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An explorative study into the possible relationship between electrical 

and structural abnormalities in subclinical and clinical PKP2-pathogenic 

mutation carriers by body surface potential mapping and 

echocardiographic deformation imaging  

 

Abstract 

Arrhythmogenic cardiomyopathy (ACM) is a progressive inherited heart disease, often associated 

with defects in desmosomal proteins. Early detection and risk stratification is complicated by the 

heterogenous phenotypic expression of ACM. Therefore, accurate prediction and risk-stratification in 

asymptomatic mutation carriers remains challenging. This is problematic since ventricular arrhythmias 

or sudden cardiac death may be the first manifestation of the disease. Echocardiographic deformation 

imaging was capable to detect subtle functional abnormalities in asymptomatic pathogenic mutation 

carriers with a normal 12-lead electrocardiogram (ECG). With the 12-lead ECG subtle activation delay 

may not be accurately detected. Thus, this study aimed to identify the possible overlay in electrical and 

structural abnormalities by combining 67-electrode body surface potential mapping (BSPM) with 

echocardiographic deformation imaging in PKP2-pathogenic mutation carriers. 

Sixty-seven-electrode BSPM was obtained in 25 controls and 35 subjects carrying a pathogenic PKP2 

mutation. Subject specific CT/MRI based anatomical models of the heart/torso and electrode positions 

were created. Isopotential maps of ventricular depolarization and repolarization were computed using 

intervals of two and five ms, respectively. Two-dimensional speckle tracking was performed in 20 

controls and 35 PKP2-pathogenic mutation carriers to assess local ventricular mechanical deformation. 

Subjects carrying a pathogenic mutation were classified into different ACM stages according to clinical 

presentation at time of the BSPM, ranging from no overt sign of disease to definite ACM diagnosis. 

Three distinct depolarization patterns and two distinct repolarization patterns were identified in the 

isopotential map series of 69% of the PKP2-pathogenic mutation carriers. These patterns were not found 

solely in one ACM stage, representing the heterogenous disease manifestation and development of 

ACM. The most common observation (29%) was a maximum during the second half of depolarization 

on the right side of the chest. This depolarization pattern was identified among different disease stages 

of ACM, even in almost one-third of the subclinical mutation carriers with normal RV deformation 

patterns. Furthermore, 6/7  patients showing multiple minima and maxima during repolarization, 

suffered from ventricular arrythmias. Indicting that this complex multipolar repolarization pattern may 

reflect vulnerability to ventricular arrhythmias.  

This study indicates that with BSPM, early disease onset in PKP2-pathogenic mutation carriers may 

be identified. However, no clear relationship seems to exist between depolarization/repolarization 

patterns and RV deformation patterns. Although the observations in this study should be further 

investigated, the results of this study indicate that assessing depolarization and repolarization by BSPM 

may aid subject specific risk stratification and prediction in (asymptomatic) pathogenic mutation 

carriers.  
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Arrhythmogenic cardiomyopathy (ACM) is defined as a progressive genetic heart muscle disease with 

an estimated prevalence of 1:2000 to 1:5000.[1] Most of the pathogenic mutations have been identified 

in genes encoding desmosomal proteins. Desmosomes are part of the intercalated disk and thereby 

responsible for mechanical coupling of cardiac myocytes.[2][3] Plakophilin-2 (PKP2) has been found to 

be the most frequently affected gene, accounting for up to 70% of the identified genetic 

variations.[4][5][6] The disease phenotype of ACM is characterized by fibrofatty myocardial 

replacement predominantly affecting the right ventricle (RV). This pathological hallmark is responsible 

for the clinical significance of ACM as it may predispose to potentially lethal scar-related ventricular 

arrhythmias in asymptomatic patients. ACM is therefore an important cause of sudden cardiac death 

among young individuals.[1][7] One of the main goals in the research field of ACM is therefore the 

early detection and risk stratification of asymptomatic pathogenic mutation carriers.[8] 

Early detection and risk stratification is, however, complicated by the heterogenous phenotypic 

expression of ACM, even within the same genotype. This variable expressivity is also represented in 

the current guidelines to diagnose ACM.[8] Rather than the use of a single gold standard test, diagnosis 

of ACM is based on a subset of diagnostic criteria, the Task Force Criteria (TFC).[9] These diagnostic 

criteria were first described in 1994 and revised in 2010. The TFC include a combination of structural, 

histopathologic, electrocardiographic (ECG), familial, arrhythmic and genetic components.[10] 

Diagnosis based on these criteria is difficult as ventricular arrhythmia can have multiple causes, 

multiple genes may have been mutated and genes playing a causal role in ACM development may yet 

be unidentified. Furthermore, the use of imaging to assess structure and function is challenging as the 

RV wall is thin and ECG abnormalities have a low specificity.[2] Especially accurate prediction and 

risk-stratification of the development of ACM in asymptomatic mutation carriers is beyond the 

capabilities of current diagnostic tests.[11] This is problematic since ventricular arrhythmias and 

sudden cardiac death may be the first signs of disease progression.[8] 

There is a clinical need for a sensitive diagnostic technique to enable identification of early disease 

onset in ACM. Recently, echocardiographic deformation imaging has been described to play a potential 

prognostic role in the identification of early myocardial involvement in ACM.[12]–[16] 

Echocardiographic deformation imaging is able to assess global and regional ventricular deformation 

which provides information about mechanical synchrony and regional contractility, parameters 

associated with the start of fibrosis and arrhythmic risk.[12][17] The prognostic role of 

echocardiographic deformation imaging was indicated by Mast et al. who described abnormal 

deformation patterns in the RV basal area of ACM desmosomal mutation carriers without electrical or 

structural abnormalities according to the 2010 TFC.[18][10] The absence of ECG abnormalities are 

striking since increasing evidence suggests that electrical changes develop prior to structural 

abnormalities.[3] However, the standard configuration of the 12-lead ECG might be insensitive for the 

detection of subtle activation delay in RV areas which are often earlier activated than the right 

ventricular outflow tract (RVOT).[19] 

To detect these subtle depolarization and repolarization abnormalities in the RV basal area, 

described as one of the earliest anatomical regions of disease onset in ACM, it is suggested to use 67-

electrode body surface potential mapping (BSPM).[15][16][20][21] The use of 67-electrode BSPM seems 

promising for this purpose, as additional ECG signals may improve the detection of local electrical 

abnormalities.[22] Compared to the conventional 12-lead ECG, extensive BSPM provide more detailed 

spatial, temporal and magnitude insight into cardiac electrical activity.[23] BSPM may therefore be able 

to detect subtle depolarization and repolarization abnormalities in the RV basal area. 
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The goal of the research described in this thesis is therefore to identify the possible relationship 

between electrical and structural abnormalities by BSPM and echocardiographic deformation imaging 

in PKP2-pathogenic mutation carriers. In this way, both mechanical desynchrony and 

electromechanical contraction uncoupling can be identified and the relationship can be studied.[13] We 

hypothesize that BSPM might be able to detect local electrical abnormalities before the presence of 

structural abnormalities as assessed by cardiac magnetic resonance imaging (MRI), echocardiography 

and even echocardiographic deformation imaging. Furthermore, we expect that abnormal deformation 

patterns might be related to different abnormal electrical features due to the heterogeneity of the 

disease. 

The outline of this thesis is as follows. The mechanical and electrical anatomy and pathophysiology 

of the heart and the technologies used to assess these properties will be reviewed in the Background. 

Chapter 3 will explain the used methods to analyze and relate the BSPM signals and echocardiographic 

deformation images. The described methods will be used to present the results in Chapter 4. The results 

will be reviewed in Chapter 5 and a general conclusion will be provided in Chapter 6. 
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Background 
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2.1 
Anatomical background 

The heart, part of the circulatory system, provides our body with oxygen and other nutrients by 

functioning as a pump. This pump, weighing ~300 gram, is able to pump ~5 liter per minute or even up 

to five times more during exercise. The heart consists of four chambers, a right and left atrium and a 

right and left ventricle. Deoxygenated blood enters the right atrium via the inferior and superior vena 

cava. Oxygenated blood enters the left atrium through the left and right pulmonary veins. Opening of 

the tricuspid valve, located between the right atria and RV, enables blood to flow into the right 

ventricular cavity. During this process, the valve between the RV and pulmonary artery, the pulmonary 

valve, is closed, preventing blood to flow back from the lungs into the right chamber. After the 

ventricles have been electrically activated, sarcomeres shorten resulting in myocardial ventricular 

contraction. When ventricular pressure exceeds right atrial pressure, the tricuspid valve closes and the 

heart is in the isovolumetric contraction phase. Immediately after, the pulmonary valve opens and 

blood is pumped into the pulmonary artery towards the lungs. The same happens in the left ventricle 

(LV), providing a simultaneous contraction of both ventricles (systolic phase). Note that the valve 

between the left atrium and LV is called the mitral valve and the valve between the LV and aorta the 

aortic valve. After the simultaneous contraction of both ventricles, the heart muscle relaxes (diastolic 

phase).[24] 

The epicardium is surrounded by the pericardium which consists of a serous membrane (attached 

to the heart) and a fibrous outer membrane which is separated by pericardial fluid. There are roughly 

three active electrical cell types in the heart: myocardial cells responsible for contractility, pacemaker 

cells initiating the electrical activation and cells of the conduction system for the fast electrical spread 

of activation. Part of these pacemaker cells are located in the upper part of the right atrium, the 

sinoatrial node, and is considered the heart’s pacemaker inducing sinus rhythm. The sinoatrial node 

generates an electric pulse which radially propagates through the atria resulting in simultaneous 

contraction of the left and right atria. The fibrous atrioventricular ring ensures the impulse to travel via 

the atrioventricular node towards the His-Purkinje system, a network of specialized conducting cells 

covered by a fibrous sheath.[25] The atrioventricular bundle branches into a right and left bundle 

branch fairly high up in the septum and separates in a bifascicular and trifascicular branch, respectively. 

Running towards the ventricular myocardium, the fibrous sheath disappears allowing continuity of 

electrical propagation in Purkinje myocardial junctions distributed over the ventricular 

endocardium.[26][27][28] The endocardium is activated by multiple waveforms from several 

endocardial regions: some septal regions, the right ventricular moderator band and the bases of the two 

left ventricular papillary muscles. The activation waveforms then depolarize the ventricular 

epicardium, the walls of the RV and LV and finally the RVOT.[19][29][30] 
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2.2 
Pathophysiological background 

Arrhythmogenic right ventricular dysplasia (ARVD) was first described in the ’70 s and included in the 

WHO/IFSC (World Health Organization/International Society and Federation of Cardiology) 

Classification of Cardiomyopathies in 1995. The histologic hallmark of the disease described by 

myocyte depletion with fibrofatty replacement was initially described as a congenital defect and 

therefore classified as dysplasia. Acknowledgement of a genetic component resulted in replacement of 

the term dysplasia into cardiomyopathy. Arrhythmogenic right ventricular cardiomyopathy (ARVC) 

was initially described as a disease predominantly affecting the RV. However, increasing evidence 

describes early and larger LV involvement resulting in expanding the clinical spectrum of the disease 

towards “arrhythmogenic cardiomyopathy” (ACM).[31][17]  

In ACM, both an abnormal electrical (arrhythmogenic) and structural (cardiomyopathy) component 

play a role in the disease phenotype. Together with the heterogenic disease phenotype, this may explain 

the subset of different diagnostic criteria needed for the diagnosis of ACM.[9] Diagnostic criteria were 

first described in 1994 and updated in 2010 to increase specificity, especially in family members and 

young athletes. As stated in the introduction, the TFC described in 2010 (Table A1, Appendix A) include 

minor and major criteria in six different categories: family history, genetics, histological tissue 

characterization, structural and function abnormalities, depolarization and repolarization 

abnormalities on the ECG and arrhythmias.[10] A minor criterium is defined as one point, a major 

criterium is defined as two points. The diagnosis of definite ACM is made in the presence of at least 

four points: two major criteria, one major and two minor criteria or four minor criteria. Borderline ACM 

is diagnosed by one major and one minor criteria or three minor criteria and diagnosis of possible ACM 

includes one major or two minor criteria.[32] 

2.2.1   Genetics 

Sixty to seventy percent of ACM cases are related to a genetic mutation.[5][6] Over 13 genes have been 

identified related to the development of ACM, in which the majority of genes (85-90%) encode for 

desmosomal proteins.[33] Genetic mutations in desmosomal proteins may affect mechanical cell-cell 

coupling.[6][3] Genes encoding for parts of the desmosomes are plakophilin-2 (PKP2), desmoglein-2 

(DSG2) and desmocollin-2 (DSC2), junction plakoglobin (JUP) and desmoplakin (DSP) (Figure 1). PKP2 

is the most frequently affected gene in the majority of ACM patients, accounting for up to 71% of the 

identified genetic variations.[6] Although most of the genes related to ACM encode for desmosomes, 

also non-desmosomal genes have been found to play a causative role in the development of ACM.[34] 

Examples are phospholamban (PLN), transmembrane protein 43 (TMEM43), desmin (DES) and sodium 

voltage gated channel alpha subunit 4 (SCN5A) (Figure 1). Most cases are autosomal dominant 

transmitted, but there are also two forms of autosomal recessive transmission known as Naxos disease 
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and Carvajal syndrome. Both an autosomal recessive form caused by a mutation in JUP and DSP, 

respectively.[33] 

Desmosomes, adherens junctions and gap junctions are part of the intercalated disc, a structure 

responsible for the cell-to-cell adhesion (Figure 1). Voltage gated sodium channels (Nav1.5) are also 

part of the intercalated disc and facilitate the generation of an electrical impulse which is propagated 

between cardiac myocytes by gap junctions. Mechanical integration between cardiac myocytes is 

provided by adherens junctions and desmosomes. The components of the intercalated disc were 

assumed to function independently. Recent research, however, revealed a complex interaction of these 

intercalated disk proteins.[2][9] Intercalated disk remodelling with alterations and loss of desmosomes 

have been shown in myocardial-biopsy samples, indicating the role of genetic desmosome mutations 

in the disruption of intercellular junctions. The disruption of intercellular junctions has an influence on 

the mechanical coupling but also on the intracellular and intercellular signal transduction. In addition, 

the genetic mutation results in an altered protein which is hypothesised to influence the nuclear 

signalling and transcriptional activity of other genes.[2]  

 
Figure 1 Schematic overview of ACM-related proteins (written in black). Two cardiomyocytes are displayed with 

their lipid double layer and key organelles. The adhesion between both cardiomyocytes is represented by the 

intercalated disc containing desmosomes, adherens junctions and gap junctions.[33] 

2.2.2   Pathogenesis 

The effect of a pathogenic PKP2 mutation on the Nav1.5 was demonstrated in a mouse model in which 

the expression of only one PKP2 allele resulted in a decreased sodium current and slower conduction 

speed. This indicates the presence of a subcellular inter-relationship caused by a cross talk between 

desmosomal proteins and sodium channel proteins.[35] Recently, dysfunction calcium handling has 

also been described as an altered cellular mechanism due to a lack of PKP2. Cerrone et al. showed that 

the downregulation of several genes involved in intracellular calcium homeostasis, resulted in a 

disrupted calcium homeostasis and isoproterenol-induced arrythmias in a mouse model. In addition, 

early and delayed afterdepolarizations, associated to predispose to ventricular arrhythmias, were also 

observed. Moreover, calcium homeostasis imbalance was related to a reduced expression of connexin 

gap junction protein (Cx43) resulting in impaired electrical conduction. Remarkably, these alterations 
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in the calcium pathways already occurred in the early disease stages of the mouse model.[36]  

The mechanisms underlying fibro-adipogenesis are still not understood. The activation of the Hippo 

and Wnt/β-catenin signaling pathways have been hypothesized to play a dominant role in desmosomal 

pathogenic variants.[2] The fibrofatty myocardial scarring is thought to be an important factor in the 

development of ventricular arrhythmias. Similarly, as described in infracted myocardium, the presence 

of scar tissue results in a change in intraventricular conduction and may initiate re-entry 

mechanisms.[31][37] 

2.2.3   Disease phenotype 

Patients with a PKP2-pathogenic mutation usually have predominantly RV disease while patients with 

the DSG2 or DSC3 show prominent LV disease.[2][3] Although some genotype-phenotype associations 

have been found, no distinct patterns have been observed between cardiac phenotype and clinical 

course among ACM patients with and without mutated genes. It is also still unknown which factors 

contribute whether a patient will develop structural (e.g. heart failure) or arrhythmogenic (e.g. 

ventricular arrythmias) type of ACM. Due to this phenotypic heterogenicity in ACM, it is hypothesised 

that other external factors may play an important role in the development of ACM.[3] An important 

factor in disease penetrance and arrhythmic risk is endurance exercise. This is supported by evidence 

showing earlier onset of ACM, worse structural abnormalities, higher likelihood of heart failure and 

greater risk of arrhythmia in endurance athletes with a desmosomal mutation.[34]  

Progressive loss of myocardium substituted by fibrous and fatty tissue is the pathological hallmark 

of ACM. The pathologic process proceeds from the epicardium towards the endocardium leading to 

wall thinning and aneurysmal dilatation.[31][37] Conventionally, the “triangle of dysplasia” involving 

the RV inflow tract, outflow tract and apex, was described as the location of structural involvement in 

ARVC.[38] More recently, sub-tricuspid involvement was described in studies using cardiac MRI, 

echocardiography, and electroanatomic voltage mapping.[39] Moreover, Te Riele et al. [20] reported 

structural abnormalities in a cohort of 80 ACM mutation carriers who underwent cardiac MRI and/or 

endo- and epicardial electroanatomic voltage mapping in the epicardial sub-tricuspid region and basal 

RV free wall. The RV apex was affected in definite ACM cases, while the LV lateral wall was involved 

among subjects with early disease. In addition, LV involvement was more often present than initially 

thought as it was present in 76-84% of ACM cases.[3]   
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2.3 
Technological background 

Major and minor criteria on structural and functional abnormalities (Table A1, Appendix A) are 

assessed by two-dimensional (2D) echocardiography and cardiac MRI. Criteria for MRI are based on a 

combination of  RV wall-motion anomalies and RV end-diastolic volume index and/or RV ejection 

fraction. Echocardiographic criteria are defined by a combination of RV wall-motion anomalies and the 

degree of RV outflow tract (RVOT) dilation and/or RV fractional area change. Major and minor criteria 

on structural and functional abnormalities by echocardiography and MRI, both have a low sensitivity 

and specificity for the (early) diagnosis of ACM. Therefore, new imaging techniques have been 

investigated for early detection of ACM.[8][40] 

2.3.1   Mechanical abnormalities | Cardiac magnetic resonance imaging 

Cardiac MRI is a non-invasive imaging modality which provides structural and functional information 

of the heart. Besides the assessment of morphofunctional features, cardiac MRI is also able to 

characterize myocardial tissue by late gadolinium enhancement (LGE). Late enhancement MRI is able 

to assess the presence and amount of fibrofatty myocardial infiltration as gadolinium washes out 

rapidly in viable healthy myocardium but is retained in myocardium containing fibrofatty 

infiltration.[8][41][42] 

Gadolinium chelate contrast material is infused intravenously and cardiac-gated T1-weighted pulse 

sequencing is performed 10-30 minutes later. Images are computed based on several heartbeats during 

diastole and during breath hold to minimize cardiac motion due to respiration. Usually, a segmented 

inversion-recovery-prepared fast gradient-echo sequence is used to obtain the myocardial delayed 

enhancement images. An inversion-recovery sequence is used as this enhances the contrast difference 

between healthy myocardium and gadolinium-retaining (scar/infarcted) tissue. This sequence involves 

a nonselective 180⁰ inversion pulse to magnetize the heart, followed by a 90⁰ excitation pulse to the 

segmented k-space lines. Subsequently, scar/fibrosis will appear as an area of high signal intensity on 

the myocardial delayed enhancement images. The high signal intensity is caused by shortening of the 

T1 relaxation time in tissues with retained gadolinium.[8][41][42] 

 The use of late enhancement MRI in the diagnosis of ACM, however, is limited as LGE is nonspecific 

to ACM. Delayed myocardial enhancement can occur for example in myocardial infarction, 

myocarditis, sarcoidosis, hypertrophic cardiomyopathy and dilated cardiomyopathy. Another 

limitation is the small spatial resolution of MRI which makes it hard to assess the thin RV wall.[8][42]  
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2.3.2  Mechanical abnormalities | Echocardiography 

Echocardiography allows dynamic imaging of the heart. It is an important non-invasive screening tool 

used for the diagnosis and clinical follow-up of several diseases because it is widely available and 

relatively moderate in costs. Echocardiography is appropriate for cases with definite ACM but lack 

sensitivity for early diagnosis of ACM. Therefore, new echocardiographic imaging techniques have 

been investigated to increase the performance of echocardiography in the early disease stage. A 

promising new imaging technique which has been described to play a potential role in this goal is 

echocardiographic deformation imaging.[12]–[16] This technique enables the assessment of global and 

regional myocardial deformation.[12][17]  

Cardiac deformation, caused by sarcomere shortening during systole, appears in three dimensions: 

a longitudinal (Figure 2A) and circumferential (Figure 2C) shortening and a radial (Figure 2B) 

thickening. The total deformation, the relative length change during the cardiac cycle, is defined as 

strain (ε), 𝜀 = (𝐿 − 𝐿0)/𝐿0, with L the length of the object after deformation and L0 the original 

length.[43] Longitudinal and circumferential shortening are represented by a negative strain value (S-

wave) with its minima at the aortic valve closure, also called peak systolic strain. In cases of severe 

structural myocardial damage, elongation can also occur, resulting in a positive strain value. During 

diastole, first an early filling phase (E-wave) is present followed by a plateau phase and atrial filling 

phase (A-wave). The speed at which this occurs, the change in strain over time, is called the strain-rate 

(SR). Both strain and SR provide important information on cardiac function. Absolute peak systolic 

strain estimates ejection fraction while peak systolic SR represents regional contractility.[44] 

Strain can be assessed by different methods such as speckle-tracking echocardiography (STE), tissue 

doppler imaging (TDI) and MRI tagging.[45] MRI tagging is currently the gold standard for the 

assessment of ventricular deformation. However, long-axis strain assessed by STE and MRI tagging 

show a good correlation and agreement. Indicating that STE can be used as a non-invasive reliable 

method for the assessment of ventricular strain.[46][47] Comparing echocardiographic methods, STE is 

superior to TDI. The feasibility for both techniques to assess RV segments and LV segments is 

comparable. However, reproducibility of STE is reported to be better compared to TDI for the LV while 

no differences are reported for the RV. [44] An important advantage is its angle-independency, STE can 

be performed in any direction.[43] The image quality of 2D gray scale images, however, is a limiting 

factor for the accuracy of STE. Because the pattern based matching algorithm causes inherent errors if 

the 2D gray scale images are of insufficient quality. Another important limitation is the relative low 

temporal resolution of STE. A minimum of 50-80 frames per second is necessary for adequate speckle 

tracking. This may, however, result in undersampling in subjects with tachycardia.[44][45] 

This study investigates cardiac deformation in the longitudinal dimension. Global and regional 

longitudinal strain can be obtained from the LV and RV. For this purpose, first, conventional 2D gray 

scale echocardiographic images are obtained of the 4-chamber, 2-chamber and apical four chamber 

(AP4CH) for the LV and of the RV-focused AP4CH view for the RV. Images are often obtained during 

breath hold to minimize cardiac motion due to respiration. The obtained images are then used for 

offline speckle-tracking analysis. Speckles are the results of constructive and destructive interference of 

back-scattered ultrasound beams from myocardial structures. Speckle tracking echocardiography (STE) 

uses these natural acoustic markers (speckles) to track them frame to frame using a pattern based 

matching technique. Analysis of the spatial dislocation (tracking) of these speckles throughout the 

cardiac cycle allows information on myocardial deformation.[43][44][45][48]  
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Figure 2 Speckle-tracking echocardiographic analysis. The upper panel (A) shows longitudinal strain representing 

deformation from the base towards the apex. During systole this results in a negative strain pattern due to 

shortening of myocardial fibers. The mid panel (B) shows radial strain representing deformation directed radially 

toward the center of the ventricular cavity. During systole this results in a positive strain pattern due to the 

thickening motion. The lower panel (C) shows circumferential strain representing deformation along the circular 

perimeter. During systole this results in a negative strain pattern due to propagation.[43]  
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Assessment of longitudinal strain from the 4-chamber, 2-chamber and AP4CH view results in 

deformation curves for 18 segments of the LV. The LV is divided into three segments, an apical, mid 

an basal part which is divided into a posterior, inferior, septal, anterior septal, anterior and lateral 

segment. RV lateral strain is obtained from the RV-focused AP4CH view providing an apical, mid and 

basal segment. Several parameters can be computed from these deformation curves. Common used 

deformation parameters (Figure 3) are the electromechanical interval (EMI), systolic peak strain (SPS), 

peak strain (PS) and post systolic shortening (PSSh). The EMI is defined as the time interval between 

QRS onset and onset of mechanical shortening, the SPS is defined as the largest negative value between 

pulmonary valve opening and closure and PS is the maximal negative value during the entire cardiac 

cycle. PSSh is calculated by subtraction of the SPS from the PS which is then divided by the PS.[49] 

Mast et al. described the importance of studying deformation patterns instead of just peak strain 

values as the latter are often in the normal range whereas the shape of the deformation curve may be 

abnormal.[49] A scoring system was used based on a subset of strain parameters to classify three 

distinct RV deformation patterns (Figure 3).[18][10] 

 
Figure 3 Three distinct right ventricular deformation patterns found in desmosomal mutation carriers of 

arrhythmogenic cardiomyopathy. Type I (left panel) represents normal deformation. Type II (mid panel) is 

characterized by a delayed electromechanical interval (EMI) (yellow dot) and the presence of an increased systolic 

peak strain (SPS) (white square) with or without the presence of post systolic shortening (PSSh) (downward arrow). 

Type III (right panel) deformation shows a delayed EMI combined with the presence of systolic stretching (upward 

arrows), major reduced SPS (white square) and PSSh (downward arrow).[49] Pulmonary valve opening (PVO) and 

closure (PVC) are indicated with green lines. 

EMI 

SPS 

PS 

PSSh 
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2.3.3   Electrical Abnormalities 

The conventional 12-lead ECG is used in clinical practice to image the electrical activity of the heart. 

Therefore, six precordial electrodes are used which are referenced to Wilcon’s central terminal (WCT). 

WCT is defined as the average potential measured by three limb electrodes placed on the right arm, left 

arm and left foot. The 12-lead ECG consists of six frontal plane leads (I, II, III, aVR, aVL and aVF) and 

six precordial leads (V1 to V6). The ECG is a visual presentation of electrical potentials on the body 

surface over time. The shape and magnitude of the potentials in each lead depend on the position of 

the electrode on the body surface relative to the heart and the spatial summation of activation waves 

traveling towards (positive deflection) or away (negative deflection) from the electrode. The measured 

time-dependent electrical signal reflects different electrical activities in the heart: the P-wave in the ECG 

represents the depolarization of the atria, the QRS-complex the depolarization of the ventricles and the 

T-wave the repolarization of the ventricles.[25]   

The standard 12-lead ECG is part of the 2010 TFC and plays a central role in the diagnosis of ACM, 

through the identification of depolarization and repolarization abnormalities (Table A1, Appendix A). 

ECG patterns related to delayed activation are terminal activation duration (TAD) and epsilon waves 

in the right precordial leads (V1-V3). TAD, is represented by slurring of the S wave in leads V1-V3 and 

is defined as prolonged if the longest value from the nadir of the S wave to the end of all depolarization 

deflections in V1-V3 is ≥ 55 ms (Figure 4).[50] Epsilon waves are defined as electrical potentials of small 

amplitude located between the end of the QRS complex and beginning of the T-wave.[51] 

Repolarization abnormalities are represented by T-wave inversion (Figure 4) in the right precordial 

leads (V1-V3).[50]  

 

Figure 4 Lead V1 of the 12-lead ECG of an ACM patient. Terminal activation duration (TAD) and a negative T-

wave can be observed. 

2.3.4   Body surface potential mapping 

Besides the standard 12-lead ECG, it is also possible to acquire more ECG signals from multiple thoracic 

sites. This method refers to body surface potential mapping (BSPM). BSPM can be used to provide 

detailed information about the distribution of cardiac potentials on the body surface. A commonly used 

method for the analysis of BSPM is the iso-potential contour map, in which the sum of potentials 

(integral) is determined over a given time interval. Commonly used are the QRS- and QRST-integral 

maps which are obtained by integrating all leads over the QRS respectively QRST intervals. Equal 

potentials (iso-integrals) are connected by lines and displayed on a 2-dimensional representation of the 

torso. These iso-potential contour maps allow visualisation of the pattern of voltage potentials (mV) in 

which maxima and minima can be identified. A method to quantify interpatient differences between 

the iso-potential contour maps is provided by departure maps. Departure maps are computed from the 

map of a particular patient minus the averaged map of the controls. Body surface integral mapping can 

thus be used to investigate regional depolarization and repolarization abnormalities.[23][52][53]   

V1 

TAD 
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3.1   Study design 

The current study was a single center, diagnostic case control study. The study was carried out in the 

outpatient clinic in the UMC Utrecht. Hundred-twenty-six subjects underwent 67-electrode BSPM 

before or after cardiac MRI which took 30 to 60 minutes. The study was approved by the Medical Ethics 

Committee of the UMC Utrecht (17/907). Patients were included after written informed consent was 

obtained.  

3.2   Study population 

3.2.1  Study population | Pathogenic Mutation Carriers 

Subjects diagnosed with ACM (2010 TFC ≥ 4), subjects with borderline ACM (2010 TFC = 3) and 

asymptomatic family members (2010 TFC = 2) referred for cardiac MRI were included in this study 

population. Subjects were included if a PKP2-pathogenic mutation was present, and age was above 18 

years. Exclusion criteria were pregnancy, contraindications to cardiac MRI (claustrophobia, MRI non-

conditional implantable devices, foreign materials, aneurysm clips) and severe renal dysfunction (eGFR 

< 30 ml/min/1.72m2). 

Pathogenic mutation carriers were classified in different ACM disease stages based on RV 

deformation patterns (Chapter 3.2) and subsets of the 2010 TFC (Table A1, Appendix A): 

• Subclinical ACM stage RVD type 1: absence of any 2010 TFC, except for the presence of a 

PKP2-pathogenic mutation and the presence of a type I RV deformation pattern. 

• Subclinical ACM stage RVD type 2: absence of any 2010 TFC, except for the presence of a 

PKP2-pathogenic mutation and the presence of a type II RV deformation pattern. 

• Electrical ACM stage: presence of a major or minor 2010 TFC on 12-lead ECG or Holter 

monitoring with the absence of sustained ventricular arrhythmias and structural 

abnormalities on MRI or echocardiography (Chapter 3). 

• Structural ACM stage: presence of a major or minor 2010 TFC on MRI or echocardiography 

in the absence of electrical abnormalities on 12-lead ECG or Holter monitoring. 

• Definite ACM stage: presence of a major or minor 2010 TFC on both electrical and structural 

modalities in the absence of sustained ventricular arrhythmias. 

• Definite ACM stage with history of sustained ventricular arrhythmias: presence of major or 

minor 2010 TFC on both electrical and structural modalities and a major or minor criteria 

on sustained ventricular arrythmias. 

3.2.2 Study population | Controls (BSPM) 

The control population consisted of subjects referred for clinical cardiac MRI in the UMC Utrecht and 

subjects competing in the 2017 Amsterdam Marathon. Subjects from the UMC Utrecht population were 

included if no pathogenic mutation was present and if no structural myocardial damage was present 

at echo/MRI. Exclusion criteria were pregnancy, contraindications to cardiac MRI (claustrophobia, MRI 

non-conditional implantable devices, foreign materials, aneurysm clips) and severe renal dysfunction 

(eGFR < 30 ml/min/1.72m2). Subjects competing in the 2017 Amsterdam Marathon were included if no 

cardiovascular diseases or risk factors were present and if QRS duration was <120 ms.[54][55] 

3.2.3  Study population | Controls (Echocardiographic Deformation Imaging) 

The control population consisted of non-athletic subjects (≤ 3 hours of training per week). Exclusion 

criteria were history of heart disease, hypertension, diabetes and an abnormal ECG.[56] 
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3.3   Data Acquisition 

3.3.1 Body Surface Potential Mapping 

Each subject underwent a 67-electrode BPSM measurement. To ensure equal distance between 

electrodes, 64 electrodes, nine on the back and 55 on the chest, were placed on the torso using 12 vertical 

strips of 28 cm with 4 cm between adjacent electrodes (Figure 5). The 64 unipolar chest electrodes were 

referenced to Wilson’s central terminal using three limb leads. Signals were acquired using a 24-bit 

analog-to-digital converter with a sampling rate of 2048Hz and a built-in first order 3600Hz anti-

aliasing filter (Biosemi, Amsterdam, The Netherlands). Digitized data were optically transmitted to a 

laptop containing ActiView LabVIEW software (Biosemi Actiview 705 Nijmegen 2015) and saved as a 

Biosemi Data Format (BDF).[57]  

For subjects included in the UMC Utrecht, BSPM were recorded for approximately five minutes with 

the patient in supine position. The initial protocol included BSPM during normal breathing conditions 

while the current protocol also included breathing instructions. This protocol involved two times: 40 

seconds recording of normal breathing, ten seconds recording at end-inspiratory hold, 40 seconds 

recording of normal breathing and ten seconds recording at end-expiratory hold. 

For subjects included in the marathon study, BSPM were recorded 1 week prior to the marathon. 

BSPM were recorded for approximately five minutes with the patients in supine position. The protocol 

included BSPM during normal breathing conditions.[54][55] 

    

Figure 5 (A) Electrode positions of the 67-electrode BSPM measurement. 64 electrodes were placed on the torso 

using 12 vertical strips of 28cm with 4cm between adjacent electrodes. Vertical strip ‘st’ is positioned on the 

sternum whereas vertical strip V1-V6 are positioned on the conventional 12-lead ECG precordial lead positions. 

Three electrodes were placed on the limbs and used to calculate Wilson’s central terminal as a reference for the 64 

unipolar leads. (B) Electrodes placed on a subject positioned according to the tapeline positions as displayed in 

figure 5A.[57] 

3.3.2 Cardiac Magnetic Resonance Imaging 

Subjects included in the UMC Utrecht underwent clinical 1.5 Tesla cardiac MRI (Philips Medical 

System, Best the Netherlands). Segmentation was performed on cardiac short-axis and long-axis Cine 

MRI images at end diastole. Images were acquired using the balanced turbo field echo (BTFE) MRI 

sequence. Pathogenic mutation carriers were scanned according to the standard ARVC protocol which 

include both spin-echo and gradient-echo sequences.[58] Marathon subjects underwent 

multiparametric cardiac MRI on a Philips Ingenia 3 Tesla magnetic resonance system (Philips, Best, the 

Netherlands).[55]  
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3.3.3 Echocardiographic Deformation Imaging 

Echocardiography was performed during follow-up of ACM patients and healthy controls in the 

outpatient clinic of the UMC Utrecht.1 For assessment of RV function, real-time two-dimensional (B-

mode) ultrasound recordings were stored from a RV-focused AP4CH view. Ultrasound recordings 

from the parasternal short axis view were used to assess pulmonary valve timing. The 

echocardiographic recordings were obtained on a Vivid 7 or Vivid E9 ultrasound machine (General 

Electric, Milwaukee, Wisconsin) using a broadband M3S transducer.[44] The used echocardiographic 

protocol has been described by Teske et al [44]. The data was exported for offline analysis with GE 

EchoPac version 10.2 for PC (GE Healthcare, Little Chalfont, United Kingdom) to perform 2D speckle 

tracking. Longitudinal RV deformation patterns of the apical, mid and basal lateral wall were computed 

and saved as CSV files. 

3.4   Data processing 

3.4.1 Body surface potential mapping 

4.4.1.1 Filtering 

Offline data analysis of the BSPM was performed using MATLAB (R2019B, The Mathworks, Inc. 

Natick). First, signals were down sampled to a sampling frequency of 1kHz using the resample function 

applying a default FIR antialiasing lowpass filter (Kaiser window with cut-off frequency (fc) = 0.012). 

Baseline correction (Figure B1, Appendix B) was performed using a second order ARMA high-pass 

Butterworth filter (fc = 0.25 Hz). After baseline correction, powerline artifacts were removed using a 50 

Hz ARMA notch filter (fc = 50 Hz; notch width = 0.1) Finally, high frequency noise was eliminated with 

a second order ARMA low-pass Butterworth filter (fc = 200 Hz). All filters (Figure B3, Appendix B) 

were applied using the “filtfilt” function to assure zero-phase shift. The transfer function of the high-

pass filter, notch filter and low-pass filter were, respectively: 

𝐻(𝑧) =
0.9989−1.9978𝑍−1+0.9989𝑍−2

1−1.9978𝑍−1+0.9978𝑍−2           (1) 

𝐻(𝑧) =
1−1.9021𝑍−1+𝑍−2

1−1.8831𝑍−1+0.9801𝑍−2          (2) 

𝐻(𝑧) =
0.2066−0.4131𝑍−1+0.2066𝑍−2

1−0.3695𝑍−1+0.9801𝑍−2           (3) 

3.4.1.2 Beat Selection 

As deformation images are obtained at end expiration, all end-expiratory beats were selected based on 

local maximal RS amplitude (Figure B4, Appendix B).[59] Therefore, the lead with the highest median 

RS amplitude was identified (Figure 6), assumed to be the lead in which the effect of respiration was 

maximal. The RS amplitude was calculated based on the localization of the R and S top using a Pan-

Tompkins based algorithm.[60]  

Per end-expiratory beat, the beginning (QRSonset) and end (QRSend) of ventricular depolarization was 

manually annotated using the root mean square (RMS) signal of all leads and beats were baseline 

corrected so QRSonset was zero. Alignment of beats was optimized by minimizing the relative difference 

(RD) to the median beat of all end-expiratory beats. Ten beats with the smallest RD to the median beat 

were then selected and thereof the mean end-expiratory beat was determined (Figure 7). 

 
1 Note that the echocardiographic deformation imaging control population is a different study population than 

the BSPM control population 
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Figure 6 A representative example of the lead signal with the highest median RS amplitude (left panel) of all 67 

leads in a subject. In this lead, the RS amplitude was determined for all beats (right panel) and displayed over time 

to select the local maxima (indicated with the red asterisks).  

 

Figure 7 Beat alignment algorithm. All selected end-expiratory beats (upper panel, left) were first baseline 

corrected on QRS onset, to ensure QRS onset starts at 0 mV, and then aligned by minimizing the relative difference 

(lower panel, left). The ten beats with the smallest RD to the median beat (upper panel, right) were then selected 

and averaged (lower panel, right) to obtain the mean end-expiratory beat. 

3.4.1.3 Beat Annotation 

The RMS, assumed to reflect the overall cardiac activation, was calculated based on the computed mean 

beat for all 67 leads. QRSonset and QRSend were manually annotated in the RMS to investigate ventricular 

depolarization. The beginning of repolarization (Tonset) was manually annotated and the end of 

repolarization (Tend) was determined using an integration operation method. This method computes an 

indicator Ak which is maximal at Tend.[61] Ak (4) is computed by an integration operation in a sliding 

window (w) of 80 ms between QRSend and the end of signal.  

𝐴𝑘 = 𝑅𝑀𝑆(𝑡1 − 𝑘) − 𝑚𝑒𝑎𝑛(𝑅𝑀𝑆(𝑤))                                     (4) 

The first computation starts at t1 equal to the end of the signal minus w. The RMS at this specific 

time point (t1) is determined and subtracted from the mean value over the windowed interval of the 

RMS. The window is then shifted by one sample (k) towards QRSend and this computation is iterated 

until t1 is equal to QRSend. Finally, the maximal value of Ak is determined representing Tend.  

Beats (#) 
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3.4.1.4 Removal of Electrode Motion Artifacts 

Electrode motion artifacts are primarily caused by bad electrode-skin interface due to the presence of 

androgenic hair or skin stretching. The spectral content (1-10 Hz) of these artefacts overlap that of the 

P-QRS-T complex.[62] Leads containing these artefacts were therefore removed or linearly interpolated. 

Leads were removed if noise was present at the top row of electrodes and leads were linearly 

interpolated if an electrode was present above and below the specific electrode. Lead 

removal/interpolation was performed if the specific lead affected the RMS during the end-expiratory 

beat selection or if focal maxima/minima were present on the isopotential map series (Chapter 4.5.2).  

3.4.2 Model segmentation 

Per subject, obtained cardiac MR images were used to create a 3D model of the torso and the  ventricular 

myocardium. Images were segmented using dedicated software and discretized as closed triangulated 

surface meshes bounding the segmented mass in dedicated software (GeomPeacs, Version 0.1.1.4408, 

Peacs Investments BV). Lead positions were captured using a 3D camera during the BSPM 

measurements and PeacsCamera (Version 0.02.4979, Peacs Investments BV) was used to align the 3D 

photos with the 3D thorax model.[63] The 3D torso model was then loaded into MATLAB (R2019B, The 

Mathworks, Inc. Natick) and lead positions were set by shifting the nearest torso vertex to the electrode 

position on the torso model.  

3.4.3 Echocardiographic RV deformation imaging 

CSV files were loaded into MATLAB (R2019B, The Mathworks, Inc. Natick). The time interval, over 

which the deformation pattern was determined (one heart beat), was selected. Pulmonary valve closure 

(PVC) was also selected. 

3.5   Data Analysis 

3.5.1 Baseline characteristics 

Pathogenic mutation carriers were categorized based on the extensive ACM classification (Chapter 

3.2.1). The following baseline characteristics were determined: presence of minor or major 2010 TFC, 

the amount of subjects within a sub-population, gender, age, QRS duration and RV deformation type.  

3.5.2 Isopotential Map Series 

For the computation of the isopotential map series, the integral values of the 67 leads were calculated 

with a time interval of two milliseconds during ventricular depolarization and with a time interval of 

five milliseconds during ventricular repolarization. Potential values were only known on the torso 

nodes related to electrode positions. Computation of integral values on the remaining torso nodes was 

performed using surface Laplacian interpolation. The value of the surface Laplacian on a torso node is 

estimated based on both potential values and local geometrical curvatures, it is estimated by 

minimizing the second order derivative in function values on the local triangulated surface. 

Computation of the surface Laplacian using the method described by Oostendorp et al., results in a 

smooth potential distribution over each triangle. The sensitivity of this method is high for regions 

where electrode positions are near but insensitive for nodes further away.[64][65]  Therefore, regions 

of the body surface outside the precordial lead positions were colored in gray. Evaluation of the 

behavior of both local maxima and minima were studied to investigate the depolarization and 

repolarization pattern over the body surface.  
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3.5.3 Echocardiographic RV Deformation Patterns 

The parameters EMI, SPS, PS and PSSh (Figure 8) were computed for the apical, mid and basal segment 

of the RV. The algorithm computed the SPS first, defined as the signal value intersecting the timing of 

PVC. The PS was then computed, defined as the local minima of the deformation curve. PSSh was then 

calculated by subtraction of the SPS from the PS divided by the PS. Finally, the EMI was determined 

which was defined as the local maxima between QRS onset and the timing of PVC closure. After 

computation of the deformation parameters, deformation patterns were determined according to the 

method proposed by Mast et al. (Figure 3, Chapter 2.3).[49]  

 
Figure 8 RV deformation parameters: electromechanical interval (EMI: time between QRS onset and onset of 

mechanical shortening); systolic peak strain (SPS: peak strain value at pulmonary valve closure (PVC)); peak strain 

(PS: maximal negative value during the entire cardiac cycle); post systolic shortening (PSSh: difference between PS 

and SPS divided by PS). 

3.5.4 Coupling of Structural and Electrical Characteristics 

Depolarization and repolarization maps of control subjects were visually investigated and compared 

to depolarization and repolarization maps of pathogenic mutation carriers. Depolarization and 

repolarization patterns of PKP2-pathogenic mutation carriers were classified pathological if the pattern 

was not observed in any control subject. The extensive ACM disease stage classification (Chapter 3.2.1) 

was used to classify subjects in sub-populations based on the observed RV deformation patterns and/or 

the presence of 2010 TFC. These sub-populations were used to investigate the relation between 

pathological depolarization and repolarization patterns, disease progression and RV deformation 

patterns.  

3.5.5 CineECG 

The CineECG method (Figure 9) is a new 12-lead based analysis method. This method was used to 

investigate the added value of six RV leads to the standard 12-lead ECG in the identification of late 

ventricular activation on the right side of the heart. A comprehensive description on the computation 

of CineECG has been detailed in recent work by Boonstra et al.[66]  
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Briefly, CineECG uses the electrode positions and body surface potentials to compute an estimate of 

the average position of ventricular activation within a 3D model of the heart per time instance. This 

estimate of the average position of ventricular activation in time and space is imaged as the CineECG 

trajectory. To compute the CineECG, first, the center of mass of the anatomical 3D heart model is 

determined (starting point in space) and mid QRS (starting point in time) is set at this location. This 

starting point in space and time is used for a bi-directional recursive computation of the CineECG. Per 

time step, the previously calculated CineECG location is used as a reference and the movement away 

from this point is determined. The direction of this movement is computed using a modified version of 

the vector cardiogram (VCG). This VCG is computed from the positions and potentials of the 12-lead 

ECG and the direction of this VCG is used to determine the direction of the average cardiac activation 

position of the next time step.[66] 

The CineECG was computed using the standard 12-lead configuration (Figure 9, black dots) and the 

standard 12-lead configuration plus six electrodes on the right side of the chest (CineECGRV; Figure 9, 

red dots). To quantify the differences between the CineECG and CineECGRV, difference in location was 

assessed by determining the distance between the location of the trajectories per time instance in mm 

(CineECGdistance) and differences in directions from the CineVCG as angles in degrees (CineECGangle). 

Both parameters were assessed per time instance (1ms) in which the trajectories were calculated and 

averaged over the last 30ms of depolarization. CineECGangle and CineECGdistance were compared to the 

observed maxima and minima in the depolarization maps of the controls and PKP2-pathogenic 

mutation carriers. 

 

Figure 9 Computation of CineECG. The electrode positions and body surface potentials together with a 3D model 

of the heart and torso are used to compute a modified version of the vectorcardiogram (VCG). The VCG is used to 

estimate the average position of ventricular activation in time and space within the 3D heart model.[66] 

3.5.6 Statistical analysis 

Data were presented as n (%) or median and the 25th percentile (Q1) and 75th percentile (Q3). Wilcoxon 

rank sum test was used to determine significant differences between groups. Boxplots were made for a 

visual representation of the RV deformation parameters.   

.. .. .. 
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4 
Results 
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4.1   Baseline Characteristics (BSPM) 

The final BSPM study population (Table 1) consisted of 60 individuals: 25 control subjects and 35 PKP2-

pathogenic mutation carriers. The control population consisted of seven (28%) subjects diagnosed with 

right ventricular outflow tract tachycardia (RVOT-VES), three (12%) subjects with non-cardiac chest 

pain, five (20%) athletes and ten (40%) marathon runners. Following the ACM disease stage 

classification (Chapter 3.2.1): 10 (29%) subclinical mutation carriers had a type I RV deformation 

pattern, seven (20%) subclinical mutation carriers had a type II RV deformation pattern, one (3%) 

mutation carrier was staged as structural, seven (20%) mutation carriers were staged as electrical, four 

(11%) mutation carriers were staged with definite ACM and six (17%) mutation carriers were staged 

with definite ACM and a history of sustained ventricular arrhythmias.  

4.2   Baseline Characteristics (Echocardiographic Deformation Imaging) 

Twenty subjects were included in the echocardiographic deformation control population. The median 

age of this population was 28 years [Q1: 22 ; Q3: 33], 53% were men and the QRS duration was within 

the normal range (95 ms [Q1: 88 ; Q3: 103]). 

4.3   Isopotential Map Series and Echocardiographic RV Deformation Patterns 

The following sections will provide an extensive analysis of the isopotential map series and RV 

deformation patterns (Figure 3, Chapter 2.3) based on the ACM disease stage classification (Chapter 

3.2.1). All standard 12-lead ECG’s can be reviewed in Appendix D. 

Boxplots of the deformation parameters EMI, PS, SPS, PSSh for both the control population and 

PKP2-pathogenic mutation carriers are displayed in Figure 10, Figure 11, Figure 12 and Figure 13, 

respectively. There seems to be a trend towards an increase in the deformation parameters of the RV 

basal segments with worsening disease progression. 

The RV deformation pattern of one control subject was classified as a type II pattern based on an 

EMI equal to 0.102 and a PSSh equal to 11%. The other 19 subjects were classified with a type I RV 

deformation pattern. A representative example of a deformation pattern of the basal, mid and apical 

lateral wall of the RV as observed in the control population is displayed in Figure 14. Of the PKP2-

pathogenic mutation carriers, 17 subjects were classified with a type I RV deformation pattern, 13 

subjects with a type II RV deformation pattern and five subjects with a type III RV deformation pattern 

(Table 1).  
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Table 1 Baseline characteristics of the BSPM study populations per subgroup (Chapter 3.2.1). 

 Control 

Subjects 

(n=25) 

Subclinical 

ACM stage¹ 

(n = 10) 

Subclinical 

ACM stage² 

(n = 7) 

Structural 

ACM stage 

(n = 1) 

Electrical 

ACM stage 

(n = 7) 

Definite 

ACM stage 

(n = 4) 

Definite 

ACM stage+ 

(n = 6) 

Age (years) 50 [35 ; 55] 33 [19 ; 48] 26 [22 ; 30] 19 33 [29 ; 57] 58 [51 ; 65] 38 [23 ; 53] 

Male (%) 13 (52) 6 (60) 5 (71) 0 (0) 2 (29) 3 (75) 4 (67) 

QRS duration (ms) 91 [85 ; 96] 87 [80 ; 92] 93 [85 ; 107] 84 106 [84 ; 108] 99 [83 ; 115] 97 [93 ; 105] 

ACM diagnosis* - 0 (0) 0 (0) 0 (0) 0 (0) 4 (100) 6 (100) 

2010 TFC 

    Pathogenic mutation 

    Structural abnormalities 

    Depolarization abnormalities 

    Repolarization abnormalities 

    Arrythmias  

 

- 

0 (0) 

0 (0) 

0 (0) 

- 

 

10 (100) 

0 (0) 

0 (0) 

0 (0) 

0 (0) 

 

7 (100) 

0 (0) 

0 (0) 

0 (0) 

0 (0) 

 

1 (100) 

1 (100) 

0 (0) 

0 (0) 

0 (0) 

 

7 (100) 

0 (0) 

3 (43) 

0 (0) 

4 (57) 

 

4 (100) 

2 (50) 

1 (25) 

1 (25) 

4 (100) 

 

6 (100) 

6 (100) 

4 (67) 

5 (83) 

6 (100) 

RV deformation 

    Type I 

    Type II 

    Type III 

 

- 

- 

- 

 

10 

0 (0) 

0 (0) 

 

0 (0) 

7 (100) 

0 (0) 

 

1 (100) 

0 (0) 

0 (0) 

 

3 (43) 

4 (57) 

0 (0) 

 

2 (50) 

1 (25) 

1 (25) 

 

1 (17) 

1 (17) 

4 (66) 

Categorial variables are displayed as n (%), continuous variables as median [Q1 ; Q3]. *ACM diagnosis is fulfilled in the presence of 2 major, 1 major and 2 minor or 4 minor 2010 

Task Force Criteria (TFC). RV deformation imaging was assessed using speckle-tracking echocardiography. ¹Subclincial ACM stage representing all mutation carriers classified 

with a type I RV deformation pattern. ²Subclinical ACM stage representing all mutation carriers classified with a type II RV deformation pattern. +Definite ACM stage 

representing subjects with definite ACM diagnosis and a history of sustained ventricular arrythmias.  
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Figure 10 Boxplots of the deformation parameter electromechanical interval (EMI) for the basal (red), mid (blue)  

and apical (purple) segment of the RV per subgroup. The EMI of the basal segment seems to increase with 

worsening disease progression. Subgroups: C = Control, ST1 = PKP2-pathogenic mutation carriers with a type I RV 

deformation pattern, ST2 = PKP2-pathogenic mutation carriers with a type II RV deformation pattern, Str = 

structural ACM stage, El = electrical ACM stage, Def = definite ACM stage, Def+ = definite ACM stage with history 

of sustained ventricular arrhythmias. 

 

Figure 11 Boxplots of the deformation parameter peak strain (PS) for the basal (red), mid (bleu)  and apical (purple) 

segment of the RV per subgroup. The PS of the basal segment seems to reduce with worsening disease progression. 

Subgroups:  C = Control, ST1 = PKP2-pathogenic mutation carriers with a type I RV deformation pattern, ST2 = 

PKP2-pathogenic mutation carriers with a type II RV deformation pattern, Str = structural ACM stage, El = electrical 

ACM stage, Def = definite ACM stage, Def+ = definite ACM stage with history of sustained ventricular arrhythmias. 
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Figure 12 Boxplots of the deformation parameter systolic peak strain (SPS) for the basal (red), mid (bleu)  and 

apical (purple) segment of the RV per subgroup. The SPS of the basal segment seems to reduce with worsening 

disease progression. Subgroups:  C = Control, ST1 = PKP2-pathogenic mutation carriers with a type I RV 

deformation pattern, ST2 = PKP2-pathogenic mutation carriers with a type II RV deformation pattern, Str = 

structural ACM stage, El = electrical ACM stage, Def = definite ACM stage, Def+ = definite ACM stage with history 

of sustained ventricular arrhythmias. 

 

Figure 13 Boxplots of the deformation parameter post systolic shortening (PSSh) for the basal (red), mid (bleu)  and 

apical (purple) segment of the RV per subgroup. The PSSh of the basal segment seems to increase with worsening 

disease progression. Subgroups: C = Control, ST1 = PKP2-pathogenic mutation carriers with a type I RV 

deformation pattern, ST2 = PKP2-pathogenic mutation carriers with a type II RV deformation pattern, Str = 

structural ACM stage, El = electrical ACM stage, Def = definite ACM stage, Def+ = definite ACM stage with history 

of sustained ventricular arrhythmias. 
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Figure 14 Representative deformation pattern of the apical (purple), mid (bleu) and basal (red) lateral wall of the 

RV in a control subject. The basal, mid and apical RV deformation patterns have a similar morphology and RV 

deformation parameters are within the normal range. 

4.3.1 Control subjects 

A representative example of the isopotential map series in a control subject for depolarization (Figure 

15) and repolarization (Figure 16) are presented. The first maximum during depolarization appeared 

above the mid or upper part of the heart (0-9 ms, Figure 15). Then, the direction of the mean activation 

front directed towards the apex of the heart (10-34 ms, Figure 15) and after that onto the back (35-64 

ms, Figure 15). At the end of depolarization, the direction of the mean activation front remained on the 

back or appeared above the RVOT (70-79 ms, Figure 15). The first minimum was located on the back 

(0-19 ms, Figure 15) and moved towards the right superior area of the chest (20-24 ms, Figure 15). The 

minimum then moved towards the initial positive area (35-44 ms, Figure 15) and finally towards the 

mid or apical part of the RV (45-79 ms, Figure 15). During the initial phase of depolarization, potential 

values were low. Potential values were increasing till mid QRS (40-44 ms, Figure 15) and then 

decreasing again towards the end of depolarization.  

During repolarization the maximum was located at the left distal portion of the chest surface (around 

the apex of the heart) and the minimum was located at the right anterior proximal portion of the chest 

surface (around the RVOT). During repolarization, potential values were increasing and decreasing but 

their locations did not change much (Figure 16).  
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0-4 ms 

[-0.03 ; 0.06] mV 

5-9 ms 

[-0.2 ; 0.4] mV 

10-14 ms 

[-0.4 ; 0.9] mV 

15-19 ms 

[-0.5 ; 1.3] mV 

 
20-24 ms 

[-0.3 ; 1.5] mV 

25-29 ms 

[-0.4 ; 1.7] mV 

30-34 ms 

[-1.3 ; 2.2] mV 

35-39 ms 

[-2.9 ; 3.3] mV 

 
40-44 ms 

[-4.5 ; 3.9] mV 

45-49 ms 

[-6.1 ; 3.8] mV 

50-54 ms 

[-5.9 ; 2.6] mV 

55-59 ms 

[-4.8 ; 01.5] mV 

 
60-64 ms 

[-3.3 ; 1.0] mV 

65-69 ms 

[-2.5 ; 0.7] mV 

70-74 ms 

[-1.4 ; 0.4] mV 

75-79 ms 

[-0.8 ; 0.3] mV 

 

Figure 15 Representative example of the isopotential map series during depolarization in a control subject. To 

present a general overview, the isopotential map series is displayed for intervals of five milliseconds. Dark red 

indicate the absolute maximum, dark blue the absolute minimum per time interval. The isochrones are spaced 

with equal potential values. Black dots represent the electrode positions.  
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45-49 ms 

[-0.1 ; 0.7] mV 

85-89 ms  

[-0.5 ; 1.1] mV 

115-119 ms 

[-0.9 ; 1.3] mV 

205-209 ms  

[-0.3 ; 0.4] mV 

 

Figure 16 Representative example of the isopotential map series during repolarization (total duration of 229 ms) 

in a control subject. Four intervals of five milliseconds are displayed representing the distinct phases during 

repolarization. Dark red indicate the absolute maximum, dark blue the absolute minimum per time interval. Blue 

lines and red lined indicate sites with equal positive and negative iso-integral values. Black dots represent the 

electrode positions. 

4.3.2 Subclinical ACM Stage | Type 1 RV Deformation Pattern 

Ten subclinical pathogenic mutation carriers were classified with a type I RV deformation pattern 

(Table 1). The initial part of depolarization showed a similar pattern as observed in the control 

population (Figure 15). In three out of ten subjects there was a maximum observed at the end of 

depolarization on the right distal side of the chest (Figure 17: subject 063, subject 108 and subject 110). 

In another subject (Figure 17: subject 076), two minima appeared around 27-29 ms after QRS onset. 

Subject 063 

84 – 86 ms (97 ms) 
[-0.2 ; 0.3] mV 

Anterior 

Subject 076 

27-29 ms (84 ms) 
[-1.6 ; 0.7] mV 

Anterior 

Subject 108 

66-68 ms (88 ms) 
[-0.3 ; 0.3] mV 

Anterior 

Subject 110 

69-71 ms (81) 
[-0.5 ; 0.3] mV 

Anterior 

 

Figure 17 Isopotential maps during the final part (panel 1, 3 and 4) and initial part (panel 2) of depolarization for 

four PKP2-pathogenic mutation carriers with a type I RV deformation pattern. The isopotential map of each subject 

is displayed for intervals of two milliseconds. Subject 063, subject 108 and subject 110 show a maximum on the 

right distal area of the chest (black arrow). Subject 066 shows two minima 27-29 ms after QRS onset (white arrows). 

Dark red indicate the absolute maximum, dark blue the absolute minimum per time interval. The isochrones are 

spaced with equal potential values. Black dots represent the electrode positions. 

One subject showed a repolarization pattern different to the pattern observed in the control 

population (Figure 16). This subject (Figure 18: subject 066) showed a maximum above the basal/mid 

part of the heart. 
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Subject 066 

275-279 ms (288 ms) 
[-0.2; 0.3] mV 

Anterior 

 

Figure 18 Isopotential map during the end of repolarization for a PKP2-pathogenic mutation carrier with a type I 

RV deformation pattern. The isopotential map is displayed for intervals of five milliseconds. Subject 066 shows a 

maximum above the mid/basal part of the heart (black arrow). Dark red indicate the absolute maximum, dark blue 

the absolute minimum per time interval. The isochrones are spaced with equal potential values. Black dots 

represent the electrode positions. 

Although all subjects were classified with a type I RV deformation pattern (Table 1), subject 093 and 

subject 076 had a PSSh >10% and subject 066 and subject 073 had a SPS > -20%. In addition, subject 066 

had also an EMI of 95 ms (Figure 19) but showed a similar RV deformation pattern to the pattern 

observed in the control subjects (Figure 14).  

 

Figure 19 Deformation pattern of the apical (purple) mid (blue) and basal (red) lateral wall of the RV in subject 

066. The EMI of the basal segment (white asterisks) is equal to 95 ms. The SPS (asterisks) of the basal, mid and 

apical segment are equal to -19.9 %, -23.3% and -25.7%, respectively. PSSh was < 10 % in all segments. 
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4.3.3 Subclinical ACM Stage | Type 2 RV Deformation Pattern 

Seven subclinical pathogenic mutation carriers were classified with a type II RV deformation pattern 

(Table 1). The initial part of depolarization looked similar to the pattern observed in the control 

population (Figure 15), except for one subject (Figure 20: subject 115). Two other subjects (Figure 20: 

subject 109 and subject 117) showed a maximum at the end of depolarization on the right side of the 

chest. 

Subject 109 

63-65 ms (83 ms) 
[-1.9; 0.3] mV 

Anterior 

Subject 115 

36-38 ms (92 ms) 
[-0.4 ; 1.3] mV 

Anterior 

Subject 117 

75-77 ms (94 ms) 
[-0.4 ; 0.3] mV 

Anterior 

 
Figure 20 Isopotential maps during depolarization for three PKP2-pathogenic mutation carriers with a type II RV 

deformation pattern. The isopotential map of each subject is displayed for intervals of two milliseconds. A 

maximum can be observed at the right lateral part of the chest (black arrow) in subject 109. Subject 115 shows a 

maximum above the basal part of the heart (black arrow) which appeared earlier at this location in the control 

subjects. A maximum at the right distal side of the torso (black arrow) can be observed in the isopotential map of 

subject 117. Dark red indicate the absolute maximum, dark blue the absolute minimum per time interval. The 

isochrones are spaced with equal potential values. Black dots represent the electrode positions. 

Four subjects showed a repolarization pattern similar to the pattern observed in the control 

population (Figure 16). In the other three subjects, a maximum could be observed different to the 

pattern observed in the control population (Figure 21: subject 014, subject 115 and subject 117). 

Subject 014 

30-34 ms (315 ms) 
[-0.3 ; 0.3] mV 

              Anterior                               Posterior 

Subject 115 

235-239 ms (251 ms) 
[-0.4 ; 0.6] mV 

Anterior 

Subject 117 

205-209 ms (246 ms) 
[-0.7 ; 1.3] mV 

Anterior 

  
Figure 21 Isopotential maps during repolarization for three different PKP2-pathogenic mutation carriers with a 

type II RV deformation pattern. The isopotential maps during repolarization are displayed for intervals of five 

milliseconds. A second maximum can be observed on the back (black arrow) of subject 014. The other subjects 

show a maximum above the mid/basal part of the heart (black arrow). Dark red indicate the absolute maximum, 

dark blue the absolute minimum per time interval. The isochrones are spaced with equal potential values. Black 

dots represent the electrode positions. 



50 
 

All subjects were classified with a type II RV deformation pattern (Table 1). Four subjects showed 

an EMI > 90 ms in the basal segment. Six out of seven subjects had a SPS > -20% in the basal segment 

and five subjects showed PSSh > 10%. 

4.3.4 Structural ACM Stage 

One subject was classified in the structural ACM stage based on a major criterium on structural 

abnormalities (Table 1). The depolarization and repolarization pattern looked similar to the pattern 

observed in the control population (Figure 15 and 16, respectively), except for a maximum during the 

initial part of depolarization above the RV free wall of the heart (Figure 22: subject 084) which appeared 

earlier at this location in control subjects. Subject 084 was classified with a type I RV deformation 

pattern (Table 1). RV deformation parameters were within the normal range (Figure 10-13).  

Subject 084 

27-29 ms (86 ms) 
[-0.5 ; 1.5] mV 

Anterior 

 
Figure 22 Isopotential map during depolarization for a subject classified in the structural ACM stage. The 

isopotential map during depolarization is displayed for an interval of two milliseconds. A maximum can be 

observed above the RV free wall of the heart (black arrow) which appeared earlier at this location in control 

subjects. Dark red indicate the absolute maximum, dark blue the absolute minimum per time interval. The 

isochrones are spaced with equal potential values. Black dots represent the electrode positions. 

4.3.5 Electrical ACM Stage 

Seven subjects were classified in the electrical ACM stage based on the presence of a minor criteria on 

arrhythmias or depolarization abnormalities (Table 1). Subject 007, subject 024, subject 037 and subject 

069 received a minor criterium on the presence of > 500 ventricular extrasystoles per 24 hours (Holter) 

and subject 027, subject 065 and subject 111 received a minor criterium on terminal activation duration 

of QRS ≥ 55 ms in V1, V2 or V3 (ECG). 

The initial part of depolarization looked similar to the pattern observed in the control population 

(Figure 15). One subject (Figure 23: subject 027) showed a maximum at 66-104 ms after QRS onset on 

the right distal part of the chest. Another subject (Figure 23: subject 065) showed a minimum 120-126 

ms after QRS onset at the left distal part of the chest and a maximum above the RVOT for 50 ms. 

Three subjects showed a repolarization pattern that looked similar to the pattern observed in the 

control population (Figure 16). A maximum above the mid/basal segment of the heart was observed in 

two subjects (Figure 24: subject 007 and subject 037). One subject showed a maximum on the right side 

of the back (Figure 24: subject 024). Another subject showed a minimum on the left distal part of the 

chest (Figure 25: subject 111). 
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Three subjects were classified with a type I RV deformation pattern and four subjects with a type II 

RV deformation pattern (Table 1). Subject 027, 065 and 069 were classified with a type I RV deformation 

pattern. All RV deformation parameters were within the normal range. Subject 007, subject 024, subject 

037 and subject 111 had a type II RV deformation pattern. Subject 007, subject 037 and subject 111 

showed a prolonged EMI in the basal and mid segment of the RV. Subject 024 showed an EMI > 90 ms 

in the RV basal segment. Three subjects showed a SPS > -20% and PSSh >10% in the basal segment. 

Subject 027 

78-80 ms (106 ms) 
[-0.8 ; 0.6] mV 

Anterior 

Subject 065 

123-125 ms (130 ms) 
[-0.2 ; 0.2] mV 

Anterior 

 

Figure 23 Isopotential maps during depolarization for two PKP2-pathogenic mutation carriers classified in the 

electrical ACM stage. The isopotential maps are displayed for intervals of two milliseconds. A maximum at the 

right distal part of the chest (black arrow) can be observed in subject 027. Subject 065 shows a minimum at the left 

distal side of the chest (white arrow) and a maximum above the RVOT (black arrow) for 50 milliseconds. Dark red 

indicate the absolute maximum, dark blue the absolute minimum per time interval. The isochrones are spaced 

with equal potential values. Black dots represent the electrode positions. 

Subject 007 

35-39 ms (287 ms) 
[-0.1 ; 0.5] mV 

Anterior 

Subject 037 

35-39 ms (241 ms) 
[-0.7 ; 0.5] mV 

Anterior 

Subject 024 

200-204 ms (234 ms) 
[-0.3 ; 0.7] mV 

Anterior                       Posterior 

 

Figure 24 Isopotential maps during repolarization for three PKP2-pathogenic mutation carriers classified in the 

electrical ACM stage. The isopotential maps during repolarization are displayed for intervals of five milliseconds.  

Subject 007 and subject 037 show a maximum above the basal part of the heart (black arrow). Subject 024 shows a 

second maximum on the right side of the back (black arrow). Dark red indicate the absolute maximum, dark blue 

the absolute minimum per time interval. The isochrones are spaced with equal potential values. Black dots 

represent the electrode positions. 
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Subject 111 

255-259 ms (312 ms) 

[-0.8 ; 2.5] mV 

Anterior 

 

Figure 25 Isopotential map during repolarization for a PKP2-pathogenic mutation carrier classified in the electrical 

ACM stage. The isopotential map is displayed for an interval of five milliseconds. A minimum at the left distal 

part of the chest (white arrow) can be observed. Dark red indicate the absolute maximum, dark blue the absolute 

minimum per time interval. The isochrones are spaced with equal potential values. Black dots represent the 

electrode positions. 

4.3.6 Definite ACM Stage 

Four subjects were classified in the definite ACM stage (Table 1) based on the presence of > 500 

ventricular extrasystoles per 24 hours (Holter) and/or a minor criterium on structural abnormalities 

(subject 054) and/or a major criterium on structural abnormalities (subject 059) and/or a major criterium 

on repolarization abnormalities (subject 100) and/or a minor criterium on repolarization abnormalities 

(subject 104). Two subjects showed a depolarization pattern similar to the pattern observed in the 

control population (Figure 15). One subject (Figure 26: subject 104) showed a maximum above the 

RVOT for 48 milliseconds. Another subject (Figure 26: subject 059) showed an initial depolarization 

pattern similar to the pattern observed in the control population (Figure 15). However, the minimum 

did not move from the right superior chest towards the mid or apical part of the RV, but appeared at 

the apex of the heart 51 ms after QRS onset. In addition, this minimum and a maximum above the 

RVOT remained for 52 milliseconds. During repolarization, the same subject (Figure 27: subject 059) 

showed multiple minima and maxima at locations different to that observed in the control population 

(Figure 16). 

One subject was classified with a type I RV deformation pattern, two subjects with a type II RV 

deformation pattern and one subject with a type III RV deformation pattern (Table 1). Subject 100 

showed a type I RV deformation pattern, and only the deformation parameter PSSh was outside the 

normal range. Subject 054 and subject 104 showed a type II RV deformation pattern based on SPS > -

20% and PSSh > 10%. Subject 104 also showed a prolonged EMI in the basal and mid segment of the 

RV. Subject 059 was classified with a type III RV deformation pattern. The EMI was prolonged in the 

basal and mid segment of the RV, the SPS was > -10% in the basal and mid segment of the RV and the 

SPS > -20 % in the apical segment of the RV. PSSh occurred also in the mid and basal part of the RV. 
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Subject 059 

57-59 ms (124 ms)  

Depolarization 

[-2.0 ; 0.8 mV] 

Anterior            

Subject 104 

90-92 ms (111 ms) 

Depolarization 
[-1.0 ; 0.9] mV 

Anterior 

  
Figure 26 Isopotential maps during depolarization for two PKP2-pathogenic mutation carrier classified in the 

definite ACM stage. The isopotential maps are displayed for intervals of two milliseconds. Subject 059 shows a 

minimum at the apex of the heart (white arrow) and a maximum above the RVOT for 52 ms. This minimum did 

not move from the right superior chest towards the mid or apical part of the RV as in the control population. But 

appeared at the apex of the heart 51 ms after QRS onset. Subject 104 shows a maximum above the RVOT for 48 ms 

(black arrow). Dark red indicate the absolute maximum, dark blue the absolute minimum per time interval. The 

isochrones are spaced with equal potential values. Black dots represent the electrode positions.  

Subject 059 

145-149 ms (276 ms) 

[-0.3 ; 0.4] mV 

Anterior 

260-264 ms (276 ms) 

[-0.07 ; 0.2] mV 

Anterior 

 
Figure 27 Isopotential maps during repolarization for a PKP2-pathogenic mutation carrier classified in the definite 

ACM stage. The isopotential maps are displayed for intervals of five milliseconds. Multiple minima (white arrows) 

and maxima (black arrows) can be observed at locations which were not observed in the control population. Dark 

red indicate the absolute maximum, dark blue the absolute minimum per time interval. The isochrones are spaced 

with equal potential values. Black dots represent the electrode positions. 

4.3.7 Definite ACM Stage with history of sustained ventricular arrhythmias 

Six subjects were classified in the definite ACM stage with history of sustained ventricular arrhythmias 

(Table 1). All subjects received a major criterium on structural abnormalities, four subjects got a minor 

criterium on depolarization abnormalities and five subjects received a major criterium on 

repolarization abnormalities. Moreover, all subjects received a major criterium on arrythmias based on 

sustained ventricular tachycardia of left bundle-branch morphology with superior axis, except for 

subject 072 who got a minor criterium on the presence of >500 ventricular extrasystoles per 24 hours 

(Holter) and a minor criterium on sustained ventricular tachycardia of RV outflow configuration. 
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All subjects showed a depolarization pattern different to the pattern observed in the control 

population (Figure 15). Three subjects showed a maximum at the right distal area of the chest at the 

second half of depolarization (Figure 28: subject 025, subject 072 and subject 116). In one subject (Figure 

28: subject 078) the depolarization front moved towards the apex of the heart (0-50 ms after QRS onset), 

but then moved back resulting in a maximum over the distal portion of the chest.  

Another subject (Figure 29: subject 001) showed a minimum appearing at the left proximal side of 

the chest instead of the right proximal side of the chest (Figure 15). Subject 044 (Figure 29: subject 044) 

showed two minima at the right proximal side of the chest and another subject (Figure 29: subject 116) 

showed a minimum appearing at the right distal side of the chest instead of the right proximal side of 

the chest (Figure 15). 

All subjects showed a repolarization pattern different to the pattern observed in the control 

population (Figure 16). A representative example of the observed repolarization patterns, showing 

multiple minima and maxima during repolarization at locations different to the patterns observed in 

the control population, are displayed in Figure 30. 

Four subjects were classified with a type III RV deformation pattern and one subject with a type II 

RV deformation pattern (Table 1). All subjects showed a prolonged EMI, a SPS > -10 % and PSSh > 10 

% in the RV basal segment. Subject 001 was classified with a type I RV deformation pattern despite a 

SPS of -11.4 in the basal segment and a RV deformation pattern different to the patterns observed in the 

control population (Figure 31). 

Subject 025 

60-62 ms (102 ms) 

Depolarization 
[-0.7 ; 0.7] mV 

Anterior  

Subject 072 

96-98 (146 ms) 

Depolarization 
[-0.2 ; 0.6] mV 

Anterior 

Subject 078 

51-53 ms (97 ms) 

Depolarization 
[-2.3 ; 1.1] mV 

Anterior 

Subject 116 

81-83 ms (100 ms) 

Depolarization 
[-0.2 ; 0.2] mV 

Anterior 

  

Figure 28 Isopotential maps during depolarization for four PKP2-pathogenic mutation carriers classified in the 

definite ACM stage with history of sustained ventricular arrhythmias. The isopotential maps are displayed for 

intervals of two milliseconds. Subject 025 shows a maximum at the right proximal part of the chest (black arrow). 

Subject 072 and subject 117 show a maximum above the basal segment of the RV (black arrow). The depolarization 

front of subject 078 moved towards the apex of the heart (0-50 ms after QRS onset), but then moved back towards 

the right distal portion of the chest (black arrow). Dark red indicate the absolute maximum, dark blue the absolute 

minimum per time interval. The isochrones are spaced with equal potential values. Black dots represent the 

electrode positions.   
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Subject 001 

51-53 ms (104 ms) 

Depolarization 
[-0.4 ; 2.7] mV 

Subject 044 

63-65 ms (102 ms) 

Depolarization 
[-0.3 ; 0.7] mV 

Subject 116 

26-28 ms (100 ms) 

Depolarization 
[-0.6 ; 0.5] mV 

 

Figure 29 Isopotential maps during depolarization for three PKP2-pathogenic mutation carriers classified in the 

definite ACM stage with history of sustained ventricular arrhythmias. The isopotential maps are displayed for 

intervals of two milliseconds. Subject 001 shows a minimum appearing at the left proximal side of the chest (white 

arrow) instead of the right proximal side of the chest. Subject 044 shows two minima at the right proximal side of 

the chest (white arrows) and subject 116 shows a minimum appearing at the right distal side of the chest (white 

arrow) instead of the right proximal side of the chest. Dark red indicate the absolute maximum, dark blue the 

absolute minimum per time interval. The isochrones are spaced with equal potential values. Black dots represent 

the electrode positions.   

Subject 001 

130-134 ms (177 ms) 

Repolarization 

[-0.3 ; 0.4] mV 

Subject 116 

120-124 ms (262 ms) 

Repolarization 

[-0.3 ; 0.2] mV 

 

Figure 30 Isopotential maps during repolarization for two PKP2-pathogenic mutation carriers classified in the 

definite ACM stage with history of sustained ventricular arrhythmias. The isopotential maps are displayed for 

intervals of five milliseconds. In both subjects, multiple minima (white arrows) and maxima (black arrows) can be 

observed at locations which were not observed in the control population. Dark red indicate the absolute maximum, 

dark blue the absolute minimum per time interval. The isochrones are spaced with equal potential values. Black 

dots represent the electrode positions.   
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Figure 31 Deformation pattern of the apical (purple) mid (blue) and basal (red) lateral wall of the RV in subject 

001. The EMI of all segments is within the normal range (< 90 ms). All segments show a decreased SPS, larger 

than -20% but PSSh is only >10% in the apical segment.  

4.4   General Overview 

The observed depolarization and repolarization patterns in the PKP2-pathogenic mutation carriers can 

roughly be subdivided into the following electrocardiographic depolarization patterns (Table 2): 

• Electrocardiographic depolarization pattern Ia: a maximum at the distal right side of the chest 

during depolarization. This pattern can be observed in: Figure 17: subject 063, subject 108 and 

subject 110; Figure 20: subject 109 and subject 117; Figure 23: subject 027; Figure 28 subject 025, 

subject 072, subject 078 and subject 116. 

• Electrocardiographic depolarization pattern Ib: a maximum above the basal part of the RV (Figure 

20: subject 115 and Figure 22: subject 084) or a maximum above the RVOT > 45 milliseconds 

(Figure 23 subject 065 and Figure 26: subject 059 and subject 104) during depolarization. 

• Electrocardiographic depolarization pattern II: a minimum not appearing at the right distal area of 

the chest (Figure 23: subject 065; Figure 29: subject 001 and subject 116) or the presence of a 

second minimum (Figure 17: subject 076 and Figure 29: subject 044) during depolarization. 

And the subsequent repolarization patterns: 

• Electrocardiographic repolarization pattern I: the presence of a maximum above the RV basal 

segment (Figure 18: subject 066; Figure 21: subject 115 and subject 117 and Figure 24: subject 

007 and subject 037), the presence of a maximum at the right distal side of the back (Figure 21: 

subject 014 and Figure 24: subject 024) or the presence of a minimum at the left distal part of 

the chest (Figure 25: subject 111) during repolarization. 

• Electrocardiographic repolarization pattern II: the presence of multiple minima and maxima 

(Figure 27: subject 059; Figure 30 subject 001 and subject 116 and not displayed in a Figure: 

subject 025, subject 044, subject 072 and subject 078) during repolarization.
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Table 2 RV deformation patterns and electrocardiographic patterns (Chapter 4.4) for all control subjects and PKP2-pathogenic mutation carriers. 

 Control 

Subjects 

(n=25) 

Subclinical 

ACM stage¹ 

(n = 10) 

Subclinical 

ACM stage² 

(n = 7) 

Structural 

ACM stage 

(n = 1) 

Electrical 

ACM stage 

(n = 7) 

Definite 

ACM stage 

(n = 4) 

Definite 

ACM stage+ 

(n = 6) 

Age (years) 50 [35 ; 55] 33 [19 ; 48] 26 [22 ; 30] 19 33 [29 ; 57] 58 [51 ; 65] 38 [23 ; 53] 

Male (%) 13 (52) 6 (60) 5 (71) 0 (0) 2 (29) 3 (75) 4 (67) 

QRS duration (ms) 91 [85 ; 96] 87 [80 ; 92] 93 [85 ; 107] 84 106 [84 ; 108] 99 [83 ; 115] 97 [93 ; 105] 

ACM diagnosis* - 0 (0) 0 (0) 0 (0) 0 (0) 4 (100) 6 (100) 

2010 TFC 

    Pathogenic mutation 

    Structural abnormalities 

    Depolarization abnormalities 

    Repolarization abnormalities 

    Arrythmias  

 

- 

0 (0) 

0 (0) 

0 (0) 

- 

 

10 (100) 

0 (0) 

0 (0) 

0 (0) 

0 (0) 

 

7 (100) 

0 (0) 

0 (0) 

0 (0) 

0 (0) 

 

1 (100) 

1 (100) 

0 (0) 

0 (0) 

0 (0) 

 

7 (100) 

0 (0) 

3 (43) 

0 (0) 

4 (57) 

 

4 (100) 

2 (50) 

1 (25) 

1 (25) 

4 (100) 

 

6 (100) 

6 (100) 

4 (67) 

5 (83) 

6 (100) 

RV deformation 

    Type I 

    Type II 

    Type III 

 

- 

- 

- 

 

10 

0 (0) 

0 (0) 

 

0 (0) 

7 (100) 

0 (0) 

 

1 (100) 

0 (0) 

0 (0) 

 

3 (43) 

4 (57) 

0 (0) 

 

2 (50) 

1 (25) 

1 (25) 

 

1 (17) 

1 (17) 

4 (66) 

Electrocardiographic patterns 

    Depolarization pattern Ia 

    Depolarization pattern Ib 

    Depolarization pattern II 

    Repolarization pattern I 

    Repolarization pattern II 

 

0 

0 

0 

0 

0 

 

3 (30) 

0 (0) 

1 (10) 

1 (10) 

1 (10) 

 

2 (29) 

1 (14) 

0 (0) 

3 (43) 

0 (0) 

 

0 (0) 

1 (100) 

0 (0) 

0 (0) 

0 (0) 

 

1 (14) 

0 (0) 

1 (14) 

4 (57) 

0 (0) 

 

0 (0) 

1 (25) 

1 (25) 

0 (0) 

1 (25) 

 

4 (66) 

0 (0) 

3 (50) 

0 (0) 

6 (100) 

Categorial variables are displayed as n (%), continuous variables as median [Q1 ; Q3]. *ACM diagnosis is fulfilled in the presence of 2 major, 1 major and 2 minor or 4 minor 2010 

Task Force Criteria (TFC). RV deformation imaging was assessed using speckle-tracking echocardiography. ¹Subclincial ACM stage representing all mutation carriers classified 

with a type I RV deformation pattern. ²Subclinical ACM stage representing all mutation carriers classified with a type II RV deformation pattern. +Definite ACM stage 

representing subjects with definite ACM diagnosis and a history of sustained ventricular arrythmias. 
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4.5   CineECG 

The CineECG of the QRS complex was computed for all 25 control subjects and all 35 PKP2-pathogenic 

mutation carriers. A representative example of the CineECG in a control subject for depolarization is 

presented in Figure 32. During the initial part of depolarization, the CineECG moved from left to right, 

representing the transseptal vector. Then, the CineECG moved towards the apex of the LV, whereafter 

it started moving towards the mid/basal area of the LV free wall. 

 
Figure 32 The average CineECG for a representative control subject. The CineECG trajectories are displayed in the 

four-chamber view (left panel) and apical view (right panel) and indicated in two different colors. Red represents 

the CineECG computed from the standard 12-lead configuration. Blue indicates the CineECGRV computed from 

the standard 12-lead configuration and six RV leads. 

For the pathogenic mutation carriers, most trajectories showed a similar initial and mid QRS pattern of 

the CineECG as observed in the control population (Figure 32). If RV leads were included in the 

computation of the CineECG, the change in the QRS pattern at the end of depolarization of the 

CineECGRV was different as observed in the control population. In control subjects, the trajectory 

moved more towards the apex (four-chamber view, Figure 32) and to the anterior part of the heart 

(apical view, Figure 32) in the computation of the CineECGRV. In PKP2-pathogenic mutation carriers, 

the CineECGRV at the end of depolarization moved more towards the right and posterior (apical view, 

Figure 33) instead of the anterior (apical view, Figure 32) part of the heart. In addition, this was only 

observed in cases showing a maximum at the right distal side of the chest (electrocardiographic 

depolarization pattern Ia) during the second half of depolarization (Table 2). A CineECG trajectory at 

the end of depolarization towards the RV was also observed in subject 027 and subject 072 (Figure 34), 

even prior to adding extra RV leads. 

The CineECGangle (Table 3) was significantly different between PKP2-pathogenic mutation carriers 

showing a type Ia depolarization pattern and control subjects (p = 0.02) and between PKP2-pathogenic 

mutation carriers showing a type Ia depolarization pattern and PKP2-pahtogenic mutation carriers not 

showing this depolarization pattern (p = 0.02). The CineECGdistance (Table 3) was significantly different 

between PKP2-pathogenic mutation carriers showing a type Ia depolarization pattern and control 

subjects (p = 0.04). 
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Figure 33 The CineECG of subject 063. The CineECG trajectories are displayed in the four-chamber view (left panel) 

and apical view (right panel) and indicated in two different colors. Red represents the CineECG computed from 

the standard 12-lead configuration (Chapter 4.4.5). Blue indicates the CineECGRV computed from the standard 12-

lead configuration and six RV leads. 

 

Figure 34 The CineECG of subject 072. The CineECG trajectories are displayed in the four-chamber view (left panel) 

and apical view (right panel) and indicated in two different colors. Red represents the CineECG computed from 

the standard 12-lead configuration (Chapter 4.4.5). Blue indicates the CineECGRV computed from the standard 12-

lead configuration and six RV leads. 

Table 3 The parameters CineECGangle and CineECGdistance for all PKP2-pathogenic mutation carriers and control 

subjects. Both parameters are displayed as median [Q1 ; Q3]. 

 PKP2-pathogenic 

mutation carriers with a 

depolarization pattern Ia 

PKP2-pathogenic 

mutation carriers without 

a depolarization pattern Ia 

Control subjects 

CineECGangle 29.9 [22.2 ; 37.2] 15.9 [12.3 ; 20.6] 15.0 [10.3 ; 19.2] 

CineECGdistance 5.4   [4.4 ; 10.6] 4.0   [2.8 ; 5.7] 2.4   [1.4 ; 5.5] 
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5 

Discussion 
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The relationship between electrocardiographic signals and RV deformation patterns was investigated 

in a broad spectrum of PKP2-pathogenic mutation carriers by the use of 67-electrode BSPM and 

echocardiographic deformation imaging. The main findings of the results in this thesis are: 1) the 

observation of abnormal depolarization and repolarization patterns in almost two-third of the PKP2-

pathogenic mutation carriers without definite diagnosis of ACM (< 4 2010 TFC), even in 25% of the 

subclinical PKP2-pathogenic mutation carriers showing normal RV deformation; and 2) the observation 

of a complex multipolar repolarization pattern in seven definite ACM patients of whom six had a 

history of sustained ventricular arrhythmias. Therefore, the presence of a multipolar pattern may 

indicate that subjects are at risk for ventricular arrhythmias. The results in this study indicate that with 

BSPM, early disease onset in PKP2-pathogenic mutation carriers may be identified. However, no clear 

relationship seems to exist between depolarization/repolarization patterns and RV deformation 

patterns. Although further studies are needed, the results of this study suggest that assessing 

depolarization and repolarization by BSPM may aid subject specific risk stratification and prediction in 

(asymptomatic) pathogenic mutation carriers. 

The relationship between RV echocardiographic deformation imaging and electrocardiographic 

signals 

To the best of our knowledge, this is the first study investigating the anatomical relationship between 

echocardiographic deformation imaging and BSPM in combination with a patient specific heart / torso 

model. Previous studies reported a type II RV deformation pattern in one-third to one-half of the 

mutation carriers in the subclinical stage in the absence of electrical abnormalities by the standard 12-

lead ECG. Indicating the poor relationship between abnormal RV deformation and electrical 

abnormalities by the 12-lead ECG.[18][49] The opposite was found in this study, using a patient specific 

model of the torso and a full electrocardiographic coverage of the upper torso by BSPM. Depolarization 

and repolarization abnormalities were observed in almost two-third of the PKP2-pathogenic mutation 

carriers without definite diagnosis of ACM (< 4 2010 TFC). In addition, 25% of them showed a normal 

RV deformation pattern which may indicate the potential role of BSPM in the identification of early 

electrocardiographic abnormalities, even prior to the identification of structural abnormalities by 

echocardiographic deformation imaging.  

Echocardiographic Deformation Imaging 

In this study, a relationship seems to exist between RV basal deformation parameters and disease 

progression. The EMI was clearly prolonged (Figure 10), the PS and SPS was reduced (Figure 11 and 

12, respectively) and PSSh was increased (Figure 13) in the definite ACM stages. In addition, a reduced 

PS and SPS were also observed in the mid and apical RV segment in the definite disease stages of ACM. 

These observations are in line with current literature.[21][49] The involvement of the RV basal wall 

(subtricuspid area) throughout all clinical ACM stages has been observed in both cardiac MRI and 

echocardiographic deformation imaging. With RV basal involvement described as an early anatomical 

region of disease onset, mid and apical RV involvement have only been described in cases with definite 

ACM.[15][16][20][21] 

A recent study by Mast et al. [49] was the first study presenting the use of a combination of RV 

deformation parameters to describe three distinct RV deformation patterns. They have observed the 

presence of an abnormal (type II) RV deformation pattern in subclinical pathogenic mutation carriers 

and subjects without definite diagnosis of ACM.[49] The same observation was found in this study,  

type II RV deformation patterns were already observed in subclinical pathogenic mutation carriers and 
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subjects without definite diagnosis of ACM. The relationship between RV basal deformation 

parameters/patterns and disease progression as described by Mast et al. was also indicated in our 

study.[49] We observed a relationship between deformation patterns and disease progression as a type 

I RV deformation pattern was most often observed in subclinical mutation carriers and a type III RV 

deformation pattern only in subjects with definite diagnosis of ACM. Since our results are in line with 

the observations described in literature, we may conclude that our study population is a representative 

sample despite the small number of subjects in each subpopulation.  

Isopotential map series 

We have identified three distinct depolarization patterns and two distinct repolarization patterns in the 

isopotential map series of 24/35 (69%) PKP2-pathogenic mutation carriers (Chapter 4.4). These patterns 

were not found homogeneously among one ACM stage (Table 2), representing the heterogenous 

disease manifestation and development of ACM.  

The most common observation was a maximum during the second half of depolarization on the 

distal right side of the chest (depolarization pattern Ia). This specific maximum was observed in ten 

subjects classified in different ACM stages. Three other subjects showed a maximum above the RVOT 

> 45 milliseconds during depolarization and two subjects showed a maximum above the basal part of 

the RV during the initial phase of depolarization (depolarization pattern Ib). It is hypothesized that the 

location and timing of this maximum are related to late ventricular activation of the RV basal segment 

and/or RV free wall (or RVOT). The differences in timing observed between electrocardiographic 

depolarization pattern Ia and Ib might be the result of a different location of the electrical-anatomical 

substrate. This maximum might be the result of electromechanical uncoupling or the presence of 

fibrofatty tissue.[40] Furthermore, five subjects showed an abnormal minimum during depolarization 

(depolarization pattern II). Three subjects showed an abnormal propagation of the minimum during 

depolarization and two other subjects showed a second minimum during depolarization. This 

minimum might be the result of an electrical vector pointing from epicardial to endocardial due to 

electromechanical uncoupling or the formation of fibrofatty tissue in the subepicardial or mid-

endocardial layers.[40] Electrocardiographic depolarization pattern Ia, Ib and II did not seem to be 

related to the observed RV deformation patterns and/or disease stages of ACM (Table 2). 

Another common observation was the presence of a maximum above the RV basal segment during 

repolarization. This was observed in five subjects of different ACM stages. This might be the result of 

myocardial remodeling and thereby changes of electrophysiological properties.[67][68] Two other 

subjects showed a maximum at the most distal right electrode on the back. The observed maximum on 

the back might be caused by the same pathological process but at a different anatomical location, the 

inferior RV wall. Another interesting observation was the minimum at the end of repolarization on the 

left distal side of the chest in subject 111 (Figure 25). This subject was classified in the electrical ACM 

stage and showed a minimum at the left distal portion of the chest at the end of repolarization. This 

minimum might be related to myocardial remodeling in the left-ventricular apex. There seems to be a 

relationship between electrocardiographic repolarization pattern I and the observed RV deformation 

patterns. Only one subject showed a type I RV deformation pattern while all other subjects showed a 

type II RV deformation pattern. 

Lastly, seven subjects showed a heterogenous repolarization pattern with multiple minima and 

maxima at different locations compared to the control population. A complex multipolar pattern, as 

observed in these seven subjects, is suggested to reflect regional heterogeneity of the repolarization 

phase and vulnerability to arrhythmias.[69][70][71][67] Myocardial remodeling, as observed in 
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myocardial infarction, results in segments of altered electrophysiologic properties and thereby 

modified local repolarization properties.[67][68] The change in intraventricular conduction due to the 

presence of scar tissue may initiate re-entry mechanisms. The same mechanism may be translational 

for the fibrofatty myocardial scarring observed in ACM.[31][37] There might be a moderate relationship 

with the observed deformation patterns as 5/7 subjects showed a type III RV deformation pattern.  

Quantification of BSPM related parameters 

The anatomical relationship between the absolute minimum during depolarization and the EMI was 

investigated (Appendix C). The lead in which the absolute minimum appeared the most (𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ) 

during depolarization was identified and indicated in each subject specific model using a vector 

pointing from the center of ventricular mass towards 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  . All subjects (9/35) showing 𝑙𝑒𝑎𝑑𝑚𝑖𝑛

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   

towards the basal segment of the RV showed a prolonged EMI in the same segment. This may suggest 

a relationship in the electromechanical uncoupling of the RV basal segment. This hypothesis is further 

supported by the observation that  𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   was not directed to the basal segment of the RV in any 

control subject. Moreover, subjects showing 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   towards mid RV and a prolonged EMI in the basal 

segment of the RV also showed a prolonged EMI in mid RV. This may indicate that disease involvement 

of the mid and basal part of the RV may result in 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  directing towards mid RV. This observation 

was, however, not distinctive as 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   directing toward mid RV was also observed in many controls 

(15/25). This was also the case for 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   directing towards the apex of the RV and the RVOT. In 

conclusion, the vectorized parameter 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   was unable to describe the complex phenotypical 

heterogeneity in ACM, but showed a clear relation between the electrical and mechanical derived 

values. 

Besides 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  , several other BSPM derived parameters were investigated, for example; T-wave 

polarity and concordance with QRS complex vector [72]; the timing between QRSonset and the peak of 

the R-wave[73]; the timing between QRSonset and the first downward deflection intersecting 0 mV; the 

timing between the S-top and QRSend and the maximal derivative between the S-top and the end of 

depolarization. These parameters were investigated to identify the occurrence of electrical 

abnormalities at the initial or final part of ventricular depolarization. Results were not included in this 

thesis as the derived parameters were distinctive enough to identify cases with definite ACM but were 

not able to discriminate between control subjects and subclinical pathogenic mutation carriers. We may 

conclude that the use of single lead BSPM derived parameters may be insufficient to capture the 

complex disease phenotype in ACM.  

Electromechanical uncoupling  

Desmosomal proteins are part of the intercalated disk and thereby responsible for mechanical coupling 

of cardiac myocytes. A genetic mutation in the desmosomes may lead to redistribution of other 

intercalated disk proteins (Cx43 and Nav 1.5) resulting in mechanical and electrical uncoupling of 

cardiac myocytes and thereby decreased conduction velocity.[35][36][74] This mechanism is 

hypothesised to induce cell death and inflammation resulting in fibrous and fibrofatty 

replacement.[2][3] However, the described electromechanical uncoupling may occur in the absence of 

structural heart disease. The latter was indicated in mouse model studies and support the hypothesis 

of electromechanical uncoupling prior to cell death and fibrofatty replacement.[75] The described 

molecular mechanisms may also explain the difficulty in the detection of early disease onset. Because 
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the early disease stage may be characterized by redistribution of intercalated disk proteins and thereby 

electromechanical uncoupling.[21] 

This hypothesis is supported by the results in this study. Three subjects  with normal RV deformation 

showed electrocardiographic depolarization pattern Ia (Table 2). In retrospective analysis of cardiac 

MRI, all subjects showed normal ventricular contraction and no delayed enhancement. Furthermore, 

no abnormalities were observed in the standard 12-lead ECG (Appendix D), echocardiography 

recordings and Holter monitoring. These observations support the hypothesis of the presence of an 

electromechanical substrate in the absence of cell death and fibrofatty replacement.  

The observed normal RV deformation in these three subclinical pathogenic mutation carriers (Table 

2) may be explained by two mechanisms. The speckle tracking algorithm computes an average 

deformation of each segment. Subtle focal abnormalities may therefore be masked by the still healthy 

contracting myocardium. Furthermore, RV deformation was obtained from 2D gray scale images of the 

RV lateral wall. Focal anterior or inferior electromechanical substrates may therefore be undetectable 

based on deformation images in the longitudinal direction. This may also explain the observed type I 

RV deformation pattern in three definite ACM patients (Chapter 4.3: subject 084, subject 100 and subject 

001) as the electromechanical substrate may be located at the anterior or inferior RV wall. 

Echocardiographic deformation imaging is, however, not able to detect these abnormalities as only the 

longitudinal direction can be reliably assessed due to the thin RV wall. [44] Therefore, BSPM may be 

superior to echocardiographic deformation imaging in the (early) detection of the heterogenous 

presentation of local electromechanical substrates.  

Technical considerations and limitations 

Isopotential map series 

A major strength in this study is the use of isopotential maps series. Many studies focussing on BSPM 

use QRS- and QRST-integral maps to allow visualisation of the pattern of voltage potentials.[23][76] 

The use of these QRS- and QRST-integral maps carry two major limitations. The first limitation is the 

summation over the complete depolarization or repolarization phase which possibly results in the loss 

of resolution, thereby overlooking subtle but important signal characteristics. This can simply be 

resolved by the use of isopotential map series in which integral maps are displayed over smaller 

intervals of for example five or ten milliseconds. The added value of the use of isopotential maps series 

was indicated by Medvegy et al. [77]. They have indicated the added value of the use of a series of 

isopotential maps in patients with non-Q-wave myocardial infarction. They observed that the use of 

isoarea departure maps (Chapter 2.3.4) and QRS-integral maps excluded borderline cases as 

pathological. Thereby concluding that minor pathologies lasting only 10 or 20 ms are probably lost 

within the entire QRS-integral map and overwhelmed by the S wave resulting in masking or 

neutralization on the QRS-integral maps.[77] The use of isopotential map series computed each two 

and five milliseconds, during ventricular depolarization and repolarization respectively, may therefore 

be an appropriate method to detect subtle electrocardiographic abnormalities. 

The other limitation using QRS- and QRST-integral maps is not taking into account inter-patient 

variability in cardiac anatomy and position also relative to lead positions. These anatomical variations 

are expected to be relevant when comparing inter-patient integral maps. Therefore, the use of patient 

specific 3D anatomical models to display series of isopotential maps is a major strength of this study. 

The computation of these 3D anatomical models is, however, time consuming and interpretation of the 

isopotential maps series is complex due to the many time intervals. This is a drawback compared to the 
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easily comparison of inter-patient differences in isoarea departure maps and QRS/QRST-integral maps 

by statistical methods. Despite these limitations, the use of subject specific heart/torso models to display 

series of isopotential maps has proven to be beneficial in this study as we were able to detect the subtle 

and heterogenous disease phenotype in ACM. To our knowledge, this is the first study using patient 

specific anatomical models to display isopotential map series. 

Data processing 

The performance of all filters seems excellent since baseline drift and powerline artifacts were 

adequately removed and signal characteristics of smooth data were not attenuated by filtering (Figure 

B3, Appendix B). The cut-off frequency of the high-pass filter was set at 0.25 and the order of the filter 

(N) at 2. These settings seemed sufficient as Butter became unstable for N > 5. In addition, the time 

constant of the filter increased for larger values of the cut-off frequency (Figure B2, Appendix B) thereby 

resulting in a decreased amount of data appropriate for analysis. Furthermore, a cut-off frequency of 

0.25 or 0.05 as recommended by the AHA/HRS/ACC standard, resulted in the same performance 

regarding baseline drift removal. A cut-off frequency of 0.05 Hz has been reported by the 

AHA/HRS/ACC standard to remove baseline drift adequately.[78] This cut-off frequency is also 

recommended to reduce artifactual distortion of the ST segment, which can occur using the previous 

recommended cut-off frequency of 0.5 Hz. However, a maximum of 0.67 Hz has been reported as an 

adequate cut-off frequency for digital filters with zero phase distortion. The cut-off frequency used in 

the high-pass Butterworth filter seems therefore appropriate.[78] The cut-off frequency of the low-pass 

filter was set at 200 and N = 2. This cut-off frequency was chosen to attenuate all frequencies within the 

P-QRS-T complex. The content of the P-wave is characterized by 5-30 Hz, the QRS complex by 8-50 Hz 

and the T-wave by 0-10 Hz, and possible higher frequencies within the QRS interval up to 150 Hz.[79] 

The cut-off frequency of a low-pass filter is recommend by the AHA/HRS/ACC standard  to be at least 

150 Hz.[78] The cut-off frequency of 200 Hz, used in the low-pass Butterworth filter in this study, seems 

therefore appropriate. The removal of powerline artifacts was performed using a 50 Hz notch filter. A 

notch width of 0.01 seemed sufficient to remove the 50Hz powerline artifacts (Figure B3, Appendix B). 

The Notch filter seemed sufficient for the removal of powerline artifacts in most cases. However, 

some data still contained noise, even after filtering. This data was not excluded as the isopotential map 

series of these subjects did not show abnormal focal minima or maxima but a 

depolarization/repolarization pattern similar to the pattern observed in the control population. The 

presence of noise might, however, have influenced the ability to detect subtle electrocardiographic 

abnormalities. This might be the case in subject 054 having a type II RV deformation pattern, classified 

in the definite ACM stage (Table 1). A high signal-to-noise ratio is therefore recommended, especially 

for isopotential map series in which the time resolution is small. 

Computation of the surface Laplacian using the method described by Oostendorp et al., results in a 

constant potential over each triangle. The sensitivity of this method is high for regions where electrode 

positions are near but insensitive for nodes further away.[64][65] The used interpolation method in this 

study may therefore result in inadequate minima and maxima at nodes on irrelevant parts on the body 

surface. The presentation of gray colored regions of the body surface outside the precordial lead 

positions seems therefore adequate.  

End-expiratory beats were selected based on the local maximal RS amplitudes in the lead with the 

highest median RS amplitude (Figure 6). This method was however not validated as respiration curves 

were not obtained. However, the method used in this study may be beneficial to select the beats with 

the most identical morphology.  
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Echocardiographic deformation imaging 

MRI tagging is currently the gold standard for the assessment of ventricular deformation. Long-axis 

strain assessed by speckle tracking echocardiography (STE) and MRI tagging showed a good 

correlation and agreement. STE is therefore assumed to be a reliable method in the assessment of 

ventricular strain.[46][47] Echocardiographic deformation imaging is, however, limited to the 

assessment of the longitudinal direction as only this segment can be reliably assessed due to the thin 

RV wall. The assessment of longitudinal strain is reported as highly reproducible. Mast et al. 

determined the interobserver and intraobserver agreement for classification of RV deformation in a 

population of 30 cases. RV deformation classification was performed by two clinicians. A second 

evaluation was performed three months later in which the observers were blinded for previous 

classification. The interobserver and intraobserver agreement were both excellent, kappa of 0.92 (0.83 

to 1.00) and 0.96 (0.90 to 1.00), respectively.[49] 

An important drawback of STE is the low frame rate of 70-110 frames/second. This low frame rate 

affects the annotation of QRSonset during speckle tracking analysis and thereby the computation of the 

EMI. Time related deformation parameters are therefore error sensitive and comparison to BSPM 

parameters, computed with the high sample frequency of 1000 Hz, should be done with caution. The 

use of RV deformation patterns instead of RV deformation parameters seems therefore more 

appropriate.[49]. 

Limitations, future directions and clinical implications 

Subject Population 

This study was limited by the small subject population and the small number of subjects in each sub-

population. It was therefore not possible to reliably assess significance levels. This is a common problem 

in most studies investigating ACM.[9][33] We were, however, able to observe the RV deformation 

parameters/patterns and its relationship towards disease progression.[49] We may therefore conclude 

that our study population was a representative sample. Besides the inclusion of more subjects, it is also 

recommended to focus on the follow-up of all subjects to identify electrocardiographic patterns 

associated with arrhythmic outcomes. For example, electrocardiographic depolarization pattern Ia was 

observed among different disease stages of ACM, even in subjects with definite ACM suffering from 

ventricular arrhythmias. Electrocardiographic depolarization pattern Ia might therefore hypothetically 

be characterized as an important depolarization pattern predisposing to ventricular arrhythmias. 

Follow-up of this subject population is therefore an important recommendation to future research.  

Another important recommendation is the inclusion of healthy control subjects undergoing both 

echocardiographic deformation imaging and BSPM. The control population in this study consisted of 

two different populations, one for echocardiographic deformation imaging and BSPM. In addition, part 

of the BSPM control population consisted of athletes on which reduced regional deformation in the 

basal RV segment is reported.[56] However, the echocardiographic deformation control population 

consisted of non-athletes so this population seems appropriate to represent a healthy control 

population. This is supported by the results in this study observing a type I deformation pattern in 

19/20 subjects. The wide phenotypical variety of control subjects in the BSPM population may also be 

considered as a strength in this study. Especially since patients suffering from right ventricular outflow 

tract tachycardia and athletes may mimic an ACM phenotype.[56][80][81] It is, however, important to 

perform both echocardiographic deformation imaging and BSPM in the same subject to reliable study 

the relationship. 
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Right and Left Ventricular Involvement 

This study focused on disease onset of ACM in the RV basal (subtricuspid) area. This focus seems 

sufficient since the subtricuspid area has been described in literature as the earliest anatomical region 

of disease onset in PKP2-pathogenic mutation carriers.[2][3][15][16][20][21] The underlying 

physiological mechanism, of why the subtricuspid area is the earliest anatomical region of disease 

onset, is still unknown. However, two hypotheses have been reported in literature. The RV basal area 

might be the first affected area due to the enhanced mechanical shear stress during ventricular 

activation. Because the basal segment is enduring higher cavity pressure during ventricular activation 

compared to the apical and mid ventricular segment.[82] The other hypothesis is based on the 

difference in action potential behavior and ion channel expression between the apical and base of the 

ventricular myocardium.[83] These functional differences may be fundamental for the RV basal area 

being more vulnerable for desmosomal protein mutations. It might, however, also be interesting to 

investigate the involvement of the LV in early disease onset. Especially since te Riele et al. [20] reported 

LV lateral wall involvement by cardiac MRI among subjects with early disease. Future research on 

BSPM and echocardiographic deformation imaging should therefore also look into LV disease 

involvement and other genes encoding for desmosomal and nondesmosomal proteins to identify 

different phenotypical expressions.  

Clinical implications 

In this study, we were able to observe depolarization and repolarization abnormalities, even in 

subclinical PKP2-pathogenic mutation carriers classified with normal RV deformation. The most 

common observation was a maximum during the second half of depolarization on the right side of the 

chest. This pattern was observed among different disease stages of ACM, even in subjects with definite 

ACM suffering from ventricular arrhythmias. Electrocardiographic depolarization pattern Ia might 

therefore hypothetically be characterized as an important depolarization pattern predisposing to 

ventricular arrhythmias. Follow-up of this subject population might therefore result in an improved 

risk stratification of asymptomatic pathogenic mutation carriers. Using the novel Cine ECG method, 

we were able to identify electrocardiographic depolarization pattern Ia by the use of six extra electrodes 

at the right distal side of the chest. This novel lead configuration may be used in routine clinical follow-

up to identify early disease onset of ACM. Moreover, six out of seven patients showing multiple 

minima and maxima during repolarization suffered from sustained ventricular arrhythmias. 

Suggesting that subjects showing multiple minima and maxima might be vulnerable for ventricular 

arrhythmias and should increase their interval of clinical follow-up. Furthermore, it may also be 

interesting to use a modelling approach to better understand the underlying electromechanical 

substrate.[49]
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6 
Conclusion 
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In this study, the relationship between electrocardiographic signals and RV deformation patterns was 

investigated in a broad spectrum of PKP2-pathogenic mutation carriers using 67-electrode BSPM and 

echocardiographic deformation imaging. We have identified three distinct depolarization patterns and 

two distinct repolarization patterns in the isopotential map series of 24/35 (69%) PKP2-pathogenic 

mutation carriers. These patterns were not found homogeneously among one ACM stage, representing 

the heterogenous disease manifestation and development of ACM. Late activation of the RV basal 

segment, represented by a maximum during the second half of depolarization on the right distal side 

of the chest, was observed in 10/35 (29%) PKP2-pathogenic mutation carriers. This depolarization 

pattern was identified among different disease stages of ACM, even in almost one-third of the 

subclinical mutation carriers with normal RV deformation. Using the novel Cine ECG method, we were 

able to identify this depolarization pattern by the use of six extra electrodes at the right distal side of 

the chest. This novel lead configuration may therefore be of clinical value for the early detection of 

disease onset in ACM. Furthermore, six out of seven patients showing multiple minima and maxima 

during repolarization suffered from sustained ventricular arrhythmias. Indicting that this complex 

multipolar repolarization pattern may reflect vulnerability to ventricular arrhythmias. Although these 

observations should be followed over time and studied in a larger study population, it is indicated that 

the assessment of depolarization and repolarization patterns by BSPM may aid subject specific risk 

stratification and prediction of (asymptomatic) pathogenic mutation carriers. 
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Appendix 

A 2010 Task Force Criteria for Diagnosis of ARVD/ARVC 

Table A 1 The revised Task Force Criteria for ARVD/ARVC.[32]  

I. Global or regional dysfunction and structural alterations* 

Major Minor 

By 2D echo: 

• Regional RV akinesia, dyskinesia, or 

aneurysm 

• and 1 of the following (end diastole): 

o PLAX RVOT ≥32 mm (corrected for 

body size [PLAX/BSA] ≥19 mm/m2) 

o PSAX RVOT ≥36 mm (corrected for 

body size [PSAX/BSA] ≥21 mm/m2) 

o or fractional area change ≤33% 

By MRI: 

• Regional RV akinesia or dyskinesia or 

dyssynchronous RV contraction 

• and 1 of the following: 

o Ratio of RV end-diastolic volume to 

BSA ≥110 mL/m2 (male) or ≥100 

mL/m2 (female) 

o or RV ejection fraction ≤40% 

By RV angiography: 

• Regional RV akinesia, dyskinesia, or 

aneurysm 

By 2D echo: 

• Regional RV akinesia or dyskinesia 

• and 1 of the following (end diastole): 

o PLAX RVOT ≥29 to <32 mm 

(corrected for body size 

[PLAX/BSA] ≥16 to <19 mm/m2) 

o PSAX RVOT ≥32 to <36 mm 

(corrected for body size 

[PSAX/BSA] ≥18 to <21 mm/m2) 

o or fractional area change >33% to 

≤40% 

By MRI: 

• Regional RV akinesia or dyskinesia or 

dyssynchronous RV contraction 

• and 1 of the following: 

o Ratio of RV end-diastolic volume to 

BSA ≥100 to <110 mL/m2 (male) or 

≥90 to <100 mL/m2 (female) 

o or RV ejection fraction >40% to ≤45% 

II. Tissue characterization of wall 

Major Minor 

• Residual myocytes <60% by morphometric 

analysis (or >50% estimated), with fibrous 

replacement of the RV free wall myocardium 

in ≥1 sample, with or without fatty 

replacement of tissue on endomyocardial 

biopsy 

• Residual myocytes 60% to 75% by 

morphometric analysis (or 50% to 65% if 

estimated), with fibrous replacement of RV 

free wall myocardium in ≥1 sample, with or 

without fatty replacement of tissue on 

endomyocardial biopsy 

III. Repolarization abnormalities 

Major Minor 

• Inverted T waves in right precordial leads 

(V1, V2 and V3) or beyond in individuals > 14 

years of ages (in the absence of complete right 

bundle-branch block QRS ≥ 120 ms) 

• Inverted T waves in leads V1 and V2 in 

individuals > 14 years of age (in the absence 

of complete right bundle-branch block) or in 

V4, V5 or V6 

• Inverted T waves in leads V1, V2, V3 and V4 

in individuals > 14 years of age in the 

presence of complete right-bundle-branch 

block 
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IV. Depolarization/conduction abnormalities 

Major Minor 

• Epsilon wave (reproducible low-amplitude 

signals between end of QRS complex to onset 

of the T wave) in the right precordial leads 

(V1 to V3) 

• Late potentials by SAECG in ≥ 1 of 3 

parameters in the absence of a QRS duration 

of ≥ 110 ms on the standard ECG 

• Filtered QRS duration (fQRS) ≥ 114 ms 

• Duration of terminal QRS < 40 μV (low-

amplitude signal duration) ≥ 38 ms 

• Root-mean-square voltage of terminal 40 ms 

≤ 20 μV 

• Terminal activation duration of QRS ≥ 55 ms 

measured from the nadir of the S wave to the 

end of the QRS, including R’ in V1, V2 or V3, 

in the absence of complete right bundle-

branch block 

V. Arrythmias 

Major Minor 

• Nonsustained or sustained ventricular 

tachycardia or left bundle-branch 

morphology with superior axis (negative or 

indeterminate QRS in leads II, III, and aVF 

and positive in lead aVL) 

• Nonsustained or sustained ventricular of RV 

outflow configuration, left bundle-branch 

block morphology with inferior axis (positive 

QRS in leads II, III and aVF and negative in 

lead aVL) or of unknown axis 

• >500 ventricular extrasystoles per 24 hours 

(Holter) 

VI. Family History 

Major Minor 

• ARVC/D confirmed in a first-degree relative 

who meets current Task Force Criteria 

• ARVC/D confirmed pathologically at 

autopsy or surgery in a first-degree relative 

• Identification of a pathogenic mutation† 

categorized as associated or probably 

associated with ARVC/D in the patient under 

evaluation 

• History of ARVC/D in a first-degree relative 

in whom it is not possible or practical to 

determine whether the family member meets 

current Task Force Criteria 

• Premature sudden death (<35 years of age) 

due to suspected ARVC/D in a first-degree 

relative 

 

• PLAX indicates parasternal long-axis view; RVOT, RV outflow tract; BSA, body surface area; PSAX, 

parasternal short-axis view; aVF augmented voltage unipolar left foot lead; and aVL, augmented 

voltage unipolar left arm lead. 

• Diagnostic terminology for original criteria: This diagnosis is fulfilled by the presence of 2 major, or 1 

major plus 2 minor criteria or 4 minor criteria from different groups. Diagnostic terminology for 

revised criteria: definite diagnosis: 2 major or 1 major and 2 minor criteria or 4 minor from different 

categories; borderline: 1 major and 1 minor or 3 minor criteria from different categories; possible: 1 

major or 2 minor criteria from different categories. 

• *Hypokinesis is not included in this or subsequent definitions of RV regional wall motion 

abnormalities for the proposed modified criteria 

• †A pathogenic mutation is a DNA alteration associated with ARVC/D that alters or is expected to alter 

the encoded protein, is unobserved or rare in a large non-ARVC/D control population, and either alters 

or is predicted to alter the structure or function of the protein or has demonstrated linkage to the 

disease phenotype in a conclusive pedigree. E.g.: in TMEM43, DSP, PKP2, DSG2, DSC2, JUP. 
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B Data preprocessing 

 
Figure B 1 Baseline correction algorithms. The upper panel shows the raw signal (blue), baseline corrected signal 

using the spline function on P-wave onset (red) and the baseline corrected signal using a second order Butterworth 

filter (fc =0.25, yellow). The lower panel shows a zoomed segment of the upper panel in which the performance of 

both algorithms can be reviewed. 

 

Figure B 2 The effect of different cut-off frequencies (fc) on the performance of a second order Butterworth filter. 

It can be observed that fc = 1 Hz results in insufficient baseline drift removal. For larger values of fc (fc =0.05 Hz), 

the time constant of the filter increases and thereby the amount of appropriate data for analysis decreases. 
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Figure B 3 The performance of all filters: high-pass (HP), notch filter (50 Hz) and low-pass (LP). A noisy (left panel) 

and smooth (right panel) beat, both filtered using the second order high-pass Butterworth filter (fc = 0.25 Hz), 50Hz 

notch filter (fc = 50 Hz; notch width = 0.01) and second order low-pass Butterworth filter (fc = 200 Hz). Subsequent 

filtering steps are displayed separately in blue, red and yellow respectively.  

 

Figure B 4 The effect of respiration on the ECG. The RS amplitude is minimal during inspiratory hold and 

maximal during expiratory hold. 

 

 

 

Inspiratory            Expiratory 

      hold                  hold 
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Figure B 5 Root mean square (RMS) computed from the mean beats of al 67 leads. QRSonset, QRSend and Tonset were 

manually annotated. Tend was determined using the commonly used tangent method (TAN) and the integration 

operation method (INT, Chapter 4.4.1.3). For the tangent method, first the steepest point of the descending limb is 

determined. Then, the tangent through this point is calculated and the intersection of this tangent with the baseline 

plus 20 ms is defined as Tend. 
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Abstract 

Arrhythmogenic cardiomyopathy (ACM) is a 

progressive inherited heart disease. The clinical 

presentation of ACM is heterogenous and diagnosis 

remains challenging. Whereas echocardiographic 

deformation imaging was capable in detecting subtle 

functional abnormalities in asymptomatic ACM patients, 

the 12-lead electrocardiogram (ECG) is still not able to 

detect these subtle electrical changes. As the 12-lead ECG 

might not be sensitive enough, this study aimed to relate 

the electrical changes as recorded by body surface 

potential mapping (BSPM) to the mechanical changes 

detected by echocardiographic deformation imaging. Per 

lead, the integral values of all 67 leads were calculated per 

5 ms intervals during ventricular depolarization and the 

lead in which the absolute minimum appeared the most 

(𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ) was identified. The direction of this vector 

towards a specific heart segment was then compared to the 

interval between QRS onset and local onset of myocardial 

shortening, the electromechanical interval (EMI). We 

observed a relation of 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   pointing towards the basal 

segment of the right ventricle (RVbasal) and an increased 

EMI in this area suggesting the existence of an electro-

mechanical relationship in RVbasal. With this study, the first 

steps towards relating both electrical and mechanical 

changes in ACM pathogenic mutation carriers is made. 

 

1. Introduction 

Arrhythmogenic cardiomyopathy (ACM) is a 

progressive inherited heart muscle disease with an 

estimated prevalence of 1:2000 to 1:5000 and is an 

important cause of sudden cardiac death among young 

individuals.[1] Several genes have been identified related 

to the development of ACM, in which the majority of 

genes encode for desmosomal proteins. Genetic mutations 

affecting the desmosomes may result in mechanical 

dysfunction of cardiomyocytes, fibrofatty myocardial 

replacement, cardiac conduction delay and ventricular 

arrythmias.[1,2]  

The clinical presentation of ACM is heterogenous and 

diagnosis remains challenging. Especially accurate 

prediction and risk-stratification of the development of 

ACM in asymptomatic mutation carriers is beyond 

capabilities of current diagnostic tests. This is problematic 

since ventricular arrhythmias and sudden cardiac death 

might be the first signs of disease progression.[2]  

 Recently, the added value of echocardiographic 

deformation imaging in risk-stratification has been 

demonstrated in pathogenic mutation carriers who did not 

yet present electrocardiographic (ECG) abnormalities.[3] 

However, (subtle) electrical abnormalities are likely to 

precede these structural abnormalities, but the 12-lead 

ECG might not be sensitive enough to detect these 

changes.[2,4] Therefore, we aim to investigate whether 

electrical changes as recorded by 67-electrode body 

surface potential mapping (BSPM), is able to differentiate 

ACM patients and subclinical pathogenic mutation carriers 

from healthy controls and to relate these electrical 

differences to echocardiographic deformation imaging to 

investigate electromechanical uncoupling. 

2. Methods  

2.1. Study population 

A total of 35 subjects of which 11 patients with definite 

ACM (TFC ≥ 4), seven patients with borderline ACM 

(TFC < 4) and 17 asymptomatic family members (TFC = 

2) carrying a plakophilin 2 (PKP2) mutation referred for 

cardiac MRI were included in this study. The control 

population1 (n = 25) consisted of athletes and patients 

clinically referred to undergo cardiac MRI.  

 

 



 

2.2. Body surface potential mapping 

Each subject underwent 67-electrode BSPM 

(Biosemi/ActiView, 2048 Hz) in the outpatient clinic of 

the UMC Utrecht for five minutes in supine position. Nine 

unipolar electrodes were placed on the back and 55 on the 

chest (Figure 1) referenced to Wilson’s Central Terminal 

derived from the limb leads. Subject specific CT/MRI 

based anatomical models of the heart/torso were created 

and electrode positions captured by a 3D camera were 

registered to the torso.   

BSPM signals were then loaded into MATLAB 

(R2019B) for offline processing and analysis. Signals were 

down sampled to 1000 Hz, baseline corrected using a 2nd 

order high-pass Butterworth filter (fc = 0.25 Hz), muscle 

artifacts were removed using a 2nd order low-pass 

Butterworth filter (fc = 200 Hz) and powerline artifacts 

were removed using a 50Hz notch filter. All filters were 

applied using the ‘filtfilt’ function to assure zero-phase 

distortion.  

 
Figure 1 Electrode positions of the 67-electrode BSPM 

measurement. 64 electrodes are placed on the torso using 12 
vertical strips of 28cm with 4cm between adjacent electrodes. 

Three electrodes are placed on the limbs and used to calculate 

Wilson’s central terminal as a reference for the 64 unipolar leads. 

As deformation images are obtained at end expiration, 

all end-expiratory beats were selected based on local 

maximal RS amplitude. Therefore, the lead with the 

highest median RS amplitude was identified, assumed to 

be the lead in which the effect of respiration was maximal. 

Per beat, QRS onset and offset was manually annotated 

using the root mean square (RMS) signal of all leads and 

beats were baseline corrected so QRS onset was zero. 

Alignment of beats was optimized by minimizing the 

relative difference (RD) to the median beat of all end-

expiratory beats. Ten beats with the smallest RD to the 

median beat were then selected and thereof the average 

end-expiratory beat was determined. 

2.3. Echocardiographic deformation 

imaging 

Standard echocardiographic recordings and recordings 

suitable for deformation imaging were obtained during 

clinical follow-up of pathogenic mutation carriers (n = 35) 

and healthy controls (n = 20). To assess right ventricular 

(RV) function, real-time 2D ultrasound recordings were 

obtained in the RV-focused apical four chamber view and 

data was exported for offline 2D speckle tracking analysis. 

Deformation curves of the apical (RVapex), mid (RVmid) and 

basal lateral wall (RVbasal) of the RV were computed and 

exported as text files for offline data analysis in MATLAB 

(R2019B). The electromechanical interval (EMI), defined 

as the interval between QRS onset and local onset of 

myocardial shortening, was computed for all segments and 

classified pathological if EMI > 90ms.[3]  

2.4. Data analysis 

Per lead, the integral values of the 67 leads were calculated 

per 5 ms intervals during ventricular depolarization to be 

able to identify subtle differences. For each interval, the 

lead with the maximal and minimal integral value was 

determined. Subsequently, the lead in which the absolute 

minimum appeared the most (𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ) was identified and 

indicated in each subject specific model using a vector 

pointing from the center of ventricular mass towards 

𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  . Five regions to which the vector could point were 

identified: the left ventricle (LV), the right ventricular 

outflow tract (RVOT) and three segments at the RV free 

wall; apical-, mid- and basal (Figure 2). Then,  𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   

was classified to point towards one of these segments to 

enable comparison of the direction of 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   to the EMI. 

 
Figure 2 A representative example of a subject specific 
anatomical model with a vector (black arrow) pointing from the 

center of ventricular mass (red dot) towards 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  . Open dots 

on the body surface represent placed electrodes, black lines in the 

RV are representing the boundaries between the three RV free 

wall segments; RVapex, RVmid and RVbasal.



 

 
Figure 3 The position of  𝑙𝑒𝑎𝑑𝑚𝑖𝑛

⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑    in relation to the EMI of RVapex (left panel), RVmid (middle panel) and RVbasal (right panel). Each dot 

represents a subject which is labeled by the same number in each plot. An orange dot represents a pathogenic mutation carrier (<4 TFC) 

and a blue dot represents a definite ACM patient (≥ 4 TFC). The horizontal line in all figures indicates the pathological limit of EMI > 

90 ms. 

3. Results 

The relation between the direction of  𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   and EMI 

is presented in Figure 3. For pathogenic mutation carriers, 

𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ directing towards RVbasal (9/35) was related to a 

pathological EMI > 90 ms in the RVbasal segment. All 

patients (5/35) showing 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   in the RVmid segment and 

a prolonged EMI in RVbasal also showed a prolonged EMI 

in RVmid.  𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑  directing towards RVapex resulted for 

only one patient in a prolonged EMI of RVapex, for one 

patient in RVbasal and for one patient in RVmid and RVbasal. 

A position of 𝐿𝑒𝑎𝑑𝑚𝑖𝑛 towards the RVOT resulted for 

three cases in a prolonged EMI in all segments. 𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ 

directing towards the LV was not related to an EMI > 

90ms.  

Pathogenic mutation carriers showing no prolonged 

EMI in any segment (n = 15), showed 𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ the most 

towards RVmid (9/15), followed by the RVOT (3/15) and 

the LV (3/15). Remarkably, no control subject showed a 

position of 𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ towards RVbasal. In most cases, 

𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ was directed towards RVmid (14/25), followed by 

the RVapex (7/25), the RVOT (3/25) and the LV (1/25). 

Mean, 25th and 75th percentiles of the EMI of healthy 

controls in the RVapex were 0.03 [0.02 0.04], 0.03 [0.02 

0.05] in RVmid and 0.05 [0.02 0.07] in RVbasal. 

4. Discussion 
   In this study we analyzed electromechanical uncoupling 

in subclinical pathogenic mutation carriers and ACM 

patients by relating BSPM to echocardiographic 

deformation imaging observations. All patients (9/35) 

showing 𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ directing towards RVbasal showed a 

prolonged EMI in RVbasal suggesting a relationship in the 

electro-mechanical uncoupling of RVbasal. Moreover, 

patients showing 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   in RVmid and a prolonged EMI 

in RVbasal also showed a prolonged EMI in RVmid, 

indicating that disease involvement of RVmid and RVbasal 

may result in 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   directing towards RVmid.  

   To the best of our knowledge, there has not been any 

report on the relationship between echocardiographic 

deformation imaging and BSPM to describe the electro-

mechanical uncoupling in pathogenic PKP2 mutation 

carriers. An EMI > 90 ms in the subtricuspid region is 

known to be a marker of disease onset in asymptomatic 

mutation carriers.[3] This was also observed in this study 

as the segment RVbasal showed a prolonged EMI in most 

cases (20/35) compared to 9/35 in RVmid and 4/35 in 

RVapex. Moreover, we observed a relation of  𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   

pointing towards RVbasal and an increased EMI in this area, 

thereby suggesting the existence of an electromechanical 

relationship in RVbasal. 𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ directing towards RVmid 

and a prolonged EMI in RVbasal and RVmid may also 

indicate an electro-mechanical relationship in this 

segment, it is however not distinctive as 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   directed 

also to RVmid in healthy controls (15/25). The same holds 

for 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   directing towards RVapex and the RVOT. 

Although all patients with 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   directing towards 



 

RVapex had a prolonged EMI in some segment, 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   

was also often directed towards RVapex in the control group 

(7/25). 𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ directing towards the RVOT resulted for 

three cases in a prolonged EMI in all segments, suggesting 

that 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   directing towards the RVOT might be related 

to a more advanced disease state. However, also three 

asymptomatic ACM patients and 3/15 healthy controls 

showed 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   directing towards the RVOT. 

   Remarkably, 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   was not directed towards the 

RVbasal segment in any healthy control. Therefore, a clear 

relationship seems to exist between 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   directing 

towards RVbasal and a prolonged EMI in the same basal 

segment. However, 𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ directing towards RVbasal was 

only observed in 9/35 patients. This observation should 

therefore be further investigated in a larger study 

population. A limitation of this study was that the control 

BSPM’s and echocardiographic deformation images of the 

control population were different groups. Although the 

BSPM control population had no structural abnormalities 

on MRI, it might have been better to create a control 

population undergoing both measurements.  

   Another limitation was the annotation of QRS onset 

during speckle tracking analysis and thereby the 

computation of the EMI as echocardiographic deformation 

imaging is limited by the low frame rate (70-110 

frames/second).[3] Time related deformation parameters 

are therefore error sensitive and comparison to BSPM 

parameters, computed with the high sample frequency of 

1000 Hz, should be done with caution. Therefore, a strain 

related parameter or a combination of both strain and time 

seems more appropriate. Moreover, the relationship 

towards other segments remains unclear so a more 

distinctive parameter should be found to study the 

electromechanical relationship in PKP2 pathogenic 

mutation carriers. 

   The comparison between heart segments by BSPM and 

echocardiographic deformation imaging in this study is 

new. In a previous study, a PKP2 mouse model showed the 

existence of a subcellular inter-relationship caused by a 

cross talk between desmosomal and sodium channel 

proteins indicating that modifications in desmosomal 

proteins can affect the sodium current in the absence of 

structural heart disease.[5] This suggests the role of a 

purely electrical mechanism in the early onset of ARVC 

before the presence of structural changes. However, until 

now, we were not able to detect this by the 12-lead ECG as 

it might not be sensitive enough to detect these subtle 

changes. Echocardiographic deformation imaging was the 

only modality capable in detecting subtle functional 

abnormalities in the absence of electrical or structural 

abnormalities by ECG and conventional imaging.[3]  

   It is expected that a BSPM parameter can be identified in 

PKP2 pathogenic mutation carriers showing no clinical 

symptoms or abnormal deformation patterns since 

electrical changes are likely to precede structural 

abnormalities. As the population consisted of a relatively 

large part of pathogenic mutation carriers showing no 

prolonged EMI in any segment (15/35) it is expected that 

some of these patients might show electrical abnormalities 

by BSPM. Future research will therefore focus on the 

identification of BSPM parameters other than 𝑙𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑   and 

a combination will be made of both time and strain related 

deformation parameters to further investigate the 

electromechanical relationship in PKP2 pathogenic 

mutation carriers. Moreover, intra-individual analysis will 

be performed as ACM is known to be a heterogenous 

disease. In addition, also analysis of the LV will be 

included since recently also LV involvement has been 

described in literature.[1]  

5. Conclusion 

With this study, the first step towards relating both 

electrical and mechanical changes in ACM pathogenic 

mutation carriers is made. 𝐿𝑒𝑎𝑑𝑚𝑖𝑛
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑  ⃑ directing towards 

RVbasal and a prolonged EMI in this segment suggests the 

existence of an electro-mechanical relationship in RVbasal. 

Future research will focus on studying other deformation 

and BSPM parameters to further investigate the 

electromechanical uncoupling in both pathogenic mutation 

carriers and ACM patients. In this way, we will aim to 

improve accurate risk predication and risk stratification of 

pathogenic mutation carriers of ACM in the future. 
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D Standard 12-lead Electrocardiograms 

D.1 Control subject 

 

Figure D 1 Standard 12-lead ECG of control subject 067. 

D.2 Subclinical ACM stage | Type I RV Deformation Pattern 

 

Figure D 2 Standard 12-lead ECG of subject 030. 
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Figure D 3 Standard 12-lead ECG of subject 046. 

 

Figure D 4 Standard 12-lead ECG of subject 063. 
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Figure D 5 Standard 12-lead ECG of subject 066. 

 

Figure D 6 Standard 12-lead ECG of subject 073. 
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Figure D 7 Standard 12-lead ECG of subject 076. 

 

Figure D 8 Standard 12-lead ECG of subject 092. 
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Figure D 9 Standard 12-lead ECG of subject 093. 

 

Figure D 10 Standard 12-lead ECG of subject 108. 
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Figure D 11 Standard 12-lead ECG of subject 110. 

D.3 Subclinical ACM stage | Type II RV Deformation Pattern 

 

Figure D 12 Standard 12-lead ECG of subject 014. 
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Figure D 13 Standard 12-lead ECG of subject 036. 

 

Figure D 14 Standard 12-lead ECG of subject 040. The P-wave was removed during beat selection due to the 

presence of atrial fibrillation. 
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Figure D 15 Standard 12-lead ECG of subject 080. 

 

Figure D 16 Standard 12-lead ECG of subject 109. 
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Figure D 17 Standard 12-lead ECG of subject 115. 

 

Figure D 18 Standard 12-lead ECG of subject 117. 
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D.4 Structural ACM stage 

 

Figure D 19 Standard 12-lead ECG of subject 084. 

D.5 Electrical ACM stage 

 

Figure D 20 Standard 12-lead ECG of subject 007. 
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Figure D 21 Standard 12-lead ECG of subject 024. 

 

Figure D 22 Standard 12-lead ECG of subject 027.  
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Figure D 23 Standard 12-lead ECG of subject 037. 

 

Figure D 24 Standard 12-lead ECG of subject 065. 
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Figure D 25 Standard 12-lead ECG of subject 069.  

 

Figure D 26 Standard 12-lead ECG of subject 111. 
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D.6 Definite ACM stage 

 

Figure D 27 Standard 12-lead ECG of subject 054. 

 

Figure D 28 Standard 12-lead ECG of subject 059. 
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Figure D 29 Standard 12-lead ECG of subject 100.  

 

Figure D 30 Standard 12-lead ECG of subject 104.  
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D.7 Definite ACM stage with history of sustained ventricular arrhythmias 

 

Figure D 31 Standard 12-lead ECG of subject 001.  

 

Figure D 32 Standard 12-lead ECG of subject 025. 
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Figure D 33 Standard 12-lead ECG of subject 044. 

 

Figure D 34 Standard 12-lead ECG of subject 072. 
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Figure D 35 Standard 12-lead ECG of subject 078. 

 

Figure D 36 Standard 12-lead ECG of subject 116. 


