a shared genetic background using microsatellite markers in a standard semiautomated method, which could indicate a common ancestral origin. For this analysis, a maximum
of two samples per family were included. To identify a possible geographical region of origin of the
variant, the first two postal code numbers of all variant carriers were plotted using MapInfo Professional
(MapInfo, Toronto, Canada).

All-cause mortality
The family tree mortality ratio (FTMR) method was used to evaluate the all-cause mortality risk
among p.Leu729del variant carriers, as described previously. 16-18 This method compares the all-cause
mortality in the observed pedigrees with the expected all-cause mortality which is available for the
complete Dutch general population standardized for age, sex and calendar period using the PersonYears program.

18

The endpoints of the analyses were either death or censoring in February 2017.

Genealogical pedigrees were created based on the collection of records of births, marriages and
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deaths. These records have been reliably registered in the Netherlands from 1811 onwards. 16, 17 These
multi-generational pedigrees were created by tracing ancestors of the probands back through as many
generations as possible. Based on a Mendelian model of inheritance, individuals who passed on the
variant to the next generation were identified as obligate carriers of the variant and all their siblings had
an a priori 50% risk to carry the pathogenic variant. All probands were excluded from analysis to avoid
selection bias. To avoid reproduction bias, the parental years lived by individuals on the transmission
line before passing on the variant were excluded from the analysis. Based on the years of births and
deaths within the pedigrees, the observed person-years were calculated. 16, 17 The first year of life of all
individuals was omitted from the analysis, stratified for age periods as a sensitivity analysis, because
registration of neonatal mortality in the 19th century may have been incomplete. The primary outcome
of the FTMR analysis was the Standardized Mortality Ratio (SMR). 16-18

Statistical analysis
Continuous data were presented as mean ± standard deviation (SD) or median and interquartile range
(IQR) as appropriate. Categorical variables were presented as numbers with percentages. Groups were
compared using a Student t-test or Mann-Whitney-U test for continuous variables and a Chi-square or
Fisher’s-exact test for categorical variables. Post-hoc tests were performed with Tukey correction to
account for multiple comparisons. The SMR was calculated as the ratio of the observed-to-expected
mortality in pedigrees.

16-18

The 95% confidence interval (CI) of the SMR was calculated assuming a

Poisson distribution of the observed number of deaths and by using exact limits. FTMR analyses were
stratified for sex, age and calendar period. Subgroups were compared using Poisson regression and
we calculated the 95% CI of the relative risks (RR) as the exponent of the regression coeﬃcient and
its standard error. Analysis was performed using SPSS 25.0 (IBM Corp, NY, USA). Two-tailed p-values of
≤0.05 were considered statistically significant.

RESULTS
Phenotype of probands
Probands were predominantly male (83%) and presented at a median age of 37 [IQR 23-51] years.
Phenotypic information of probands is shown in Table 1; ECGs of all probands are depicted in Figure
1. Half (50%) of all probands presented with VA, which manifested as cardiac arrest and successful
resuscitation in two probands, and syncope due to polymorphic ventricular tachycardia in one proband.
As shown in Figure 2, we observed heterogeneity in phenotypes both within and between pedigrees.
All six probands had phenotypic features of CCD (n=6, 100%), see Table 1 and Figure 1. Additionally,
one proband was diagnosed with ACM (see Figure 2, depicted as family 5), another proband with DCM
(see Figure 2, depicted as family 3) and one proband had a biventricular dysfunction without a specific
diagnosis of cardiomyopathy (see Figure 2, depicted as family 2). Supraventricular arrhythmia was
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4 (67)

398 [401 - 437]

QTc interval (ms)

82
1 (17)

Pacemaker implantation

1 (17)
2 (33)
0 (0)
3 (50)

Non-sustained ventricular tachycardia

Resuscitated cardiac arrest

Brugada type 1 ECG

ICD implantation

1 (17)
1 (17)

Arrhythmogenic cardiomyopathy

Dilated cardiomyopathy

0 (0)

2 (9)

2 (9)

60 [60 - 61]

0 (0)

1 (5)

0 (0)

0 (0)

0 (0)

2 (9)

2 (9)

2 (9)

13 (59)

414 [409 - 435]

120 [113 - 132]

204 [171 - 228]

3 (14)

10 (45)

45 [25 - 53]

G+ Relatives
N=22

0 (0)

0 (0)

0 (0)

60 [60 - 61]

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

2 (7)

404 [403 - 412]

98 [95 - 103]

178 [164 - 181]

0 (0)

18 (60)

49 [47 - 60]

G– relatives
N=30

0.333

1.000

0.107

0.042

0.006

1.000

0.079

0.263

0.006

1.000

1.000

1.000

1.000

0.859

0.180

0.942

0.210

0.173

0.914

P value Probands
Vs. G+ relatives

1.000

1.000

1.000

1.000

1.000

0.480

1.000

1.000

1.000

0.481

0.481

0.483

< 0.001

0.746

0.032

< 0.001

0.070

0.400

0.753

P value
G+ relatives
vs. G- relatives

ICD = implantable cardioverter defibrillator; LVEF = left ventricular ejection fraction; ms = milliseconds. G+ relatives = p.Leu729del variant positive. G- relatives = p.Leu729del
variant negative.

4 (67)

LVEF < 50%

LVEF

53 [47 - 57]

3 (50)

Sustained ventricular tachycardia

Structural Heart Disease

1 (17)

Supraventricular arrhythmia

Arrhythmias

0 (0)

Sick sinus syndrome

6 (100)

122 [110 - 162]

QRS duration (ms)

Cardiac conduction disease

216 [205 - 219]

PR interval (ms)

Conduction Disease

5 (83)

Syncope

37 [23 - 51]

Probands
N=6

Male sex (%)

Age

Demographics

Table 1. Phenotype of probands and relatives.
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Figure 1. Examples of ECGs from all probands.

uncommon: only one proband had atrial fibrillation. Three probands (see Figure 2, depicted as families
2, 4 and 5) received an implantable cardioverter defibrillator (ICD) because of prior VA, while one
proband (see Figure 2, depicted as family 6) received a pacemaker because of severe but asymptomatic
CCD. During a median follow up of 7 [3.5 – 15.7] years for probands, one proband (Figure 2, family 2)
had recurrent episodes of VF and received appropriate ICD therapy, and one proband (Figure 2, family
4) received multiple inappropriate ICD shocks during episodes of atrial fibrillation.

Phenotype of relatives
In total, 52 relatives (median age 43 [IQR 32-56] years, 52% male) from six families participated in
cascade screening. We identified 22 genotype-positive (G+) relatives and 30 genotype-negative (G-)
relatives. Table 1 shows their demographic information. G+ relatives had significantly prolonged PR
interval (204 [171 - 228] vs. 178 [164 - 181] ms, p<0.001) and QRS duration (120 [113-132] vs. 98 [95103] ms, p=0.032) compared to G- relatives. Indeed, CCD was the dominant phenotype in G+ relatives
(59% in G+ relatives vs. 7% in G- relatives, p<0.001, Table 1). Since CCD may have a multifactorial
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Figure 2. Phenotypical heterogeneity in six pedigrees from probands with the p.Leu729del variant in SCN5A.
Squares represent males, circles represent females. The indicated additional variant in family 2 is the c.48919A>G
p.(Thr16307Ala) variant in TTN, in family 4 the c.3878T>C, p.Phe1293Ser variant in SCN5A and in Family 5 the
c.783T>A, Arg261Arg variant in DSG2 (see Table 4). Phenotypes were indicated with colors.

etiology, we subsequently compared relatives with and without CCD. As can be appreciated from Table
2, the proportion of G+ relatives among those with CCD was overrepresented (87% G+ vs 13% G-,
p<0.001).
We also observed other phenotypic diagnoses among G+ relatives. One relative was diagnosed with
BrS during a sodium channel provocation test which unmasked a type 1 Brugada ECG (see Figure 2,
depicted as family 2), two G+ relatives were diagnosed with ACM (see Figure 2, depicted as family 5)
and two G+ relatives had supraventricular arrhythmias (see Figure 2, depicted as family 4). None of the
G+ relatives were diagnosed with DCM, and LVEF had a similar distribution among G+ and G- relatives
(p=1.000). None of the G- relatives were diagnosed with a specific phenotype. Furthermore, VA was not
observed in any of the relatives.
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Table 2. Relatives stratified according to cardiac conduction disease.
Relatives with cardiac
conduction disease
(N=15)

Relatives without cardiac
conduction disease
(N=15)

P value

Demographics
Age

45 [25 - 53]

49 [47 - 60]

0.730

Male sex (%)

8 (53)

8 (53)

1.000

SCN5A p.Leu729del Variant

13 (87)

2 (13)

< 0.001

Syncope

3 (20)

0 (0)

0.224

PR interval (ms)

199 ± 36

170 ± 18

< 0.001

QRS duration (ms)

123 ± 12

99 ± 9

< 0.001

QTc interval (ms)

424 ± 27

409 ± 10

0.224

Sick sinus syndrome

2 (13)

0 (0)

0.483

Supraventricular arrhythmia

2 (13)

0 (0)

0.481

Ventricular tachycardia

0

0 (0)

1.000

Pacemaker implantation

2 (13)

0 (0)

0.481

LVEF

60 ± 3

60 ± 1

0.955

LVEF <50%

2 (13)

0 (0)

1.000

Brugada Type 1 ECG

1 (7)

0 (0)

0.440

Electrocardiogram parameters

Phenotypes

LVEF = left ventricular ejection fraction; ms = millisecond; SCN5A = sodium voltage-gated channel α-subunit 5.

We subsequently compared the demographics of probands and G+ relatives, results of which can
be found in Table 1. Probands and G+ relatives were not significantly different in age at time of
presentation (37 [23-51] vs. 45 [25-53] years, p= 0.914]) and sex (83% vs. 45% male, p=0.173). There
was no significant difference in the prevalence of CCD between the groups (100% vs. 59% G+ relatives,
p=1.000). Furthermore, the median PR interval (216 [205-219] vs. 204 [171-228] ms, p=0.942) and
median QRS duration (122 [110-162] vs. 120 [112-132] ms, p=0.180) were not significantly different.
Interestingly, LVEF was significantly lower in probands compared to G+ relatives (median LVEF 53% [4757] vs. 60% [60-61], p=0.042).

Additional genetic variants
One additional variant of unknown significance (VUS) was identified in one proband by whole exome
sequencing, i.e. TTN, (c.48919A>G p.Thr16307Ala) identified in family 2 (see Figure 2). In addition, we
identified seven likely benign variants in three probands. See Table 3 for an overview of all identified
variants. None of the variants were classified as pathogenic or likely pathogenic. However, specific
subphenotypes were associated with three specific additional variants. Below we present three
additional variants which are marked as VUS or likely benign, but may have contributed to the severity
of the phenotypes of those specific probands.
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Table 3. Whole exome sequencing of probands
Gene

cDNA change

Amino
change

SCN5A

c.2184_2186del

p.Leu729del

acid Classification

Proband

Observed phenotype

Pathogenic

All probands

See Table 1

Family 2

Polymorphic ventricular
tachycardia
Cardiac arrest

TTN

c.48919A>G

p.Thr16307Ala

Variant of unknown
significance

SCN5A

c.3878T>C

p.Phe1293Ser

Likely benign

Family 4

DSG2

c.783T>A

p.Arg261Arg

Likely benign

Family 5

GLA

c.376A>G

p.Ser126Gly

Likely benign

Family 2

MYH6

c.3732+8C>G

Intron variant

Likely benign

Family 2

TTN

c.7193-11T>C

Intron variant

Likely benign

Family 2

TTN

c.4968A>G

p.Lys1656Lys

Likely benign

Family 2

TTN

c.24411A>C

p.Thr8137Thr

Likely benign

Family 6

Arrhythmogenic
cardiomyopathy
Polymorphic ventricular
tachycardia
Polymorphic ventricular
tachycardia
Polymorphic ventricular
tachycardia
Polymorphic ventricular
tachycardia
Conduction disease

Results of whole exome sequencing using a verified inherited cardiomyopathy and arrhythmia gene panel in
all probands, see supplementary table 2 for a detailed description of the included genes in the panels. DSG2 =
Desmoglein 2; GLA = galactosidase alpha; MYH6 = myosin heavy chain 6; SCN5A = sodium voltage-gated channel
alpha subunit 5; TTN = titin.

The additional VUS (c.48919A>G p.Thr16307Ala) in TTN (see Table 3) was identified in a proband with
signs of CCD, biventricular structural heart disease and multiple exercise induced syncopal episodes
due to polymorphic ventricular tachycardia (see Figure 2, depicted as family 2). His ECG showed right
bundle branch block (RBBB) without the classical type 1 Brugada pattern, because the J point elevation
was limited to < 0.2mV (Figure 1, depicted as proband 2). In addition, BrS as primary phenotype was
deemed as less likely due to a negative sodium channel provocation test. However, BrS could not be
fully excluded as diagnosis due to the presence of RBBB. Remarkably, during cascade screening, BrS was
diagnosed in an asymptomatic sibling (SCN5A p.Leu729del positive) of the proband based on a positive
sodium channel provocation test.
The SCN5A (c.3878T>C, p.Phe1293Ser) variant, in the current literature described as likely benign
variant, (Table 3) was present in a female proband who presented with ventricular fibrillation (VF) at
eight years of age while playing at school (Figure 2, depicted as family 4). She exhibited evidence of CCD
and supraventricular arrhythmia. Interestingly, the father and sister of this proband were asymptomatic,
had normal clinical evaluations (PR interval: 179 ms, QRS duration: 98 ms) and harbored the SCN5A VUS
(c.3878T>C, p.Phe1293Ser) likely benign variant, but did not carry the p.Leu729del variant. The mother
of this proband carried the p.Leu729del SCN5A variant, was asymptomatic and had no signs of a cardiac
phenotype. During cascade screening, several p.Leu729del positive relatives were identified with CCD
and supraventricular arrhythmia, but none with VA or sudden cardiac death.
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The DSG2 (c.783T>A, Arg261Arg) likely benign variant (Table 3 and Figure 2 depicted as family 5) was observed
in a proband who presented with VF during exercise at 24 years of age. As described in the introduction
of this manuscript, after more than a decade of follow-up progression of T wave inversions on ECG and
right ventricular dyskinesia and dilatation on echocardiography resulted in a definite ACM diagnosis. 6, 7, 13
The observation of ACM as phenotype associated with the DSG2 variant is interesting because pathogenic
variants in DSG2 are often causal of the desmosome dysfunction in right ventricular forms of ACM. 19 The
DSG2 variant co-segregated with two relatives who were also diagnosed as having an ACM phenotype.

Haplotype analysis and natural history
A common founder effect between probands was suggested by a shared haplotype spanning of >4Mb
(Figure 3 and supplementary table 3). Genealogical analysis confirmed a common founder effect by linkage
of four of the six pedigrees (Figure 3). Furthermore, a geographical analysis of variant carriers showed that
the majority of identified carriers (and their ancestors) lived in the eastern part of the Netherlands (Figure
4), which further contributes to the assumption of a common ancestor for the probands. We calculated
overall all-cause mortality using FTMR in all obligate carriers and 50% carriers. These results are shown
in Table 4. In total, 66 deaths were observed in 4547 person-years corresponding to a SMR of 1.27 (95%
CI 0.98-1.62, p=0.062), which indicates no significant excess mortality. Overall, mortality did not differ
between males and females (RR 1.06, 95% CI 0.65-1.72, p=0.823), as shown in Figure 5. Mortality was
significantly increased in the subgroup analysis of the age category 80-84 years (SMR 3.60, 95% CI 1.726.62, p<0.001). The SMR was stable through the observed calendar periods (Figure 5).
Table 4. Family Tree Mortality Ratios
Sex
Males

Females

Total

Calendar period
(years)
1800-1859

Person years

95% CI

P value

176

Observed Expected Overall
SMR
2
4.91
0.41

0.05-1.47

0.956

1860-1919

439

10

6.49

1.54

0.74-2.83

0.122

1920-1979

1063

11

7.63

1.44

0.72-2.58

0.149

1980-2016

840

12

9.93

1.21

0.62-2.11

0.295

Total

2518

35

28.96

1.21

0.85-1.68

0.152

1800-1859

281

3

5.98

0.50

0.10-1.47

0.937

1860-1919

454

12

6.77

1.77

0.92-3.10

0.065

1920-1979

772

10

6.52

1.53

0.74-2.82

0.124

1980-2016

522

6

3.66

1.64

0.60-3.57

0.164

Total

2029

31

22.93

1.35

0.92-1.92

0.062

1800-1859

457

5

10.89

0.46

0.15-1.07

0.984

1860-1919

892

22

13.26

1.66

1.04-2.51

0.017

1920-1979

1835

21

14.14

1.49

0.92-2.27

0.052

1980-2016

1362

18

13.59

1.32

0.78-2.09

0.145

Total

4547

66

51.89

1.27

0.98-1.62

0.062

Family tree mortality ratio analysis stratified according to pedigrees, sex and calendar period. SMR = standardized
mortality ratio; CI = confidence interval.
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Figure 3. Genealogical analysis confirmed a link between the families of four of the six probands. Probands were indicated with the black triangle. Squares represent males,
circles represent females. Siblings were indicated with a tilted square. The pedigrees were supplemented with the age at death for deceased carriers among the line of
transmission. The arrow bar on the right indicates a timeline with centuries induced in the study. Haplotype analysis was performed in nine subjects (annotated with S1 – S9).
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Figure 4. Geographic map of the first two numbers of the postal code of relatives who carry the p.Leu729del variant
in SCN5A suggesting common ancestors in the eastern part of the Netherlands. On average, each region contains
180.000 inhabitants.
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Figure legend 5. Standardized mortality ratios (SMR) for individuals included in multigenerational pedigrees, stratified by age category, calendar period and sex. Males are
depicted with blue bars, females as with red bars, and total population with black bars. The number observed deaths and expected deaths, and the SMRs were shown per
category. *Standardized mortality ratio compared to the general population = P<0.05. CI = confidence interval.
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DISCUSSION
In this multicenter cohort of families with carriers of the c.2184_2186del; p.Leu729del variant in the
SCN5A gene, CCD is the common phenotype in both probands and relatives. We observed considerable
heterogeneity in phenotypes among probands, including both VA and cardiomyopathy. The phenotype
of G+ relatives identified by cascade genetic screening is less severe compared to probands. In
alignment with these results, all-cause mortality of untreated SCN5A p.Leu729del variant carriers was
not significantly increased compared to the general population. However, increased all-cause mortality
was observed in the elderly (age > 80 years). We observed additional variants in SCN5A, TTN and
DSG2 that were classified as variants of unknown significance or likely benign variants in heterozygous
presence, but that may have contributed to the development of specific subphenotypes in combination
with the c.2184_2186del; p.Leu729del variant in SCN5A.

Heterogeneity of phenotypes
This study shows that the SCN5A p.Leu729del variant is a founder variant, which may result in severe
phenotypes including ACM, DCM and VA requiring resuscitation. In general, the phenotypes that were
observed among G+ relatives in our cohort were mild and predominantly consisted of CCD, with the
exception of two asymptomatic relatives who were diagnosed with ACM and one asymptomatic relative
with BrS. A less severe phenotype is more frequently observed in relatives compared to probands
due to reduced penetrance and variable expressivity in inherited heart disease. 4, 20 Furthermore, the
phenotypes that were observed in our cohort occurred in a wide age range between eight and 80
years old. The relatively mild phenotype in G+ relatives may have consequences for clinical screening
intervals. Based on the relatively mild phenotype and low incidence of VA that was observed, infrequent
follow-up should be advised for first-degree relatives. This follow-up should focus on screening for
changes in cardiac conduction, while low frequent imaging can be applied to screen for features of
cardiomyopathy. In contrast to other SCN5A pathogenic variants published in the literature, we only
observed one relative with BrS after sodium channel provocation testing. While among probands, no
definite case of BrS could be made. 1, 2, 16 This observation suggests avoidance of drugs that have been
associated with arrhythmias and the type 1 Brugada ECG is appropriate for carriers of this specific
SCN5A variant. 21 Furthermore, in the recording of an ECG during an episode of fever, it is advised to
screen for a transient type 1 Brugada ECG pattern associated with increased temperature. 9, 22

Eﬀect modifiers
We did not observe additional (likely) pathogenic variants in genes known to be associated with inherited
cardiomyopathy or arrhythmia syndromes. However, we only searched for rare genetic variants in the
coding regions of known inherited cardiovascular disease genes. Further, we cannot exclude the effects
of more frequent occurring polymorphisms, additional likely benign variants or additional VUS that
may have modified the observed phenotypes. 4, 23 These polymorphisms could also be localized in noncoding regions and in other genes than the ones analyzed in our probands. Furthermore, additional
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variants classified as likely benign or VUS in heterozygous observations may in theory contribute to
progression into specific and more severe subphenotypes. For example, the DSG2 variant associated
with an ACM phenotype, the TTN variant associated with biventricular dysfunction and the young age
of cardiac arrest in the girl with two SCN5A variants which we observed in our cohort. To evaluate a
potential effect of these additional variants and polymorphisms, in-vitro functional analyses to study
the effects of these additional variants should be performed.
In addition to genetic effect modifiers, several environmental factors as well as other factors such as
age and sex are known modifiers of the phenotype of SCN5A variants carriers. 5, 24 In our cohort, we
observed higher mortality among variant carriers in the age category over 80 years, in both males and
females. The overlap between conduction defects and structural heart disease in carriers of SCN5A
variants may be explained by progressive fibrosis of both the conduction system and the myocardium. 25
Sex has been shown to inﬂuence phenotype and prognosis in carriers of SCN5A variants as exemplified
by male BrS patients, 26 and female predominance in CCD or LQTS patients. 27, 28 Unfortunately, due to
the limited number of probands, our study was underpowered to study sex as effect modifier. Among
the relatives, we did not observe differences in phenotype and mortality between males and females.
Although not explicitly studied in our cohort, the occurrence of fever, the use of certain drugs, and
behavioral factors such as alcohol consumption and drug usage are reported to have significant effects
on cardiac sodium channel function. 21, 22, 24, 29

Natural history of disease
The FTMR analysis confirmed the relatively mild course of disease among relatives carrying the
p.Leu729del variant. Excess mortality was only observed in the very elderly (> 80 years old), albeit with
wide confidence limits. Previously, a cohort of patients with a SCN5A overlap syndrome (c.5385_5387dup
(p.1795insAsp)) were studied using the same FTMR methodology. 1 CCD, BrS and LQTS type 3 were the
common phenotypes in the SCN5A overlap syndrome cohort, overall increased mortality was observed
(mean SMR 1.5, 95% CI, 1.2-1.8), and mortality peaked in the age category between age 20 and 39
years. These findings, not unexpectedly, differ from our results, which may be explained by different
functional effects of this variant and differences in pathogenicity of the observed phenotypes. 30

SCN5A variants and development of cardiomyopathy
The spectrum of observed phenotypes in our study and the absence of a LQTS phenotype suggest that
the p.Leu729del variant has a loss-of-function effect on Nav1.5. In general, loss-of-function variants
in SCN5A result in conduction slowing and promote re-entry-based cardiac arrhythmias. Several
pathophysiological mechanisms have been proposed for loss-of-function SCN5A variants associated
with development of cardiomyopathy. 1, 5, 6 In the present study, we observed one proband with ACM as
primary phenotype. Dysfunction of the cardiac desmosome is the major pathophysiological mechanism
in this phenotype.

19

In a previous study, an ACM patient with a different pathogenic SCN5A variant

(c.5693G > A, p.Arg1898His) and without any pathogenic desmosomal variants was evaluated. This
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SCN5A variant give rise to reduced Nav1.5 channels in the intercalated disk and interaction with other
adhesion proteins.

6

Similar mechanisms may have contributed to the observed phenotype in our

proband with ACM and the additional DSG2 variant, although this variant was qualified as VUS.

Limitations
The relatively small sample size of this study compromises the generalizability of results and has limited
the evaluation of effect modifiers. The occurrence of severe phenotypes in probands may have led
to ascertainment bias. To diminish this effect, we performed FTMR analysis to determine all-cause
mortality in untreated relatives. 16 However, the true clinical course of disease in the current era remains
unknown because of the introduction of medical heart failure therapy, as well as the introduction of
implantable pacemakers and ICDs since the 1970s. The functional analysis of the biophysical effects of
this SCN5A variant is beyond the scope of this project.

CONCLUSIONS

3
5

The SCN5A p.Leu729del variant is a pathogenic founder variant with heterogeneity in clinical phenotypes
among probands. Conduction disease is the primary phenotype, whereas cardiomyopathy and
ventricular arrhythmia are observed in important subsets of probands but are uncommon in relatives.
No significant excess mortality was observed in untreated obligate carriers. Given the relatively mild
phenotype in genotype positive relatives, low frequent cardiac screening can be considered in first
degree relatives. Specific subphenotypes may be associated with additional variants in susceptibility
genes that may have inﬂuenced phenotypic development.
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SUPPLEMENTARY MATERIAL
Supplementary table 1. Definitions
Phenotype

Definition

Reference

Arrhythmogenic cardiomyopathy

According to the 2010 Task Force Criteria of Arrhythmogenic
Right Ventricular Cardiomyopathy.
Presence of a spontaneously type 1 Brugada ECG: ST-segment
elevation with type 1 morphology ≥2 mm in one or more
right precordial leads (V1/V2 positioned in the 2nd, 3th , or 4th
intercostal space, or type 1 Brugada ECG after sodium channel
provocative drug testing.
Prolonged PR interval (PR >200ms), prolonged QRS duration
(QRS ≥120ms), axis deviation due to anterior or posterior
fascicular block, left bundle branch block, right bundle branch
block, sick sinus syndrome.
LV dilatation and systolic dysfunction in the absence of
abnormal loading conditions or coronary artery disease
suﬃcient to cause global systolic impairment.
Symptomatic sinus node dysfunction: sinus bradycardia (sinus
rate <50 bpm), ectopic atrial bradycardia (atrial depolarization
attributable to an atrial pacemaker other than the sinus node
with a rate <50 bpm), sinoatrial exit block (evidence that
blocked conduction between the sinus node and adjacent
atrial tissue is present), sinus pause (sinus node depolarizes
>3 s after the last atrial depolarization), sinus node arrest
(no evidence of sinus node depolarization), tachycardiabradycardia (“tachy-brady”) syndrome (sinus bradycardia,
ectopic atrial bradycardia, or sinus pause alternating with
periods of abnormal atrial tachycardia, atrial ﬂutter, or atrial
fibrillation) or chronotropic incompetence.
Transient loss of conscience due to cerebral hypoperfusion,
characterized by a rapid onset, short duration, and
spontaneous complete recovery.
QRS duration of ≥ 120 ms, broad notched or slurred R wave in
leads I, aVL, V5, and V6, absent Q waves in leads I, V5, and V6,
ST and T waves usually opposite in direction to QRS,.
QRS duration ≥120 ms, rsrʹ, rsRʹ, rSRʹ, or qR in leads V1 or V2.
in leads V1 and V2, S wave of greater duration than R wave or
>40 ms in leads I and V6 in adults.
Left ventricular ejection fraction < 50% based on
echocardiography.
LQTS is diagnosed with either a QTc interval ≥480 ms in
repeated 12-lead ECGs or a LQTS risk score >3.
Atrial fibrillation, atrial tachycardia, atrial ﬂutter, AV nodal
reentry tachycardia and AV reentry tachycardia.
Ventricular tachycardia which lasts 30 seconds or more, or less
than 30 s when terminated electrically or pharmacologically.
≥3 consecutive premature ventricular complexes with a rate
>100 /min, lasting < 30 seconds.

13

Brugada syndrome

Cardiac conduction disease

Dilated cardiomyopathy

Sick sinus syndrome

Syncope

Left bundle branch block

Right bundle branch block

Reduced ejection fraction
Long QT syndrome
Supraventricular arrhythmia
Sustained ventricular tachycardia
Non-sustained ventricular
tachycardia
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Ventricular arrhythmia
Sudden cardiac death

Proband
Relative

Non-sustained ventricular tachycardia, ventricular tachycardia, 9
ventricular fibrillation or aborted cardiac arrest.
A congenital or acquired, potentially fatal cardiac condition
9
was known to be present during life; or autopsy has identified
a cardiac or vascular anomaly as the probable cause of the
event; or no extra-cardiac causes were identified by postmortem examination and an arrhythmic event was a likely
cause of death.
First patient in a family in which the c.2184_2186del;
p.Leu729del variant in SCN5A was identified.
Family member of a proband which was referred for cascade
screening.

References as in manuscript.
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Supplementary table 2. Gene Panels
Panel number

CAR01v16.1

CAR03v18.1

CAR06v16.1

Phenotype

Inherited cardiomyopathies

Inherited arrhythmia syndromes

Titin analysis

Number of genes

#64

#37

#1

1

ABCC9

AKAP9

2

ACTC1

ANK2

3

ACTN2

CACNA1C

4

ANKRD1

CACNA2D1

5

BAG3

CACNB2

6

CALR3

CALM1

7

CASQ2

CALM2

8

CAV3

CALM3

9

CRYAB

CASQ2

10

CSRP3

CAV3

11

CTNNA3

DES

12

DES

DPP6

13

DMD

DSC2

14

DSC2

DSG2

15

DSG2

DSP

16

DSP

GPD1L

17

DTNA

HCN4

18

EMD

JUP

19

EYA4

KCNE1

20

FHL1

KCNE2

21

FLNC

KCNE3

22

FKTN

KCNH2

23

GATAD1

KCNJ2

24

GLA

KCNJ5

25

ILK

KCNJ8

26

JPH2

KCNQ1

27

JUP

LMNA

28

LAMA4

PKP2

29

LAMP2

PLN

30

LDB3

RYR2

31

LMNA

SCN1B

32

MIB1

SCN3B

33

MYBPC3

SCN4B

34

MYH6

SCN5A
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35

MYH7

SNTA1

36

MYL2

TGFB3

37

MYL3

TMEM43

38

MYLK2

39

MYOT

40

MYOZ1

41

MYOZ2

42

MYPN

43

NEBL

44

NEXN

45

PDLIM3

46

PKP2

47

PLN

48

PRKAG2

49

RBM20

50

RYR2

51

SCN5A

52

SGCD

53

TAZ

54

TCAP

55

TGFB3

56

TMEM43

57

TMPO

58

TNNC1

59

TNNI3

60

TNNT2

61

TPM1

62

TRIM63

63

TTR

64

VCL
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Supplementary table 3. Haplotype analysis samples.
Marker

Position

D3S1768

34.9M

S1
185

S2
191

185

S3
191

185

S4
203

185

S5
195

185

193

D3S3718

36.1M

159

151

159

151

159

151

159

151

159

157

D3S2411

36.4M

225

223

225

223

225

223

225

223

225

223

D3S1561

36.9M

225

241

225

225

225

229

225

225

225

225

SCN5A

37.7M

+

-

+

-

+

-

+

-

+

-

D3S1611

37.8M

131

135

131

131

131

125

131

135

131

125

D3S3623

37.8M

227

221

227

225

227

225

228

226

227

219

D3S1260

38.4M

191

183

191

185

191

185

191

185

191

185

D3S3521

39.6M

278

278

278

278

192

186

273

277

192

186

Marker

Position

D3S1768

34.9M

191

185

191

185

199

185

S6
185

S7

S8

S9
195

D3S3718

36.1M

159

157

159

157

159

151

159

157

D3S2411

36.4M

225

225

225

223

225

223

225

225

D3S1561

36.9M

225

225

225

225

225

225

225

225

SCN5A

37.7M

+

-

+

-

+

-

+

-

D3S1611

37.8M

131

135

131

135

131

131

131

125

D3S3623

37.8M

227

219

227

215

227

223

227

221

D3S1260

38.4M

191

183

191

183

191

181

191

187

D3S3521

39.6M

274

268

274

266

274

274

274

268

Haplotype from maximal two relatives per family. The pathogenic haplotypes ware depicted in bold and with a +.
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ABSTRACT
Fragmented QRS complexes (fQRS) are common in patients with arrhythmogenic cardiomyopathy
(ACM). A new method of fQRS quantification may aid early disease detection pathogenic variant carriers
and assessment of prognosis in patients with early stage ACM. Patients with definite ACM (n=221,
66%), carriers of a pathogenic ACM-associated variant without a definite ACM diagnosis (n=57, 17%)
and control subjects (n=58, 17%) were included. Quantitative fQRS (Q-fQRS) was defined as the total
amount of deﬂections in the QRS complex in all 12 ECG leads. Q-fQRS was scored by a single observer
and reproducibility was determined by three independent observers. Q-fQRS count was feasible with
acceptable intra- and interobserver agreement. Q-fQRS count is significantly higher in patients with
definite ACM (54 ± 15) and pathogenic variant carriers (55 ± 10) compared to controls (35 ± 5) (p<0.001).
In patients with ACM, Q-fQRS was not associated with sustained ventricular arrhythmia (p=0.701) at
baseline or during follow-up (p=0.335). Both definite ACM patients and pathogenic variant carriers not
fulfilling ACM diagnosis have a higher Q-fQRS than controls. This may indicate that increased Q-fQRS
is an early sign of disease penetrance. In concealed and early stages of ACM the role of Q-fQRS for risk
stratification is limited.

106
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INTRODUCTION
Sudden cardiac death (SCD) may be the first manifestation of the disease in patients with arrhythmogenic
cardiomyopathy (ACM) and asymptomatic carriers of pathogenic ACM-associated variants [1]. The
most frequently detected and well described subcategory of ACM is arrhythmogenic right ventricular
cardiomyopathy (ARVC), in which abnormalities are predominantly (but not exclusively) found in the right
ventricle (RV). Routine 12-lead electrocardiography (ECG) has a major role in the 2010 Task Force Criteria
(TFC) for ARVC diagnosis [2]. Indeed, recent studies have shown that fragmentation of QRS complexes
is common in ACM and reﬂects electrical dyssynchrony due to anisotropic activation pathways, load
mismatch, cardiomyocyte disconnection and altered tissue architecture by fibrofatty alteration [3]. In
ischemic heart disease, fragmented QRS complexes (fQRS) are associated with myocardial scar burden
and sustained ventricular arrhythmias (SVA) [4-7]. Likewise, prior studies suggested that fQRS reﬂects
severity of the disease and appearance of SVA in ACM cohorts [8, 9]. However, the significance of fQRS
for early disease detection and prognosis remains uncertain [10, 11].
Outcome of previous studies may have been affected by different patient categories, limited moleculargenetic testing, inclusion of patients taking anti-arrhythmic drugs (AAD) and the use of various filter
settings of the ECG [8, 9]. Moreover, all usual but slightly varying fQRS measurement methodologies are
prone to subjectivity. With these limitations, fQRS remains a qualitative and operator-dependent ECG
characteristic with poor reproducibility between studies [4, 11, 12].
In this study we aimed to 1) reproducibly quantify fQRS in patients with definite ACM and in pathogenic
variant carriers without definite ACM diagnosis and 2) assess quantitative fQRS (Q-fQRS) as diagnostic
tool and risk marker.

METHODS
Study Population
Patients diagnosed with definite ACM according to the 2010 TFC (at least two major TFC, one major and
two minor TFC or four minor TFC) and both symptomatic and asymptomatic carriers of a pathogenic
ACM-associated variant without definite ACM diagnosis (either one major TFC, one major and one
minor TFC) were included between 1991 and 2019 in the multicenter Netherlands ACM Registry [2, 13].
Patients with definite ACM were divided for subgroup analysis in groups with and without prior history
of SVA episodes. Pathogenic variant carriers without definite ACM were deemed symptomatic when
they experienced palpitations, chest pain or cardiac syncope. Control subjects were included from the
non-athlete control group of a previous study which evaluated the cardiovascular characteristics of
athletes [14]. For patients with definite ACM the age at diagnosis was used for analysis. For pathogenic
variant carriers and controls the age at the moment of ECG recording was used. All control subjects
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were evaluated using ECG, echocardiography and Cardiac Magnetic Resonance imaging (CMR). Patients
with ACM and pathogenic variant carriers underwent clinical evaluation by their treating physician. The
study was approved by the local institutional ethics review board.

Data Collection
Routine 12-lead ECGs (GE Healthcare MAC5500, Chicago, Illinois, USA) were performed with 25 mm/s
paper speed, 10 mm/mV resolution, 150 Hz low pass filter and 400Hz sampling frequency. ECGs
recorded during atrial fibrillation or with low pass filter settings <150Hz were excluded from analysis.
All ECGs were stored as PDF files and reviewed at 5x magnification. Examples of ECGs are depicted in
Figure 1. Included ECGs were recorded at presentation, the moment of ACM diagnosis, or within one
year after diagnosis. Patients were excluded from the study if Vaughan-Williams class I, III or IV AAD
were used during ECG acquisition [15], the use of beta-blockers (class II) was allowed. Clinical data
were retrospectively collected according to the Netherlands ACM Registry protocol and included clinical
history, molecular-genetic testing, ECG, 48-hour Holter recording, echocardiography and CMR [13].

Total Q-fQRS
To improve reproducibility, Q-fQRS was designed to overcome the operator-dependent assessment of
the qualitative methods used in prior literature [5]. The Q-fQRS method quantifies the total amount of
fragmentation in all 12 routine ECG leads together. The summation of absolute numbers of positive and
negative deﬂection points in each first QRS complex of each ECG lead were labeled as a fQRS count value
(Figure 2). The first deviation from the iso-electric line and the last transition from the last deﬂection
to the iso-electric line were excluded. To minimize the count of mechanical artifacts, these deﬂections
had to be reproducible between the first and second QRS complex of each lead. Non-reproducible
deﬂections between consecutive QRS complexes were deemed mechanical or electrical artifacts and
were not added to the Q-fQRS count value. All ECGs were scored by a single trained observer, blinded
for the phenotype and arrhythmia outcome. Reproducibility was determined comparing a random
sample of 30 ECGs which were scored by three independent and blinded observers. Total Q-fQRS was
compared with Terminal Activation Duration (TAD) as alternative depolarization parameter. TAD was
defined as the interval between the nadir of the S wave and the end of all depolarization deﬂections in
ECG leads V1-3 [16].

Follow-up
ACM patients and pathogenic variant carriers were followed at outpatient clinic visits at least once a
year and once every two years, respectively. Each visit included at least clinical history, 12-lead ECG
recording, and echocardiography. Total Q-fQRS at baseline and SVA during follow-up were used as
prognostic markers in ACM patients without SVA at baseline and in the pathogenic variant carriers. The
primary outcome was occurrence of SVA during follow-up, which was defined as a combined endpoint
of SCD, resuscitated cardiac arrest (SCA), sustained ventricular tachycardia (VT), ventricular fibrillation
(VF) and appropriate implantable cardioverter defibrillator (ICD) therapy [17].
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Figure 1. 1A: Resting ECG (25mm/s, 10mm/mV, 150 Hz) of a 43 year old female patient with ACM and a pathogenic
plakophilin 2 (PKP2) variant (c.2368T>C p.Cys796Arg)) who presented with recurrent sustained ventricular
tachycardia (VT). She underwent unsuccessful VT ablation and afterwards an ICD implantation. During follow-up, she
developed therapy resistant heart failure due to RV failure and underwent heart transplantation. Her resting ECG
without antiarrhythmic drugs showed sinus bradycardia, prolonged QRS duration (160ms) due to intraventricular
conduction disorder, prolonged terminal activation duration (TAD, 110 ms) and T wave inversion in leads II, III, aVF,
V1 – V6. There is marked fragmentation of the QRS complexes in the inferior- and precordial leads.
1B: Resting ECG (25mm/s, 10mm/mV, 150 Hz) of a 28 year old male who is a carrier of a pathogenic PKP2 variant
(c.379C>T p.(Gln133*)) and a variant of unknown significance in PKP2 (c.2615C>T p.(Thr872Ile)). He was included
in the pathogenic variant carrier group. The patient was referred for family cascade screening and is asymptomatic.
Cardiac MRI showed a normal RVEF (49%) and LVEF (63%), normal RV volumes, no focal wall motion abnormalities
and subtle atypical late gadolinium enhancement midmyocardial in the RV. Holter monitoring and exercise testing
were normal. His resting ECG showed counter clockwise rotation, sinus rhythm, normal QRS duration (108 ms) and
T wave inversion in III, aVR and V1. The QRS complexes have marked fragmentation in the inferior leads, aVL, V1
and V2.
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Figure 2. This figure shows recordings of leads V1-3 from a patient with arrhythmogenic cardiomyopathy. All shown
QRS complexes have fQRS according to the definition by Das [4]. The quantitative fQRS (Q-fQRS) counting is indicated
by black arrows. Each arrow represents a positive or negative deﬂection counted as fractionated signal and was
reproducible between the first and second QRS complex of each lead. Lead V1, V2, and V3 have a Q-fQRS count
being 7, 8, and 11, respectively. The Q-fQRS count for leads V1-3 in this figure add up to 26 (for the total Q-fQRS is
summation of deﬂections in all 12 ECG leads required, these leads are not shown).
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Statistical methods
Statistical analysis was performed in RStudio version 1.1.456 (Boston, Massachusetts, USA) or SPSS
version 25.0 (Armonk, New York, USA). Continuous variables were presented as mean and standard
deviation or median and interquartile ranges as appropriate. Groups were compared using Student
t-test or Mann-Whitney U test for continuous variables and Chi-squared test or Fishers-exact test for
categorical variables. Correction for age differences between groups was performed using a multivariable
linear regression model. Inter- and intraobserver agreement was determined using weighted Cohen’s
kappa. Missing values from CMR, echocardiography and Holter recordings were replaced using multiple
imputations by chained equations based on all collected variables [18, 19]. Cox proportional hazard
models were used to analyze the relation between total Q-fQRS and the occurrence of SVA. SVA risk
was described as Hazard Ratios (HR) with 95% confidence intervals (CI). A two-tailed p-value below 0.05
was considered statistically significant.

RESULTS
Study population
The study population consisted of 336 individuals which included 221 (66%) patients with definite ACM
(23% asymptomatic), 57 (17%) ACM-associated pathogenic variant carriers (81% asymptomatic) and 58
(17%) control subjects. Baseline characteristics are summarized in Table 1. Definite ACM patients (mean
age 42.3 ± 14.6 years) were significantly older compared to pathogenic variant carriers (mean age
35.3 ± 16.3 years) and controls (mean age 27.4 ± 5.6) (overall group difference p<0.001). Sex was not
significantly different between groups (p=0.811). The majority of ACM patients had a known pathogenic
variant (76.5%), most commonly in PKP2 (57%), PLN (16%) and DSG2 (1%). By design, all pathogenic
variant carriers had a pathogenic ACM-related variant with a similar gene distribution (PKP2 67%, PLN
23% and DSG2 11%). With regards to ECG parameters, the QTc interval was significantly prolonged
in ACM patients compared to pathogenic variant carriers and controls (p<0.001), whereas the QRS
duration did not significantly differ between the groups (p=0.066). Q-fQRS correlated with absolute
TAD, another depolarization parameter from the TFC (r=0.216, p=<0.001, see supplementary Figure
3). SVA before definite ACM diagnosis was present in 81 (37%) of definite ACM patients. At moment of
definite ACM diagnosis, 88 (40%) ACM patients had an ICD implanted: 63 (72%) for primary prevention
and 25 (28%) for secondary prevention of sudden cardiac death [17].

Feasibility and reproducibility
Three independent investigators reviewed a random sample of ECGs (N=30) while blinded for diagnosis
and outcome. Assessment of total Q-fQRS was feasible and reproducible, with an interobserver
agreement Kappa coeﬃcient of 0.76-0.87 and an intraobserver agreement Kappa coeﬃcient of 0.890.92.

111

6
3

Chapter 6

Figure 3. ACM = arrhythmogenic cardiomyopathy; ECG = electrocardiography; fQRS = fragmented QRS; SVA =
sustained ventricular arrhythmia.

Relation of Q-fQRS with disease status
Total Q-fQRS is presented in Table 2 and Figure 3. Total Q-fQRS was significantly higher in ACM patients
(54 ± 15) and pathogenic variant carriers (55 ± 10) compared to controls (35 ± 5) (overall group
difference p<0.001). In addition, pathogenic variant carriers had a significantly higher total Q-fQRS
count compared to controls (55 ± 10 vs. 35 ± 5, p=0.001), see supplementary Figures 4-6. Interestingly,
ACM patients with prior SVA did not have a higher total Q-fQRS count compared to ACM patients
without prior SVA (57± 20 vs 53 ± 16, p=0.081). Likewise, the total Q-fQRS count in pathogenic variant
carriers was comparable to ACM patients with and without prior SVA (57 ± 20 vs. 55 ± 10, p=0.883 and
53 ± 16 vs. 55 ± 10, p=0.64, respectively). Age did not inﬂuence total Q-fQRS count when applying a
multivariable linear regression model (p=0.903, see supplementary Table 1 and supplementary Figure
6). Total Q- fQRS value did not differentiate symptomatic (N=11) from asymptomatic (N=46) pathogenic
variant carriers (58 ± 3 vs. 54 ± 2, p=0.271). However, pathogenic variant carriers with a major and a
minor TFC (N=34) had a significantly higher total Q-fQRS compared to those with only one major TFC
(N=23), (58 ± 10 vs. 51 ± 9, p=0.015). By design, the major TFC were exclusively obtained by presence
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of a pathogenic variant and absence of any phenotypic sign of ACM at baseline. Furthermore, these
pathogenic variant carriers without phenotypic ACM characteristics had a significantly higher total
Q-fQRS compared to controls (51 ± 9 vs. 35 ± 5, p=0.006). Pathogenic variant carriers who progressed
to definite ACM diagnosis according to the TFC during follow up had a significantly higher total Q-fQRS
compared to those pathogenic variant carriers who did not reach definite ACM diagnosis (60 ± 11 vs.
53 ± 9, p=0.012).
Table 1. Baseline characteristics.
Overall
(N=336)

Definite ACM
(N=221)

Carriers
(N=57)

Control
(N=58)

P value #

Age (yrs.)

39 ± 15

42 ± 15

35 ± 16 *

27 ± 6

<0.001

Sex (male)

181 (54)

119 (54)

29 (51)

33 (57)

0.811

Symptoms

182 (54)

171 (77)

11 (19) *

0 (0)

<0.001

Cardiac syncope

52 (16)

52 (24)

0 (0)

0 (0)

<0.001

Pathogenic variant

226 (67)

169 (77)

57 (100)

NA

<0.001

PKP2

163 (49)

125 (57)

38 (67)

NA

<0.001

DSG2

9 (3)

3 (1)

6 (11)

NA

<0.001

PLN

49 (15)

36 (16)

13 (23)

NA

<0.001

PR interval (ms)

157 ± 27)

161 ± 28

145 ± 20

154 ± 24

<0.001

QRS duration (ms)

96 ± 15

97 ± 17

92 ± 12

97 ± 10

0.066

QTc interval (ms)

419 ± 26

425 ± 28

413 ± 24

405 ± 14

<0.001

TWI V1-2

136 (41)

127 (58)

8 (14) *

1 (2)

<0.001

TWI V1-3

102 (30)

102 (46)

0 (0)

0 (0)

<0.001

TWI V4-6

18 (5)

18 (8)

0 (0)

0 (0)

0.007

TAD (ms)

56 ± 10

56 ± 16

52 ± 14

46 ± 9

<0.001

PVC count/24 hrs on Holter

851 [113 - 2623]

1076 [534 - 3403]

20 [2 - 492]

NA

<0.001

NSVT

111 (33)

101 (46)

10 (18)

NA

<0.001

SVA at baseline

81 (24)

81 (37)

0 (0)

NA

<0.001

RVEF (%)

48 [45 - 53]

48 [41 - 48]

53 [49 - 59]

53 [49 - 56]

<0.001

LVEF (%)

59 [53 - 62]

62 [52 - 62]

58 [53 - 60]

58 [54 - 63]

0.255

100 [90 - 118]

100 [90- 118]

93 [83 - 107]

102 [93 - 120]

0.001

Demographics

Genetics

ECG

Arrhythmia

Imaging

RV Volume (mL/m )
2

ACM = arrhythmogenic cardiomyopathy; PKP2 = plakophilin-2; DSG2 = desmoglein-2; PLN = phospholamban; TWI =
T wave inversion; TAD = terminal activation duration; PVC = premature ventricular complex; NSVT = non-sustained
ventricular tachycardia; SVA = sustained ventricular arrhythmia; RVEF = right ventricular ejection fraction; LVEF =
left ventricular ejection fraction; RV = right ventricle. # Overall group difference. * Significant difference between
pathogenic variant carriers with definite ACM diagnosis and controls.
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Relation of Q-fQRS with outcome
A total of 88 (40%) ACM patients experienced at least one episode of SVA at during 9.8 ± 6.5 years of
follow up. Appropriate ICD therapy (N=43, 49%) and sustained VT (N=44, 50%) were the most common
SVA events, whereas SCA occurred only in one patient (1%). During follow-up, 68 definite ACM patients
and two pathogenic variant carriers received an ICD. SVA did not occur in the pathogenic variant carriers
group during 8 ± 5 years of follow up. Age, sex, symptoms and right ventricular ejection fraction (RVEF)
were significantly associated with SVA events in patients with ACM without prior SVA. However, in
univariable analysis Q-fQRS (0.99 (0.96 – 1.02), p=0.335) was not related to SVA episodes during follow
up (Table 3).
Table 2. Fragmentation of the QRS complex.
Parameters

ACM without
prior SVA
(N=140)
17 ± 6

Pathogenic
variant carriers
(N=57)
18 ± 4

Control
(N=58)

P value

Q-fQRS anterior leads (V1-4)

ACM with
prior SVA
(N=81)
19 ± 8

11 ± 2

<0.001

Q-fQRS inferior leads (II, III, aVF)

16 ± 7

15 ± 6

16 ± 5

10 ± 3

<0.001

Q–fQRS lateral leads (I, aVL, V5-6)

18 ± 6

17 ± 5

17 ± 3

12 ± 2

<0.001

Q-fQRS lead aVR

4±2

4±2

4±1

3±1

<0.001

Total Q-fQRS

57 ± 20

53 ± 16

55 ± 10

35 ± 5

<0.001

ACM = arrhythmogenic cardiomyopathy; SVA = sustained ventricular arrhythmia; Q-fQRS = quantitative fQRS.
Significant differences in total Q-fQRS: pathogenic variant carriers vs. controls p=0.0001, ACM patients with prior
SVA vs. controls p=0.0001, ACM patients without prior SVA vs. controls p=0.0001. For detailed comparisons see
Supplementary Figure 6.

Table 3. Univariable and multivariate analysis of SVA risk in definite ACM patients without prior SVA.
Univariable

Multivariable
Hazard Ratio (95% CI)

P Value

Age

0.98 (0.96 – 1.00)

0.071

Sex

2.19 (1.08 – 4.44)

0.030

Symptoms

3.05 (1.17 – 7.93)

0.022

PR interval

0.99 (0.98 – 1.01)

0.206

QRS duration

0.99 (0.97 – 1.02)

0.529

QTc interval

1.00 (0.99 – 1.01)

0.856

RVEF

0.96 (0.92 - 0.99)

0.013

LVEF

0.99 (0.94 – 1.03)

0.536

Total Q-fQRS

0.99 (0.96 – 1.02)

0.335

Hazard Ratio (95% CI)

P value

Age

0.96 (0.93 – 0.99)

0.008

Sex

2.01 (0.92 – 4.41)

0.080

Symptoms

4.91 (1.43 – 16.84)

0.011

RVEF

0.97 (0.93 – 1.00)

0.064

RVEF = right ventricular ejection fraction; LVEF = left ventricular ejection fraction; Q-fQRS = quantitative fragmented
QRS count.
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Relation of Q-fQRS with genotype
The Q-fQRS count did not significantly differ between presence or absence of specific pathogenic
variants in both definite ACM patients and pathogenic variant carriers (p=0.817, Figure 4). Age, sex,
symptoms and RVEF were significantly associated with SVA in genotype positive ACM patients without
prior SVA. However, Q-fQRS count was not related to the occurrence of SVA (HR 0.99 (0.96 – 1.03),
p=0.693, Table 4).

6
3
Figure 4. PKP2 = Plakophilin-2; DSG2 = Desmoglein-2; DSC2 = Desmocollin-2; PLN = Phospholamban; Polygenetic
= multiple pathogenic ACM-related variants, Unknown = no pathogenic variant identified using genetic screening.

Table 4. Univariable and multivariable analysis of SVA risk in genotype positive definite ACM patients without prior
SVA.
Univariable

Multivariable
Hazard Ratio (95% CI)

P Value

Age

0.99 (0.96 – 1.02)

0.591

Sex

2.32 (1.01 – 5.30)

0.046

Symptoms

3.03 (1.03 – 8.93)

0.044

PR interval

0.99 (0.98 – 1.01)

0.476

QRS duration

0.98 (0.95 – 1.01)

0.312

QTc interval

1.00 (0.99 – 1.01)

0.897

RVEF

0.93 (0.89 – 0.97)

0.002

LVEF

0.98 (0.93 – 1.03)

0.372

Total Q-fQRS

0.99 (0.96 – 1.03)

0.693

Hazard Ratio (95% CI)

P value

Age

0.96 (0.92 – 0.99)

0.044

Sex

3.71 (1.25 – 11.03)

0.018

Symptoms

4.93 (1.05 – 23.05)

0.042

RVEF

0.93 (0.88 – 0.98)

0.010

RVEF = right ventricular ejection fraction; LVEF = left ventricular ejection fraction; Q-fQRS = quantitative fragmented
QRS count..
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DISCUSSION
Fragmented QRS complexes are a surface ECG manifestation of prolonged activation pathways
and conduction slowing which give rise to activation delay [3, 5-7]. In ACM, local activation delay is
integrated in the diagnostic 2010 TFC by recording of late potentials, prolonged TAD, and epsilon waves
[2]. Although not used in the current TFC, fQRS is a comparable depolarization parameter. Qualitative
fQRS assessment is hampered by methodological drawbacks which give rise to poor reproducibility [10,
12]. To overcome these drawbacks and to avoid qualitative operator-dependent interpretation, several
adaptations in fQRS assessment have been proposed such as inclusion of morphologic criteria [12] and
automated quantification [20]. However, these modifications were not specifically proposed for ACM
cohorts.
Our study has several interesting findings. First of all, the new standardized quantitative method used
for Q-fQRS count appeared to be feasible with acceptable intra- and interobserver agreement. Second,
compared to a control group, we observed a significantly increased amount of total Q-fQRS count in
definite ACM patients without prior SVA. Third, both in symptomatic and asymptomatic pathogenic
variant carriers who did not fulfil the TFC for ACM diagnosis, a similar elevated total Q-fQRS count
was found. Even pathogenic variant carriers without any phenotypic signs of ACM showed significant
elevation of Q-fQRS compared to controls. Apparently and most important, increase of Q-fQRS occurs
early in the ACM disease process, suggesting its potential diagnostic value in the concealed stage.
Fourth, pathogenic variant carriers with progression to definite ACM during follow up, were associated
with a higher Q-fQRS at baseline. However, an association between total Q-fQRS and SVA was absent in
both definite ACM patients and pathogenic variant carriers.
Previous studies assessed fQRS in patients with ACM as a binary phenomenon, whereas in reality it is
more likely to resemble a spectrum of altered activation pathways and pro-arrhythmic substrates [8, 9].
Based on literature and current pathophysiological concepts of re-entry related ventricular arrhythmia,
one would expect the lowest Q-fQRS in asymptomatic pathogenic variant carriers and the highest
Q-fQRS count in ACM patients with a high SVA burden. Unfortunately, we were unable to study the
relation between scar burden and Q-fQRS because late gadolinium enhancement imaging with CMR
was not routinely performed for all ACM patients diagnosed between 1991 and 2012. Using the binary
qualitative analysis Peters et al. reported an fQRS incidence of 83%, whereas Canpolat et al. reported
fQRS in 59% of ACM patients [8, 9]. In our study, the Q-fQRS was comparable between ACM patients
with or without prior SVA, in line with observations of Peters et al [9]. Sub-analysis for ACM patients
with or without prior SVA was not performed in previous studies [8, 9]. In the present study, pathogenic
variants were identified in 77% of the definite ACM patients and pathogenic variants were labeled as a
major criterion according the 2010 TFC [2]. Thus, less phenotypic TFC were required for ACM diagnosis
fulfilment in our study compared to prior studies which did not report molecular-genetic data [8, 9].
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This is illustrated by the overall normal RVEF (mean RVEF value: 48%) of definite ACM patients in the
present study compared to the lower mean RVEF (39.5%) in the study of Canpolat et al.
The ECG settings in our study were chosen according to the current consensus in literature to use a low
pass filter of 150Hz [4]. Fast deﬂections in the QRS complex might be underestimated when using a
lower cutoff as low pass filter (<150 Hz), as subtle fragmentations in the QRS complex are not identified.
Previous studies used different low pass filter settings (40-50Hz) that most likely have inﬂuenced fQRS
detection [8, 9]. In previous studies, use of AAD was not reported [9] or ECGs were recorded while a
substantial number of patients were on either amiodarone (19%) or sotalol (14%) [8]. The effect of
AAD on QRS fragmentation is not well known, but due to decreasing myocardial conduction velocity
the amount of Q-fQRS might further increase. To deal with this potential effect, ECGs of patients on
AAD during ECG acquisition were excluded in the present study. Although our quantification method
of fragmented QRS complexes is feasible with acceptable intra- and interobserver agreement, future
studies using this method are needed to confirm reproducibility. In addition, future studies in ACM
patients should focus on the development of automated fQRS quantification software to further
improve user-independency, similar as already reported for other patient categories [20].
Interestingly, Q-fQRS was similar in ACM patients and asymptomatic pathogenic variant carriers without
ACM fulfilment and significantly lower in control subjects. This indicates that Q-fQRS is an early sign of
disease penetrance due to electrical dyssynchrony or alteration of activation pathways. These findings
are in line with earlier observations of electrical changes of the myocardium preceding structural
changes in patients with ACM and carriers of ACM-associated pathogenic variants [21, 22]. Moreover,
monitoring of Q-fQRS might be a promising, low-cost and non-invasive marker to aid early detection of
disease progression in carriers of pathogenic ACM-associated variants.
The population characteristics of the subgroups were not balanced due to the retrospective nature
of this study, which compromises the generalizability of the results. A limitation that may affect
interpretation of our results is the age difference between the groups of definite ACM patients,
pathogenic variant carriers and controls. The significantly younger pathogenic variant carrying group
had a similar total Q-fQRS count compared to the definite ACM group. However, the age difference
between the pathogenic variant carriers group and the control group did not inﬂuence total Q-fQRS
when applying a multivariable linear regression model, showing a very poor and insignificant relation
between age and fQRS (p=0.903). Furthermore, performing age-sex matching between pathogenic
variant carriers and controls did not change our findings, see supplementary Figure 6. The absence of
a relation between Q-fQRS and SVA in our study may be explained by adrenergic mediated triggering
of SVA besides scar related re-entry as the mechanism of SVA in ACM [23, 24]. Furthermore, changes
in clinical heart failure management, arrhythmia management, and genetic family screening protocols
could have affected SVA incidence during the long-lasting inclusion period. No correction for treatment
effects of drug therapy for heart failure, AAD therapy or VT ablation after study inclusion was applied.
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Appropriate ICD therapy episodes were included as SVA episodes, although some episodes might have
been terminated spontaneously without requiring ICD therapy. Furthermore, ICD algorithms improved
during the inclusion period, which could have lowered ICD therapy incidence compared to previous
studies.

CONCLUSIONS
Both definite ACM patients and pathogenic variant carriers not fulfilling ACM diagnosis have a higher
Q-fQRS than control subjects. This may indicate that increased Q-fQRS is an early sign of disease
penetrance, suggesting its potential role in diagnosis of early stage ACM. In concealed and early stages
of ACM the role of Q-fQRS in risk stratification is limited.
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SUPPLEMENTARY MATERIAL.
Supplementary Table 1. Correction using multivariate linear regression for age difference between groups.
Unstandardized B

Coeﬃcients
Std. Error

Standardized
Coeﬃcients Beta

t

P value

Age

0.007

0.60

0.007

0.123

0.903

ACM without prior SVA

17.588

2.507

0.519

7.014

<0.001

ACM with prior SVA

22.377

2.717

0.574

8.235

<0.001

Pathogenic variant carriers

20.064

2.830

0.451

7.091

<0.001

ACM = arrhythmogenic cardiomyopathy; Q-fQRS = mean quantitative fragmented QRS count.
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Supplementary Figure 1. Correlation between Terminal Activation Duration and Q-fQRS.
Q-fQRS = mean quantitative fragmented QRS count.
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Supplementary figure 2. Q-fQRS count according to Phenotype.
ACM = arrhythmogenic cardiomyopathy; Q-fQRS = mean quantitative fragmented QRS count. Differences in Q-fQRS:
ACM patients without prior SVA vs. ACM patients with previous SVA p=0.081, ACM patients with prior SVA vs.
pathogenic variant carriers p=0.883, pathogenic variant carriers vs. controls p=0.0001, ACM patients without prior
SVA vs. pathogenic variant carriers p=0.64, ACM patients with prior SVA vs. controls p=0.0001, ACM patients without
prior SVA vs. controls p=0.0001.

Supplementary Figure 3. Receiver operating characteristics (ROC) curve Q-fQRS.
Receiver operator characteristics (ROC) curve for Q-fQRS as predictor of definite ACM diagnosis.
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Supplementary Figure 4. Differences between Q-fQRS per Phenotype and ECG leads.
ACM = arrhythmogenic cardiomyopathy; SVA = sustained ventricular arrhythmia; Q-fQRS = mean quantitative
fragmented QRS count. * significant difference between groups.
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Supplementary Figure 5. Boxplots of Q-fQRS after age and sex matching betweem pathogenic variant carriers and
control subjects.
Q-fQRS = mean quantitative fragmented QRS count.
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Supplementary Figure 6. Correlation age and Q-fQRS according to phenotype.
Q-fQRS = mean quantitative fragmented QRS count; ACM without prior SVA = R² Linear: < 0.001, p = 0.851; ACM
with prior SVA: R² Linear = 0.004, p = 0.599; Pathogenic Variant Carriers: R² Linear = 0.024, p = 0.254; Controls: R²
Linear = 0.004, p = 0.628.
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ABSTRACT
Introduction: Longitudinal monitoring of sometimes subtle waveform changes of the 12-lead
electrocardiogram (ECG) is complicated by patient-specific and technical factors, such as the inaccuracy
of electrode repositioning. This feasibility study uses a 3D camera to reduce electrode repositioning
errors, reduce ECG waveform variability and enable detailed longitudinal ECG monitoring.
Methods: Per subject, three clinical ECGs were obtained during routine clinical follow-up. Additionally,
two ECGs were recorded guided by two 3D cameras, which were used to capture the precordial electrode
locations and direct electrode repositioning. ECG waveforms and parameters were quantitatively
compared between 3D camera guided ECGs and clinical ECGs. Euclidian distances between original and
repositioned precordial electrodes from 3D guided ECGs were measured.
Results: Twenty subjects (mean age 65.1 ± 8.2 years, 35% females) were included. The ECG waveform
variation between routine ECGs was significantly higher compared to 3D guided ECGs, for both the QRS
complex (correlation coeﬃcient = 0.90 vs 0.98, p<0.001) and the STT segment (correlation coeﬃcient
= 0.88 vs. 0.96, p<0.001). QTc interval variation was reduced for 3D camera guided ECGs compared to
routine clinical ECGs (5.6 ms vs. 9.6 ms, p=0.030). The median distance between 3D guided repositioned
electrodes was 10.0 [6.4–15.2] mm, and did differ between males and females (p=0.076).
Conclusions: 3D guided repositioning of precordial electrodes resulted in, a low repositioning error,
higher agreement between waveforms of consecutive ECGs and a reduction of QTc variation. These
findings suggest that longitudinal monitoring of disease progression using 12-lead ECG waveforms is
feasible in clinical practice.
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INTRODUCTION
The standard 12-lead electrocardiogram (ECG) is one of the fundamental diagnostic tools in clinical
medicine. [1] The ECG visualizes the electrical activity of the heart by recording body surface potentials
using electrodes positioned on the thorax of the patient. These electrode positions are standardized
and based on anatomical landmarks. [2] In routine clinical practice, the ECG is used to diagnose both
acute cardiac diseases such as acute coronary syndrome, and for longitudinal monitoring of cardiac
diseases such as progression of cardiomyopathy.
During longitudinal follow-up, monitoring of sometimes subtle waveform changes by consecutive ECG
recordings is complicated by patient specific factors and technical errors, thereby compromising dayto-day comparison of ECG waveforms (Figure 1). [3, 4] ECG waveforms are inﬂuenced by heart rhythm,
heart rate, cardiac anatomy, ventricular wall thickness, cardiac electrophysiology and cardiovascular
disease. [5] Other factors vary only limited over time but may also inﬂuence ECG waveforms such as the
orientation of the heart in the thorax and the shape of the thorax. [6-8] Furthermore, electrode (mis)
placement is a major technical error source when recording ECGs in clinical practice. [9] Although minor
shifts in precordial electrode positions up to 10 mm have a mild inﬂuence, shifts of >20 mm significantly
affect the ECG waveform morphology possibly resulting in misdiagnosis. [10-12] Variability in electrode
positioning between consecutive ECG measurements is common and limits the applicability of the ECG
during longitudinal monitoring of cardiovascular disease over time. [10, 13, 14] Therefore, achieving
identical electrode positions during longitudinal follow-up measurements is likely to enhance the
diagnostic value of long-term ECG monitoring.
For this purpose, a 3D camera application was developed to capture the position of precordial ECG
electrodes and to allow for accurate electrode repositioning for consecutive 12-lead ECG recordings
[15-17]. In this feasibility study the 3D camera algorithm was tested in a clinical setting. The accuracy
of 3D camera guided electrode repositioning was assessed, and the variation in the ECG waveforms
and parameters were compared between routine clinical practice and 3D camera guided electrode
repositioning.
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Figure 1. Effect of electrode position variation on ECG waveforms.
Using simultaneous recordings of a 64-lead body surface potential map, the effect of electrode positioning of QRS
and STT segment waveforms can be observed. Precordial leads were measured 4 cm upward (blue) or downward
(red) referenced to the standard 12-lead electrode positioning (black). Limb leads were not displayed. The body
surface potential map is a simultaneous measurement and thus the displayed beats were recorded simultaneously.

MATERIAL AND METHODS
Patient population
Patients referred for routine clinical follow-up after a recent ablation procedure for paroxysmal or
permanent atrial fibrillation (AF) or atrial ﬂutter were enrolled in this study. Each subject underwent
standard clinical follow-up after the ablation procedure and additionally two consecutive 3D camera
guided ECG measurements were performed. The workﬂow of the study is described in Figure 2.
The study protocol was approved by the local institutional review board (UMC Utrecht, Utrecht, the
Netherlands, protocol nr.19/065). The study was conducted according to the declaration of Helsinki and
all subjects gave informed consent.
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Figure 2. Study workﬂow
Workﬂow of the study. Panel A shows the routine follow-up and moments of ECG acquisition. Panel B depicts the ECG
waveform comparisons between routine ECGs and 3D camera assisted ECGs using Pearson correlation coeﬃcient
and the root mean square. Panel C shows the comparison of two 3D photos with electrode positions form which
the coordinates of the electrodes were compared. The 3D camera views, markers and electrode positions are shown
in Panel D. The anterior view captures both anatomical makers and predominantly leads V1-4 and a lateral view
captures leads V5-6. Panel E. shows an overview of the two 3D cameras positioned on the camera arm.

Data acquisition
For each subject, five ECGs were obtained (Figure 2): three routine clinical ECGs (GE Healthcare,
MAC5500, Chicago, Illinois, USA, 0.67 Hz high-pass filter, 50 Hz notch filter, 150 Hz low pass filter,
500Hz sampling frequency) with electrodes positioned according to routine clinical practice and two
3D camera guided ECGs (Mortara WAM, Welch Allyn, Skaneateles Falls, NY, USA, 0.05 Hz high-pass
filter, 50 Hz notch filter, 150 Hz low pass filter 1000Hz sampling frequency). The technicians recording
the routine clinical ECGs were blinded to whether subjects participated in this study. Subjects with
persistent AF at the moment of ECG recording were excluded from the analysis as this may affect QRS
complex and STT segment waveform morphology (Figure 3). ECGs were recorded without cessation
of or changes in antiarrhythmic drug therapy. The raw data were extracted from the data acquisition
module and the median beat incorporated in this data was used for analysis.
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Figure 3. Flowchart with included and excluded patients.
Flowchart showing the patients suitable for recruiting and the number of patients that were included in the final
analysis.

3D camera ECGs
During the first study visit, a manubrium marker was placed on the thorax surface directly below the
jugular notch and a xiphoid marker was placed directly below the xiphoid process (Figure 2). Ten ECG
electrodes were positioned according routine clinical care using the ACC/HRS recommendations. [2]
Precordial electrode positions were captured using two 3D cameras (Intel Real Sense D435) through
a dedicated 3D camera software tool (QRS-VISION, PEACS BV, version 2). [2, 15, 16] The 3D cameras
were mounted on a custom-made frame that was attached to the examination table to ensure a stable
camera position. A standard 12-lead ECG recording was obtained (Figure 2). Limb electrodes were
positioned at both wrists and the left leg, according to clinical standard practice. During oﬄine analysis,
captured 3D photos were fitted to a standard thoracic model and the precordial electrode positions
were segmented based on both 3D photos (anterior and lateral, Figure 2). Precordial electrode locations
were exported as six 3D vertices.
During the second study visit, the manubrium and xiphoid marker were repositioned as during the first
visit. After capturing these anatomical markers and the thorax using 3D photos, the standard thoracic
model was fitted to the 3D photos. Thereafter, precordial electrode positions from the first visit were
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projected onto the live 3D image stream on a tablet located above the patient (Figure 2, panel E). Next,
the ECG electrodes were repositioned based on this live visualization and a second standard 12-lead
ECG (Mortara) was obtained.

Routine practice ECGs
Prior to ablation, two 12-lead ECGs (GE) were obtained per subject according to routine clinical practice.
The ECG electrodes were positioned by the ECG technician without the use of the 3D camera. After the
second study visit, a third 12-lead ECG was obtained, also according to routine clinical practice.

Oﬄine ECG analysis
For each subject, raw ECG data were exported from the ECG machines. From the raw data, the median
beat computed by the ECG machines was used for analysis. Furthermore, ECG annotations of P wave
onset, P wave end, QRS onset, QRS end, T-wave onset and T-wave end annotated by the automated
ECG machine system were used. Thereof, RR interval, PR interval, P wave duration, QRS duration and QT
interval were computed and used for analysis of ECG characteristics. The QT interval was then corrected
(QTc) using the Bazett ’s formula.

Comparison of ECG waveforms
Two ECG waveform comparisons were performed: (1) between routine 12-lead ECGs performed at the
outpatient clinic before and after ablation, and (2) the ECGs with electrode positons recorded by the
3D camera during the first and second visit (Figure 2, Panel B). To enable ECG waveform comparison,
consecutive waveforms were aligned on the onset of the QRS complex. To allow for quantitative
STT segment comparison and to enable waveform morphology comparison, the STT segments were
normalized in time. The Tpeak was determined from a method proposed by van Oosterom [18], based on
the dominant T-wave signal represented by the root mean square of the STT segment of the ECG signals
(Figure 4). Median beats were automatically aligned by minimizing the relative difference between the
QRS complexes, where after STT segments were normalized.

Comparison of electrode positions using the 3D Camera
Median electrode positioning error between the first and second 3D camera guided ECGs was
determined. Euclidian distances between precordial electrodes were measured using the electrode
segmentations of the first and second 3D guided ECG (Figure 2, Panel C).

Statistical analysis
Data were presented as mean ± standard deviation (SD) or median and interquartile range (IQR) as
appropriate. Categorical variables were presented as numbers with percentages. Differences between
electrode locations and ECG parameters were compared using a Student t-test, One-way ANOVA,
Mann-Whitney U test, Kruskall Wallis test with Tukey or Dunn’s correction for multiple comparisons
as appropriate. For all subjects, the variation in QTc intervals of ECGs guided by the 3D camera (two
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QTc measurements per subject) and routine clinical ECGs (three QTc measurements per subject) was
approximated by the variance of QTc values for each single subject over multiple measurements. The
standard deviation for both sets of QTc measurements was calculated for all patients and compared
between 3D guided ECGs and routine clinical ECGs using the Student t-test. A lower averaged standard
deviation was expected when the 3D camera ECGs resulted in more consistent QTc measurements. ECG
waveform morphologies were compared using Pearson’s correlation coeﬃcient (CC) and root mean
square error (RMSE). Analysis was performed using GraphPad Prism (v8.3.0, La Jolla, California, USA)
and R (v3.5.1, Foundation for Statistical Computing, Vienna, Austria). Two-tailed p-values of ≤0.05 were
considered statistically significant.

Figure 4. Alignment of ECGs
The alignment of median beats of two subsequently recorded ECGs using the RMSE signal of both QRS aligned
(dotted line) waveforms. The STT segment of both signals are normalized, thereby enabling waveform comparison.

RESULTS
Population
Twenty subjects (mean 65.1 ± 8.2 years old, 35% females) were included in the study (Table 1). The
majority (n=18, 90%) of subjects were in sinus rhythm at the moment of ECG recording, one (5%) had
atrial pacing and one (5%) had ventricular pacing. Two patients were excluded from electrode positioning
analysis because of software failure (Figure 3). Furthermore, due to the COVID-19 pandemic, 3D camera
measurements were obtained within different time intervals, with a median of 16 [15 – 67] days.
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Table 1. Population characteristics
Avg ± SD or N (%)
Age (years)

65.1 ± 8.2

Female

7/20 (35%)

Length (cm)

178.6 ± 8.8

Weight (kg)

85.6 ± 10.3

BSA (m2)

2.05 ± 0.2

BMI (kg/m )

26.9 ± 3.7

2

Rhythm baseline
Sinus rhythm

18 (90)

Atrial pacing

2 (10)

Ablation procedure indication
Atrial Fibrillation

19 (95)

Atrial Flutter

4 (20)

Comorbidity
CHA2DS2 - VASc score

1.6 ± 1.3

Sick Sinus Syndrome

3 (15)

Hypertension

7 (35)

Diabetes Mellitus

0 (0)

Hypercholesterolemia

3 (15)

Coronary Artery Disease

4 (20)

LVEF (%)

54.9 ± 7.5

Medication
Betablocker

6 (30)

Flecainide

10 (50)

Sotalol

5 (25)

Calcium antagonist

5 (20)

Amiodaron

0 (0)

Baseline characteristics of all subjects included in the study.
Abbreviations: BMI = body mass index; BSA = body surface area; LVEF = left ventricular ejection fraction.

Comparison of ECG parameters
The comparison of ECG parameters is shown in Table 2. The RR intervals were significantly different
when comparing 3D camera guided ECGs and routine clinical ECGs (p=0.020). Median values for QRS
duration and QT interval did not differ significantly. Also, the median value for the QTc interval did not
significantly differ between 3D camera ECGs and routine ECGs. The consistency of ECG parameters
during consecutive recordings in a single subject was evaluated by comparing the variation in standard
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deviation of the QTc intervals. A significantly smaller variation in QTc interval measurements was found
within subjects comparing 3D guided to routine clinical ECGs (5.6 ms vs. 9.6 ms, p=0.030, Figure 5A).

Figure 5. QTc interval and ECG waveform comparison
Panel A shows the measurement error within subjects for the QTc interval, stratified between 3D camera guided
ECGs and routine clinical ECGs. Panel B shows the correlation coeﬃcients between 3D camera guided ECGs (blue)
and Panel C shows the correlation coeﬃcients between routine clinical ECGs (red), stratified for the QRS complex and
the STT segment. Panel D compares the correlation coeﬃcients between 3D camera guided ECGs and routine clinical
ECGs, stratified for the QRS complex (p<0.001) and the STT segment (p<0.001).
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Table 2. Comparison of ECG parameters
3D vs 3D ECGs

Routine vs Routine ECGs

P-value

RR interval (ms)

914 [779 - 1045]

839 [740 - 1000]

0.020

PR interval (ms)

169 [80 – 281]

156 [72 – 272]

0.458

P-wave duration

113 [97 – 123]

108 [64 – 172]

0.117

QRS duration (ms)

100 [92 - 108]

94 [88 - 100]

0.995

QT interval (ms)

403 [371 - 428]

404 [378 - 422]

0.999

QTc (ms, *)

401 [389 - 435]

429 [409 - 467]

0.450

Comparison of ECG parameters between ECGs performed with either assistance of the 3D camera or ECG performed
during routine clinical practice. * = ECG machine vendor derived QT interval correction for the RR interval using
Bazett correction, ms = milliseconds.

Comparison of electrode positions
The median distance between 3D camera guided repositioned electrodes was 10.0 [6.4 – 15.2] mm
with the highest variation in V4 (Figure 6 and Table 4). There was no significant difference between
specific precordial electrode positions (p=0.751). No significant difference between males and females
(10.2 [7.5 – 16.9] vs. 8.7 [5.5 – 11.3], p=0.076) was observed. One subject was excluded from this
analysis due to oﬄine software malfunctioning and one was excluded due to subject mix-up.

Comparison of ECG waveforms
The overall CC and RMSE for QRS complexes and the STT segments were significantly lower for the 3D
camera guided ECGs compared to routine ECGs (average, median, interquartile range and full ranges
are reported in Table 3 and Figure 5 Panel B-D). QRS waveforms of repeated 3D camera guided ECGs
had an average CC of 0.98, with a range between -0.28 to 1.00. The QRS complexes of repeated ECGs
derived from routine clinical practice had an average CC of 0.90 with a broader range between -0.75
to 1.00. The sensitivity of ECG signals to electrode misplacement, was shown in several cases. For
example, in patient 11 the V4 electrode was misplaced by 11.4 mm, as determined by the 3D camera
images, which resulted in a CC between repeated ECG waveforms of -0.28. The STT segments of 3D
camera guided ECGs had an average CC of 0.96, ranging between 0.43 to 1.00, while the STT segments
of routine clinical practice ECGs had an average CC of 0.88, with a broader range between-0.66 to 1.00.
The variation in QRS waveforms and STT segments was significantly higher between repeated routine
clinical ECGs compared to repeated 3D camera guided ECGs (p<0.001 for QRS complexes and p<0.001
for STT segments).
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V1-6

V6

V5

V4

V3

V2

V1

V1-6

V6

V5

V4

V3

V2

V1

0.99 [0.97 – 0.99]
(0.98, 0.93 – 1.00)
0.99 [0.97 – 1.00]
(0.99, 0.91 – 1.00)
0.99 [0.98 – 1.00]
(0.99, 0.96 – 1.00)
1.00 [0.98 – 1.00]
(0.93, -0.28 –1.00)
1.00 [1.00 – 1.00]
(0.99, 0.94 – 1.00)
1.00 [0.99 – 1.00]
(0.96, 0.97 – 1.00)
0.99 [0.98 – 1.00]
(0.98,-0.28 – 1.00)

QRS complex
5 [3 – 29]
(20, 2 – 81)
9 [5 – 51]
(37, 3 – 241)
12 [5 – 44]
(28, 3 – 122)
15 [6 – 31]
(34, 2 – 211)
15 [3.9 – 44.6]
(29, 2 – 164)
9.7 [3.5 – 38.3]
(20, 2 – 72)
11 [4 – 39]
(38, 2- 241)

0.07 [0.03 – 0.17]
(0.10, 0.01 – 0.35)
0.10 [0.06 – 0.32]
(0.18, 0.01 – 0.57)
0.13 [0.06 – 0.41]
(0.21, 0.01 – 0.69)
0.16 [0.06 – 0.31]
(0.21, 0.01 – 0.59)
0.11 [0.04 – 0.29]
(0.20, 0.02 – 0.65)
0.09 [0.03 – 0.24]
(0.14, 0.01 – 0.42)
0.11 [0.03 – 0.27]
(0.17, 0.01 – 0.65)

RMSE [mV]

3D vs 3D ECGs

0.65 [0.11 – 0.90]
(0.51, -0.80 – 0.99)
0.60 [0.11 – 0.90]
(0.47, -0.78 – 0.99)
0.69 [0.16 – 0.91]
(0.54, -0.61 – 0.99)
0.63 [0.15 – 0.91]
(0.52, -0.66 –0.99)
0.59 [-0.02 – 0.86]
(0.45, -0.46 – 0.99)
0.59 [0.09 – 0.93]
(0.47, -0.61 – 0.98)
0.62 [0.26 – 0.90]
(0.50,-0.80 – 0.99)

P-wave

CC

Table 3. Waveform comparison

0.98 [0.91 – 0.99]
(0.87, -0.75 – 1.0)
0.97 [0.93 – 0.99]
(0.95, 0.78 – 1.0)
0.98 [0.88 – 0.99]
(0.81, -0.77 – 1.0)
0.99 [0.96 – 1.00]
(0.91, -0.34 – 1.0)
0.99 [0.95 – 1.00]
(0.94, 0.47 – 1.0)
0.99 [0.97 – 1.00]
(0.94, 0.23 – 1.0)
0.98 [0.94 – 1.00]
(0.90, -0.75 – 1.0)

0.50 [0.01 – 0.88]
(0.87, -0.75 – 1.0)
0.52 [0.08 – 0.85]
(0.95, 0.78 – 1.0)
0.54 [-0.04– 0.83]
(0.81, -0.77 – 1.0)
0.61 [-0.08– 0.88]
(0.91, -0.34 – 1.0)
0.58 [-0.09– 0.86]
(0.94, 0.47 – 1.0)
0.60 [-0.13– 0.85]
(0.94, 0.23 – 1.0)
0.56 [-0.05– 0.86]
(0.41, -0.92 – 1.0)

CC

14 [7 – 64]
(51, 1 – 438)
23 [10 – 88]
(63, 1 – 308)
27 [13 – 79]
(80, 3 – 461)
22 [12 – 45]
(54, 2 – 384)
19 [10 – 60]
(61, 2 – 454)
17 [9 – 60]
(45, 2 – 248)
21 [10 - 64]
(60, 1 – 461)

0.08 [0.03 – 0.13]
(0.11, 0.01– 0.52)
0.15 [0.04 – 0.25]
(0.18, 0.01– 0.83)
0.19 [0.06 – 0.27]
(0.21, 0.01– 0.74)
0.16 [0.06 – 0.26]
(0.20, 0.01– 0.84)
0.16 [0.06 – 0.22]
(0.17, 0.01 –0.95)
0.09 [0.04 – 0.15]
(0.11, 0.01– 0.61)
0.13 [0.04 – 0.22]
(0.16, 0.01– 0.95)

RMSE [mV]

Routine vs Routine ECGs

<0.001

0.004

<0.001

0.424

0.025

0.583

0.685

0.208

0.430

0.762

0.318

0.106

0.503

0.361

P value

CC 3D camera vs.
Routine ECGs

<0.001

0.085

0.710

>0.999

0.173

0.643

0.120

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

P value

RMSE for 3D camera
vs. Routine ECGs
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0.98 [0.93 – 0.99]
(0.95, 0.55 – 1.00)
0.98 [0.98 – 0.99]
(0.99, 0.95 – 1.00)
0.98 [0.98 – 0.99]
(0.98, 0.96 – 1.00)
0.99 [0.96 – 0.99]
(0.98, 0.92 – 1.00)
0.98 [0.88 – 0.99]
(0.93, 0.47 – 1.00)
0.98 [0.93 – 0.99]
(0.96, 0.72 – 1.00)
0.98 [0.96 – 0.99]
(0.96, 0.43 – 1.00)

2 [1 – 36]
(15, 1 – 60)
3 [4 – 56]
(27, 2 – 112)
5 [3 – 56]
(27, 1 – 94)
5 [2 – 57]
(25, 1 – 106)
4 [1 – 37]
(23, 1 – 99)
2 [1.2 – 31]
(16, 1 – 68)
4 [2 – 45]
(22, 1 – 112)

0.97 [0.87 – 0.99]
(0.89, -0.19 – 1.0)
0.98 [0.95 – 0.99]
(0.93, -0.15 – 1.0)
0.97 [0.95 – 0.99]
(0.95, 0.53 – 1.0)
0.96 [0.92 – 0.98]
(0.91, 0.20 – 1.0)
0.94 [0.82 – 0.97]
(0.76, -0.66 – 1.0)
0.95 [0.86 – 0.97]
(0.86,-0.13 – 0.99)
0.96 [0.91 – 0.98]
(0.88, -0.66 – 100)

5 [3 – 39]
(31, 1 – 222)
10 [4 – 75]
(40, 2 – 226)
9 [4 – 81]
(41, 1 – 151)
11 [4 – 54]
(36, 1 – 182)
11 [4 – 57]
(32, 1 – 160)
7 [3 – 35]
(20, 1 – 90)
9 [3 – 55]
(33, 1 – 226)
0.659
0.680
>0.999
>0.999
>0.999
>0.999
0.001

0.700
0.234
0.107
0.009
0.009
0.002
<0.001

The correlation and root mean square of ECG waveforms. For the P-wave, QRS complex and STT segment, stratified for the precordial leads and an overall comparison which
included leads V1-6. Values are displayed as median and [interquartile range], and (mean, full range). Abbreviations: CC = correlation coeﬃcient, RMSE = root mean square
error, ECG = electrocardiogram, 3D = three-dimensional.

V1-6

V6

V5

V4

V3

V2

V1
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Figure 6. Distances between 3D Camera guided Repositioned Electrodes
Distances between the electrode position coordinates of 3D camera guided ECGs, stratified for the specific
precordial leads and for all the overall distance between electrodes. Values are displayed as median (line in box) and
interquartile range (error bars).

Table 4. Differences for repositioned precordial leads electrode positions guided by the 3D camera
Leads

Median distance (mm)

V1

9.3 [7.3 – 13.3]

V2

8.1 [3.7 – 13.6]

V3

10.1 [5.8 – 12.9]

V4

11.0 [7.3 – 20.2]

V5

10.1 [5.6 – 13.7]

V6

9.6 [8.2 – 17.6]

Overall (V1-6)

10.0 [6.4 – 15.2]

Overall males

10.2 [7.5 – 16.9]

Overall females

8.7 [5.5 – 11.3]

Overall sinus rhythm

10.1 [6.4 – 16.5]

Overall paced rhythms

8.6 [5.9 – 11.4]

Differences in millimeters (mm) between the electrode position coordinates from the 3D camera guided ECGs.
Values are displayed as median and interquartile range.

DISCUSSION
The main findings of this study are: (1) 3D camera guided electrode (re)positioning is feasible, (2) the
correlation between consecutive 3D camera guided ECGs was significantly higher (on average 8%)
compared to consecutive ECGs performed during routine clinical practice, (3) the variation in QTc interval
values was significantly smaller for 3D guided ECGs compared to routine clinical ECGs, and (4) median
distances between 3D camera guided repositioned electrodes were well below the clinically accepted
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deviation (20 mm) for electrode repositioning [10, 19, 20]. These findings suggest that implementation
of the described 3D camera algorithm may increase the diagnostic value of longitudinal monitoring of
(subtle) ECG changes during clinical follow-up.

Agreement between ECG waveforms
The variation in ECG waveforms of both the QRS complex and the STT segment was significantly higher
in ECGs performed during routine clinical practice compared to 3D camera guided ECGs (Table 3, Figure
5D). Errors in positioning of the electrodes most likely have contributed to this difference as the interval
between ECG measurements was rather short (median 16 days) and were not inﬂuenced by changes
in drug therapy. This was also supported by the finding that rather small electrode repositioning errors,
as determined by the 3D camera, already resulted in a significant low correlation value (-0.27 in patient
11) when comparing ECG waveforms. Furthermore, comparison of P wave morphology showed no
significant difference in variation between 3D camera guided ECGs and routine clinical practice, which
may be explained by rather small P wave signals in the precordial leads. Reducing errors in electrode
repositioning is relevant because the treating physician needs to assess whether observed variations
in ECG waveforms are due to newly developed cardiovascular disease, progression of cardiomyopathy,
variations in cardiovascular physiological status or simply an effect of electrode (mis)placement. The
implementation of the 3D camera to reduce errors in electrode positioning may enable this longitudinal
monitoring of changes in ECG waveforms.

Accuracy of repositioned electrodes
To the best of our knowledge, this is the first study evaluating 3D camera guided 12-lead electrode
(re)positioning. [19] Based on prior studies evaluating electrode positions using a panel of clinical
experts, electrode shifts up to 20 mm were shown to produce clinically acceptable changes in ECG
waveforms. Also, positioning of the lateral leads (V5-6) and positioning of precordial leads in female
subjects was less accurate. [19] Earlier studies showed misplacement of electrode positions V2 and V3
had the largest effect on ECG waveforms. [10, 20] In the present study, when using 3D camera guided
electrode repositioning, a median distance of 10.0 mm was observed for all precordial leads which is
favorable when performing longitudinal ECG monitoring of patients. The largest median distance in
electrode repositioning was found in lead V4, this might be due to the location as the electrode was not
positioned in full frontal view of both camera’s and the image may be slightly distorted. Importantly,
no significant differences in electrode distances were observed between sexes or specific leads thereby
resulting in a more appropriate screening method.

Clinical applications of the 3D camera method
Prior studies that evaluated the repositioning of electrodes during consecutive measurements lacked
an objective reference for comparison of electrode replacement. [19] Our study provided a clinical
reference standard for comparison of electrode positions using acquired 3D images. Furthermore, the
variation in ECG waveforms and ECG parameters of the 3D guided ECGs was remarkably small during
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serial measurements, even for serial QTc measurements within a single patient. 3D camera guided
repositioning of electrodes may prove valuable when monitoring QTc interval variability in patients
participating in a (pre-)clinical drug trials, during longitudinal monitoring of patients with cardiovascular
disease or individuals with a presumed increased risk of developing cardiovascular disease. Furthermore,
this technique may enable patients to reproduce electrode positions during ECG home monitoring
using portable monitoring devices with a camera application.

Challenges for clinical implementation
Nowadays, the 12-lead ECG is a quickly and easily available diagnostic tool during acute situations like
acute myocardial infarction or cardiac arrhythmias. This important character of the technique needs to
be preserved, however aiding longitudinal monitoring using ECG waveforms requires further reduction
in technical errors. To improve the accuracy of electrode positioning, the use of patches with multiple
integrated electrodes has been proposed. For example, a new electrode design with pre-positioned
electrodes and pre-connected wires, was recently validated and showed reproducible ECGs. However,
also in this study the differences in thorax shape remained a challenge. [21] The technique to (re)
position electrodes presented in our study still requires anatomical landmarks during ECG acquisition,
but the results of the present study show that repositioning of electrodes during follow-up is feasible
and is less susceptible to differences in thorax shape.
The current study was performed in supine resting-position. Therefore, differences in body position on
the performance of the 3D algorithm when utilized at the intensive care unit or coronary care unit were
not accounted for in this study and must be assessed in subsequent studies. [22]

Limitations
The small sample size, due to the COVID-pandemic, may inﬂuence the generalizability of the results.
The electrode positions of the limb leads were not captured by the 3D camera, however, shifts of limb
lead electrodes have shown to have less inﬂuence on the precordial ECG waveforms. [10, 20] Of note,
the limb lead electrodes were positioned on the shoulders for the first series of 10 patients whereas the
last series of 10 patients had their limb lead electrodes positioned on the ankle and wrist. We included
ECGs performed with ECG machines from two different ECG machine vendors with different sampling
frequencies, which may have inﬂuenced the results of the study due to hardware and automated analysis
differences in for example QRS onset detection. However, clinical difference in absolute values for QRS
duration and QTc interval calculation remain small between vendor’s algorithms. [23] Furthermore, the
effects of variability in heart rate on QRS complex waveforms is yet unknown. Although variability in
heart rate may affect QRS duration, a correction for heart rate on QRS duration was not performed, in
line with standard clinical practice. [24]
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CONCLUSION
The 3D camera guided precordial electrode repositioning proved to be clinical feasible. Repositioning of
electrodes guided by the 3D camera significantly reduced the variation of ECG waveforms and derived
parameters such as the QTc interval, compared to routine clinical ECGs. The use of the 3D camera thus
enables the longitudinal monitoring of the ECG waveforms, which may increase the diagnostic value
of the ECG for patients with progressive cardiovascular disease or those individuals who are at risk of
developing cardiovascular disease.
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ABSTRACT
Aims: In arrhythmogenic cardiomyopathy (ACM), sustained ventricular tachycardia (VT) typically displays
a left bundle branch block (LBBB) morphology while a right bundle branch block (RBBB) morphology is
rare. The present study assesses the VT morphology in ACM patients with sustained VT and their clinical
and genetic characteristics.
Methods: Twenty-six centres from 11 European countries provided information on 954 ACM patients
who had >1 episode of sustained VT spontaneously documented during patients' clinical course. ACM
was defined according to the 2010 Task Force criteria, and VT morphology according to the QRS pattern
in V1.
Results: Overall, 882 (92.5%) patients displayed LBBB-VT alone and 72 (7.5%) RBBB-VT [alone in 42
(4.4%) or in combination with LBBB-VT in 30 (3.1%)]. Male-sex prevalence was 79.3%, 88.1% and 56.7%
in the LBBB-VT, RBBB-VT and LBBB+RBBB-VT groups, respectively (P=0.007). First RBBB-VT occurred
5 years after the first LBBB-VT (46.5+14.4 vs. 41.1+15.8 years, P=0.011). An ICD was more frequently
implanted in the RBBB-VT (92.9%) and the LBBB+RBBB-VT groups (90%) than in the LBBB-VT group
(68.1%) (P<0.001). Mutations in PKP2 predominated in the LBBB-VT (65.2%) and the LBBB+RBBB-VT
(41.7%) groups while DSP mutations predominated in the RBBB-VT group (45.5%). By multivariable
analysis, female-sex was associated with LBBB+RBBB-VT (P=0.011) while DSP mutations were associated
with RBBB-VT (P<0.001). After a median follow-up of 103 (51-185) months, death occurred in 106
(11.1%) patients with no intergroup difference (P=0.176).
Conclusion: RBBB-VT accounts for a significant proportion of sustained VTs in ACM. Sex and type of
pathogenic mutations were associated with VT type, female sex with LBBB+RBBB-VT and DSP mutation
with RBBB-VT.
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INTRODUCTION
Four decades ago, Marcus, Fontaine and coworkers described a pathologic condition in which
sustained ventricular tachycardia (VT) of left bundle branch block (LBBB) morphology was associated
with fibro-fatty replacement of the right ventricular (RV) musculature and named it “arrhythmogenic
RV dysplasia”.(1) The same disease was later considered to be a cardiomyopathy and also referred
to as “arrhythmogenic RV cardiomyopathy” (ARVC). Frequent left ventricular (LV) involvement was
demonstrated in ARVC that led to use the broader term of arrhythmogenic cardiomyopathy (ACM).
(2,3) About one decade ago, a new classification of ACM into 3 types was proposed: (a) the ARVC form,
with isolated RV disease or LV involvement in association with predominant RV impairment; (b) the left
dominant form, with early and prominent LV manifestations and relatively mild right-sided disease (leftdominant ACM); and (c) the biventricular form, in which both ventricles are affected to a similar extent
throughout the disease course.(4,5)
Despite the frequent LV involvement in all these ACM variants, the great majority of sustained
monomorphic VT spontaneously documented in patients with ACM exhibit an LBBB morphology,(1,2,6,7)
and originate from the RV.(8) To our best knowledge, only 15 case-reports on sustained VT with a right
bundle branch block (RBBB) morphology have been published.(9)
The present study has two main objectives: 1) to assess the prevalence of spontaneous sustained VT
with LBBB, RBBB or both morphologic types in a large cohort of ACM patients with sustained VT; 2) to
compare their clinical and genetic characteristics.

METHODS

8

Data source and center selection
A Medline search using the terms “arrhythmogenic right or left ventricular dysplasia or cardiomyopathy
and ventricular tachycardia” was performed to select European centers with experience in the diagnosis
and management of ACM patients with VT. The Sheba Medical Center Institutional Review Board
committee approved the study. All centers complied by local IRB registry protocols. Twenty-six (67%)
of the 39 initially contacted centers, belonging to 11 European countries, agreed to participate in the
survey. Twenty-three (88.5%) centers provided data from their single centre, whereas the remaining 3
(11.5%) provided data from multiple institutions in their countries (Table 1).
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Table 1. Countries and number of centres participating in the survey with RBBB-VT distribution.
Country

No Centres

Total No Patients (%)

All RBBB-VT (%)

France

8

417 (43.7)

20 (4.8)

Netherlands

1

133 (13.9)

10 (7.5)

Italy

3

132 (13.8)

14 (10.6)

Spain

3

53 (5.6)

10 (18.9)

Switzerland

2

52 (5.5)

5 (9.6)

Czech Republic

2

49 (5.1)

6 (12.2)

Greece

2

31 (3.2)

0 (0)

Israel

2

28 (2.9)

2 (7.1)

UK

1

26 (2.7)

2 (7.7)

Denmark

1

24 (2.5)

1 (4.2)

Belgium

1

9 (0.9)

2 (22.2)

Total

26

954

72 (7.5)

Study inclusion and exclusion criteria
Patients were eligible if they fulfilled both conditions: a) they were diagnosed with definite, probable
or borderline ACM according to the revised 2010 Task Force criteria (TFC)(10) for ARVC diagnosis; b)
they exhibited at least one spontaneous episode of sustained (≥30sec) VT documented on 12-lead ECG
during their clinical course of disease. VT was classified as either an LBBB morphology (QS, rS or qrS
in V1) or RBBB morphology (mono-, bi or triphasic R waves in V1, or a qR in V1).(11) Study exclusion
criteria included: a) patients with ventricular ﬂutter or non-sustained VT (<30sec); b) patients with only
induced VT during an electrophysiological study; c) patients in whom VT was likely to be explained by
different cardiac pathology.

Data acquisition
Participating centers were requested to provide anonymized patient information regarding: 1) patient
sex; 2) age at first documented VT; 3) QRS morphology (LBBB or RBBB) of first documented VT; 4)
morphology (LBBB or RBBB) of any further documented sustained VT during clinical course; 5) level of
certitude of the disease diagnosis according to the 2010 TFC(10) ; 6) patient management [implantation
of an automatic cardioverter-defibrillator (ICD) or VT ablation] and outcome (death); 7) results of
molecular-genetic testing when available.
In patients who underwent genetic testing, all genetic assays sequenced at least five desmosomal genes
[plakophilin-2 (PKP2), desmoplakin (DSP), desmoglein-2 (DSG2), desmocollin-2 (DSC2) and plakoglobin
(JUP)]. Specialists of cardiac genetics at each center reviewed genetic variants associated with ACM
and their pathogenicity classified using the ACMG criteria: pathogenic, likely pathogenic, variants of
unknown significance (VUS) or benign.(12) The benign variants were assimilated to negative genetic
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results. Only pathogenic and likely pathogenic variants were taken into account in regression analyses.
Patients were categorized into 3 groups according to the morphology of the spontaneous sustained VT
documented during clinical course: LBBB-VT only, RBBB-VT only or both LBBB+RBBB-VT.

Statistical analysis
The data are presented as mean (SD), median [interquartile range (IQR)] or count (percent). Nonparametric statistical tests were systematically used for comparisons because of imbalanced group
sizes. Fisher’s exact test, Mann-Whitney U and Kruskal-Wallis test were used as appropriate. Post hoc
tests were done with Fisher’s exact test and a Bonferroni correction of the P-values. Multinomial
logistic regression was used for VT morphology prediction. Predictors with p<0.05 in univariable models
were included in a multivariable model. Missing data about genetic testing and the results of specific
gene variants was considered as “No”. Otherwise, missing data was reported as “Unknown” and was
not included in univariable statistical comparisons. All statistical analyses were done with R version 3.6.1
(R Foundation for Statistical Computing, Vienna, Austria).

RESULTS
Study population
The study population included 954 patients (78.9% males) with ACM and at least 1 episode of
spontaneous sustained monomorphic VT documented during clinical course (Table 2).
The diagnosis of ACM, based on the revised 2010 TFC, was definite, borderline or possible in 89.9%,
6.3% and 3.8% of patients, respectively. In the entire cohort, age at first documented sustained VT
of any morphology ranged from 7 to 87 (mean 41.5±15.8) years (Figure 1A). The first documented
VT predominated in the 46-55 years age group for females and the 36-45 years age group for males;
however, the mean ages at first VT were not significantly different between males and females
(41.3+15.9 years vs. 42.1+15.2 years, respectively, P=0.488) (Figure 2). The male-to-female ratio was
3.8 for the whole cohort, with the lowest (2) and highest (11) ratios observed in the pediatric and
elderly age-groups, respectively (Figure 1B). Ablation of VT was performed in 550 (57.7%) patients.
Median duration of follow-up after first VT was 103[51-185] months. Death occurred in 106 (11.1%)
patients at a median time of 143[75-228] months after first VT.
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Table 2. Main clinical characteristics of the 954 survey patients according to their VT group
All

LBBB-VT

LBBB-VT + RBBB-VT

RBBB-VT

954

882 (92.5)

30 (3.1)

42 (4.4)

858 (89.9)

806 (91.4)

24 (80.0)

28 (66.7)

Borderline

60 (6.3)

48 (5.4)

4 (13.3)

8 (19.0)

Possible

36 (3.8)

28 (3.2)

2 (6.7)

6 (14.3)

Male (%)

753 (78.9)

699 (79.3)

17 (56.7)

37 (88.1)

No of patients (%)

P value

2010 TFC
Definite

<0.001
0.007

Age at first VT (y)
Range
Mean + SD

7-87

7-87

12-67

16-77

41.5±15.8

41.2±15.8

42.6±13.3

46.0±15.4

667 (69.9)

601 (68.1)

27 (90.0)

39 (92.9)

25 (2.6)

24 (2.7)

1 (3.3)

0 (0.0)

550 (57.7)

500 (56.7)

25 (83.3)

26 (61.9)

9 (0.9)

8 (0.9)

1 (3.3)

0 (0.0)

106 (11.1)

97 (11.0)

6 (20.0)

3 (7.1)

28 (2.9)

25 (2.8)

3 (10.0)

0 (0.0)

103 [51-185]

105 [53-188]

110 [58-170]

63 [27-136]

0.126

ICD implantation
Yes
Unknown

<0.001

VT ablation
Yes
Unknown

0.016

Death during F/U
Yes
Unknown

0.176

F/U after first VT (m)
Median

0.036

ICD, implanted cardioverter-defibrillator; F/U, follow-up; m, month; TFC, Task Force Criteria; VT, ventricular
tachycardia; y, year

Figure 1. Study Population
(A)
Age distribution in the entire population cohort.
(B)
Male-to-female ratio of the entire population cohort in various age groups.
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Figure 2. Age distribution by sex of the population cohort.

Prevalence of LBBB and RBBB-VT
During the clinical course of the 954 study patients, 882 (92.5 %) exhibited LBBB-VT, 42 (4.4%) RBBB-VT
and 30 (3.1%) both LBBB and RBBB-VT (Figures 3 and 4). The total prevalence of RBBB-VT morphology
amongst the survey patients was 7.5% (Tables 1 and 2).

Clinical characteristics
The demographic and clinical characteristics of the study patients according to VT group are compared
in Table 2. A definitive diagnosis of ACM was more common amongst patients with LBBB-VT than in
those with RBBB-VT (91.4% vs. 66.7%, respectively, P<0.001). Male-sex predominance was significantly
lower in the LBBB+RBBB-VT group (56.7%) than in the RBBB-VT group (88.1%) or the LBBB-VT group
(79.3%) (P=0.007). Patients’ age at time of first documented VT did not significantly differ among the 3
VT groups (P=0.126). In the LBBB+RBBB VT group, 12 patients exhibited LBBB-VT first while 18 patients
exhibited RBBB-VT first. The age at first RBBB-VT was significantly greater than the age at first LBBB-VT in
that patient group (47.6±12.2 vs. 35.1±11.5 years, P<0.01). When comparing the age of the 894 patients
who displayed first or only LBBB-VT with that of the 60 patients who displayed first or only RBBB-VT,
the difference was statistically significant (41.1+15.8 vs. 46.5+14.4 years, respectively, P=0.011). Higher
rates of ICD implantation were observed in the LBBB+RBBB-VT and the RBBB-VT groups than in the
LBBB-VT group (P<0.001). Higher rates of VT ablation were also noted in the LBBB+RBBB-VT group as
compared to the other 2 groups (P=0.016). Death rates did not differ significantly amongst the 3 VT
groups (P=0.176). The estimated survival time after the first VT was similar in all 3 VT group patients
(P=0.43, log-rank test).
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Figure 3. Familial ACM associated with PKP2 pathogenic variant
(A)
First spontaneous RBBB-VT recorded in a 68-year-old man. Reproduced from Rabey et al. (Circulation.
2018;138:642-5) with permission of the Publisher.
(B)
First spontaneous LBBB-VT recorded at hospital admission 7 years before, in his older brother, at age 78
years-old. Reproduced from Belhassen et al. (Isr Med Assoc J. 2014;16:385-7) with permission of the Publisher.
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Figure 4. Documentation of LBBB- and RBBB-VT in a pathogenic variants negative ACM patient. Reproduced from
Belhassen et al. (Eur Heart J Case Rep. 2020;4:1-7) with permission of the Publisher.
(A) First exercise-induced LBBB-VT (220/min) documented when the patient was 56-year-old.
(B) First spontaneous RBBB-VT (220/min) recorded 8 years later.

Genetic variants
Out of the 954 survey patients, 538 (56.4%) underwent genetic testing, comprising a higher proportion
of patients with LBBB+RBBB-VT and RBBB-VT (P=0.018) (Table 3). Gene variants were discovered in 359
(66.7%) patients including single pathogenic/likely pathogenic variants in desmosomal and PLN genes
in 293 and 18 patients, respectively. PKP2 (likely)pathogenic variants predominated in the LBBB-VT and
the LBBB+RBBB-VT groups (65.2% and 41.7%, respectively, P<0.001) while DSP variants predominated
in the RBBB-VT group (45.5%, P<0.001). PLN pathogenic variants were more commonly observed in the
LBBB+RBBB-VT group (25%) than in the other VT groups (P=0.047).
Table 3. Results of genetic testing among the study patients according to the VT group.

155

8

Chapter 8

All VT groups
No. of patients

LBBB-VT

LBBB+RBBB-VT

RBBB-VT

954

882

30

42

Genetic test performed

538 (56.4)

486 (55.1)

22 (73.3)

30 (71.4)

No variant identified

121 (22.5)

113 (23.3)

5 (22.7)

3 (10.0)

45 (8.4)

44 (9.1)

0 (0.0)

1 (3.3)

“Familial unknown”
Variant identified

P***
0.018

359 (66.7)

325 (66.9)

12 (54.5)

22 (73.3)

0.359

Plakophilin-2 (PKP2)

221 (61.6)

212 (65.2)

5 (41.7)

4 (18.2)

<0.001

Desmoglein-2 (DSG2)

26 (7.2)

23 (7.1)

1 (8.3)

2 (9.1)

1.000

Desmoplakin (DSP)

26 (7.2)

15 (4.6)

1 (8.3)

10 (45.5)

<0.001

Plakoglobin (JUP)

11 (3.1)

10 (3.1)

0 (0.0)

1 (4.5)

Desmocollin-2 (DSC2)

9 (2.5)

8 (2.5)

0 (0.0)

1 (4.5)

Multiple variants*

9 (2.5)

9 (2.8)

0 (0.0)

0 (0.0)

Phospholamban (PLN)

18 (5.0)

13 (4.0)

3 (25.0)

2 (9.1)

0.047

Miscellaneous**

39 (10.9)

35 (10.8)

2 (16.7)

2 (9.1)

1.000

Variant of unknown significance#

32 (5.9)

26 (5.3)

3 (13.6)

3 (10.0)

Unknown results

26 (4.8)

22 (4.5)

2 (9.1)

2 (6.7)

* including 8 patients with PKP2 variants (associated with another desmosomal variant in 6)
** including TMEM43 (n=5); RYR2 (n=4); FLNC (n=2); TGFβ3 (n=1); MYH7 (n=1); KCNE1 (n=1); CTNNA3 (n=1); NKX2.5
(n=1)
***Adjusted P-value for single gene comparisons
# Variant of unknown significance refers to the following desmosomal variants with their respective VT type:
PKP2 (n=8): LBBB-VT (n=7); RBBB-VT (n=1)
DSG2 (n=10): all in LBBB-VT patients
DSP (n=8): LBBB-VT (n=4); LBBB+RBBB-VT (n=3); RBBB-VT (n=1)
JUP (n=2): both in LBBB-VT patients
DSC2 (n=4): LBBB-VT (n=3) and RBBB-VT (n=1)

Variables associated with VT-morphology
Univariable and multivariable multinomial logistic regression models for VT morphology prediction
are described in Table 4. DSP variants were significantly associated with RBBB-VT alone in univariable
[odds-ratio (OR) 13, 95% confidence interval (CI) 5.32-31.76, p<0.001] and multivariable (OR 11.42, 95%
CI 4.4-29.65, p<0.001] analyses but were not predictive of LBBB+RBBB-VT. In addition, RBBB-VT was
significantly less likely among carriers of PKP2 variants, both in univariable (OR 0.19, 95% CI 0.06-0.54,
p=0.002) and multivariable (OR 0.28, 95% CI 0.09-0.84, p=0.023) analyses. Comparable results were
obtained when considering RBBB-VT as patients with RBBB-VT with or without LBBB-VT (Supplemental
Table 1). Female-sex and PLN variants were significantly associated with LBBB+RBBB-VT in univariable
analyses (OR 3.42, 95% CI 1.44-8.10, p=0.005 and OR 5.74, 95% CI 1.51-21.86, p=0.010, respectively)
but only female-sex was independently associated with LBBB+RBBB-VT in multivariable analyses (OR
3.2, 95% CI 1.31-7.78, p=0.011).
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Table 4. Logistic regression analysis for prediction of VT morphology
A. Univariable multinomial logistic regression models for VT morphology prediction (compared to LBBB-VT, n=486)
VT morphology

LBBB+RBBB VT (n=22)
OR

CI 95%

Female gender

3.42

Age at first VT

1

PKP2 variant
DSG2 variant

RBBB VT (n=30)

CI 95%

P-value

OR

CI 95%

CI 95%

P-value

1.44

8.1

0.005

0.68

0.26

1.83

0.448

0.97

1.03

0.948

1.01

0.99

1.04

0.270

0.36

0.13

0.98

0.045

0.19

0.06

0.54

0.002

0.88

0.11

6.79

0.901

1.32

0.3

5.84

0.717

DSP variants-

1.24

0.16

9.72

0.839

13

5.32

31.76

<0.001

JUP variant*

N/A

N/A

N/A

N/A

1.64

0.2

13.26

0.642

DSC2 variant*

N/A

N/A

N/A

N/A

1.83

0.22

14.92

0.574

PLN variant

5.74

1.51

21.86

0.010

2.6

0.56

12.08

0.223

* Binomial logistic regression used since there were no pathogenic variants in the LBBB+RBBB VT group; CI,
confidence intervals; OR, odds ratio; other abbreviations as in Tables 1 and 2.
B. Multivariable multinomial logistic regression models (compared to LBBB-VT)
VT morphology

LBBB+RBBB VT (n=22)

RBBB VT (n=30)

OR

CI 95%

CI 95%

P-value

OR

CI 95%

CI 95%

P-value

Female gender

3.2

1.31

7.78

0.011

0.49

0.17

1.44

0.195

PKP2 variant

0.39

0.14

1.11

0.078

0.28

0.09

0.84

0.023

DSP variant

0.85

0.1

6.99

0.879

11.42

4.4

29.65

<0.001

PLN variant

2.93

0.71

12.15

0.138

3

0.6

14.93

0.179

Abbreviations: as in Tables 1-3.
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DISCUSSION
The present study includes the largest cohort of patients with ACM and sustained VT ever reported.
Although sustained LBBB-VT represented by far the most frequent type of VT encountered, RBBB-VT
was documented in a significant proportion of ACM patients (7.5%) either alone or in addition to an
LBBB-VT. The study also revealed that sex and genotype were significant predictors of the VT types and
that the first documented RBBB-VT occurred approximately 5 years after the first documented LBBB-VT.

Morphology of sustained VT in ACM patients
The first series of patients with ARVD published before the 1994 TFC almost exclusively comprised
LBBB-VT.(1,2,13) In the first multicenter series of ARVD as defined by the original 1994 criteria,(13)
reported that 32 (84%) of their 38 patients with sustained VT had an LBBB morphology.(6) In the
Dutch registry of 119 patients with sustained VT who had ACM defined according to the 2010 TFC,(10)
reported that 117 (98.3%) patients displayed an LBBB morphology.(7) Finally, Kimura et al. reported
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that 88% of the 214 spontaneous VT documented in 90 ACM patients had an LBBB morphology.(14)
The present survey confirms the prevalence of LBBB-VT (95.6%) [92.5% alone and 3.1% in association
with RBBB-VT]. Opposed to the well-known frequent ventricular ectopic activity of RBBB morphology
in ACM patients, especially those with left-dominant ACM,(4,5) sustained VT of RBBB morphology
was previously reported only as case reports(4,9,15-26). In 3 of these 15 cases, LBBB-VT was also
spontaneously documented.(9,18,26) In our study we noticed that 72 (7.5%) of the included population
displayed RBBB-VT alone or in combination with LBBB-VT.

VT morphology and genotype correlation
Until recently, limited data from invasive electro-anatomical mapping showed that most RBBB-VT
originate in the LV.(8,27,28) Therefore, in the majority of ACM patients an LBBB-VT and an RBBB-VT
suggested an RV and LV origin, respectively. However, in patients referred for VT ablation an RBBB-VT
was associated with an RV origin as well in a significant proportion of cases.(28) Pathogenic variants
in desmosomal genes (PKP2, DSP, DSG2, DSC2 and JUP) have previously been identified in 33% to
66% of probands with right-dominant, left-dominant, and biventricular forms of ACM.(29) In line
with the results of this study, PKP2 variants account for the majority of cases with the classical ARVC
phenotype, whereas DSP variants are associated with non-classic (left-dominant and biventricular)
subtypes.(4,29,30) PKP2 variants predominated in the LBBB-VT group (65.2%, p<0.001). Carriers of
PKP2 pathogenic variants were also significantly less likely to have any RBBB-VT on univariable binomial
analysis, or RBBB-VT only on multivariable multinomial analysis. In contrast, DSP variants predominated
in the RBBB-VT group (45.5%) and carriers of DSP variants were significantly more likely to have RBBBVT alone on both univariable binomial and multivariable multinomial analyses (Table 4). Interestingly,
the LBBB+RBBB-VT group had the highest proportion of pathogenic variants in PLN (25%, p=0.047),
known to be associated with biventricular ACM.(31) PLN variants were associated with increased odds
of LBBB-VT+RBBB-VT (OR 5.74, 95% 1.51-21.86, p=0.01) in univariable binomial analysis but significance
was lost in multivariable analysis (Table 4).

Regional diﬀerences
The survey allowed interesting observations about specific ECG and genetic characteristics in some
countries. The Netherlands registry provided 17 of the 18 patients with PLN variants (94%, p=0.002),
which were first described in Dutch patients.(32) Also, Greek centers provided 10 of the 11 patients
(91%) who harbored JUP variants, first described in Greek patients.(33) More importantly, Spain, Italy
and the Czech Republic displayed the highest proportion of patients with RBBB-VT only (17%, 9.8% and
8.2%, respectively) consistent with the fact these 3 countries exhibited the highest proportion of DSP
variants, well-known to be associated with left-dominant ACM (20%, 17.6% and 28.6%, respectively).

Sex distribution
Male predominance is typically demonstrated in cohorts of ARVC cases with VT, whereas females
predominate among asymptomatic ARVD/C patients.(1,2,7) An equal sex ratio was observed in the
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left-dominant subtype to a female predominance in biventricular disease.(4,5,34) In contrast, males
accounted for 82% of in a series of 202 sudden cardiac death victims with a post-mortem diagnosis
of ACM, of whom 87% had either isolated LV or biventricular involvement. (35) In our study, the male
predominance observed in the LBBB-VT group (79.3%) is consistent with prior reports on ARVC. The
male predominance was significantly less, in the LBBB+RBBB-VT group (56.7%, p=0.007). Furthermore,
female sex was an independent predictor of LBBB+RBBB-VT in the multivariable multinomial model
(OR 3.2, 95% CI 1.31-7.78, p=0.011) (Table 4). The findings suggest that, among carriers of pathogenic
variants predisposing to non-classic disease (e.g., DSP and PLN pathogenic variants), female sex was
associated with the biventricular subtype, and male sex with the left-dominant subtype. One possible
explanation is that sudden cardiac death may be the first manifestation of the disease in an important
proportion of men with biventricular ACM, leading to their over-representation in post-mortem series
and under-representation in clinical cohorts.(34,35) In contrast, females with a similar phenotype have
been found to exhibit more heart failure-related death and thus could be more prone to display both
LBBB and RBBB-VT during their clinical course of disease.(14) However, the survey did not provide data
on ventricular dysfunction in this group that could support this speculation. Finally, similar ages at first
documented VT for both sexes (41.3+15.9 years in males vs. 42.1+15.3 years in females) was observed.
This result may suggest a less significant role of sex hormones in time of onset of VT episodes in ACM.
In contrast to Brugada syndrome, where first ventricular tachyarrhythmic event occurred 6.5 years later
in females.(36)

Age at the time of first documented VT
In two early series including 23 and 15 ARVD patients, the first LBBB-VT occurred at mean ages of 32
and 29 years, respectively.(1,2) In the Dutch ACM registry, the mean age at VT onset of 147 patients,
including 122 who presented with almost exclusive sustained LBBB-VT was 37 years.(7) Bhonsale et al.
demonstrated that ACM patients experienced their first sustained monomorphic VT at a median age
of 36 years.(37) In an Italian study of 301 consecutive ACM patients, Mazzanti et al. found that the
first arrhythmic event (including sudden cardiac death, resuscitated arrhythmias or appropriate ICD
interventions) occurred at a mean age of 39+15 years in 73 patients, but did not provide information
on the patients’ age at the time of the sustained VT.(38) In the present study, the mean age of
41.5±15.8 years at first documented VT of any morphology, while first documented RBBB-VT occurred
approximately 5 years after the first documented LBBB-VT. These results could be explained in two
ways: (1) LV arrhythmogenic remodeling occurs later in the course of the disease in ARVC and in patients
with presumed predominant LV involvement;(3) (2) As compared to the RV, the thicker LV wall may be
less vulnerable to fatty/fibrotic transformation and a longer evolution of the disease may be required
for RBBB-VT to occur. Finally, we observed a marked time-dependent rise in VT incidence from 2.2%
(age group <16 years) to 16.6% (age group 16-25 years) that supports the recommendation to screen
children belonging to ACM families when they approach adolescence.(38)
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Diagnostic criteria
As compared to the original 1994 TFC, the 2010 TFC revision has improved the diagnostic accuracy
and consequently the management of ARVC.(10,13) Nonetheless, the 2010 TFC mainly focuses on RV
abnormalities and remain poorly eﬃcient at identifying patients with left-dominant or biventricular
ACM types before an advanced disease stage.(39) A recent paper suggested additional guidelines to
improve the diagnosis of the left-sided forms.(40) However, only the revised 2010 TFC were available
when we designed the present study. Thus, we chose to include not only those patients fulfilling definite
diagnostic criteria but also those with borderline or possible ARVC diagnosis. Our decision may be
criticized because less stringent criteria may facilitate unintentional inclusion of other disease entities
and phenocopies, such as dilated cardiomyopathy or cardiac sarcoidosis.(41-43) These limitations
prompted us to perform an additional analysis which included only those patients with definite ARVC
diagnosis (n=858). The results of this new analysis were generally in line with those of the initial analysis
(Supplemental Tables 2-5). However, we noted that first VT in the RBBB-VT group occurred much
later (8.8 years) than in the LBBB-VT group (Supplemental Table 3). In addition, the overall number of
patients with RBBB-VT (alone or in combination with LBBB-VT) markedly decreased by 27.8% from 72 to
52 while the prevalence of RBBB-VT dropped from 7.5% to 6.1%. Also, the pathogenic variants identified
in 9 of the 20 patients of the LBBB+RBBB-VT and RBBB-VT groups who had borderline/possible ARVC
diagnosis (Supplementary Table 6), were DSP (n=7), PLN (n=1) and FLNC (Filamin C) (n=1), all known to
be associated with non-classic (left-dominant and biventricular) subtypes of ACM, but also with dilated
cardiomyopathy.(4,29) Thus, excluding patients with borderline/possible ARVC diagnoses would result
in exclusion of a significant proportion of patients with left/biventricular ACM, and underestimation of
RBBB-VT prevalence.

Study limitations
First, this is a retrospective study dealing with a disease that has a low prevalence in most countries.
Therefore, the recruitment of patients spanned over long periods, especially at the most experienced
centers and it is likely that the first survey patients exhibited more advanced ACM forms, underwent
less modern diagnostic imaging techniques or modes of treatment as well as less genetic testing.
Conversely, the long duration of follow-up for some of them as well as the fact that about a third
of patients did not receive an ICD could have enabled the recording of spontaneous VT episodes of
multiple morphologies. Second, we assumed that an LBBB-VT and an RBBB-VT indicated an RV and LV
origin, respectively. However, it is conceivable that a VT originating in a dilated RV spreading over the
LV might display an RBBB pattern and thus be successfully ablated from the RV rather than from the
LV. Marchlinski et al. recently reported 19 ARVC patients who had 26 RBBB-VT induced during ablation
procedures.(28) They found that 11 (58%) of these 19 patients had 16 RBBB-VTs that originated in
the RV. A typical QRS morphology during VT (early precordial transition in V2-V3 with a left QRS axis)
was found to suggest a VT origin in the RV. Applying the ECG criteria of presumed RV origin in our 72
patients with RBBB-VT, showed that a RV origin of VT could be suspected in only a subset of patients
(n=10/72, 13.8%).(28) Nonetheless, the exact site of origin of VT should be determined only after
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extensive endocardial and epicardial biventricular mapping. Third, the prevalence of RBBB-VT in ACM
could be even higher than the one found in our survey. The early policy adopted in some centers to
implant an ICD after a first documented sustained VT, usually an LBBB-VT, could hamper the 12-lead
ECG recording of a spontaneously occurring RBBB-VT after ICD implantation.(44) Fourth, decisions
on molecular genetic analysis, approaches to the evaluation of pathogenicity, and adjudication and
reporting of pathogenic variants were left to the discretion of participating centers. Both the absence
of a reference protocol and of central standardization in reporting of pathogenicity may have led to
skewing of genetic data. Finally, the sample of genotyped RBBB-VT cases remains limited, resulting in
under-powering of these statistical analyses. In particular, the logistic regression models were powered
at <70% and <40% for all predictors on univariable and multivariable analysis, respectively. The power
achieved for the genetic predictors varied from 60% for PKP2 to <20% for other genes in the univariable
model, falling to consistently <30% in the multivariable model. Under-powering likely accounts for the
failure of certain predictors (e.g., PLN) to retain their significance on proceeding from univariable to
multivariable analysis.

CONCLUSIONS
Spontaneous sustained RBBB-VT was documented in a significant proportion (7.5%) of ACM patients
during their clinical course of disease, indicating that LBBB-VT can no longer be considered as the
exclusive ventricular tachycardia morphology occurring in ACM. Increase awareness for atypical
presentations of ACM should prevail in patients presenting with sustained RBBB-VT. Female sex was
associated with LBBB+RBBB-VT while DSP (likely)pathogenic variants were associated with RBBB-VT.
Further studies are needed to investigate the pathophysiological relation between VT morphology and

8

various ACM anatomic forms.
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SUPPLEMENTARY MATERIAL
Supplementary Tables
Supplemental Table 1. Univariate binomial logistic regression models for VT morphology prediction (all RBBB-VT,
n=52, compared to LBBB-VT, n=486)
VT morphology

RBBB VT (n=52)
Odds Ratio

CI 95%

CI 95%

p value

Female

1.52

0.79

2.8

0.190

Age at first VT

1.01

0.99

1.03

0.434

PKP2 variant

0.25

0.11

0.51

<0.001

DSG2 variant

1.13

0.26

3.37

0.847

DSP variant

6.98

3.01

15.61

<0.001

JUP variant

0.93

0.05

5.02

0.948

DSC2 variant

1.04

0.06

5.7

0.971

PLN variant

3.87

1.2

10.77

0.014

Supplemental Table 2. Countries and number of centres participating in the survey with RBBB-VT distribution (only
for patients with definite diagnosis by 2010 Task Force Criteria).
Country
France

Centers

Total Patients (%)

All RBBB-VT (%)

8

371 (43.2)

16 (14.3)

Netherlands

1

132 (15.4)

9 (6.8)

Italy

3

127 (14.8)

12 (9.4)

Spain

3

44 (5.1)

6 (13.6)

Switzerland

2

38 (4.4)

1 (2.6)

Czech

2

33 (3.9)

1 (3.0)

Greece

2

31 (3.6)

0 (0)

Israel

2

26 (3.0)

2 (7.7)

UK

1

24 (2.8)

2 (8.3)

Denmark

1

23 (2.7)

1 (4.3)

1

9 (0.9)

2 (22.2)

26 centers

858

52 (6.1)

Belgium
Total
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Supplemental Table 3. Main clinical characteristics of the 858 survey patients with a definite diagnosis of AVRC by
2010 Task Force Criteria.
All

LBBB-VT

LBBB-VT + RBBB-VT

RBBB-VT

858

806

24

28

Definite

858 (100.0)

806 (100.0)

24 (100.0)

28 (100.0)

Male (%)

683 (79.6)

644 (79.9)

14 (58.3)

25 (89.3)

No of patients (%)

P value

2010 TFC
0.023

Age at first VT (y)
Range

7-87

7-87

12-67

18-77

40.8 (15.8)

40.5 (15.8)

41.3 (14.1)

49.3 (16.3)

602 (70.2)

555 (68.9)

22 (91.7)

25 (89.3)

23 (2.7)

22 (2.7)

1 (4.2)

0 (0.0)

481 (56.1)

446 (55.3)

19 (79.2)

16 (57.1)

9 (1.0)

8 (1.0)

1 (4.2)

0 (0.0)

Yes

98 (11.4)

91 (11.3)

5 (20.8)

2 (7.1)

Unknown

22 (2.6)

20 (2.5)

2 (8.3)

0 (0.0)

105 [54-188]

106 [54-192]

99 [71-173]

62 [24-97]

Mean + SD

0.020

ICD implantation
Yes
Unknown

0.002

VT ablation
Yes
Unknown

0.034

Death during F/U
0.239

F/U after first VT (m)
Median

0.011

ICD, implanted cardioverter-defibrillator; F/U, follow-up; m, month; TFC, Task Force Criteria; VT, ventricular
tachycardia; y, year
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Supplemental Table 4. Results of genetic testing among the 858 survey patients with a definite diagnosis of AVRC
by 2010 Task Force Criteria.
All VT groups

LBBB-VT

LBBB+RBBB-VT

RBBB-VT

858

806

24

28

Genetic test performed

487 (56.8)

447 (55.5)

18 (75.0)

22 (78.6)

No variant identified

98 (20.1)

91 (20.4)

4 (22.2)

3 (13.6)

No. of patients

“Familial unknown”

P
0.009

41 (8.4)

40 (8.9)

0 (0.0)

1 (4.5)

338 (69.4)

313 (70.0)

11 (61.1)

14 (63.6)

0.580

Plakophylin-2 (PKP2)

218 (64.5)

209 (66.8)

5 (45.5)

4 (28.6)

0.031

Desmoglein-2 (DSG2)

26 (7.7)

23 (7.3)

1 (9.1)

2 (14.3)

1.000

Desmoplakin (DSP)

18 (5.3)

14 (4.5)

0 (0.0)

4 (28.6)

0.048

Plakoglobin (JUP)

11 (3.3)

10 (3.2)

0 (0.0)

1 (7.1)

Variant identified

Desmocollin-2 (DSC2)

9 (2.7)

8 (2.6)

0 (0.0)

1 (7.1)

Multiple variants

12 (3.6)

12 (3.8)

0 (0.0)

0 (0.0)

Phospholamban (PLN)

17 (5.0)

13 (4.2)

3 (27.3)

1 (7.1)

0.059

Miscellaneous

27 (8.0)

24 (7.7)

2 (18.2)

1 (7.1)

1.000

Variant of unknown significance

30 (6.2)

25 (5.6)

2 (11.1)

3 (13.6)

Unknown results

21 (4.3)

18 (4.0)

1 (5.6)

2 (9.1)

168

Bundle Branch Morphology in ACM

Supplemental Table 5. Logistic regression analysis for prediction of VT morphology, only for patients with definite
diagnosis by 2010 Task Force Criteria.
A. Univariable multinomial logistic regression models for VT morphology prediction (compared to LBBB-VT, n=486)
VT morphology

LBBB+RBBB VT (n=22)

RBBB VT (n=30)

OR

CI 95%

CI 95%

P-value

OR

CI 95%

CI 95%

P-value

Female gender

3.52

1.36

9.09

0.010

0.56

0.16

1.91

0.351

Age at first VT

0.99

0.96

1.03

0.704

1.03

1

1.06

0.056

PKP2 variant

0.41

0.14

1.16

0.093

0.24

0.08

0.71

0.010

DSG2 variant

0.99

0.13

7.77

0.995

1.69

0.37

7.63

0.496

DSP variant *

N/A

N/A

N/A

N/A

5.62

1.72

18.43

0.004

JUP variant *

N/A

N/A

N/A

N/A

2.08

0.25

17.03

0.493

DSC2 variant*

N/A

N/A

N/A

N/A

2.32

0.28

19.16

0.435

PLN variant

6.68

1.72

25.93

0.006

1.59

0.2

12.73

0.662

* Binomial logistic regression used since there were no pathogenic variants in the LBBB+RBBB VT group; CI,
confidence intervals; OR, odds ratio; other abbreviations as in Tables 1 and 2.
B. Multivariable multinomial logistic regression models (compared to LBBB-VT)
VT morphology

LBBB+RBBB VT (n=22)

RBBB VT (n=30)

OR

CI 95%

CI 95%

P-value

OR

CI 95%

CI 95%

P-value

Female gender

3.4

1.26

9.17

0.015

0.47

0.13

1.73

0.258

PKP2 variant

0.43

0.14

1.28

0.128

0.28

0.09

0.87

0.027

DSP variant

N/A

N/A

N/A

N/A

4.78

1.37

16.64

0.014

PLN variant

3.03

0.69

13.21

0.140

1.45

0.17

12.26

0.734
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Supplemental Table 6. Results of genetic testing among the 96 survey patients with a possible or borderline
diagnosis of ARVC according to the 2010 Task Force Criteria.
All VT groups

LBBB-VT

LBBB+RBBB-VT

RBBB-VT

96

76

6

14

Genetic test performed

51 (53.1)

39 (51.3)

4 (66.7)

8 (57.1)

No variant identified

23 (45.1)

22 (56.4)

1 (25.0)

0 (0.0)

No. of patients

“Familial unknown”
Variant identified
Plakophylin-2 (PKP2)

4 (7.8)

4 (10.3)

0 (0.0)

0 (0.0)

21 (41.2)

12 (30.8)

1 (25.0)

8 (100.0)

0 (0.0)

0 (0.0)

3 (14.3)

3 (25.0)

Desmoglein-2 (DSG2)

0 (0.0)

0 (0.0)

0 (0.0)

0 (0.0)

Desmoplakin (DSP)

8 (38.1)

1 (8.3)

1 (100.0)

6 (75.0)

Plakoglobin (JUP)

0 (0.0)

0 (0.0)

0 (0.0)

0 (0.0)

Desmocollin-2 (DSC2)

0 (0.0)

0 (0.0)

0 (0.0)

0 (0.0)

Multiple variants*

1 (4.8)

1 (8.3)

0 (0.0)

0 (0.0)

Phospholamban (PLN)

1 (4.8)

0 (0.0)

0 (0.0)

1 (12.5)

Miscellaneous*

8 (38.1)

7 (58.3)

0 (0.0)

1* (12.5)

Variant of unknown significance

2 (3.9)

1 (2.6)

1 (25.0)

0 (0.0)

Unknown results

5 (9.8)

4 (10.3)

1 (25.0)

*FLNC = Filamin C
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P

0.800

<0.001
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ABSTRACT
Inverse electrocardiography (iECG) estimates epi- and endocardial electrical activity from body surface
potentials maps (BSPM). In individuals at risk for cardiomyopathy, non-invasive estimation of normal
ventricular activation may provide valuable information to aid risk stratification to prevent sudden
cardiac death. However, multiple simultaneous activation wavefronts initiated by the His-Purkinje
system, severely complicate iECG. To improve the estimation of normal ventricular activation, the iECG
method should accurately mimic the effect of the His-Purkinje system, which is not taken into account in
the previously published multi-focal iECG. Therefore, we introduce the novel multi-wave iECG method
and report on its performance.
Multi-wave iECG and multi-focal iECG were tested in four patients undergoing invasive electroanatomical mapping during normal ventricular activation. In each subject, 67-electrode BSPM were
recorded and used as input for both iECG methods. The iECG and invasive local activation timing (LAT)
maps were compared.
Median epicardial inter-map correlation coeﬃcient (CC) between invasive LAT maps and estimated
multi-wave iECG versus multi-focal iECG was 0.61 versus 0.31. Endocardial inter-map CC was 0.54
respectively 0.22.
Modeling the His-Purkinje system resulted in a physiologically realistic and robust non-invasive
estimation of normal ventricular activation, which might enable the early detection of cardiac disease
during normal sinus rhythm.
Key terms: cardiovascular imaging, electro-anatomical mapping, inverse electrocardiography,
electrocardiography, electrocardiographic imaging, electrophysiology, equivalent dipole layer, noninvasive cardiac activation mapping; His-Purkinje system.
List of abbreviations: BSPM=body surface potential map; CC=correlation coeﬃcient; CT=computed
tomography;

EAM=electro-anatomical

mapping;

ECG=electrocardiography;

EDL=equivalent

double layer; EPD=equivalent potential distribution; FRA=fastest route algorithm; iECG=inverse
electrocardiography; LAT=local activation timing; LBBB=left bundle branch block; RBBB=right bundle
branch block.
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INTRODUCTION
Recorded body surface potential maps (BSPM) have a direct relation to the cardiac electrical
activity. Methods to describe this relation are often referred to as ‘solving the inverse problem of
electrocardiography’, ‘epicardial electrocardiographic (ECG) imaging’ or ‘inverse electrocardiography
(iECG)’. The most commonly used method is based on the Equivalent Potential Distribution (EPD)
model.1; 2 In this method, the cardiac activation pattern is estimated by solving the mathematical linear
relation between the electrical activity on the body surface and the epicardial surface. Recently this
method has also been adjusted to estimate both endocardial and epicardial activation. Later, Equivalent
Double Layer (EDL)-based iECG was introduced, relating body surface electrical activity to electrical
activity both on the endocardium and the epicardium by simulating the generated cardiac currents.3;
4

The currents generated by the heart follow the local transmembrane potential waveform, thereby

creating a direct link to cardiac electrophysiology. Furthermore, EDL-based iECG requires an initial
estimate that can be based on ventricular electrophysiology, in contrast to EPD-based iECG.4; 5
Inverse estimation of cardiac activity has been used to determine origins of arrhythmias6; 7 or to
provide insight in electrophysiological substrates of structurally diseased hearts.8; 9 In individuals with
genetic predisposition for cardiomyopathies, ventricular arrhythmias or sudden cardiac death can
be the first manifestation of disease. In these individuals, adequate non-invasive identification of the
arrhythmogenic substrate during normal His-Purkinje initiated ventricular activation, may prove to be
of utmost importance to improve early detection of disease and aid early treatment. However, the
non-invasive estimation of normal ventricular activation using BSPM is challenging, due to the nature of
this complex activation pattern. Ventricular activation initiated by the His-Purkinje system is the result
of multiple near simultaneous activation waves initiated at several endocardial locations (Figure 1)1012

. Recorded BSPM waveforms are the result of spatial summation of the current generated by these

simultaneous activation wavefronts, resulting in partial cancellation and amplification.10 Therefore,
the non-invasive estimation of normal ventricular activation is more complicated than of ventricular
activation from a single focus such as premature ventricular contractions. Studies of the anatomy of
the His-Purkinje system13-15 and the Purkinje-myocardial junctions16; 17 showed inter-individual diversity
and structural heart disease or conduction defects complicate the non-invasive estimation of normal
ventricular activation even more.18; 19 Furthermore, the His-Purkinje system consists of numerous
ramifications and terminates in Purkinje myocardial junctions distributed over a large part of the
ventricular endocardium. However, the endocardium is not activated simultaneously as the dense
distribution of Purkinje-myocardial junctions may suggest, but by multiple wavefronts initiated at distinct
endocardial regions (Figure 1)13-15. Characterization of the patient specific anatomy of the His-Purkinje
system and the effect of the increased velocity of the sub-endocardial layer has been studied previously
in computer models, indicating the effect of these parameters on QRS derived parameters.20-23 In our
study, we incorporated a generic model of the His-Purkinje system in the iECG method, as, in line with
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the findings of the previous studies, this would provide a physiologically realistic estimation of the
cardiac activation sequence.

Figure 1. Normal ventricular activation
Normal ventricular activation in a healthy subject. In eight slices ventricular activation is displayed from early (pink)
to late (blue). Around the endocardial structures in the LV (papillary muscles), around the RV moderator band, at
the LV septal wall and near the MV, areas of early activation are observed. Reproduced with permission from.10; 13
LA=left atrium, RA=right atrium, Ao=aortic valve, RV=right ventricle, MV=mitral valve, LV=left ventricle.
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In earlier EDL-based studies, the existence of multiple breakthroughs was mimicked through an
iterative multi-foci search over the complete ventricular myocardium. However, this method was
primarily designed to model focal ventricular activation.4-6 In this study, we introduce a model for the
His-Purkinje system, the multi-wave iECG method, to improve the non-invasive estimation of normal
ventricular activation. To this end, we incorporated physiological and anatomical information about the
His-Purkinje system in our model wherein the effect of the His-Purkinje system on ventricular activation
is mimicked by incorporating anatomical structures associated with early activation (Figure 2). We then
evaluate the performance of multi-wave iECG is and compare it to the previously described multi-focal
iECG using patient specific invasive electro-anatomical mapping (EAM).

MATERIALS AND METHODS
Study population
Four subjects referred for a clinical endocardial and epicardial electro-anatomical mapping (EAM)
procedure were studied. Informed consent was obtained for each subject and all underwent iECG as
described below.

Data acquisition
Each subject underwent imaging, BSPM and invasive endocardial and epicardial EAM. Clinical cardiac
imaging was performed whereof subject specific geometries of the complete ventricular myocardium,
the left ventricular blood pool, the right ventricular blood pool, the thorax and the lungs were created
(Figure 2A/B). The surface of the models of the segmented geometries was discretized by a closed
triangulated surface meshes and created by dedicated software (GeomPEACS).24 The effect of the
volume conductor model was computed using the boundary element method, previously described.3;
25

Assigned conductivity values were 0.2 S/m for the thorax and ventricular muscles, 0.04 S/m for the

lungs and 0.6 S/m for the blood cavities. Electrode positions on the thorax were reconstructed by
aligning thorax geometries to 3D images of the thorax with electrodes.26 Electro-anatomical structures
associated with His-Purkinje mediated activation were incorporated in the imaging-based ventricular
geometries (Figure 2B) as differences in location are known to affect QRS morphology.27-29
Prior to the invasive procedure, 67-electrode BSPM were recorded (sampling frequency 2048 Hz,
Figure 2A). Recorded BSPM signals were resampled to 1000 Hz and baseline drift and 50Hz noise were
removed. Per subject, five subsequent normal ventricular beats were selected and used as input for
both iECG methods. Premature ventricular contractions were excluded from analysis.
Invasive EAM was performed under general anesthesia during sinus rhythm using commercial EAM
systems (Carto or Ensite Precision) using multi-electrode catheters (PENTARAY® or HD Grid). Right
ventricular endocardial access was obtained through the right femoral vein and left ventricular access
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Figure 2. Study workﬂow and multi-wave and multi-focal iECG method
Panel A: Multi-wave iECG. A: (cardiac) imaging and body surface potential maps (BSPM) data are obtained. B: The
cardiac source model uses local transmembrane potentials (TMP) to determine activation timing, and using the
volume conductor, BSPM are computed. C: Multi-wave iECG tests 511 combinations of the activation sequences
and selects the activation sequence with the best matching BSPM based on correlation and QRS duration and D:
local activation timing (LAT) maps are computed (one example shown). LAT maps are displayed from red (early) to
blue (late). Panel B: Invasive vs iECG comparison: A: The invasive anatomical anatomy was merged with CT based
anatomy of the iECG procedure. Invasively obtained LAT were projected onto the iECG anatomy. B: Quantitative
comparison between the invasive LAT maps and iECG maps was performed per invasively mapped surface.
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was gained through transseptal puncture using a steerable sheath. Epicardial access was obtained by
percutaneous subxiphoid puncture, thereby puncturing the pericardium. Local unipolar and bipolar
contact electrograms at the endocardial and the epicardial ventricular surface were sequentially
recorded during normal ventricular activation with simultaneous measurement of the 12-lead ECG. The
12-lead ECG recorded during EAM was used as time-reference for both the BSPM signals and recorded
electrograms. After the procedure, measured electrograms and LAT were manually checked for validity.
The LAT was set at the maximal absolute amplitude of the bipolar signal, corresponding to the maximum
downslope (dV/dt) in unipolar signals, and taking into account neighboring measurements. Data were
exported as raw electrograms with annotated LAT, local bipolar voltage and location.

Alignment of ventricular anatomical models from CT and EAM
Subject specific imaging-based ventricular iECG geometries were aligned to subject specific EAM point
clouds in MATLAB using endocardial anatomical landmarks. The alignment was optimized using a rigid
iterative least squares closest point matching algorithm.30 LAT and local bipolar voltages were projected
onto the nearest triangular surface of the imaging-based ventricular geometry. EAM points >10 mm
from the imaging-based ventricular geometry were excluded from analysis. After projection, LAT and
local bipolar voltage were averaged on each node of the imaging-based ventricular geometries.

iECG method
EDL-based iECG consists of two steps as the relation between activation time and simulated
transmembrane potentials is non-linear. First, the required initial estimation of the ventricular activation
sequence is computed and in the second step, local activation timings are mathematically optimized
by minimizing the differences between recorded and computed BSPM by tuning LAT. In this study, two
methods to determine the initial estimation were compared; multi-wave iECG and multi-focal iECG
(Figure 2). In the initial estimation step, different activation sequences are simulated and corresponding
BSPM are computed and directly compared to recorded BSPM. The ventricular anatomical model
served as the source model (EDL) and at each node, the local transmembrane potentials were simulated
which determined the local source strength. Resulting BSPM were computed per simulated activation
sequence. 31
In short, the multi-wave iECG procedure provided an estimation by mimicking the effect of the HisPurkinje system on ventricular activation, multi-focal iECG did not. In both methods, ventricular
activation sequences with multiple distinct foci and initial activation timings were estimated using
the fastest route algorithm (FRA).4; 32 For the simulation of activation sequences in both methods, an
anisotropy ratio of two was used, meaning that the conduction velocity perpendicular to the myocardial
fibers was two times lower than conduction velocity longitudinal to myocardial fibers.33-35 BSPM were
then computed using the boundary element method to determine to compare to the recorded BSPM.3;
25

The activation sequence yielding highest correlation between recorded and computed BSPM was

assumed to be the activation sequence best explaining the recorded BSPM and was selected as the
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initial estimation and used as input for the optimization procedure. Both methods to estimate the
initial activation sequence are described in more detail below.

Multi-focal iECG: Adaptation of principal single focus activation
Multi-focal iECG has been described in several studies.4-6 In short, this method serves an additive
approach based on the FRA. First the ‘fundamental activation sequence’ originating from one focus
that achieves the highest correlation between recorded BSPM and computed BSPM is determined.
Therefore, myocardial conduction velocity was set by matching the total activation duration of
the ‘fundamental’ activation sequence to the QRS duration up to a maximum of 2.5 mm/ms. After
determining this fundamental activation sequence, up to six foci are iteratively added if adding improves
the match between recorded and computed BSPM (Figure 2, multi-focal iECG).

Multi-wave iECG: Modeling the eﬀect of the His-Purkinje system
In the novel multi-wave iECG method, the effect of His-Purkinje mediated ventricular activation is
mimicked by combining activation sequences initiated at endocardial regions associated with the HisPurkinje system. Several endocardial regions are associated with early ventricular activation; the bases
of the two left ventricular papillary muscles, the right ventricular moderator band and several septal
regions (Figure 1/2).10; 11; 13-19 Of note are the two breakthroughs at the LV septal wall, near the mitral
valve and near the LV apex. All regions correspond to Purkinje anatomy and observed regions of early
activation in more recent invasive mapping studies.10; 11; 13-19
These anatomical regions were localized in the subject specific imaging-based ventricular geometries
based on anatomical landmarks (Figure 1/2). Foci were localized at the insertion of the two left
ventricular papillary muscles and the moderator band on the ventricular free wall; all nodes connecting
the structure to the free wall were treated as focus (e.g. assigned equal activation timings). On the
septal wall, six regions with a radius of 10 mm were selected containing multiple potential foci and per
septal region, one focus was selected. At the left ventricular septal wall, one region was localized at the
inferior one-third from base to apex of the septal wall and one region was localized at superior onethird from base to apex of the antero-septal wall and two other regions were localized between those
locations. At the right ventricular septal wall, the localized region was close to the RV apex and at the
middle of the RV septal wall.
Activation sequences were calculated using a myocardial conduction velocity of 0.85 ms-1.10; 16; 35; 36 To
account for increased subendocardial conduction velocities, myocardial conduction velocity in close
vicinity (<15 mm) of foci was set at 1.7 ms-1. 16; 17; 36 Per region, single focus activation sequences were
computed with an initial timing ranging between 0-35 ms for the structure regions (e.g. papillary muscles
and moderator band) and between 0-25 ms for the septal regions. .10; 11; 13-15; 19 This procedure resulted in
nine groups of single focus activation sequences initiated at one of the His-Purkinje associated regions
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with distinct initial activation timings and were selected based on the best matching computed and
recorded BSPM.
Normal ventricular activation is affected by inter-individual diversity in His-Purkinje anatomy and by
structural myocardial disease.18; 19 Structural myocardial disease may affect the number of active foci at
the endocardium and consequently the ventricular activation sequence; in right and left bundle branch
block less foci are active compared to normal ventricular activation. This diversity was incorporated in
multi-wave iECG by automatically testing all 511(=(2^9)-1 (all foci inactive)) possible permutations of
merged single foci activation sequences . Merged activation sequences with a total activation duration
>115% and <85% of measured QRS duration were excluded. The activation sequence yielding highest
correlation between recorded and computed BSPM was selected as the initial estimation.

Optimization procedure
The initial estimation is further optimized by matching computed BSPM to recorded BSPM. Therefore,
a dedicated Levenberg-Marquardt optimization procedure was used.26 The surface Laplacian of
the activation times was used as regularization-operator and was performed through the iterative
minimization of:

𝑎𝑎𝑟𝑟𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚! (‖𝑉𝑉 − 𝜙𝜙(𝛿𝛿)‖#" + µ##‖𝐿𝐿𝐿𝐿‖#" )
𝑎𝑎𝑟𝑟𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚! (‖𝑉𝑉 − 𝜙𝜙(𝛿𝛿)‖" + µ# ‖𝐿𝐿𝐿𝐿‖#" )

Eq1

With computed BSPM (ϕ), based on LAT (δ), ϕ is minimized to the recorded BSPM (V) by iteratively
adjusting δ. The operator L represents the numerical form of the surface Laplacian operator; by
minimizing ‖𝐿𝐿𝐿𝐿‖#" a spatially smooth solution is promoted. The regularization parameter µ2 was set

‖𝐿𝐿𝐿𝐿‖#

" -6 mV2ms2m-2 and chosen such that the optimized activation sequence was
to a very small value 5*10
regularized to empirically to correspond to realistic smoothness.4 We refer to the discussion for the

setting of the regularization parameter. A maximum of 25 iterations was needed to optimize δ.

Quantitative analysis
Ventricular activation timing maps were displayed from early (red) to late (blue) activation. Recorded
BSPM were compared to the computed BSPM by means of the Pearson’s correlation coeﬃcient (CC)
and the relative difference. The relative difference is calculated by computing the Frobenius normal
form of the difference between estimated and input BSPM divided by the Frobenius normal form of
the recorded BSPM.
Per surface, estimated activation maps were compared to invasive activation maps by calculating intermap CC (Pearson) and mean absolute difference in LAT. Therefore, estimated ventricular activation
maps were timing-referenced to the same timing-reference used during the invasive procedure. Per
triangle, the myocardial conduction velocity was calculated using the triangulation technique.37 In short,
the location and activation timing of the three nodes forming one triangle at the surface were used.
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The average conduction speed and direction can then be determined, assuming that the wavefront is
locally planar, and moves with constant speed in the plane of the triangle. A detailed description of the
method is explained in the supplementary materials (Page 1). Velocities above 5 mm/ms were excluded
from analysis. For both iECG methods, the computation time was determined. Values are displayed
using mean ± standard deviation or using median [range] where appropriate.

RESULTS
Invasive LAT mapping procedure
EAM was performed in one subject who had symptomatic premature ventricular contractions
originating in the right ventricular outflow tract without structural heart disease (male, 21 years,
QRS duration 90 ms, Figure 3), the three other subjects had recurrent ventricular tachycardias with
underlying arrhythmogenic cardiomyopathy (male, 59 years, QRS duration 104 ms, Figure 4) or dilated
cardiomyopathy (female, 65 and 61 years QRS duration 142 and 162 ms, Figure 5 and 6). In three
subjects (Figure 3-5) the epicardium and the right ventricular endocardium were mapped, in the last
subject (Figure 6) the epicardium and the left ventricular endocardium were mapped.
Invasive maps consisted of a mean of 5140±1865 epicardial annotated electrocardiograms and
1476±368 endocardial annotated electrocardiograms. LATs were projected onto the subject specific
imaging-based ventricular model. A mean of 73±8% of the epicardial surface and 61±12% of the
endocardial surface was mapped with a mapping density (annotations/mm2) of 19.5±7.1 for the
epicardial surface and 11.8±3.3 for the endocardial surface. In all subjects, the epicardial surface was
mapped. In three subjects, the right ventricular endocardial surface was mapped and in the other
subject, the left ventricular endocardial surface was mapped.

Invasive vs. iECG local activation timing maps
In all four subjects, ventricular activation was estimated with both iECG methods and compared to
invasively measured LAT (Figure 3-6). Median epicardial inter-map CC of estimated multi-wave iECG
versus multi-focal iECG was 0.61[0.41,0.91] versus 0.31[-0.23,0.83] and median endocardial intermap CC was 0.54[0.19,0.81] respectively 0.22[-0.13,0.64]. With increasing QRS duration, inter-map CC
stayed the same for multi-wave iECG, whereas it increased for multi-focal iECG (Figure 7, upper row,
left panel). Inter-map CC, absolute difference, number of breakthroughs per surface and myocardial
conduction velocity for all subjects are displayed in Table 1 (inter-map comparison). With shorter QRS
durations, myocardial conduction velocity remains constant in multi-wave iECG, whereas it increases in
multi-focal iECG (Figure 7, middle row, left panel). The optimization procedure did not always improve
inter-map CC and absolute difference for both multi-wave and multi-focal iECG (Table 1).
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Figure 3. Invasive vs iECG LAT maps in a QRS of 90 ms
Multi-focal iECG, multi-wave iECG and invasive activation maps of the epicardial and right ventricular endocardial
surface (QRS 90 ms) from red (early) to purple (late). The multi-focal iECG map shows one prominent initial site of
activation, multi-wave iECG map shows six and is comparable to the invasive map. Inter-map correlation coeﬃcient
(CC), absolute difference (ms), LAT time range (ms) and estimated myocardial conduction velocity (mm/ms) are
displayed comparing iECG to invasive LAT maps. CC and relative difference between recorded and computed BSPM
were 0.99±0.00 respectively 0.15±0.00 for multi-focal iECG and 0.98±0.00 respectively 0.15±0.00 for multi-wave
iECG.
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Figure 4. Invasive vs iECG LAT maps in a QRS of 104 ms
Multi-focal iECG, multi-wave iECG and invasive activation maps of the epicardial and right ventricular endocardial
surface (QRS 142 ms) from red (early) to purple (late). Inter-map correlation coeﬃcient (CC), absolute difference
(ms), LAT time range (ms) and estimated myocardial conduction velocity (mm/ms) are displayed comparing iECG to
invasive LAT maps. CC and relative difference between recorded and computed BSPM were 0.96±0.00 respectively
0.30±0.01 for multi-focal iECG and 0.95±0.00 respectively 0.32±0.01 for multi-wave iECG.
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Figure 5. Invasive vs iECG LAT maps in a QRS of 142 ms
Multi-focal iECG, multi-wave iECG and invasive activation maps of the epicardial and right ventricular endocardial
surface (QRS 142 ms) from red (early) to purple (late). Inter-map correlation coeﬃcient (CC), absolute difference
(ms), LAT time range (ms) and estimated myocardial conduction velocity (mm/ms) are displayed comparing iECG to
invasive LAT maps. CC and relative difference between recorded and computed BSPM were 0.96±0.00 respectively
0.30±0.01 for multi-focal iECG and 0.95±0.00 respectively 0.32±0.01 for multi-wave iECG.
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Figure 6. Invasive vs iECG LAT maps in a QRS of 162 ms
Multi-focal iECG, multi-wave iECG and invasive activation maps of the epicardial and right ventricular endocardial
surface (QRS 162 ms) from red (early) to purple (late). Inter-map correlation coeﬃcient (CC), absolute difference
(ms), LAT time range (ms) and estimated myocardial conduction velocity (mm/ms) are displayed comparing iECG to
invasive LAT maps. CC and relative difference between recorded and computed BSPM were 0.94±0.00 respectively
0.35±0.01 for multi-focal iECG and 0.93±0.00 respectively 0.38±0.01 for multi-wave iECG.
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Figure 7. Quantitative comparison iECG and invasive methods
Quantitative comparison of multi-wave, multi-focal and invasive LAT maps. Diamonds represent the epicardial
conduction velocity and dots the endocardial conduction velocity; the black color denotes the multi-focal iECG
method, the red color the multi-wave iECG method and the blue color the invasive. Upper row: Inter-map correlation
coeﬃcient (CC, left) and inter-map absolute difference (right) per subject per plotted beat plotted against QRS
duration. With increasing QRS duration, the multi-focal method improves in CC. Middle row: Myocardial conduction
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velocity estimated from the local activation timing (LAT) maps before (left) and after (right) the optimization procedure
per iECG method and for the invasive study per myocardial surface. Bottom row: The number of identified foci in the
initial estimation (left) and the legend of all displayed plots (right).
Table 1. Inter-map comparison
Multi-Focal

Multi-Wave

Epicardial

0.31[-0.23,0.83]

0.61[0.41,0.91]

Endocardial

0.22[-0.13,0.64]

0.54[0.19,0.81]

Invasive

Correlation coeﬃcient

Absolute difference (ms)
Epicardial

21[17,27]

14[9,25]

Endocardial

27[16,52]

20[10,30]

Epicardial

1.4±0.3

1.3±0.2

1.2±0.2

Endocardial

1.4±0.3

1.1±0.2

1.0±0.1

Epicardial

2[2,4]

3[2,5]

3[2,3]

Endocardial

1[1,4]

2[1,3]

2[1,3]

-0.01[-0.17,0.20]

0.03[-0.11,0.24]

0.7[-3.7,6.8]

0.7[-4.8,3.0]

Myocardial conduction velocity (mm/ms)

Number of breakthroughs (n)

Effect optimization procedure
Correlation coeﬃcient
Absolute difference

Quantitative inter-LAT map comparison between the invasive local activation (LAT) and the estimated LAT maps
using both iECG methods. Values are displayed per surface as median[range] or mean ± standard deviation where
appropriate.

Computed and recorded BSPM were similar between the two iECG methods (multi-wave vs multi-focal:
CC 0.98±0.01 vs 0.98±0.01 and RD 0.17±0.03 vs 0.17±0.04). Per subject standard 12-lead ECGs of the
recorded and computed BSPM are displayed in the Supplementary material (Page 2-5). The number
of identified foci decreased with increasing QRS duration in multi-wave iECG, but did not in multifocal iECG (Figure 7 middle row). Mean computation time was 33±6 seconds for multi-wave iECG and
1014±726 seconds for multi-focal iECG.

DISCUSSION
Modeling the effect of the His-Purkinje system by incorporating endocardial electro-anatomical
structures in the iECG method improved the accuracy of non-invasive estimation of His-Purkinje
mediated ventricular activation, especially in the estimation of normal ventricular activation (Figure
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3-7). The overall performance of the multi-wave iECG was superior to multi-focal iECG, as is also shown
in our previously published study in a larger patient cohort.38

Comparison of EDL-based iECG
A method to mimic the effect of the His-Purkinje system on ventricular activation should incorporate
all possible variations of His-Purkinje mediated ventricular activation; either healthy or diseased. Multifocal iECG does not take the effect of the His-Purkinje system on ventricular activation into account.
In this method, an additive iterative search over the complete myocardium is performed where the
‘fundamental’ activation sequence dominantly determines the final estimation thereby increasing the
chance for an erroneous unphysiological activation sequence.4-6 This algorithm was found to be the
most effective in rather monophasic, simple activation patterns like premature ventricular contractions
or ventricular tachycardia. In multi-wave iECG, diverse His-Purkinje anatomy was taken into account by
the incorporation of subject specific locations of endocardial electro-anatomical structures associated
with early ventricular activation. Flexibility was obtained by testing all permutations of the anatomically
identified foci. Therefore, multi-wave iECG is more restrained in foci location, which resulted in more
realistic estimations of the ventricular activation sequence in normal ventricular activation compared
to multi-focal iECG (Figure 4-5). In broad QRS complexes, the performance of multi-focal iECG improved
and became equal to the performance of multi-wave iECG, as reﬂected in inter-map CC and absolute
difference (Figure 7). Thus, the fundamental difference between both methods lies within the first step
of the initial estimation; whereas multi-focal iECG identifies an activation sequence with one focus best
explaining the recorded BSPMs, multi-wave iECG provides an estimation with multiple foci (Figure 2).

Modeling the His-Purkinje system
In our study, an anatomy-based model of the His-Purkinje system was used for the estimation of both
the initial sites of activation and the myocardial conduction velocity. Incorporating a model of the HisPurkinje system has been shown to be essential to reliably simulate sinus rhythm.20-23 In our study, a
generic model of the His-Purkinje system was individualized by segmenting anatomical endocardial
structures associated with the location of the Purkinje myocardial junctions using patient-specific
cardiac imaging. Then, based on the recorded BSPM, location and timing of the initial sites of activation
were estimated.

Initial sites of activation
Physiologically, with shortening of QRS duration, an increased number of His-Purkinje foci will be active,
as modeled in multi-wave iECG. With shortening of QRS duration, complexity of the estimation increases
due to partial cancellation and amplification of wavefronts represented in the recorded BSPM. Multifocal iECG is likely to identify an aggregation of near simultaneous wavefronts as the ‘fundamental’
activation sequence. Foci could be localized over the complete myocardium and their initial timings
could range within QRS duration, resulting in inadequate estimated activation sequences.10; 11; 13-15; 19
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In His-Purkinje system disorders, the complexity of ventricular activation reduces and QRS duration
increases. The performance of multi-focal iECG improved with increasing QRS duration as earlier observed
in a EPD based iECG validation study.39 However, multi-wave iECG showed that its performance was not
affected by QRS duration. The effect of the His-Purkinje system was mimicked through the identification
of nine distinct endocardial regions as potential foci. All possible activation patterns were tested by
comparing computed to recorded BSPM. Additionally, multi-wave iECG excluded unrealistically long
and short total activation durations referenced to QRS duration in the recorded BSPM. This combination
resulted in a physiological robust non-invasive estimation of ventricular activation.

Myocardial conduction velocity
With decreasing QRS duration, the estimated myocardial conduction velocity increased in the initial
estimation of multi-focal iECG whereas the number of foci increased in multi-wave iECG (Figure 7
middle/lower row). The estimation of multi-wave iECG is thus more realistic whilst taking normal
physiology into account. In multi-focal iECG, myocardial conduction velocity was estimated between
0.8 and 2.0 mm/ms for the myocardium, increasing with decreasing QRS duration whereas in multiwave iECG, myocardial conduction velocity was set. The optimization procedure affected the myocardial
conduction velocity for both methods to some extent (Figure 7 middle row).
Values up to 2.0 mm/ms equal the conduction velocity of Purkinje fibers and may be observed in
regions with a high density of Purkinje-myocardial junctions16; 17, but are physiologically unrealistic
for the normal myocardium. The estimated myocardial conduction velocities used for the multi-focal
initial estimation may be physiologically realistic if ventricular activation is initiated by one focus, as
the estimated myocardial conduction velocity was matched to measured QRS duration. If multiple foci
contribute to the short QRS duration, myocardial conduction velocity increases in multi-focal iECG,
which is physiologically unrealistic. Selecting nine foci as starting point of ventricular activation remains
a simplification of the true dense distribution of Purkinje-Myocardial junctions. To account for the effect
of this dense distribution, conduction velocity was doubled in the regions directly around foci in multiwave iECG.

Myocardial conduction velocity estimation
In this study, the surface myocardial conduction velocity was computed (Figure 7 middle row). In
the areas of breakthroughs at the epicardium, surface conduction velocity may seem to be increased
as the wavefront moving from the endocardium to the epicardium almost simultaneously activates
the epicardium. However, in endocardial breakthrough regions the dense distribution of PurkinjeMyocardial junctions is active which may realistically contribute to rapid activation of the myocardium.
To correct for seemingly increased conduction velocities due to simultaneous breakthroughs at multiple
nodes, estimated values above 3 mm/ms were excluded from analysis.
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Comparison to EPD based iECG
As described by Duchateau et al39, the performance of EPD based iECG during sinus rhythm is poor
(inter-map CC: 0.03±0.43, absolute difference: 20.4±8.6), especially in narrow QRS complexes. With
increasing QRS duration, the performance of the method improved. The performance of multi-wave
iECG showed a higher overall performance as reﬂected in inter-map CC and absolute difference and the
performance of method seemed to be unaffected by QRS duration.
In contrast to EPD based method, the EDL based method defines the local source strength proportional
to the transmembrane potential at both epicardium and endocardium instead of local electrograms
at solely the epicardium. For both source models applies that the underlying inverse problem is illposed, i.e. completely different ventricular activation sequences can generate similar BSPM waveforms.
Subsequently, the computed BSPM from the EDL based method also depend non-linearly on the
activation and recovery timings. To obtain a realistic estimate for ventricular activation and recovery,
EDL-based iECG requires an initial estimate which can be based on ventricular electrophysiology,
in contrast to EPD-based iECG.4; 5 In multi-wave iECG a several foci are defined for this His-Purkinje
mediated activation, thereby correctly reﬂecting cardiac electrophysiology.

Optimization procedure
Due to the non-linear relation between activation time and simulated potentials, the EDL based iECG
requires an initial estimation which is then mathematically optimized by minimizing the differences
between recorded and computed BSPM by tuning LAT regularized by the surface Laplacian. The
optimization procedure both negatively and positively affected the inter-map correlation and absolute
differences as compared to the invasive maps. Thus, the initial estimation will not extremely change,
meaning that no foci will appear or disappear as an effect of the optimization procedure. However, by
optimizing the LAT, modeled local conduction velocity is affected thereby possibly negatively affecting
the agreement between the invasive and non-invasive maps. Furthermore, due to proximity effects,
wavefronts traveling close to electrodes pose a larger effect in the optimization procedure compared
to wavefronts traveling at the posterior side of the heart. The results in this paper thus emphasize both
the need for a physiologically realistic initial estimation and necessity of an electrophysiological based
regularization of the optimization procedure.40
In comparison to other EDL-based iECG methods, we used a lower value for our regularization parameter,
meaning that the optimization procedure is less regularized by the surface Laplacian. We tested values
between 1.5·10^-4, as used in previous studies4, and 5·10^-8 and we observed that the optimized maps
did not differ when using a higher vs lower value. As with the decrease of the regularization parameter
the optimized activation sequence remained equal, the initial estimation thus needs less physiological
regularization.
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Computation time
A large difference in computation time was observed between the two iECG methods due to the
difference in the selection of the initial estimation. This is mostly caused by limiting the search space to
identify foci by matching computed to recorded BSPM. Thus, besides the fundamental difference in the
methodology to select the initial sites of activation, also the reduction in the computation time favors
multi-wave iECG for clinical implementation.

Limitations
In both multi-focal iECG and multi-wave iECG conduction velocity is assumed to be only affected
by anisotropy. The presence of structural heart disease, as present in the included subjects, on the
estimation of both iECG methods was not assessed, but may be of great importance as conduction
velocity is affected by the presence of abnormal myocardium and fibrous tissue. If local cardiac
remodeling is present, a fixed conduction velocity in the iECG method is physiologically not realistic.
Therefore, future research will focus on the incorporation of abnormal myocardium in the cardiac
source model and the effect of local cardiac remodeling on cardiac conduction velocity and multi-wave
iECG estimations. Structural information about the cardiac tissue will then be obtained from dedicated
cardiac imaging, and per underlying substrate the appropriate modeling technique will be investigated.
In this study, extensive invasive mapping was used as the gold standard sequentially recorded beats and
electrograms are used to estimate LAT. During both the invasive maps and the selection of the beats
from the BSPM signals, no respiratory gating was used, possibly resulting in error caused by respiration.
Visual comparison of the maps also shows a distinct difference between the invasive and non-invasive
maps, where the non-invasive maps are more smoothed compared to the more speckled invasive
maps. From the LAT maps Durrer presented, a smoother pattern is expected (like the iECG estimation),
but other invasive LAT maps presented in quantitative iECG comparison studies and invasive studies
show this more speckled pattern.7; 11; 39 This difference is most likely caused by the density of obtained
LAT measurements; the maps of Durrer et al are constructed using a large inherent smoothing pattern,
due to the sparsity of the number of needles used to obtain the LAT. However, also both inaccuracy
in the invasive mapping system or more physiologically based variation in the activation of (diseased)
myocardial tissue, may contribute to this speckled pattern. The contribution of these factors is however
yet unknown and should be verified as this fundamental difference in pattern will always severely affect
presented inter-map correlations and absolute differences.
The His-Purkinje model used in this study can be optimized to the specific patient, however, it remains
a crude representation of true cardiac anatomy and electrophysiology. In the model one node
surrounded by a region of increased conduction velocity was used to simulate Purkinje-myocardial
junction. However, in reality, these junctions are a much more complex system. Therefore, and due
to the incompleteness of specifically the endocardial maps, we were not able to compare the EAM
mapped focal sites to our iECG estimated focal sites.
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CONCLUSION
Modeling of the effect of the His-Purkinje system in our novel multi-wave iECG method provides a
physiologically robust estimation of the ventricular activation sequence even in normal (narrow QRS)
ventricular activation. The computation time required by multi-wave iECG was short, crucial for clinical
use. Multi-wave iECG might thus enable the identification and progression of arrhythmogenic substrates
in patients with structural heart disease. Future research will be directed towards the combination of
the novel His-Purkinje model and the incorporation of myocardial tissue characteristics, e.g. scar, to
improve our iECG method.
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SUPPLEMENTARY MATERIAL
Local myocardial conduction velocity estimation
We estimated the myocardial conduction velocity in this study using the triangulation method. The
technique allows for the estimation of conduction velocity without requiring constraints based on the
spacing and distribution of the nodes of the cardiac mesh. Especially for the sometimes incomplete
invasive maps with missing data, this allows for local conduction velocity estimation without requiring
also large amounts of surrounding data.
In short, the rules of trigonometry are used to associate the location (coordinates) and LAT to the local
conduction velocity. The local conduction velocity is then determined by the three points of a triangle,
assuming the wavefront is locally planar.
In the diagram below the computation is displayed schematically together with the used formulas. First
θ is estimated, which is the angle at the node of earliest activation (O) of the triangle. Then the angle α
is estimated, taking into account the 1) the difference in activation times between nodes, the distances
between nodes and the angle between the two edges. The angle α then gives the direction of activation
at the current triangle. Then the velocity over the triangle can be estimated by solving the equation with
the known edge length, angle α and the time between the two nodes.
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Supplementary figures

Supplementary Figure 1. Inter BSPM comparison.
Precordial leads V1-V6 of the recorded BSPM (red), computed initial BSPM (blue) and computed optimized BSPM
(black). The measured QRS duration of the subject is 90 ms. Leads are displayed for the multi-focal iECG method
(left) and multi-wave iECG method (right). The activation sequence displayed in Figure 3 of the manuscript is used
to compute the initial and optimized BSPM. In the figure, paper speed is 50 mm/s and amplification is 1 mm/mV.
Correlation coeﬃcient (Pearson’s, CC) and relative difference (RD) between computed and recorded BSPM are
displayed per method and the estimated total activation duration (TAD) beneath the displayed computed and
recorded BSPM.
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Supplementary Figure 2. Inter BSPM comparison.
Precordial leads V1-V6 of the recorded BSPM (red), computed initial BSPM (blue) and computed optimized BSPM
(black). The measured QRS duration of the subject is 104 ms. Leads are displayed for the multi-focal iECG method
(left) and multi-wave iECG method (right). The activation sequence displayed in Figure 4 of the manuscript is used
to compute the initial and optimized BSPM. In the figure, paper speed is 50 mm/s and amplification is 1 mm/mV.
Correlation coeﬃcient (Pearson’s, CC) and relative difference (RD) between computed and recorded BSPM are
displayed per method and the estimated total activation duration (TAD) beneath the displayed computed and
recorded BSPM.
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Supplementary Figure 3. Inter BSPM comparison.
Precordial leads V1-V6 of the recorded BSPM (red), computed initial BSPM (blue) and computed optimized BSPM
(black). The measured QRS duration of the subject is 142 ms. Leads are displayed for the multi-focal iECG method
(left) and multi-wave iECG method (right). The activation sequence displayed in Figure 5 of the manuscript is used
to compute the initial and optimized BSPM. In the figure, paper speed is 50 mm/s and amplification is 1 mm/mV.
Correlation coeﬃcient (Pearson’s, CC) and relative difference (RD) between computed and recorded BSPM are
displayed per method and the estimated total activation duration (TAD) beneath the displayed computed and
recorded BSPM.
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Supplementary Figure 4. Inter BSPM comparison.
Precordial leads V1-V6 of the recorded BSPM (red), computed initial BSPM (blue) and computed optimized BSPM
(black). The measured QRS duration of the subject is 162 ms. Leads are displayed for the multi-focal iECG method
(left) and multi-wave iECG method (right). The activation sequence displayed in Figure 6 of the manuscript is used
to compute the initial and optimized BSPM. In the figure, paper speed is 50 mm/s and amplification is 1 mm/mV.
Correlation coeﬃcient (Pearson’s, CC) and relative difference (RD) between computed and recorded BSPM are
displayed per method and the estimated total activation duration (TAD) beneath the displayed computed and
recorded BSPM.
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ABSTRACT
Aims: This study presents a novel non-invasive Equivalent Dipole Layer (EDL) based inverse
electrocardiography (iECG) technique which estimates both endocardial and epicardial ventricular
activation sequences. We aimed to quantitatively compare our iECG approach with invasive electroanatomical mapping (EAM) during sinus rhythm with the objective of enabling functional substrate
imaging and sudden cardiac death risk stratification in patients with cardiomyopathy.
Methods: Thirteen patients (77% males, 48±20 years old) referred for endocardial and epicardial
EAM underwent 67-electrode body surface potential mapping and CT imaging. The EDL-based iECG
approach was improved by mimicking the effects of the His-Purkinje system on ventricular activation.
EAM local activation timing (LAT) maps were compared with iECG-LAT maps using absolute differences
and Pearson’s correlation coeﬃcient, reported as mean ± standard deviation [95% confidence interval].
Results: The correlation coeﬃcient between iECG-LAT maps and EAM was 0.54±0.19 [0.49-0.59] for
epicardial activation, 0.50±0.27 [0.41-0.58] for right ventricular endocardial activation and 0.44±0.29
[0.32-0.56] for left ventricular endocardial activation. The absolute difference in timing between iECG
maps and EAM was 17.4±7.2 ms for epicardial maps, 19.5±7.7 ms for right ventricular endocardial maps,
27.9±8.7 ms for left ventricular endocardial maps. The absolute distance between right ventricular
endocardial breakthrough sites was 30±16 mm and 31±17 mm for the left ventricle. The absolute
distance for latest epicardial activation was median 12.8 [IQR: 2.9–29.3] mm.
Conclusion: This first in-human quantitative comparison of iECG and invasive LAT-maps on both the
endocardial and epicardial surface during sinus rhythm showed improved agreement, although with
considerable absolute difference and moderate correlation coeﬃcient. Non-invasive iECG requires
further refinements to facilitate clinical implementation and risk stratification.
List of abbreviations: CT = computed tomography; EAM = electroanatomical mapping; ECG =
electrocardiography; EDL = equivalent double layer; EPD = equivalent potential distribution; iECG:
inverse electrocardiography; LAT = local activation timing; LAO = left anterior oblique; RAO = right
anterior oblique.
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INTRODUCTION
Non-invasive imaging of cardiac depolarization and repolarization sequences, known as
electrocardiographic imaging, is based on body surface potentials maps and cardiovascular imaging.(14) Two major methods have been introduced: 1) the potential based Equivalent Potential Distribution
(EPD) method (1,3,5-9), which estimates electrograms on the epicardium in a linear relation whereof
activation and recovery timings are determined on the epicardium, and 2) the wave-front formulation
based on the Equivalent Dipole Layer (EDL).(2,4,10,11) The EDL-based method, used in this study and
referred to as inverse electrocardiography (iECG), calculates transmembrane potentials at both the
endocardium and epicardium as a local source, whereof activation and recovery times are derived.
(4,11) More precisely, these transmembrane potentials represented in the EDL-based method create
currents that are proportional to the second derivative of the local transmembrane potentials.(12)
Since the relation between the transmembrane potentials and the body surface potential map is nonlinear, an initial estimation of the activation sequence is required.(2,4,10)
The implementation of electrocardiographic imaging in clinical practice is limited, which may partly
be explained by poor results for estimations during sinus rhythm.(13) Whereas estimation of rhythms
with a single ventricular focus, i.e. ventricular pacing or premature ventricular complexes, is promising.
(1, 6, 7, 9, 10, 13) Estimation of ventricular activation during sinus rhythm is complicated by the nearly
simultaneous initiation of activation waves from multiple endocardial sites mediated by the His-Purkinje
system.(14) Quantitative comparison studies during sinus rhythm are limited and have shown poor
performance, represented by low correlation coeﬃcients between non-invasive estimations and
invasive mapping.(7)
The proposed iECG method mimics the effects of the His-Purkinje system on the initiation of ventricular
activation waves to improve accuracy of estimation during sinus rhythm.(1,4,5,7-9,11) With improved
accuracy of estimation during sinus rhythm, iECG techniques may enable functional imaging of electroanatomical substrates on both the epicardium and endocardium and aid early detection and noninvasive risk stratification of patients with cardiomyopathies.(15) Therefore, a quantitative comparison
of this novel iECG method for estimation of ventricular activation during sinus rhythm was performed.
In this study, invasive endocardial and epicardial high-resolution local activation timing (LAT) maps
obtained during electro-anatomical mapping (EAM) were compared to non-invasively estimated
activation patterns.
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METHODS
Patient population
Patients referred for endocardial and epicardial EAM and ablation were enrolled. Epicardial mapping was
indicated because of either recurrent ventricular tachycardia with a suspected epicardial substrate or
symptomatic premature ventricular complexes with a prior failed endocardial ablation. Anti-arrhythmic
drugs, except amiodarone, were discontinued for a minimum of three half-lives prior to the ablation
procedure. Amiodarone was continued because of its long half-life. The study protocol was approved
by the local institutional review board (University Medical Center Utrecht, Utrecht, The Netherlands;
protocol nr.17/628). The study was conducted according to the declaration of Helsinki and all patients
gave informed consent prior to non-invasive and invasive mapping.

Data acquisition
The workﬂow of the study is depicted in Figure 1. Patients underwent 67-electrode body surface
potential mapping (sampling frequency 2048 Hz, Biosemi, Amsterdam, The Netherlands) prior to the
invasive mapping procedure and the electrode positions were captured using a 3-dimensional camera
(Intel Realsense D435, Santa Clara, USA).(16) Per patient, cardiac computed tomography (CT, Philips
Healthcare, Best, The Netherlands) was performed to manually create patient specific anatomical
models of the ventricles with both epicardial and endocardial surfaces, ventricular blood pool, lungs
and thorax. The ventricular anatomical models were supplemented with patient specific endocardial
structures associated with early ventricular activation through the His-Purkinje system (e.g. the left
ventricular papillary muscles and right ventricular moderator band).(14) Electrode positions were
reconstructed by registering 3-dimensional images to the thorax model. The volume conductor model
was computed using the boundary element method. Conductivity values of 0.2 S/m for the thorax and
ventricular tissue, 0.04 S/m for the lungs and 0.6 S/m for the blood cavities were used.(Supplementary
Methods).

Signal processing
Baseline drift and 50 Hz noise were removed from the body surface potential map signals. Per patient,
five subsequent sinus rhythm complexes were selected to be analyzed in the iECG procedure. Premature
ventricular complexes and sinus rhythm complexes prior to premature ventricular complexes were
excluded from analysis. The root mean square of all recorded signals was used to annotate QRS onset,
J-point and T-wave end. One lead from the standard 12-lead ECG was used as timing reference to allow
comparison of absolute timings between iECG estimations and invasive EAM timings.

Inverse ECG procedure
The novel iECG method has been described in more detail in the Supplementary Methods.(4,11,17,18)
In short: the iECG method simulates body surface potential maps using the patient specific EDL cardiac
source model, the patient specific volume conductor model and the estimated ventricular activation
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sequence. Nine regions containing potential foci were localized: four at the left ventricular septum, two
at the base of both the posterior and anterior papillary muscles of the left ventricle, two at the right
ventricular septum and one at the insertion of the moderator band at the right ventricular free wall
free wall.(14) The fastest route algorithm was used to compute activation sequences emerging from
these locations and combinations of foci.(4) All possible combinations of foci were tested as the initial
estimation (Supplementary Methods). The activation sequence from the initial estimation with the
highest correlation between the simulated body surface potential map and the recorded body surface
potential map, was selected as input for the optimization step (Supplementary Methods).(4) The
optimized activation sequence was used to assign LAT to each node in the patient specific ventricular
anatomical model (Figure 1 and Supplementary Figure 1).

Figure 1. Workﬂow.
The workﬂow of the study consisted of data recording (left panel), data processing (middle panel) and quantitative
comparison (right panel). Body surface potential mapping (BSPM) using 67-electrodes was performed. CT imaging
of the thorax and cardiac anatomy was performed and used to construct patient specific anatomical models and
compute the volume conductor. The EAM anatomical point clouds were registered to the CT-based ventricular
anatomy and LAT and bipolar values were projected on the CT-based anatomy. EAM-LAT maps were quantitatively
compared to iECG-LAT maps.

Invasive electro-anatomical mapping
Invasive EAM was performed under general anesthesia during sinus rhythm or atrial pacing. Ventricular
paced complexes and premature ventricular complexes were excluded from analysis. Epicardial access
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was obtained by percutaneous subxiphoid approach(19) and endocardial access was obtained through
the right femoral vein. Access to the left ventricle was gained through a transseptal puncture, using a
steerable sheath (Mobicath, Biosense-Webster Inc. Irvine, USA). Anatomical coordinates, LAT maps and
voltage maps were automatically created with EAM systems (Carto-3, Biosense-Webster Inc. Irvine, USA
or EnSite Precision, Abbott, Chicago, USA) without prior integration of cardiac CT images. Endocardial
and epicardial EAM was performed with multi-electrode catheters (PENTARAY® catheter, BiosenseWebster Inc. Irvine, USA or ADVISOR™ HD Grid mapping Catheter, Abbott, Chicago, USA). Unipolar
and bipolar electrograms were simultaneously recorded with standard 12-lead ECG (band pass filters
30 Hz - 500 Hz, sampling frequency 1000 Hz), and one of these leads was used as timing reference
for electrograms. Post-procedure, bipolar and corresponding unipolar electrograms were manually
reviewed by investigators who were blinded to the information from the corresponding iECG map. LAT
was set at the maximal amplitude of the bipolar signal, corresponding to maximum downslope (dV/dt)
in unipolar electrograms (see Figure 2 for examples).(20) In case of doubt, recordings from neighboring
electrograms were taken into consideration to determine LAT. Epicardial and endocardial myocardium
with abnormal voltage electrograms was defined as bipolar voltage amplitude <1.5 mV.

Comparison of non-invasive mapping and invasive mapping
Anatomical coordinates with corresponding annotated LAT and bipolar voltage, obtained during EAM,
were exported (MATLAB-2017a, The Mathworks Inc, Natick, USA). These anatomical coordinates were
semi-automatically aligned to the CT-based ventricular anatomical model, according to anatomical
landmarks (right ventricular outflow tract and the apex of the ventricles, Figure 1). Endocardial
alignment was optimized using a closest point matching algorithm.(21) Surface Laplacian interpolation
was used for areas with incomplete EAM, within a distance of 10 mm. To reduce misalignment errors,
invasively collected datapoints for myocardial surfaces were projected onto the nearest node of the CTbased model and all projections per node were averaged. iECG-LAT maps were referenced to the same
timing reference used during the EAM procedure. Pearson’s inter-map correlation coeﬃcient and intermap absolute difference in milliseconds (ms) were determined for the epicardium, right ventricular
endocardium and left ventricular endocardium. Breakthrough of activation was defined as nodes with
the lowest LAT value, and sites of latest activation were defined as the node with the highest LAT value.
Euclidian distances between sites of earliest and latest activation were determined in millimeters (mm).
Myocardial conduction velocity over surfaces was calculated as the minimum positive velocity between
nodes, velocities more than 3 mm/ms were excluded. A relatively high cut-off of 3 mm/ms was used to
account for velocities observed in regions with a high density of Purkinje-myocardial junctions as the
conduction velocity of Purkinje fibers ranges between 2-3 mm/ms. This cut-off was used to take into
account that the electrical pulse may spread via the Purkinje fibers to the neighboring myocardial tissue
instead of via the myocardial tissue itself. Ventricular activation sequences were presented in right
anterior oblique, left anterior oblique and inferior views.(22)
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Panel A: Legend: LAT maps derived from iECG and EAM from early (red) to late (blue) activation. Breakthroughs of
ventricular activation are indicated with a white asterisk.
Epicardium: both EAM and iECG estimation showed breakthrough of activation at the right ventricular free wall and
the left ventricular free wall. Endocardial activation of the right ventricular free wall: iECG estimation corresponds
to EAM, intraventricular septum activation was located more towards the apex in the EAM. Imaging views are based
on the anatomical approach for EAM.(22) Abbreviations: MV = mitral valve; RVOT = right ventricular outflow tract;
TV = tricuspid valve.
Panel B: Patient with healed myocarditis and right bundle branch block. Imaging views are based on the anatomical
approach for EAM.(22)
1: Epicardial EAM-LAT map from early (red) to late (blue) activation. The early regions in the left ventricle and late
regions in the right ventricle suggest a right bundle branch block. 2: EGM annotation of bipolar electrograms. The
green line corresponds to the timing reference. The yellow line shows annotation to the maximal amplitude of the
bipolar signal.3: iECG-LAT map of epicardial activation from early (red) to late (blue) activation.
Panel C: Epicardial activation and electrogram annotation in a patient with arrhythmogenic cardiomyopathy. Imaging
views are based on the anatomical approach for EAM.(22)
1: EAM-LAT maps from early (red) to latest (blue) activation. 2: Electrogram annotation of bipolar signals. The green
line corresponds to the timing reference. The yellow line shows annotation to the maximal amplitude of the bipolar
signal. 3: iECG-LAT map from early (red) to late (blue) activation.

Statistical analysis
Data were presented as mean±standard deviation or median [interquartile range], supplemented with
95% confidence interval (CI). Continuous data were compared using (un)paired Student's t-test or Mann–
Whitney U test as appropriate. Differences between iECG-LAT maps and EAM-LAT maps were presented as
absolute difference in ms for timings or absolute difference in mm for differences in sites of breakthrough,
earliest activation or latest activation. iECG-LAT and EAM-LAT maps were compared with Pearson’s linear
correlation and presented as correlation coeﬃcient. Agreement between iECG and EAM-LAT timings was
quantitatively compared by Bland-Altman plots. A 2-sided P-value of <0.05 was considered significant.
Statistical analysis was performed in MATLAB (MATLAB 2017a, The Mathworks Inc, Natick, USA).

RESULTS
Study population
Thirteen patients (77% males, age 48±20 years) referred for epicardial and endocardial mapping and
ablation of ventricular tachycardia (n=10) or symptomatic premature ventricular complexes (n=3) were
included. Patients were diagnosed with arrhythmogenic cardiomyopathy (n=5), dilated cardiomyopathy
(n=2), symptomatic premature ventricular complexes (n=3) or ventricular arrhythmias after healed
myocarditis (n=3). Patients had either sinus rhythm (n=10) or atrial pacing by an implanted permanent
pacemaker (n=3) during body surface potential recording and the EAM procedure, see Supplementary
Table 1 for a summary of the included population and Supplementary Table 2 for a detailed description
per included patient.
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Table 1. Comparison between iECG and EAM
Parameters

Mean ± SD

Median [IQR]

Epicardium
Correlation coeﬃcient

54.1 ± 19.0

51.0 [44.0 – 71.5]

Absolute difference (ms)

17.4 ± 7.2

15.1 [12.8 – 19.6]

Absolute difference earliest breakthrough (mm)

42.1 ± 18.6

37.9 [28.4 – 58.5]

Absolute difference terminal site of activation (mm)

54.1 ± 26.9

51.0 [33.4 - 69.6]

Absolute difference timing of latest activation (ms)

19.1 ± 20.9

12.8 [2.9 – 29.3]

EAM breakthroughs (n)

3.15 ± 0.9

3.0 [2.5 - 4.0]

iECG breakthroughs (n)

3.3 ± 0.8

3.4 [2.9 – 4.0]

Right ventricular endocardium
Correlation coeﬃcient

49.6 ± 27.3

55.5 [46.0 – 62.0]

Absolute difference (ms)

19.5 ± 7.7

17.4 [13.2 - 24.4]

Absolute difference earliest breakthrough (mm)

29.9 ± 16.0

28.3 [22.3 - 47.4]

Absolute difference terminal site of activation (mm)

46.7 ± 28.8

37.0 [24.5 - 69.4]

Absolute difference timing of latest activation (ms)

20.4 ± 16.7

15.2 [10.1 - 28.7]

EAM breakthroughs (n)

2.1 ± 0.6

2.0 [2.0 - 2.25]

iECG breakthroughs (n)

1.8 ± 0.6

2.0 [1.2 - 2.3]

44.0 ± 28.8

53.5 [13.5 - 65.0]

Left ventricular endocardium
Correlation coeﬃcient
Absolute difference (ms)

27.9 ± 8.7

27.3 [20.1 - 36.2]

Absolute difference earliest breakthrough (mm)

31.0 ± 16.8

31.1 [14.7 - 47.1]

Absolute difference terminal site of activation (mm)

32.7 ± 17.2

39.2 [14.8 – 44.1]

Absolute difference timing of latest activation (ms)

29.5 ± 26.3

20.8 [10.4 - 57.3]

EAM breakthroughs (n)

1.8 ± 1.0

1.5 [1.0 - 2.8]

iECG breakthroughs (n)

1.8 ± 0.5

2.0 [1.3 - 2.0]

Abbreviations as in manuscript.

iECG procedure quality
The patient cardiac anatomical models had an inter-node spatial resolution of 8±1 mm. The QRS complex
morphology of the recorded body surface potential maps correlated with the QRS complex morphology
of the simulated body surface potential maps in the iECG procedure (correlation coeﬃcient=0.97±0.02).
The QRS morphology of the timing reference lead during EAM correlated with the timing reference lead
of the recorded body surface potential map (correlation coeﬃcient=0.94±0.02).

EAM quality
Epicardial EAM was performed in all patients, right ventricular endocardial EAM in 10 patients and left
ventricular endocardial EAM in four patients. EAM consisted of median 4611[3369-5633] epicardial

213

10

Chapter 10

electrograms, 910[280–1638] right ventricular endocardial electrograms and 605[247–1412] left
ventricular endocardial electrograms. The number of annotations per square mm was 20±11 for the
epicardium, 10±5 for the right ventricular endocardium and 8±4 for the left ventricular endocardium.
The percentage of EAM per surface was on average 67[range:48-82]% of anatomical nodes for the
epicardium, 45[range:15-79]% for the right ventricular endocardium and 48[range:22-71]% for the left
ventricular endocardium. The anatomical EAM model was limited to the locations where the catheter
had been positioned during the EAM procedure.

Local Activation Timing
Figure 2A shows an example of the comparison of iECG and EAM for LAT maps, and the comparison
between earliest and latest activated nodes for both the epicardium and endocardium. The ranges
between earliest and latest ventricular activation were not significantly different between iECG-LAT
maps and EAM-LAT maps (111±23 vs. 124±39 ms, p=0.311). The ranges of earliest and latest activation
per patient are included in Supplementary Table 3. Figure 2B shows an example of the iECG and the
EAM approach in a patient with a healed myocarditis with right bundle branch block. The fast and HisPurkinje mediated activation of the left ventricular myocardium is shown in contrast to the relatively
slower activation of the right ventricle due to the right bundle branch block. Figure 2C shows an example
of the activation pattern and epicardial electrogram annotation in a patient with arrhythmogenic
cardiomyopathy. Furthermore, all LAT and voltage maps of each included patient are available as
Supplementary Figure 1. The mean correlation coeﬃcient between iECG-LAT maps and EAM-LAT maps
was 0.54±0.19; [95% CI:0.49-0.59] for epicardial maps, 0.50±0.27; [95% CI:0.41-0.58] for endocardial
right ventricular maps and 0.44±0.29; [95% CI:0.32-0.56] for endocardial left ventricular maps (Table
1). The moderate agreement of LAT between iECG and EAM maps is shown in Figure 3A for all included
electrograms on the epicardium (R=0.632, p<0.001), right ventricular endocardium (R=0.597, p<0.001)
and left ventricular endocardium (R=0.546, p<0.001). Figure 3B shows that a prolonged QRS duration
of the included complexes did not affect correlation coeﬃcient or absolute difference. Figure 3C
suggest that a higher density of mapped electrograms per mm2 reduces the scatter of correlation
coeﬃcients. The absolute difference for epicardial LAT maps was 17.4±7.2 ms; [95% CI:15.6-19.2], for
endocardial right ventricular maps 19.5±7.7 ms; [95% CI:17.2-21.7], and for endocardial left ventricular
maps 27.9±8.7 ms; [95% CI:24.2-31.5]. The relation between the percentage of mapped anatomical
points during EAM and the agreement for LAT values is shown in Figure 3D. The correlation coeﬃcient
between iECG-LAT maps and EAM-LAT maps was not significantly affected by the absolute number
of EAM electrograms (p=0.324), the number of electrograms with abnormal voltage (p=0.306) or
the QRS duration (p=0.485) (see Supplementary Figure 2). However, the annotation density and the
percentage of mapped anatomical points per map affected the agreement between iECG and EAM. In
maps with a low annotation density or lower percentage of mapped anatomical points the correlation
coeﬃcients were low (Figure 3 C/D). This may have negatively affected the observed correlation
coeﬃcients in this study because endocardial EAM was often limited to either the right ventricular or
left ventricular surface. The iECG estimations were based on five QRS complexes selected from the body

214

Non-invasive iECG during sinus rhythm

10

Figure 3. Scatter plots of local activation timing stratified for epicardial and endocardial surfaces.
Panel 3A: for each node in the ventricular anatomy the EAM-LAT values (x-axis) are scattered against iECG-LAT values
(y-axis). The black line in each plot represents the linear regression line and R-value and p-value are shown in each
plot.
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Panel 3B: relation between QRS duration (x-axis) for the 5 selected complexes in the iECG procedure and correlation
coeﬃcient/absolute difference for the LAT values (y-axis).
Panel 3C: relation between annotation density (x-axis) per mm2 and correlation coeﬃcient/absolute difference for
LAT values for the 5 selected complexes in the iECG procedure (y-axis).
Panel 3D: relation between percentage of EAM of the total surface (x-axis) and correlation coeﬃcient/absolute
difference for LAT values (y-axis).

surface potential maps, but a Bland-Altman analysis did not result in divergent results per included
QRS complex. These scatter plots and Bland-Altman plots for each included patient are available in
Supplementary Figure 2.

Localization of earliest breakthrough and areas of latest activation
The number of endocardial breakthrough points was similar when comparing iECG-LAT maps and EAMLAT maps: 3.3±0.8 vs 3.2±0.9 for epicardial maps, 1.8±0.6 vs 2.1±0.6 for right ventricular endocardial
maps and 1.8±0.5 vs 1.8±1.0 for left ventricular endocardial maps (Table 1). These findings were in line
with the observations of Durrer et al. and the assumptions of the iECG initial estimation.(14) Epicardial
breakthrough of activation had an absolute difference between iECG-LAT maps and EAM-LAT maps of
42.1±18.6 mm; [95% CI:36.7-47.5]. For endocardial breakthrough of activation, the absolute difference
was 29.9±16.0 mm; [95% CI:25.1-34.8] for the right ventricular endocardium and 31.0±16.8 mm; [95%
CI:23.8–38.1] for the left ventricular endocardium. The latest activated nodes had an absolute difference
between iECG and EAM of 54.1±26.9 mm; [95% CI:47.5-60.7] for epicardial maps, 46.7±28.8 mm; [95%
CI:38.8-54.7] for right ventricular endocardial maps and 32.7±17.2mm; [95% CI:25.1-40.4] for left
ventricular endocardial maps (Table 1). The timing of the latest activated nodes differed 12.8[2.9-29.3]
ms; [95% CI:6.4-31.7] for epicardial maps, 15.2[10.1-28.7] ms; [95% CI:8.5-32.5] for right ventricular
endocardial maps and 20.8[10.4-57.3] ms; [95% CI:-12.5–71.4] for left ventricular endocardial maps.
The myocardial conduction velocity was not significantly different between iECG and EAM maps for
respectively the epicardium (1.26±0.16 vs 1.26±0.20 m/s, p>0.999), right ventricular endocardium
(1.13±0.09 vs. 0.94±0.17 m/s, p=0.069) or left ventricular endocardium (1.03±0.11 vs. 0.92±0.07 m/s,
p=0.968).

DISCUSSION
This is the first study to quantitatively compare non-invasive, EDL-based iECG estimation of ventricular
activation sequences during sinus rhythm with invasive high density endocardial and epicardial
EAM in humans. Comparison of agreement between iECG-LAT maps with EAM-LAT maps showed
moderate agreement. However, this observed agreement (correlation coeﬃcient= 0.54±0.19) was
remarkably higher compared to a recent validation study (correlation coeﬃcient=-0.04±0.3) performed
during sinus rhythm.(7) Mimicking the effects of the His-Purkinje system on ventricular activation
in the iECG method resulted in activation patterns corresponding to observations of Durrer et al. in
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experiments with explanted human hearts.(14) In contrast to prior EPD-based studies which were
limited to estimations on the epicardium, estimation of both the endocardial and epicardial activation
sequences was achieved. Although accuracy and spatial resolution require further improvement before
implementation of this diagnostic tool in clinical practice, these findings may be of clinical importance
for functional non-invasive substrate imaging during sinus rhythm to improve the value of ECG screening
and risk stratification of sudden cardiac death.(15)

Quantitative comparison
Previous quantitative EPD-based validation studies showed higher agreement between ventricular
paced complexes and EAM, compared to sinus rhythm complexes.(7, 9) Duchateau et al. showed
poor epicardial inter-map correlation coeﬃcient (-0.04±0.3) during sinus rhythm, although correlation
coeﬃcients increased with increasing QRS duration. This relation is most likely explained by the
complexity of multiple simultaneous ventricular activation waveforms occurring during sinus rhythm,
which decreases in rhythms with a single focus.(7) In the present study, a considerably higher agreement
(correlation coeﬃcient 0.54±0.19) between EAM and the novel iECG-LAT maps was observed during
sinus rhythm. This improved performance is attributed to the incorporation of the effects of the HisPurkinje system on the initiation of ventricular activation.(10) Previously reported absolute difference
for breakthrough of epicardial pacing was smaller compared to the present study (13.2-20.7 mm vs.
42.1±18.6 mm).(6,9,10) However, previously reported absolute difference for epicardial breakthrough
during sinus rhythm was higher compared to our results (75.6±38.1 mm vs. 42.1±18.6 mm).(7) Again,
these differences may be explained by estimations of rhythms originating from a single ventricular focus
and sinus rhythm. Thus, spatial resolution observed in this study was comparable to the earlier studies
in paced complexes.(5,6) Due to the complex nature of the His-Purkinje system and the Purkinjemyocardial coupling, the implemented methods remain an approximation of the true myocardial
activation and His-Purkinje physiology.(14,23,24)
We observed a high agreement between estimated and measured body surface potential maps, whereas
the inter-map agreement was less. As the inverse problem is ill-posed, completely different ventricular
activation sequences can result in similar body surface potential map waveforms, consequently we
found a high agreement between body surface potential maps but a lower agreement in myocardial
activation patterns.
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The conduction velocities calculated on the epicardial and endocardial surfaces in this study for
both the EAM-LAT maps and iECG-LAT maps were quite high (>1 m/s). However, we note that these
conduction velocities are mostly determined by the velocity estimated at the surface of the myocardium.
Consequently, in a Purkinje dense region, surface velocity may appear high because it also reﬂects
the effect of the activation spread by the Purkinje fibers and not only by the myocardial tissue at the
endocardial surface. Furthermore, at the epicardial surface, velocities may appear high due to the
occurrence of transmural waves.
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Modelling the eﬀects of the His-Purkinje system during sinus rhythm
In this study, initial sites of activation were determined in the iECG method based on the observations
of Durrer et al and nine possible sites of early activation were localized.(14) Sets of these initial sites of
activation were tested based on the correlation coeﬃcient between the computed and recorded body
surface potential maps, as described in more detail in the Supplementary Methods. This hypothesis
was partially tested by comparing the EAM-LAT maps to the iECG-LAT maps. However, as endocardial
EAM-LAT maps were often either of the right or the left endocardial surface and also did not cover
the complete endocardial surface for each patient, the comparison between the number of identified
EAM foci and iECG foci was hampered. This was also reﬂected in the absolute difference in location of
identified foci of approximately 30 mm comparing iECG foci to EAM foci.
Previous versions of EDL-based methods estimating His-Purkinje mediated activation (e.g. sinus
rhythm) were based on a multi-focal search algorithm over the complete endocardium and epicardium,
where the first identified focus was chosen based on the highest correlation between recorded and
simulated body surface potentials.(4,10) Consequently, this algorithm directly assumed that by using
one focus, most of the underlying activation sequence could be ‘explained’. However, sinus rhythm, and
especially narrow QRS complex sinus rhythm is an interplay between multiple activation wavefronts.
Implementation of the His-Purkinje system excludes these unrealistic estimates and provides the
possibility to test multiple near simultaneous foci. At the same time the initial estimation is restricted
to the physiologically realistic anatomical areas and the computational burden of the iECG algorithm is
minimized.

Post-processing and reference standard
Post-processing of ECG signals, electrogram signals, and cardiac imaging inﬂuences iECG accuracy.(9,13)
To achieve high quality EAM-LAT maps, which were used as gold standard for comparison, electrograms
derived from multi-electrode catheters required re-annotation using bipolar and unipolar signals and
timing to a timing reference.(9,20) However, inhomogeneity in LAT distributions of EAM-LAT maps were
observed even after re-annotation, which may have inﬂuenced the observed agreement between iECG
and EAM-LAT maps. Both the epicardial and endocardial surfaces had an adequate spatial distribution of
electrograms as reﬂected in the number of LAT per mm2 (see Figure 3C). Furthermore, the percentage
of mapped surfaces was variable and some EAM procedures resulted in incomplete endocardial EAM
anatomical point clouds, which affects calculated inter-map correlation coeﬃcient (see Figure 3C/D).

Clinical implications and future directions
Despite a considerable improvement of the iECG approach for sinus rhythm, the technique requires
further adaptations and refinements that will facilitate implementation in clinical practice. Further
integration of cardiovascular imaging techniques may improve performance and spatial resolution.
(15) Currently, the patient specific anatomical models were limited in spatial resolution by the
computational models of the iECG procedure, allowing at maximum 3000 cardiac nodes, which directly
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affects the resolution of the cardiac anatomical model resulting in an inter-node spatial resolution
of 8±1mm. Diffuse or local myocardial fibrosis affects ventricular activation patterns in structurally
diseased hearts. Integration of these structural abnormalities in the iECG method and refinement of the
cardiac anatomical models is likely to improve imaging of electro-anatomical substrates.(4,10,15) Since
electro-anatomical substrates are not limited to solely the epicardium or endocardium, iECG may allow
functional imaging of such 3-dimentional substrates in patients with arrhythmias or cardiomyopathy.
(15) Besides diagnostic implications, non-invasive sinus rhythm iECG may play a role in the monitoring
of disease progression and in sudden cardiac death risk stratification in patients with complex
electroanatomical substrates, such as inherited cardiomyopathies. Eventually, reducing the number
of electrodes of the body surface potential map that currently ranges from 67-256 electrodes, may
improve clinical applicability.(16) For EDL-based studies, also this study, the 64-electrode setup is often
used.(4,10) Mathematically this setup suﬃces, as the number of independent signals is adequately
captured using this number of electrodes and additionally, the electrodes are distributed with a high
resolution in the high-gradient potential regions on the surface of the thorax.(16)

Limitations
This single center study with a small sample size included patients with structural heart disease, which
may inﬂuence the generalizability of the results. Additionally, we used a set conduction velocity over the
model to determine the initial estimation. This assumption may not hold in the presence of pathologies
or myocardial scarring after prior ablation, but the EDL holds for homogeneous anisotropic tissue.(25)
EAM procedures and body surface potential maps were not simultaneously recorded, but in similar
conditions especially concerning anti-arrhythmic drugs. During EAM, complexes were selected
using dedicated Carto/Ensite EAM systems. Furthermore, sinus rhythm complexes directly following
a premature ventricular complex were excluded for analysis in both the EAM and iECG-LAT map.
However, a possible inﬂuence of variations in heart rate, autonomic tonus or general anesthesia cannot
be excluded. The quality of gold standard EAM may have been inﬂuenced by vendor specific algorithms
within the EAM systems and regional mapping by the operator during the procedure. Inherent to
invasive electrophysiological studies, EAM maps consisted of electrograms recorded from consecutive
sinus rhythm complexes, whereas iECG maps were derived from five sinus rhythm complexes selected
from the body surface potential map.
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CONCLUSIONS
Quantitative comparison of EDL-based iECG during sinus rhythm in patients undergoing invasive
endocardial and epicardial electro-anatomical mapping showed improved agreement when compared
to prior validation studies, although with considerable absolute difference in both timing and
breakthrough of ventricular activation. Non-invasive iECG of both the epicardium and endocardium
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may prove valuable as a diagnostic tool for functional imaging of electro-anatomical substrates in sinus
rhythm where activation always starts at the endocardial surface, to improve the value of the ECG in
screening for cardiomyopathy and sudden cardiac death risk stratification. Future research should focus
on improving accuracy and spatial resolution before implementation into clinical practice to enable
imaging of functional electro-anatomical substrates.
Funding: This work was supported by the Dutch Heart Foundation (grant numbers CVON2015-12
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SUPPLEMENTARY MATERIAL
Supplementary Appendix 1. Multi-wave initial estimation.
Equivalent double layer (EDL) based inverse electrocardiography (iECG) non-invasively estimates the
activation sequence of both the endocardium and the epicardium simultaneously.(1-6) Local cardiac
currents over the cardiac surface are simulated as transmembrane potentials, thereby directly relating
to cardiac electrophysiology. Body surface potentials are then computed using the currents simulated
by these transmembrane potentials. However, computed body surface potentials non-linearly depend
on activation and recovery timings. Therefore, EDL-based iECG requires an initial estimate, which can
be constrained to ventricular electrophysiology. This initial estimation is then optimized through a
dedicated Levenberg-Marquardt algorithm wherein the differences between recorded and computed
body surface potentials are minimized by tuning local activation and recovery timings. Therefore, a
second order Tikhonov regularization was performed with regularization parameter chosen that the
value is close to 5 * 10-6 mV2ms2/m2, which has been shown empirically to correspond to realistic
smoothness in earlier studies. (3, 5, 7, 8)
In our study we optimized the initial estimation for His-Purkinje mediated ventricular activation. In
this supplementary document we describe the new multi-wave iECG method for the estimation during
sinus rhythm. In multi-wave iECG, physiological and anatomical information about the His-Purkinje
system is taken into account to mimic His-Purkinje mediated initiation of ventricular activation. Multiple
wavefronts are initiated at distinct endocardial regions associated with a dense distribution of Purkinjemyocardial junctions, based on the regions described by Durrer et al (9-11). Several endocardial regions
are associated with early ventricular activation: the bases of the two left ventricular papillary muscles,
the right ventricular moderator band and several septal regions.(9-18) Therefore, in multi-wave iECG,
anatomical structures associated with early ventricular activation are incorporated in the ventricular
model (Figure, Panel C).
Subject specific ventricular geometries were created (Figure, Panel A and B) and distinct foci were
localized at the insertion of the two left ventricular papillary muscles and the moderator band on the
ventricular free wall (Figure Panel C). On the septal wall, six regions with a radius of 10 mm were selected
containing multiple potential foci (Figure, Panel C). At the left ventricular septal wall, one region was
localized at the inferior one-third from base to apex of the septal wall and one region was localized at
superior one-third from base to apex of the antero-septal wall and two other regions were localized
between those locations. At the right ventricular septal wall, the localized region was close to the RV
apex and at the middle of the RV septal wall. Per septal region, one focus was selected, as described in
the following paragraph.
Using the fastest route algorithm (FRA) with multiple distinct foci and initial activation timings, the initial
activation sequence was computed.(5, 19) A set myocardial conduction velocity is used. In this study,
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activation sequences were calculated using a myocardial conduction velocity of 0.85 mm/ms.(12, 14,
20, 21) To account for increased subendocardial conduction velocities, myocardial conduction velocity
in close vicinity of a focus was set at 1.7 mm/ms.(14, 15, 21, 22) With these measures we aimed to take
into account the complex nature of His-Purkinje mediated activation.(23, 24) An anisotropy ratio of two
was also used, meaning that the conduction velocity perpendicular to the myocardial fibers was two
times lower than conduction velocity longitudinal to myocardial fibers.(20, 25-27)
First, activation sequences emerging from the insertion of the papillary muscles and the ventricular free
wall insertion of the moderator band were calculated. Initial timing of these sites was tested throughout
the first 35 ms of QRS duration, as the His-Purkinje system initiates ventricular activation. Then, per
septal region, activation sequences from all potential foci were merged with activation sequences
emerging from the papillary muscles and the moderator band. Initial timing of septal foci was tested
throughout the first 25 ms of QRS duration.(9-13, 17) Activation timings may differ per initial region as
observed in mapping studies, where the septum is mostly the first structure to be activated. Therefore,
a smaller time range is tested to determine the initial timing of the septal foci. The procedure resulted in
nine single foci activation sequences initiated at one of the His-Purkinje associated regions with distinct
initial activation timings and were selected based on the best matching computed and recorded BSPM.
To account for inter-individual diversity in His-Purkinje anatomy and the number of active foci at the
endocardium affected by for example bundle branch blocks, all possible permutations of active foci
were tested.(16-18) This resulted in 511(=(2^9)-1 (all foci inactive)) possible permutations of foci and
the resulting merged activation sequences were tested. Merged activation sequences with a total
activation duration >115% and <85% of measured QRS duration in the BSPM were excluded. The
activation sequence yielding highest correlation between recorded BSPM and computed BSPM was
selected as the initial estimation and used as input for the optimization procedure as described in the
main manuscript.
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Figure 1. Multi-wave iECG. First, (cardiac) imaging and body surface potential maps (BSPM) data are acquired (Panel A). Using the volume conductor, BSPM are simulated.
Multi-wave iECG selects the best matching activation sequence by testing 511 combinations of initial activation sequences. The output of the procedure is local activation
timing maps (D). In Panel D, three examples of the 511 possible activation maps are shown with respectively six, four or two initial sites of activation. Local activation timing is
depicted from red (early activation) to (blue latest activation).
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SUPPLEMENTARY TABLES
Supplementary Table 1. Study population characteristics
Study Population

Mean ± SD, median [IQR] or n (%)

Demographics
Age (years)

48 ± 20

Male sex

10 (77)

Sustained ventricular tachycardia

10 (77)

Symptomatic premature ventricular complexes

3 (23)

12-lead ECG
Sinus rhythm

10 (77)

Atrial pacing

3 (23)

QRS duration (ms)

112 ± 26

Electroanatomical Mapping
Epicardial mapping (number of electrograms)

4611 [3369 - 5633]

RV endocardial mapping (number of electrograms)

910 [280 - 1638]

LV endocardial mapping (number of electrograms)

605 [247 - 1412]

Carto mapping system

10 (77)

EnSite Precision mapping system

3 (23)

Substrate
Arrhythmogenic cardiomyopathy

5 (39)

Dilated cardiomyopathy

2 (15)

Healed myocarditis

3 (23)

Pathogenic genetic variant*

8 (62)

Treatment prior to ablation procedure
Sotalol

7 (77)

Beta blocker

2 (15)

Beta blocker combined with anti-arrhythmic drugs

3 (23)

Implantable cardioverter defibrillator

10 (77)

Prior failed endocardial ablation

6 (46)

228

M

PKP2

Gender

Pathogenic Variant

92

407

QRS duration

QTc interval

229

ACM

Diagnosis

-

ICD

Prior endocardial
ablation

Device

380
57
PVC
Symp.
PVC

434
55
*
VT
ACM

ACM

VT

*

65

464

114

ICD

-

90

104

126

ICD

144

172

SR

-

SR

SR

PKP2

M

+

*

DSG2

+

M

M

61

Sotalol

21

60

05

Sotalol -

04

03

ICD

-

BB +
Disopyramide

ACM

VT storm

RV

51

461

104

180

SR

PKP2

M

59

06

ICD

-

BB +
Amiodaron

DCM

VT

LV

31

479

142

238

SR

PLN

F

65

07

PM

+

Sotalol

Symp.
PVC

PVC

-

48

504

108

186

Atrial
pacing

*

M

48

08

ICD

+

Sotalol

Myocarditis
**

VT

RV & LV

53

400

74

154

SR

-

M

68

09

ICD

-

BB

Myocarditis
**

VT & VF

LV

61

450

154

136

SR

*

M

16

10

VT

-

59

436

110

124

SR

PKP2

M

28

12

ICD

-

Sotalol

ICD

-

BB

Myocarditis ACM
**

VT

LV

40

404

118

204

Atrial
pacing

DSG2

M

56

11

ICD

+

BB +
Amiodaron

DCM

VT

*

40

492

162

298

Atrial
Pacing

PLN

F

61

13

Abbreviations: AAD = anti-arrhythmic drugs; ACM = arrhythmogenic cardiomyopathy; BB = betablocker; DCM = dilated cardiomyopathy; DSG2 = desmoglein-2; ICD: implantable
cardioverter defibrillator; LGE = late gadolinium enhancement ; LV = left ventricle; LVEF = left ventricular ejection fraction; PKP2 = plakophillin-2; PLN = phospholamban; PM
= pacemaker; PVC = premature ventricular complex; RV = right ventricle; SR = sinus rhythm; VT = ventricular tachycardia; * = not tested, ** = healed myocarditis based on
cardiac magnetic resonance imaging findings.

-

+

Sotalol Sotalol

Symp.
PVC

PVC

-

41

444

88

218

SR

-

F

63

02

AAD treatment

Treatment

VT

RV

Ventricular
Arrhythmias

Phenotype

LGE

LVEF

57

160

PR interval

Imaging

SR

Rhythm

ECG

18

Age

Demographics

01

Supplementary Table 2. Population details.
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145.0 ± 0.9

111.0 ± 23.4

13

Total

-40.5 ± 13.8

-71.6 ± 0.9

-34.8 ± 1.3

-47.1 ± 3.1

-25.3 ± 2.1

-32.2 ± 1.2

-31.6 ± 8.1

-50.4 ± 2.8

-37.1 ± 1.3

-64.6 ± 0.8

-35.6 ± 1.7

-30.9 ± 1.9

-33.5 ± 0.4

65.1 ± 21.5

73.0 ± 1.0

70.4 ± 2.4

50.5 ± 1.5

118.0 ± 6.0

42.5 ± 1.5

72.7 ± 4.3

92.2 ± 8.7

57.9 ± 2.9

38.1 ± 1.2

50.8 ± 5.2

73.0 ± 4.3

50.5 ± 0.6

58.5 ± 3.5

Mapped Surfaces (ms)

Latest Activation

124 ± 39

152

104

110

159

147

104

201

94

124

83

172

90

74

Timing Mapped (ms)

Total Activation

-44 ± 29

-83

0

-47

-67

-45

-36

-88

-20

-85

-45

-22

-22

-17

Mapped Surfaces (ms)

Earliest activation

EAM

80 ± 32

69

104

63

92

102

68

113

74

39

38

150

68

57

Mapped Surfaces (ms)

Latest activation

Legend Supplementary Table 3: ranges in total activation duration of both the iECG LAT maps and the invasive LAT maps over all invasively mapped surfaces per subject. The
timing of the earliest activated node and the latest activated node were stated. Abbreviations: iECG = inverse electrocardiography; EAM = electro-anatomical mapping.

107.0 ± 2.8

12

108.0 ± 2.2

8

103.0 ± 5.5

147.0 ± 11.6

7

156.0 ± 5.7

101.0 ± 4.1

6

11

103.0 ± 1.3

5

10

90.9 ± 5.4

4

82.0 ± 4.5

111.0 ± 4.7

3

9

93.3 ± 8.4

2

-32.0 ± 1.6

Mapped Surfaces (ms)

Mapped (ms)

91.6 ± 3.0

Earliest Activation

Total Activation Timing

1

ID

iECG

Supplementary Table 3. Ranges of earliest and latest activation per subject
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SUPPLEMENTARY FIGURES
Supplementary Figure 1 is available as online supplement at:
https://www.frontiersin.org/articles/10.3389/fphys.2021.730736/full#supplementary-material
Supplementary Figure 1. All iECG, EAM maps and voltage maps
Legend: Epicardial and endocardial local activation timing (LAT) maps and voltage maps derived from iECG estimation
and invasive electroanatomical mapping for each patient. Areas of earliest activation are depicted with red and
areas with latest activation are depicted in blue. Grey areas in the invasive maps represent areas without annotated
electrograms. Abnormal voltage EGMs were defined as bipolar voltage amplitude <0.5 mV for both the epicardial and
endocardial surface. Areas with the lowest voltage EGMs are depicted with red and areas with >1.5 mV voltage EGMs
are depicted with purple. See Supplementary Table 3 for LAT ranges. Imaging views are based on the anatomical
approach of Cosio et al (1). Abbreviations: iECG: inverse electrocardiography; LAO = left anterior oblique; RAO = right
anterior oblique.
Per slide, a representative example per subject of all invasively mapped surfaces are displayed in RAO, LAO and
Inferior view. Maps are displayed from early (red) to late activation for the iECG estimation (left panel) and invasive
map (middle panel). Per surface, time scales are displayed below the maps. Additionally, the invasive voltage map
(right panel) is displayed. Correlation coeﬃcient (CC) and absolute difference (AD) of the activation times between
the iECG and invasive map are displayed at the top of each slide per presented surface.

Supplementary Figure 2. Factors associated with Correlati on Coeﬃ cients and Absolute Diff erences.

10

Legend: EGM = electrogram; LV = left ventricle; RV = right ventricle.
Both QRS duration or the surface did not significantly affect the correlation coeﬃcient or absolute differences (upper
row). There was a trend between the number of annotations and abnormal voltage EGMs of the invasive map and
the correlation coeﬃcient, low density and percentages were associated with lower CC.
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Supplementary Figure 3 is available as online supplement at:
https://www.frontiersin.org/articles/10.3389/fphys.2021.730736/full#supplementary-material
Supplementary Figure 3. Scatter plots and Bland-Altman plots per surface and for each patient
Legend: Scatter plots for local activation timing (LAT) between inverse electrocardiography (iECG) and electroanatomical
mapping (EAM), stratified for the epicardium, right ventricular (RV) endocardium and left ventricular (LV) endocardium.
Bland-Altman plots for LAT derived from iECG and EAM (2).
In this supplement, the beat to beat variation in noninvasive iECG local activation time (LAT) estimation and invasive LAT
is shown per invasively mapped surface. LATs were paired based on location on the surface on the CT-based model, as
invasive LATs were registered to the CT-based model. For all simulated beats (beat 1-5), a scatter plot of invasive LAT to
non-invasive LAT is shown with corresponding regression line in the left panel of each slide. Corresponding correlation
coeﬃcient (CC) and P-values of the regression analysis are displayed in the bottom of each slide. In the right panel, a
Bland-Altman plot is displayed to show the agreement between the two methods (e.g. invasive versus non-invasive
LAT). In the plot, the X-axis the average of paired LATs and the Y axis represents the differences between two paired LATs.
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Recent advancements in phenotyping, genetic testing, and the implementation of cascade screening
strategies have contributed to our understanding of the pathophysiology and natural history of
inherited cardiomyopathies. (1, 2) However, incomplete penetrance and variable disease expression,
the increased risk of sudden cardiac death among young relatives of probands, and risk stratification of
patients with inherited cardiomyopathies remain important clinical challenges. (3)
Arrhythmogenic cardiomyopathy (ACM) is an inherited cardiomyopathy which is characterized
by fibrofatty replacement of the myocardium, and dilatation and dysfunction of predominantly
(but not exclusively) the right ventricle. ACM is associated with ventricular tachycardia and sudden
cardiac death in both adolescents and young adults. (1) Recent discussions about left ventricular or
biventricular involvement in ACM and advances in cardiac magnetic resonance imaging techniques
have contributed to the establishment of the broader term of ACM instead of right ventricular
arrhythmogenic cardiomyopathy (ARVC). Still, the 2010 diagnostic Task Force Criteria for ARVC remain
the accepted diagnostic criteria in current literature, even though these criteria are focused on the
classical right ventricular phenotype. (3-6) With these limitations in mind, ACM refers to an inherited
cardiomyopathy with malignant ventricular arrhythmias as most important mode of presentation and
fibrofatty replacement of the myocardium which starts at the epicardial side of the ventricular wall as
histopathological phenotype. This thesis is focused on ACM caused by pathogenic variants in PKP2, PLN
and SCN5A, because (likely) pathogenic variants in PKP2 and PLN contribute to the majority of definite
ACM cases in The Netherlands and the founder variant in SCN5A provided further insight in variable
expression. (7-9) The 2010 Task Force Criteria are used to establish definite ACM diagnosis in probands
and relatives, but left ventricular and biventricular disease are also included. (10)
This thesis addressed three of the described clinical challenges:
1.

Diagnosis of subclinical disease in patients with ACM and their relatives.

2.

Cascade screening strategies in relatives of patients with ACM.

3.

Electrocardiographic methods for early diagnosis and risk stratification in ACM.

In this thesis, we described the value of non-invasive tools during phenotypical evaluation of patients
with ACM and/or carriers of (likely) pathogenic variants in the PKP2, PLN and SCN5A gene (Part 1),
described an ACM case with disease-onset before puberty, and evaluated cascade screening and
subclinical signs of disease in relatives of patients with ACM (Part 2), explored whether an early electrical
phenotype of ACM may aid early detection of disease expression (Part 3), studied the value of the ECG
during diagnostic evaluation and risk stratification of patients with ACM and their relatives (Part 4),
improved the non-invasive estimation of electrocardiographic imaging for myocardial depolarization
sequences during sinus rhythm (Part 5) and elaborated on the future perspectives of these strategies
and techniques (Part 6).
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PART 1 - INHERITED CARDIOMYOPATHIES
Genetic analysis identifies pathogenic variants in 60-70% of the patients with ACM. (11-13) These
variants predominantly affect genes encoding for the structures of the cardiac desmosome. (11, 13)
In the Netherlands, pathogenic variants in PKP2 (50%) and the R14del founder variant in PLN (12%)
are the most prevalent pathogenic variants identified in patients with ACM. (8, 9, 14, 15) However,
disease penetrance, disease progression and phenotypes of genotype positive relatives are variable
due to incomplete penetrance of disease and variable expression. (2, 16) Even within pedigrees of ACM
patients this variability can be significant, ranging from asymptomatic subclinical disease in genotype
positive relatives to sudden cardiac death and therapy resistant congestive heart failure among
genotype positive siblings. (13) Furthermore, clinical phenotypes may vary among carriers of the same
pathogenic variant. (16) For example, in carriers of the R14del PLN variant, patients may present with
either dilated cardiomyopathy or ACM as clinical phenotype. (8, 17) Among these patients with a DCM
or ACM diagnosis, the prognosis may be variable. Among carriers of SCN5A variants this variation in
phenotype is even larger, ranging from cardiac conduction disease and long QT syndrome to dilated
cardiomyopathy and ACM. (7, 8, 18) These observations complicate clinical cascade screening among
relatives of patients with inherited cardiomyopathies. Furthermore, these observations show that these
DCM and ACM phenotypes do not function as mono-genetic diseases. Other factors such as multiple
genetic variants in regulating regions of the genome, epigenetic modifiers and environmental factors all
inﬂuence disease expression. (16)

PART 2 - CASCADE SCREENING
Recent publications have debated the age to start cascade screening of relatives in ACM and have
shown the limitations of the diagnostic Task Force Criteria in pediatric-onset ACM. (3, 19-23) In Chapter
3 we describe a clinical case of disease onset before puberty and discuss several limitations of the
current diagnostic criteria in pediatric populations. In this case, the ACM phenotype was obvious
and was confirmed after the identification of pathogenic variants in both PKP2 and DSG2. However,
a definite ACM diagnosis could only be made after this molecular-genetic analysis. For example, the
inverted T–waves observed in the precordial leads before the age of 14 years may occur as normal
physiological variants and are excluded from the diagnostic Task Force Criteria. (6) Although the imaging
criteria were met in this case, these criteria were validated in a predominantly adult cohort and use
cutoff values for the dimensions of the right ventricle which are not adjusted to the pediatric values.
In Chapter 4 we discuss the yield of cascade screening using the 2010 Task Force Criteria in a pediatric
cohort. We described the differences in clinical phenotype at presentation of both probands and
relatives with pediatric-onset of ACM. We observed a high incidence of sudden cardiac death among
probands and relatives with pediatric-onset ACM, comparable to prior literature. (11, 13, 22, 24) Despite
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the lack of pediatric specific diagnostic criteria, 38% of relatives reached a definite ACM diagnosis
during cascade screening combined with long term clinical follow-up. Progression of ECG criteria, Holter
criteria and cardiac magnetic resonance imaging most frequently identified disease progression during
serial follow-up of relatives which were evaluated during cascade screening. This suggest that serial
evaluation with ECG, Holter and magnetic resonance should be suﬃcient when evaluating children.
However, this evaluation was performed without specific pediatric-onset diagnostic criteria and cutoff
values. Future studies should establish and validate an evidence-based cascade screening regimen with
complementary pediatric-specific diagnostic criteria and cutoff values. Not surprisingly, probands in this
pediatric cohort had a significant worse prognosis compared to relatives with pediatric-onset ACM, due
to recurrent ventricular tachycardia and heart failure. T-wave inversions on the precordial leads (V1-3),
an increased amount of premature ventricular complexes, non-sustained ventricular tachycardia and
a reduced ventricular ejection fraction were associated with the occurrence of ventricular tachycardia
during follow-up of patients with pediatric-onset of disease. These factors were also identified in
an adult cohort and presented in a risk calculator for patients with ACM without prior ventricular
arrhythmias. (12)

PART 3 - EARLY DETECTION OF DISEASE
The penetrance of disease and the incidence of ventricular arrhythmias peaks during late adolescence
and young adulthood in patients with ACM. (13, 25, 26) Although a specific ACM phenotype may be
absent, young individuals may present with sudden cardiac death in the (sub)clinical or “concealed”
phase of disease. (3, 27) Cascade screening is designed to prevent sudden cardiac death in these often
young individuals by early detection of disease. However, pediatric-onset ACM is rarely described in
childhood but increasingly recognized. (13, 22, 23, 25, 26) Current guidelines advise to start clinical
cascade screening at age 10-12 years old although clinical evidence is limited. (3) In Chapter 3 we
describe a 9-year-old girl with genetically confirmed ACM who developed ventricular arrhythmias and
biventricular myocardial dysfunction. Although the ACM phenotype was evident, a definite diagnosis
could only be made after genetic analysis which confirmed pathogenic variants in both PKP2 and
DSG2, because the repolarization criteria, i.e. T-wave inversion in leads V1-3, are excluded at the age
of 14 years and younger. Furthermore, the echocardiographic evaluation and strain imaging were only
suggestive of ACM diagnosis. However, the original in 2010 revised Task Force Criteria (TFC) which were
predominantly obtained from adults, did not contribute to the diagnosis. This case highlighted the
need for development of pediatric-specific diagnostic criteria and the need for evidence based cascade
screening guidelines.
The characteristics and outcome of probands with pediatric-onset ACM and their relatives referred
for cascade screening were described in Chapter 4. Furthermore, we showed that pediatric-onset of
disease was present in 18% of relatives referred for cascade screening and predominantly occurred
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during adolescence. Follow-up during adulthood showed progression towards TFC fulfilment in another
17% of relatives. Sudden cardiac death was indeed present in both probands and relatives, whereas
relatives had a more benign prognosis compared to probands.
The detection of early signs of disease may be of special interest when defining pediatric specific
criteria. Electrical remodeling of the myocardium, via gap junction remodeling and abnormal calcium
handling, seems to precede structural remodeling due to fibrofatty replacement in the early stages of
disease progression in ACM. (21, 24, 28) In the pediatric population which we described in Chapter 4 we
observed that progression of ECG criteria (T-wave inversions and prolongation of the terminal activation
duration), Holter criteria (non-sustained ventricular arrhythmias and >500 premature ventricular
complexes per 24 hours) and new appearance of cardiac magnetic resonance imaging criteria were
early signs of disease progression in relatives. As described before, we observed electrical abnormalities
before the occurrence of structural abnormalities and heart failure on both probands and relatives.
(13, 24, 25, 28) Furthermore, other diagnostic modalities such as echocardiographic strain imaging,
advanced cardiac magnetic resonance imaging techniques or electrocardiographic imaging were not
evaluated in this cohort. These modalities may enable further description of early disease phenotypes.
In Chapter 5 we discuss a specific SCN5A variant (c.2184_2186del, (p.Leu729del)) which was
identified in a Dutch ACM family. (7, 29) This example of variable expression was especially interesting
because of the observed interactions between intercalated disk proteins, for example the interaction
between sodium channels and N-cadherin, and between sodium channels and dysfunctional cardiac
desmosomes in a PKP2 animal model, respectively. (30, 31) In one of the families included in the study
of Chapter 5, the proband was successfully resuscitated from sudden cardiac death. However, partly
due to inadequate imaging techniques at the time of the cardiac arrest, the ACM diagnosis could
only be made after a long episode of clinical follow-up when new T-wave inversions were observed
in the precordial leads. The genetic analysis of the proband for pathogenic variants showed a variant
of unknown significance in DSG2, but also identified the SCN5A variant. Besides ACM as observed
phenotype, we observed that cardiac conduction disease was the common phenotype in both
probands and relatives among six families with the same SCN5A variant. In probands, we also identified
cases diagnosed with dilated cardiomyopathy and polymorphic ventricular tachycardia. By haplotype
analysis and genealogical analysis we confirmed a common founder effect among the pedigrees of
six observed probands. We demonstrated a rather mild course of disease in relatives which suggests
that low frequent cardiac screening can be considered in first-degree relatives. Furthermore, we did
not observe an increased all-cause mortality among carriers of this variant using family tree mortality
ratio analysis. Unfortunately, the functional analysis of this SCN5A variant was beyond the scope of the
project. This limited us to explain whether observed additional variants in genes known to be associated
with cardiomyopathies may have attributed to development of specific sub-phenotypes. This might
have been the case in the proband with the variants in both DSG2 and SCN5A, in which the DSG2
variant may have contributed to the development of the specific ACM phenotype. Although we were
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not able to explain the observation of the variation of phenotypes among the carriers of this specific
SCN5A variant, the overlap between phenotypes of ACM and Brugada syndrome has been suggested
via the interaction between dysfunctional desmosomes and dysfunctional sodium channels. (7, 31, 32)
Depolarization abnormalities in the right ventricular outflow tract contribute to the electrocardiographic
phenotype of Brugada syndrome and may be provoked by drugs which act as cardiac sodium channel
blockers. (18, 33) The sodium channel provocation test using ajmaline, an class Ia antiarrhythmic drug,
may enable unmasking of the diagnostic Type 1 Brugada ECG pattern. The observations of an early
electrical phenotype, the inclusion of several depolarization abnormalities in the Task Force Criteria and
the ACM case with the (c.2184_2186del, (p.Leu729del)) founder variant in SCN5A are also suggesting
a possible role of sodium channel dysfunction in ACM. (6, 7, 24, 32) However, systemic evaluation with
ajmaline provocation to induce temporary sodium channel dysfunction and consequently unmask new
diagnostic features of ACM has not been performed. (34)

PART 4 - ELECTROCARDIOGRAPHY FOR DIAGNOSTIC TESTING AND RISK
STRATIFICATION
Invasive electrophysiological studies in patients with a high likelihood of ACM may prove valuable when
a definite diagnosis cannot be confirmed by non-invasive techniques, but are inappropriate during
cascade screening due to their invasive nature. (6) The standard 12-lead ECG is a valuable and noninvasive modality for both diagnostic evaluation and risk stratification in ACM. (3, 6, 12, 21, 35) Although
the standard 12-lead ECG is only a short recording, exercise testing and Holter recordings enable more
prolonged rhythm monitoring. However, the rather short monitoring intervals remain an important
drawback of these ECG techniques. Future studies should evaluate the role of long term monitoring
with smart phone devices or smart patches to enable early detection of disease progression in relatives
and patients in early stages of disease.
Next to known repolarization ECG criteria such as T-wave inversions and depolarization criteria such
as terminal activation duration prolongation, we looked into additional ECG features to improve early
diagnosis. We evaluated fragmentation of the QRS complex as a quantitative ECG marker in patients
with ACM and their relatives in Chapter 6. Both patients with definite ACM diagnosis and pathogenic
variant carriers not fulfilling a definite diagnosis had increased fragmentation of the QRS complex
compared to controls. This may indicate an early sign of disease due to subtle effects of pathogenic
variants on myocardial activation delay. Since fragmentation of the QRS complex was quantified in our
approach, the automatic analysis of fragmentation and possible monitoring of fragmentation by smart
phone devices and/or smart patches may enable new possibilities to monitor disease progression
in relatives with pathogenic variants. In the “concealed” phase and early stages of ACM the role of
fragmented QRS complexes for risk stratification was limited, most likely due to a high percentage of
less affected patients with an overall relatively high mean right ventricular ejection fraction of 48% in
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our study. Based on our findings increased fragmentation of the QRS complex may be used for early
disease detection.
Monitoring of disease progression by repeated standard 12-lead ECG recordings during cascade
screening of relatives or follow-up of probands with definite ACM diagnosis is complicated by technical
errors and patient specific factors. For example, inadequate positioning of electrodes during repeated
ECG recordings prevents the day-to-day comparison of ECG waveforms. (36, 37) However, the 12-lead
ECG is one of the important diagnostic tools during long term follow-up of patients with ACM and
their relatives. (13) Changes in ECG waveforms during follow-up are frequently observed and may
be associated with progression of disease. (13, 24, 26, 29) The diagnostic value of the ECG during
longitudinal ECG recordings may be improved by reducing errors in repeated electrode positioning.
In Chapter 7 we evaluated a technique to accurately reposition ECG electrodes during repeated
outpatient clinic visits and to enable longitudinal ECG waveform comparisons by excluding the effects of
inadequate positioned electrodes. By implementing a 3D camera standard and dedicated software, ECG
electrodes were repositioned with a clinically significant absolute error of 10.0 [6.4 – 15.2] mm and a
significantly higher correlation coeﬃcient between repeated ECG waveforms guided by the 3D camera
algorithm compared to routine clinical ECGs. Future studies should evaluate the role of accurately and
repeatedly repositioned electrodes during long term ECG monitoring of patients with ACM and their
relatives.
In Chapter 8 we report on the incidence and morphology of VT among patients with ACM and describe
the clinical and genetic characteristics of ACM patients presenting with either left bundle branch
morphology (LBBB) or right bundle branch morphology (RBBB) VT. In total, 93% of ACM patients only
presented with LBBB VT, 4% only with RBBB VT and 3% had both LBBB and RBBB VT. Patients with RBBB
VT were significantly older at the moment of the first VT event and female sex was associated with the
occurrence of RBBB VT. We did not observe a difference in mortality between patients with LBBB or
RBBB VT. As expected, pathogenic variants in PKP2 were most common in the LBBB VT patients. RBBB
VT morphology was associated with pathogenic variants in DSP, this may be explained by the increased
amount of left ventricular and biventricular involvement among patients with DSP variants. Another
explanation for RBBB morphology VT may be a VT originating from a dilated right ventricle with an exit
towards the LV septum to create a RBBB morphology. The results of our study underline the fact that
RBBB VT morphology does not exclude ACM diagnosis, although the diagnostic criteria are limited to
LBBB morphology.
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PART 5 - ELECTROCARDIOGRAPHIC IMAGING
Inverse electrocardiography (iECG), also known as electrocardiographic imaging, combines cardiovascular
imaging with electrocardiography to estimate depolarization and repolarization patterns. (38-41) In
potential, these techniques allow non-invasive and functional imaging of electroanatomical substrates
in patients with arrhythmias and/or cardiomyopathies. (38, 42-44) These electrocardiographic imaging
methods may prove useful for early diagnosis of inherited cardiomyopathies, aid in pre-procedural
planning of catheter ablation procedures and may prove valuable for risk stratification of sudden
cardiac death. For example, non-invasive electrocardiographic imaging has been used to describe
depolarization and repolarization abnormalities in patients with ACM. (42) The estimation of activation
and repolarization sequences of focal ventricular activation like in paced complexes and premature
ventricular complexes show reasonable accuracy when using various electrocardiographic imaging
techniques. (45-48)
However, the performance during sinus rhythm is rather poor which is reﬂected by the low correlation
coeﬃcients when comparing non-invasive mapping with invasive mapping. (45) Despite recent
advancements in this field of research, clinical implementation is limited due to the complex workﬂow,
the limitation to imaging on the epicardial surface, and concerns on performance during sinus rhythm.
(45, 49) This performance during sinus rhythm is complicated by the effect of the complex and nearly
simultaneous activation of the ventricular endocardium facilitated by the His-Purkinje system. We
implemented the effects of the His-Purkinje system on the initiation of ventricular activation in our iECG
algorithm to improve the accuracy of non-invasive mapping during sinus rhythm. Another important
feature of our iECG algorithm is the ability of imaging on both the endocardial and epicardial surface
which may enable 3D imaging of electroanatomical substrates. (48)
In Chapter 9 we describe the changes to the iECG algorithm to improve the accuracy of iECG noninvasive mapping of sinus rhythm and studied the performance of the iECG using simulation data and
clinical data. In Chapter 10 we performed a clinical and quantitative validation study in patients who
underwent endocardial and epicardial electroanatomical mapping. This comparison showed moderate
agreement between iECG and electroanatomical mapping. Although the correlation coeﬃcients
showed moderate agreement and the absolute differences between the maps were considerable, we
reported a significantly higher agreement when estimating sinus rhythm compared to other clinical
validation studies which performed validation of electrocardiographic imaging during sinus rhythm.
(45) Furthermore, our algorithm was designed to deal with normal myocardial conduction but the
majority of the included patients in the study had complex electroanatomical substrates and regional
fibrosis of the myocardium. The observations of myocardial conduction within physiological ranges
and the correlation coeﬃcients for the agreement between invasive electroanatomical mapping
and estimations of sinus rhythm can be considered as good enough to warrant further research and
optimization of the technique. iECG may prove valuable as a tool to visualize the electroanatomical
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substrates of arrhythmias and to improve the value of the ECG in screening and risk stratification. The
imaging of 3D anatomical substrates may improve pre-procedural planning of ablation procedures to
reduce procedure time and to aid in choosing either endocardial or epicardial access for the ablation
catheter. Further improvements of the spatial resolution of iECG may enable imaging of subtle electrical
substrates in yet phenotype negative relatives with pathogenic variants. (28, 42) The comprehensive
workﬂow, moderate correlation with electroanatomical mapping and spatial resolution still require
improvements to allow implementation in clinical practice. Integration of the effects of fibrotic
myocardium in the iECG algorithm by further integration of cardiovascular imaging techniques should
be explored to improve the accuracy of iECG estimations.

PART 6 - FUTURE DIRECTIONS
Current cascade strategies require pediatric specific diagnostic criteria and evidence based
recommendations on screening frequency, the age to start cascade screening and which non-invasive
diagnostic techniques and pediatric specific cut-offs values should be used. Improved phenotyping
of (sub)clinical disease in relatives may enable patient tailored screening and treatment regimens.
Improved risk stratification may reduce uncertainties for patients, relatives and enable the physician to
advice a more evidence based screening strategy or treatment during shared decision making.
Improving our understanding of the effects of environmental and (epi)genetic modifiers on the
development of disease may further optimize the risk prediction of sudden cardiac and aid patienttailored monitoring and treatment strategies. The use of polygenetic risk scores, especially in genotype
negative families, may be an interesting approach. (16, 50) Another promising development is the
use of artificial intelligence (i.e. convolutional neural networks) on large ECG datasets to detect new
features of disease, signs of disease onset and to predict adverse outcomes. (51)
Electrocardiographic imaging is in potential a powerful tool to improve the diagnostic value of the
ECG and to improve risk stratification of sudden cardiac death due to non-invasive functional imaging
of electroanatomical substrates. However, the current workﬂow should be further automated and
simplified to implement the technique in clinical practice. The reduction of electrodes used during
body surface potential mapping without losing estimation accuracy will contribute to that. Further
integration of cardiovascular imaging, the size and locations of fibrotic tissue into the cardiac source
model might further improve estimation accuracy. Clinical studies are needed to validate the potential
of electrocardiographic imaging for detection of (sub)clinical disease in inherited cardiomyopathy
and to evaluate the role of the technique for risk stratification of sudden cardiac death in carriers of
pathogenic variants who are at risk of developing cardiomyopathy. Another promising application of
electrocardiographic imaging may be the implementation in the planning of non-invasive radiotherapy
ablation procedures to establish the region of interest for ablation. (52)
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A risk calculator to calculate the personalized risk of the development of cardiomyopathy but also
calculate the risk of sudden cardiac death may enable physicians to further tailor the screening regimen
and treatment options to the patients at risk of developing cardiomyopathy. This risk calculator
however, should be a data-driven project and should continuously be improved based on state-ofthe-art research. An important field of both research and clinical practice is the integration of home
devices such as smart phones and smart patches to monitor electrical disease progression and heart
rhythms. These devices and applications may be used to screen for signs of (sub)clinical disease before
cascade screening is started. Furthermore, they may enable cascade screening to be performed
outside of the hospital by collaboration between patients and the general practitioner. If (sub)clinical
is detected, advanced imaging techniques and thorough clinical evaluation could be performed in
dedicated cardiogenic centers as described in Chapter 2. This dedicated diagnostic evaluation should
be embedded in a biobank environment to enable translational research on the progression of disease
among carries of pathogenic variants. Whether electrocardiographic imaging or provocation with
sodium channel blockers such as ajmaline should play a role in this clinical evaluation to unmask early
(electrical) phenotypes requires further clinical research.
Another approach to personalized risk prediction is the modeling of pathogenicity of certain gene
variants in human induced pluripotent stem cells (IPSC) derived cardiomyocytes. Future research
may enable personalized medicine by evaluation the effects of other genetic modulators, the effects
of drug treatment and environmental factors on the risk of disease development and arrhythmias.
Furthermore, these IPSC derived cardiomyocytes enable research to discover new drug targets to stop
or perhaps reverse the pathological progresses of ACM in both early and advanced stages of disease.
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SUMMARY
Arrhythmogenic cardiomyopathy (ACM) is an inherited myocardial disease which is characterized by
fibrofatty replacement of the myocardial tissue and pre-dominantly, but not exclusively, affects the
epicardial side of the right ventricle. This process results in pathological changes to the myocardium
such as dilatation and dysfunction of the ventricle and myocardial scarring. In clinical practice, heart
failure, ventricular tachycardia and sudden cardiac death are observed. Sudden cardiac death is the
most dramatic but also a relatively frequent mode of presentation in patients with ACM and their family
members. Therefore, early detection of disease and risk stratification is important to facilitate early
treatment of disease and perhaps prevent these events. This thesis focused on patients and families
with pathogenic variants in PKP2 and PLN, genes which are associated with the majority of ACM cases
in the Netherlands. The PKP2 protein is part of the cardiac desmosome, a complex of proteins which
play an important role in the integrity and signaling of the myocardium. The PLN protein plays an
important role in the calcium homeostasis of the cardiomyocyte. Furthermore, families with a specific
founder variant in SCN5A are studied to provide insights in the phenomenon of variable expression
of this specific variant. The SCN5A gene codes for the dominant cardiac sodium channel and plays an
important role in the depolarization of the cardiomyocyte.
The goal of this thesis, as described in chapter 1, is to describe the different electrocardiographic
methods that may be used in patients with ACM and their family members to detect early or subclinical
signs of cardiomyopathy, and to use these parameters for risk stratification.
Early detection of ACM in family members is hampered by the variability of expression of the phenotype
and the incomplete penetrance of disease in carriers of pathogenic variants. Development of cascade
screening strategies may improve the yield of screening of relatives from patients with ACM and
may provide further insight in subclinical disease and variable expression of disease. Non-invasive
electrocardiographic (ECG) methods may aid in defining subclinical disease and could have potential
as screening tools for patients with ACM and their relatives. Especially since electrical remodelling of
the myocardium seems to occur early in the disease process. In chapter 2, we describe the various
diagnostic modalities and biomarkers which can be used to describe a subclinical phenotype and the
coherency between these modalities. Furthermore, we underline the importance of development of a
biobanking structure to store this kind of data and to perform translational research projects. This will
aid in implementation of research findings in clinical practice.
In chapter 3 and 4 we describe the limitations of the 2010 diagnostic criteria for ACM in children, since
these criteria were validated in cohorts with adult patients. We also describe the importance of pediatric
specific diagnostic criteria and cut-off values. Furthermore we discuss the results of pediatric cascade
screening among family members of ACM patients. Among these family members, a total of 13 (19%)
patients met definite ACM criteria before 18 years of age and another 12 (18%) were diagnosed with
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ACM during early adulthood. New ECG, Holter and cardiac MRI findings during follow-up, which were
not present at first evaluation, were important to diagnose ACM during serial evaluation of these family
members. Patients who were the first patients diagnosed with ACM in a family, so called probands,
had a worse prognosis which was defined by recurrence of ventricular tachycardia and symptomatic
heart failure. Family members who were diagnosed with ACM during cascade screening had a relatively
good prognosis. Non-sustained ventricular arrhythmias, inverted T wave on leads V1-3 of the ECG and
an increased number of premature ventricular complexes were associated with sustained ventricular
arrhythmias in this population.
In chapter 5, the variety of phenotypes among probands (n=6) with an specific SCN5A variant
(c.2184_2186del, (p.Leu729del)) was described. This variety was not observed among variant positive
family members. Cardiac conduction disease was the most important phenotype among proband and
family members. Mortality was not significantly increased among carriers of this variant compared to
the general population (p=0.06). However, in the subgroup of patients aged 80 years and older there
was increased mortality, although this subgroup was relatively small. We observed additional variants in
SCN5A, TTN and DSG2 that were classified as variants of unknown significance or likely benign variants in
heterozygous presence, but that may have contributed to the development of specific subphenotypes
in combination with the c.2184_2186del; p.Leu729del variant in SCN5A. Unfortunately, further insight
into this possible association using animal or cellular experiments was beyond the scope of this project.
Fragmentation of the QRS complex on the normal 12-lead ECG can be a sign of local activation delay
of the myocardium. In chapter 6 we quantified this fragmentation of the QRS complex. Patients with
a definite ACM diagnosis (n = 266) and in pathogenic variant carriers (n = 57) had significantly more
fragmentation compared to controls (P<0.001). Fragmentation was not associated with ventricular
tachycardia at baseline (p=0.70) nor during follow up (p=0.34). Fragmentation of the QRS complex could
be used as an early and quantifiable biomarker during monitoring of carriers of pathogenic variants.
An increasing amount of fragmentation could be studied as progression of local activation delay and
therefore progression of myocardial remodelling.
Variation between serial ECG’s that were performed during follow-up of patients can be explained by
progression of heart disease or by variation in positioning of ECG electrodes. In chapter 7 we describe
our method using a 3D camera to reduce the variation in the positioning of ECG electrodes during
serial measurements. By implementing this method, the variation in ECG waveforms was reduced
(p<0.001) and there was a significant reduction in variation of the QTc interval measurements (p=0.03).
Furthermore, the variation in ECG electrode positioning between serial measurements was median 10
mm, well below the clinically accepted variation of 20 mm. These findings may contribute to detection
early and subtle changes in the ECG during follow-up of patients with heart disease in general and
specifically in patients with cardiomyopathy and their family members.
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In chapter 8 the morphology of ventricular tachycardia on the 12-lead ECG was described in 952 patients
with ACM and sustained ventricular tachycardia. Left bundle branch block morphology tachycardia is
part of the 2010 diagnostic criteria for ACM. However, 7% of patients also had right bundle branch block
morphology sustained ventricular tachycardia. Patients with right bundle branch block morphology
were older (p=0.001) compared to patients with only left bundle branch block morphology and were
significantly more often carriers of DSP pathogenic variants (p<0.001). This may be explained by more
left ventricular and biventricular involvement of disease in patients with DSP variants. There was no
significant difference in mortality between patients with left- and right bundle branch block morphology
sustained ventricular tachycardia (p=0.18). These results show that ACM diagnosis is not excluded in the
presence of right bundle branch block morphology ventricular tachycardia.
Inverse ECG (iECG) is a non-invasive diagnostic tool to estimate local activation timings and activation
patterns of the myocardium based on data derived from ECG and cardiac imaging using cardiac MRI or
CT. The accuracy of these methods during ventricular tachycardia or premature ventricular complexes is
reasonable. However, the during sinus rhythm derived estimation accuracy which is reported in current
literature is rather low (CC=-0.04±0.3). The effects of the His-Purkinje system enable nearly simultaneous
activation of multiple sites on the ventricular endocardium during sinus rhythm. This complexity may
explain the rather poor accuracy of iECG during sinus rhythm. In chapter 9 we describe the changes that
we made to the iECG algorithm to increase the accuracy of estimations during sinus rhythm. Clinical and
simulation data was used to show an increased performance after implementation of the effects of the
His-Purkinje system into the iECG algorithm. In chapter 10 the iECG algorithm was validated in a small
group of patients which were referred for both epicardial and endocardial electroanatomical mapping
and ablation. Overall, the global ventricular activation sequences estimated using iECG corresponded
well with the invasive derived electroanatomical activation maps. The observed agreement (CC=
0.54±0.19) during quantitative comparison of iECG and invasive electroanatomical mapping was higher
compared to the recently reported validation study (CC= -0.04±0.3) performed during sinus rhythm.
However, accuracy and resolution still require improvement for further implementation in clinical
practice. This iECG approach enables estimation of both epicardial and endocardial activation patterns,
which may be relevant in clinical practice. Furthermore, this iECG approach may be used for imaging of
functional electroanatomical substrates, screening and risk stratification.
In chapter 11 the results of this thesis are discussed and recommendations are made how to implement
the findings and discussed ECG methods into clinical practice. There is concluded that current cascade
strategies require pediatric specific diagnostic criteria and evidence based recommendations on
screening frequency and pediatric specific cut-offs values. Improved phenotyping of (sub)clinical
disease may enable patient tailored screening and treatment regimens. Improving our understanding
of the effects of environmental and (epi)genetic modifiers on the development of disease may further
optimize the risk prediction of sudden cardiac and aid patient-tailored monitoring and treatment
strategies.
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SAMENVATTING
Aritmogene cardiomyopathie (ACM) is een erfelijke hartspierziekte waarbij het myocard vervangen
wordt door vettige en fibreuze deposities. Dit proces begint aan de epicardiale zijde van met name
de rechter kamer, maar recent zijn biventriculaire en linkszijdige vormen uitgebreid beschreven. Deze
veranderingen resulteren in dilatatie en dysfunctie van het myocard en tevens verlittekening. In de
klinische praktijk staan ventriculaire ritmestoornissen op de voorgrond als eerste presentatie van
de ziekte, naast plotse hartdood en hartfalen. Plotse hartdood is de meest dramatische manier van
eerste presentatie van ACM, maar ook een relatief frequente manier onder patiënten met ACM en
hun familieleden. Vroege opsporing van ziekte en risico stratificatie zijn essentieel om behandeling
van ACM in een vroeg stadium te beginnen om zo het risico op plotse dood mogelijk te verminderen.
In dit proefschrift beschrijven wij patiënten en families met pathogene varianten in PKP2 en PLN. Dit
zijn beide genen die geassocieerd zijn met ventriculaire ritmestoornissen en hartfalen, daarnaast zijn
ze geassocieerd met de meerderheid van de ACM patiënten in Nederland. Het PKP2 eiwit is onderdeel
van de cardiale desmosoom, die een belangrijke functie heeft in de structuur van het myocard
en myocardiale activatie. Het PLN eiwit heeft een belangrijke rol bij de calcium huishouding van de
cardiomyocyt. Daarnaast bestudeerden wij families met een variant in SCN5A, om inzichten te krijgen in
de variabele expressie van deze specifieke variant. Het SCN5A gen codeert voor het dominante natrium
kanaal in het myocard en is van belang voor snelle depolarisatie van de cardiomyocyt.
Het doel van dit proefschrift, zoals beschreven in hoofdstuk 1, is het beschrijven van verschillende
elektrocardiografische technieken die gebruikt kunnen worden om bij patiënten met ACM en hun
familieleden de ontwikkeling van cardiomyopathie in een vroeg stadium te herkennen en deze
parameters te gebruiken in de risicostratificatie.
Vroege herkenning van ziekte bij familieleden van patiënten met ACM is gecompliceerd door
variatie van het fenotype en de ernst van het ziektebeeld onder dragers van pathogene varianten.
Het ontwikkelen van specifieke screening strategieën voor familieleden kunnen de opbrengst van
screening verbeteren en inzicht geven in de ontwikkeling van preklinische tekenen van ziekte. Nietinvasieve elektrocardiografische (ECG) methoden kunnen helpen om preklinische verandering van het
myocard verder te definiëren en kunnen mogelijk ook een bijdrage leveren als screeningsmodaliteit,
zeker omdat elektrische veranderingen van het myocard vroeg in de ziekte plaats lijken te vinden. In
hoofdstuk 2 beschrijven wij de verschillende diagnostische modaliteiten en biomarkers die beschikbaar
zijn om dit preklinische fenotype te beschrijven en de samenhang tussen deze modaliteiten. Tevens
benadrukken we het belang van het onderbrengen van deze relatief zeldzame data in een biobank
structuur. Op deze manier kan translationeel onderzoek gedaan worden en kunnen bevindingen uit
deze onderzoeksprojecten zo snel mogelijk geïmplementeerd worden in de klinische praktijk.
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In hoofdstuk 3 en 4 beschrijven we de limitaties van de diagnostische criteria voor ACM bij kinderen.
Deze criteria zijn gevalideerd in cohorten met volwassen patiënten en wij beschrijven de noodzaak voor
pediatrisch specifieke diagnostische criteria. Daarnaast beschrijven we resultaten van familiescreening
bij patiënten onder de 18 jaar in een cohort van patiënten met een zekere ACM diagnose voor de leeftijd
van 18 (n = 12) en familieleden die verwezen waren voor screening voor de leeftijd van 18 jaar (n = 68).
Tijdens screening van deze familieleden ontwikkelden 13 (19%) patiënten een ACM diagnose voor de
leeftijd van 18 jaar en nog eens 12 (18%) patiënten een ACM diagnose op volwassen leeftijd. Nieuwe
ECG criteria, Holter criteria en cardiale MRI criteria waren belangrijk om de ontwikkeling van ACM vast
te stellen bij familieleden die bij aanvang van familiescreening nog geen tekenen van ziekte vertoonden.
Onder patiënten die als eerste in een familie werden gediagnosticeerd, zogenaamde probanden, was
de prognose slecht. Bij deze probanden was er sprake van recidiverende ventriculaire tachycardie en
hartfalen. Onder familieleden die tijdens familiescreening gediagnosticeerd werden met ACM was
de prognose relatief gunstig. Aanwijzingen voor late aankleuring met gadolinium op cardiale MRI,
geïnverteerde T golven in aﬂeidingen V1-3 op het ECG, een verhoogd aantal premature ventriculaire
complexen tijdens Holteronderzoek waren geassocieerd met ventriculaire ritmestoornissen in deze
populatie.
In hoofdstuk 5 beschrijven we de uitgebreide variatie in fenotypes onder probanden (n=6), deze variatie
werd niet geobserveerd onder dragers (n=52) van een specifieke SCN5A variant (c.2184_2186del,
(p.Leu729del)). Geleidingsstoornissen waren het belangrijkste fenotype in zowel dragers als
familieleden. De mortaliteit onder dragers van deze variant was niet significant hoger in vergelijking
met de algemene populatie (p=0.06). Alleen in de subgroep van patiënten met de leeftijd van 80 jaar
of ouder was er sprake van oversterfte (p<0.001) , echter deze subgroep was zeer klein. De additionele
genetische varianten (varianten van onbekende significantie in SCN5A, TTN en DSG2) die geïdentificeerd
zijn, zouden bijgedragen kunnen hebben aan de specifieke fenotypes van de probanden als genetisch
modificerende factoren. Echter waren diermodellen en cellulaire experimenten buiten de opzet van
deze studie en kon een mechanistisch verband niet verder aannemelijk gemaakt worden.
Hoofdstuk 6 beschrijft fragmentatie van het QRS complex op het normale oppervlakte ECG als uiting
van lokale geleidingsvertraging in het myocard. Het kwantificeren van deze fragmentatie van het QRS
complex was mogelijk en zowel patiënten met ACM diagnose (n = 266) als dragers van pathogene
varianten (n = 57) hadden meer fragmentatie in vergelijking met controle patiënten (p<0.001).
Fragmentatie van het QRS complex was niet geassocieerd met ventriculaire tachycardie bij de eerste
klinische evaluatie (p=0.70) of tijdens langdurige monitoring (p=0.34). Wellicht dat deze maat wel
als vroege en kwantificeerbare biomarker gebruikt kan worden bij het monitoren van dragers van
pathogene varianten. Toename van fragmentatie over de tijd zou dan geassocieerd kunnen zijn met
progressie van geleidingsvertraging en dus van myocardiale veranderingen.
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Variatie tussen ECG’s gemaakt tijdens de follow-up van patiënten kan veroorzaakt worden door
progressie van een hartziekte of door variatie in het plaatsen van de ECG elektrodes. In hoofdstuk 7
beschrijven wij onze methode om met behulp van een 3D camera de variatie bij het herplaatsen van de
ECG elektrodes tijdens seriële metingen te verkleinen. Door middel van deze methode konden wij de
variatie in de golfvormen van het ECG reduceren (p<0.001) in vergelijking met ECG’s gemaakt tijdens
reguliere zorg en was er een significante afname in QTc tijd (p=0.03) variatie tussen seriële metingen.
Daarnaast was de variatie tussen elektrodes van seriële ECG’s gemiddeld 10mm, wat duidelijk kleiner
is dan de algemeen geaccepteerde variatie van 20mm. Deze bevindingen kunnen bijdrage aan het
herkennen van subtiele ECG veranderingen tijdens langdurige klinische monitoring van patiënten met
ACM en hun familieleden.
In hoofdstuk 8 beschrijven we de morfologie van de ventriculaire tachycardie op het 12-kanaals
oppervlakte ECG onder 952 patiënten met ACM en ventriculaire tachycardie. Hoewel linker bundeltakblok
morfologie een diagnostisch criterium is uit de 2010 diagnostische criteria voor ACM, had ruim 7%
van de patiënten ook ventriculaire tachycardie met een rechter bundeltakblok morfologie. Patiënten
met rechter bundeltakblok morfologie ritmestoornissen waren gemiddeld ouder (p=0.001) en hadden
significant vaker pathogene varianten in DSP (p<0.001). Dit zou verklaard kunnen worden door de meer
uitgesproken linkerkamer en biventriculaire betrokkenheid bij dragers van DSP pathogene varianten.
Er was geen significant verschil in mortaliteit tussen patiënten met linker- of rechter bundeltakblok
morfologie (p=0.18). Deze resultaten laten zien dat bij rechter bundeltakblok morfologie van een
ventriculaire tachycardie de diagnose ACM niet uitgesloten is.
In hoofdstuk 9 beschrijven wij de aanpassingen die wij hebben aangebracht in onze inverse ECG (iECG)
methode om de nauwkeurigheid tijdens het schatten van de activatiepatronen van sinusritme te
verbeteren. Middels gesimuleerde en klinische data laten wij zien dat de nauwkeurigheid dan verbetert
ten opzichte van de oude methode. iECG is een diagnostische methode om non-invasieve schattingen
te doen van de lokale activatietijden en activatiepatronen van het myocard gebaseerd op informatie van
het ECG en beeldvorming middels cardiale MRI of CT. De nauwkeurigheid van deze methodes tijdens
ventriculaire tachycardie of premature ventriculaire complexen is redelijk, echter tijdens sinusritme
is de in de literatuur gerapporteerde nauwkeurigheid laag. De effecten van het His-Purkinje systeem
zorgen ervoor dat er praktisch gelijktijdige activatie is van meerdere locaties op het endocard tijdens
sinusritme, deze complexiteit is een mogelijke verklaring voor de verminderde nauwkeurigheid ten
opzichte van hartritmes met een enkel focus zoals premature ventriculaire complexen. In hoofdstuk
10 valideren we deze aangepaste iECG methode in een kleine groep van patiënten (n = 13) die een
zowel epicardiale- als een endocardiale elektroanatomische mapping en ablatie ondergingen. Globaal
kwamen de activatiepatronen tijdens invasieve mapping en non-invasieve mapping goed overeen.
De kwantitatieve vergelijking toonde een correlatie coëﬃciënt van 0.54, wat een matige relatie is.
Echter, deze correlatie is ruim hoger dan de eerder in de literatuur gerapporteerde waarden voor de
schatting van de activatiepatronen tijdens sinusritme. De nauwkeurigheid en de resolutie behoeven dus
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nog verdere verbetering. Een belangrijk voordeel van deze iECG methode is, ten opzichte van andere
methoden, dat zowel epicardiale als endocardiale mapping mogelijk is. Wellicht kan deze methode in de
toekomst gebruikt worden voor het non-invasief in beeld brengen van functioneel elektroanatomische
substraten en mogelijk ook gebruikt worden voor screening en risicostratificatie.
In hoofdstuk 11 worden de bevindingen uit dit proefschrift bediscussieerd en worden suggesties
gedaan voor nader onderzoek en voor de mogelijke toepassingen van de besproken ECG methoden. Er
wordt geconcludeerd dat de huidige screening strategie specifieke criteria nodig heeft voor kinderen en
specifieke afkapwaarden voor de diagnostische modaliteiten. Het fenotyperen van preklinische tekenen
van ziekte in familieleden zal bijdragen aan een patiënt specifieke screening- en behandelstrategie. Het
begrijpen van de interactie tussen omgevingsfactoren en (epi)genetische factoren en hun effecten op
het ontwikkelen van cardiomyopathie zal bijdragen aan het optimaliseren van risico predictie van plotse
hartdood en zal patiënt specifieke monitoring en behandeling mogelijk gaan maken in de toekomst.

262

A

263

Appendix

264

Dankwoord

DANKWOORD
Prof. Dr. F.W. Asselbergs, beste Folkert, dank voor je steun en begeleiding als promotor tijdens mijn
projecten en het schrijven van dit proefschrift. Je hebt een ontzettend grote en gevarieerde groep
aan zowel PhD studenten en post-docs om je heen verzameld, een waar voorbeeld van translationeel
onderzoek. Naast de wetenschappelijke overlap te benadrukken, weet je al deze mensen toch nog te
verbinden tijdens de meetings en uitjes. In de twee-wekelijkse Asselbergs PhD meetings was je altijd op
de hoogte, verlegde je de grenzen van onze projecten en bood je hulp aan waar nodig (dit alles met een
uitzonderlijk hoog denktempo).
Dr. P. Loh, beste Peter, dank dat je mij de kans gaf aan dit project te beginnen en mij het volledige
vertrouwen gaf als co-promotor. Ik bewonder je uitstekende oog voor detail en je vaardigheden
als clinicus. Je hielp mij de grote lijnen te zien, had eindeloos geduld en drukte door op moeizame
momenten. Dank voor je begeleiding de afgelopen jaren!
Dr. A.S.J.M. te Riele, beste Anneline, onwijs veel dank dat je mijn co-promotor wilde zijn toen het
allemaal niet zo vlot liep. Dankzij jouw begeleiding in het schrijven en bij enkele nieuwe projecten heb
ik enorm veel geleerd. Jouw persoonlijke betrokkenheid en je talent voor onderzoek doen zijn een
bijzondere combinatie!
Dr. P.M. van Dam, beste Peter, ik denk dat jij met afstand de meest bijzondere persoon bent die ik heb
leren kennen tijdens mijn PhD-tijd. Jouw analyses, unieke kijk op problemen en manier van denken
waren altijd verrassend en interessant. Dank voor je hulp, samenwerking en alle tips die je zo hier en
daar in het rond strooit.
Ik wil de leden van de manuscriptcommissie bedanken voor het kritisch lezen en beoordelen van mijn
proefschrift.
Dank aan alle coauteurs voor jullie bijdragen en feedback die hebben geholpen bij het tot stand
komen van de manuscripten en dit proefschrift. Richard Hauer, voor uw fascinatie voor aritmogene
cardiomyopathie en uw onuitputtelijke nauwkeurigheid. Jeroen van der Heijden, voor je praktische en
waardevolle adviezen. Peter van Tintelen, voor je pragmatische instelling, adviezen en steun. Toon van
Veen, voor openheid en de samenwerking. Maarten-Jan Cramer, jouw enthousiasme is ongeëvenaard!
Annette Baas, dank voor het bespreken van de voortgang van mijn promotie. Thom Oostendorp, dank
hoe je het modelleren van het ECG zo simpel kan uitleggen.
Alle leden van de staf cardiologie van het UMC Utrecht, in het bijzonder alle collega’s van de
elektrofysiologie, dank voor de samenwerking en alle onderwijsmomenten.

265

A

Appendix

Eelco van Dam, Martin Kastelein, Hans Slijp van PEACS BV, dank voor de prettige samenwerking op
verschillende projecten en de bezoekjes aan Nieuwerbrug.
Arie van Dijk, Prof. van Royen, Prof. Nijveldt, dank voor het vertrouwen en de kans om eerst
promotieonderzoek te doen en daarna de opleiding tot cardioloog te starten. Dank aan alle leden van
de staf cardiologie in het Radboudumc en Rijnstate. In het bijzonder: Peter Kievit, voor het goede
voorbeeld en alle letterlijke quotes uit House of God en The ECG in Emergency Decision Making, Reinder
Evertz en Toon Duijnhouwer voor de persoonlijke interesse en de fietsrondjes. Joep Smeets, voor je
advies om mijn onderzoeksstage te doen bij Sabine Ernst. Peter Danse, voor het vertrouwen en de
aanbevelingen, ik heb mij vanaf het begin af aan gesteund gevoeld, Richard Derksen, dank voor het
advies om naar Utrecht te gaan om met Peter Loh te gaan praten, Heidi Bergman en Anke van de
Water voor leren van de basics tijdens mijn eerste periode als arts-assistent.
Arts-assistenten van het Radboudumc en Rijnstate, dank voor de samenwerking en collegialiteit. In het
bijzonder: Gerben en Anne, dank voor de mooie tijd in het Rijnstate en de gezelligheid op congres!
Daan, dank voor alle tips en nodige relativering. Stephan, dank voor je steun en vertrouwen.
De secretaresses en laboranten van de EFO, hartcatheterisatie kamers, B4West en hartfunctie, bedankt
voor jullie ondersteuning. In het bijzonder aan Jantine voor al je hulp, Dorine en Mitzy voor het plannen
van de onderzoeken op de hartfunctiekamers!
ECG & EFO & HCK technici; Sergio, Kamal Baboeram, Ben Rodermans, Wil Kassenberg, Rolf Brummel,
Maurits van Medtronic en Marcel van Abbott, dank voor jullie hulp met ECG karren, Biosemi apparatuur,
Carto en Ensite.
Dank aan alle studenten met wie ik heb samengewerkt: Bernice, Janna, Laura, Laura, Manon, Triine
bedankt voor jullie inzet en nieuwsgierigheid.
Mede-onderzoekers uit Amsterdam, Tom, Lieke, Freyja, Jeanne, dank voor de gezellige
onderwijsmomenten en natuurlijk de samenwerking op verschillende projecten.
Asselbergs-groep kamergenoten: zonder jullie was dit proefschrift nooit tot een goed einde gekomen.
Helaas hebben we elkaar te weinig kunnen zien tijdens de laatste periode van mijn PhD. Arjan, bedankt
voor je verbindende functie en alle discussies over figuren, papers en promotieperikelen. Mark, jouw
fascinatie voor wetenschap is indrukwekkend. Dank voor alle uiteenzettingen over genetica, statistiek en
de geschiedenis van Georgië. Mimount, wat ben ik trots op jou! Zo veel respect voor hoe je dit allemaal
doet. Jouw interesse en relativeringsvermogen maken je de ideale kamergenoot. Janine, gelukkig was
ik niet de enige uit het oosten van het land in het centrale Utrecht. Je bent nooit te beroerd om koﬃe te
drinken en wat kan jij hard werken. Dank voor je tijd als kamergenoot en het delen van onze eenzame

266

Dankwoord

interesse in het wielrennen. Hopelijk komen we elkaar regelmatig tegen in onze AIOS-tijd. Feddo, dank
voor je humor, collegialiteit en de manier hoe je de groep verbindt. Karim, ook al zat je de laatste tijd
in de Villa, we waren wel degelijk kamer genoten! Dank voor je hulp bij mijn projecten en het congres
in Parijs! Lieke, mooi om te zien dat je je eigen weg vindt als TG’er. Succes met je projecten! Marijke,
jij bent absoluut professor materiaal. Wat ben jij doortastend en een ware onderzoeker. Dank voor het
delen van 3 jaar kantoorleven, het discussiëren van projecten en het delen van veel persoonlijke dingen.
Dat was echt belangrijk voor mij. Laurens, zeker ook professor materiaal, al was het alleen al om je
verstrooidheid, doorzettingsvermogen en de manier hoe jij je kan verdiepen in projecten. Dank jullie
allemaal voor de samenwerking!
Mede onderzoekers uit Utrecht; Lennart, wat ben ik blij dat we elkaar hebben leren kennen. We
hebben veel gemeen en denken over veel dingen hetzelfde! Ik waardeer jouw vrolijke houding en
oneindig optimisme. De congressen, ajmaline-testen en EFO grote visites scheppen een band! Ik vind
het heel gaaf dat je de keuze hebt gemaakt om samen met Bente naar Malawi te gaan, respect hoe
je dat allemaal doet! Sanne, dank voor je persoonlijke interesse en de samenwerking. Altijd gezellig
om te borrelen of om koﬃe te doen op vrijdagochtend na de grote visite. Max, dank voor je humor,
de mooie tijd op Papendal, de PLN Monstertocht en natuurlijk de Utrecht-Nijmegen fietstocht op de
heetste dag sinds de start van de metingen van het KNMI. Timion, Odette, Agnieska, David, Aernoud,
Evangeline, Thijs, Mirthe, Nicole, Rosanne, Rik, Nynke, Phillipe, Marijn, Rutger, bedankt voor alle
lunches, onderwijsmomenten, borrels, weekendjes (Valencia!) en congressen.
Joost, Dirk, Jacqueline, Bob, deze vriendschap is echt, ook al zien we elkaar helaas te weinig.
Chris, Dorus, Niels, Bouke en Rob, wat een atypisch groepje dokters zijn we bij elkaar. Klagen over
ons nietige bestaan kan wonderen doen. De borrels, etentjes, vrijgezellenfeesten, bruiloften zijn altijd
mooie gelegenheden, met de wintersport als een absoluut hoogtepunt! Ik hoop dat we elkaar ondanks
alles blijven zien komende jaren!
Tim, Koen, Jelle en Wouter, excuses voor de momenten van mijn afwezigheid van de afgelopen jaren.
Bedankt voor de onvoorwaardelijke vriendschap en jullie niet-medische beschouwing van de wereld.
Henny, Marlies, Floris, Koen, bedankt voor alle mooie momenten, etentjes en kerstdiners in de
afgelopen jaren. Jullie steun en interesse zijn van grote waarde.
Mijn paranimfen: Chris; wij weten precies wat we aan elkaar hebben, vinden het heerlijk om te knallen
op de racefiets en ik vind het fijn om de ziekenhuisperikelen te delen. Bedankt voor je steun de afgelopen
tijd. Sinds kort hebben we ook het vaderschap gemeenschappelijk!
Machteld, ik ben blij dat we de afgelopen jaren zo intensief gewerkt hebben aan onze gezamenlijke
projecten. Mooi om te zien hoe je er nu mee verder gaat. Het begin was wellicht wat wennen van beide

267

A

Appendix

kanten, maar later als een waar team! Dank voor je geduld met betrekking tot mijn onwetendheid. Ik
weet zeker dat je je eigen weg gaat vinden binnen of buiten de onderzoekswereld.
Lieve Bram, hoewel je mijn “kleine broertje” bent, ben je natuurlijk eerder gepromoveerd dan ik. Dat
moet ik je zeker na geven. Ik ben ontzettend trots op wat je allemaal voor elkaar hebt gekregen en
helemaal toen ik naast je stond als paranimf tijdens jouw promotie. Ik vind het geweldig dat we elkaar
zo vaak zien en ben blij dat je gelukkig bent samen met Fauve.
Lieve pap en mam, dank voor jullie onvoorwaardelijke steun in alles wat ik doe. Ik weet dat jullie
altijd voor mij klaar staan. Bedankt voor het goede voorbeeld wat jullie geven in redelijkheid,
doorzettingsvermogen en er zijn voor anderen. Dat zijn waardevolle lessen die ik voor altijd bij mij
draag.
Lieve Vera, wat is het bijzonder om jou in mijn leven te hebben, zo klein en oneindig veel mogelijkheden.
Voorlezen is heel belangrijk, maar dit proefschrift zal ik je besparen.
Lieve Annemiek, niemand kent mij beter dan jij, vaak hoef ik mijn zin niet eens af te maken en jij weet
al wat ik bedoel. Samen kunnen we alles aan. Ik ben ontzettend blij en dankbaar dat je mij de ruimte en
steun hebt gegeven om te werken aan dit proefschrift. Ik weet dat je het er niet altijd mee eens was en
ik vind het prachtig dat je dat dan gewoon zegt. Ik leer nog elke dag iets nieuws van je. Ik hoop dat je
voor altijd bij mij blijft en we samen nog veel meer moois beleven!

268

A

269

Appendix

270

Dankwoord

CURRICULUM VITAE
Robert (Rob) Willem Roudijk was born on the 30th of September,
1988 in Doetinchem, the Netherlands. He grew up in Doetinchem
together with his younger brother Bram. He attended secondary
education at the Rietveld Lyceum, from which he graduated in
2007. Next, he studied medical biology at the Radboud University in
Nijmegen and switched to medicine in 2008 at the same university.
After obtaining his Bachelor degree in medicine in 2011, he
performed a research internship in the clinical electrophysiology lab
of Prof. Dr. S. Ernst in the Royal Brompton Hospital London, United
Kingdom. This internship resulted in a fascination for arrhythmias and clinical electrophysiology. In 2012
he started his Master in medicine at Radboud University and performed his final clinical rotations at the
cardiology department and the cardiothoracic intensive care unit of the Radboudumc before obtaining
his Medical Degree in 2015.
In June 2015 he started working as a resident (ANIOS) at the cardiology department of the Rijnstate
hospital in Arnhem under supervision of Dr. P.W. Danse. From June 2016 to August 2017 he worked as
cardiology resident (ANIOS) in the Radboudumc in Nijmegen under supervision of Dr. A.J.P van Dijk and
Dr. P.C. Kievit. As a PhD candidate he combined clinical electrophysiology and cardiovascular genetics at
the department of cardiology of the University Medical Center Utrecht under supervision of Dr. P. Loh,
Dr. A.S.J.M. te Riele and Prof. Dr. F.W. Asselbergs. The results of his research project are presented in
this thesis. He will defend his thesis entitled “Electrophysiological methods for early detection and risk
stratiﬁcation in arrhythmogenic cardiomyopathy” on the 12th of April 2022. In October 2020, he started
cardiology training (AIOS) at the Rijnstate hospital and Radboudumc (Supervisors: Dr. A.J.P van Dijk and
Prof. Dr. R. Nijveldt). Rob lives in Nijmegen, together with Annemiek Martens and their daughter Vera.

A

271

