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Abstract 

Arrhythmogenic right ventricular cardiomyopathy 

(ARVC) is characterized by replacement of 

cardiomyocytes by fibrofatty tissue which can lead to 

ventricular arrhythmias, heart failure or sudden cardiac 

death. Genetic defects in desmosomal proteins, as 

plakophilin-2 (PKP2),  are known to contribute to disease 

development. Current electrocardiographic (ECG) 

criteria for ARVC diagnosis only focus on right precordial 

leads, but sensitivity of current depolarization criteria is 

limited. This study aimed to identify additional 

depolarization criteria with most optimal lead 

configurations for early detection of ARVC in PKP2 

pathogenic mutation carriers. In PKP2-positive ARVC 

patients (n=7), PKP2 pathogenic variant carriers (n=16) 

and control subjects without structural heart disease 

(n=9), 67-lead body surface potential maps (BSPM) were 

obtained. Terminal QRS-integrals were determined and 

quantitatively compared to controls using departure 

mapping. Significantly different terminal QRS-integrals 

were identified in lead 34 (conventional V3), 40 and 41 

(conventional V4). To conclude, a clear distinction 

between ARVC patients, asymptomatic mutation carriers 

and healthy controls was observed. 

 

 

1. Introduction 

Arrhythmogenic right ventricular cardiomyopathy 

(ARVC) is characterized by replacement of 

cardiomyocytes by fibrofatty tissue that may lead to 

sudden cardiac death, ventricular arrhythmias or heart 

failure. Genetic defects in desmosomal proteins, with 

plakophilin-2 (PKP2) being the most frequently affected 

gene, contribute to disease development. The current 2010 

Task Force Criteria (TFC) for diagnosis of ARVC are 

based on a set of major and minor criteria from different 

diagnostic modalities. However, diagnosis of ARVC is 

complex due to a heterogenous clinical presentation of the 

disease.1-3 

The association between structural and electrical 

progression in ARVC patients has been demonstrated.4 

Significant structural right ventricular (RV) progression 

were associated with prior depolarization abnormalities. 

Therefore, accurate detection of electrical abnormalities is 

of utmost importance for early detection of ARVC. Current 

electrocardiographic (ECG) criteria of ARVC focus on the 

presence of abnormalities (e.g. epsilon waves, prolonged 

terminal activation duration (TAD) or negative T-waves) 

in right precordial leads V1-V3. However, only negative 

T-waves showed to be highly sensitive (79%) compared to 

prolonged TAD (40%) and epsilon waves (10%).1,5 

The amount of information obtained with conventional 

12-lead ECG suffices for most clinical applications. 

However, in some applications the use of extra ECG leads 

or other lead locations has proven to increase the detection 

rate, like Brugada Syndrome or posterior or inferior 

myocardial infarction.6-8 This study aims to determine 

additional depolarization criteria and optimal lead 

positioning for early detection of ARVC in PKP2 

pathogenic variant carriers. 

 

2. Method 

2.1. Study population 

The study population consisted of PKP2 pathogenic 

variant carriers (n=23) and control subjects (n=9) with 

symptomatic ventricular extrasystoles originating in the 

right ventricular outflow tract (RVOT VES). Exclusion 

criteria were a right bundle branch block (QRS width > 

120ms) and other structural diseases that affect ECG 

morphology apart from ARVC symptoms. Besides, 

controls that showed signs of heart failure were excluded 

in the study (LV or RV ejection fraction < 45%, RV end-

diastolic volume index > 110ml/m2). PKP2 pathogenic 

variant carriers were tested to meet the TFC for ARVC and 

assigned to either the ARVC subgroup (TFC ≥ 4) or PKP2 

subgroup. Informed consent was obtained from all 

subjects. The study was approved by the Medical Ethics 

Committee of University Medical Center Utrecht (17/907). 
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2.2. Body surface potential mapping 

67-lead body surface potential map (BSPM) were 

obtained in each subject, consisting of 64 precordial and 3 

limb leads (Figure 1, small dots). The anterior body surface 

includes 55 leads, that were placed in nine vertical strips. 

Within the vertical strips, leads were separated 4cm from 

each other. The posterior body surface includes 9 leads, 

that were placed in three vertical columns. BSPM were 

recorded (sampling frequency 2048Hz, 24bits/sample, 

Biosemi, Amsterdam, The Netherlands). Precordial leads 

were referenced to Wilson’s central terminal. BSPMs were 

down-sampled to 1000Hz. Leads with noise were 

removed.  

 

2.3. Data analysis 

Per subject, ten consecutive sinus beats obtained during 

resting respiration were averaged. QRS-onset and QRS-

end were manually annotated using the root mean square 

(RMS) of all leads. Early electrical depolarization 

abnormalities of ARVC disease in PKP2 pathogenic 

variant carriers were investigated by comparing integral 

maps from BSPM data. Integral maps were computed of 

the last 60ms of the QRS complex (terminal QRS integral), 

which indicates a mean potential direction over this 

interval. 

 

2.4. Departure mapping technique 

The departure index (DI) was used to determine the 

extent of integral deviation from the normal range in the 

control group. The DI was calculated by: 

𝐷𝐼 =  
𝐼𝑁−𝜇𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝜎𝑐𝑜𝑛𝑡𝑟𝑜𝑙
                    (1) 

where IN equals the integral of an individual subject N, 

µcontrol is the mean integral of control group and σcontrol is 

the standard deviation of the integrals in control group. 

Both ARVC subjects and PKP2 pathogenic variant carriers 

were compared with the control group. DI was calculated 

for each integral per lead and integrals significantly 

differing (> 2 SD) from the control data were classified as 

abnormal. Per subgroup, individual departure maps were 

summed to identify significant differences per group 

(Figure 1). 

Receiver Operating Characteristic (ROC) curves were 

used to define optimal cut-off values for ARVC 

classification. The diagnostic values of ARVC of 

additional ECG parameters and lead positions were 

determined by calculating the sensitivity (SE) and 

specificity (SP). 

 

3. Results 

From all PKP2 pathogenic variant carriers, seven 

subjects met the TFC for ARVC. Patient characteristics are 

stated in Table 1.  

Table 1: Patient characteristics 

Variables ARVC 

(n = 7) 

PKP2 

(n = 16) 

CONTROL 

(n = 9) 

Male 4 5 3 

Age (y) 36 ± 18 38 ± 17 34 ± 13 

TFC (#) 6.6 ± 2.4 2.2 ± 0.4 - 

Onset diagnosis (y) 3.7 ± 3.8 - - 

QRS width (ms) 103 ± 8 106 ± 6 105 ± 9 

Heart rate (bpm) 61 ± 10 61 ± 11 63 ± 9 

LV EDVI (ml/m2) 93 ± 15 94 ± 11 95 ± 17 

LV EF (%) 59 ± 5 55 ± 4 54 ± 5 

RV EDVI (ml/m2) 129 ± 40 92 ± 13 92 ± 14 

RV EF (%) 41 ± 13 56 ± 6 53 ± 6 

Abbreviations: LV = left ventricle. EDVI = end-diastolic 

volume index. EF = ejection fraction. RV = right ventricle. 

TFC = Task Force Criteria. 

(A) Individual departure maps (B)  Grouped departure map (DI > 2) 

Figure 1. Overview that visualizes the combining process of all individual departure maps toward one single grouped 

departure map. (A) Seven individual departure maps (ARVC vs CONTROL) with the departure index (DI) per lead 

position. (B) Grouped departure map, where the value at each lead corresponds to the total ARVC subjects that show 

significantly different integrals (DI > 2) in the body surface potential map. The small dots indicate all BSPM electrodes 

and the stars refer to the conventional 12-lead electrode positions.  
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Lead 40 is significantly different in five out of seven 

ARVC patients (Figure 2, orange star). Six out of 16 PKP2 

pathogenic variant carriers showed different terminal 

QRS-integrals in lead 47. The QRS-complexes of five 

ARVC subjects in lead 40 and six PKP2 pathogenic variant 

carriers in lead 47 were visualized in Figure 2. 

The difference in both terminal QRS-integrals and R-

wave apex duration were determined in conventional 12-

lead positions, lead 40 and 47 (Table 2) for both groups.  

 

4. Discussion 

The purpose of this study was to identify additional 

depolarization parameters and optimal lead placement for 

the early detection of ARVC in PKP2 pathogenic variant 

carriers. Significant differences were found in terminal 

QRS-integrals compared to the control group. The results 

indicate that depolarization abnormalities can be observed 

in other leads beyond conventional 12-lead ECG positions 

V1-V3. From the grouped departure map, lead 40 (above 

lead 41 which corresponds to conventional V4) showed 

significant increased terminal QRS-integrals (DI >2) in 

five out of seven ARVC patients. In PKP2 pathogenic 

variant carriers, lead 47 (above lead 48 which position 

corresponds to conventional V5) showed significantly 

different integrals.  

Significantly higher terminal QRS-integrals in both 

ARVC and PKP2 pathogenic variant carriers, can be 

explained by increased R-wave amplitudes (mV), delayed 

R-wave apex (ms), and decreased S-wave amplitude (mV) 

in QRS-complexes (Figure 2). These changes might be 

declared by defects in cell-cell adhesion, caused by the 

presence of PKP2 pathogenic gene variants in desmosomal 

proteins. Desmosomes are essential to withstand 

mechanical stresses caused by the contractile function of 

the heart. Segments with largest mechanical stress during 

the cardiac cycle were most commonly structural affected 

in ARVC, like the inflow tract, outflow tract or apex of the 

RV. This study observed electrical changes in ARVC 

patients are not only present in the RV, but can appear in 

LV. PKP2 is known to be a right ventricular dominant 

disease, but based on results in this study the right-sided 

phenotype might only be valid for structural abnormalities. 

This hypothesizes that the area of electrical abnormalities 

does not have to agree with the area of structural 

abnormalities, which substantiates the need of revision of 

the current ECG TFC of ARVC. 

Despite the known heterogenous clinical presentation of 

ARVC, terminal QRS-integrals and R-wave apex duration 

showed to be a highly sensitive (>86%) and specific 

(>89%) criteria in lead V3, V4 and 40 for all subjects. 

Using these cut-off values in PKP2 pathogenic variant 

carriers, up to 44% were classified with electrical 

abnormalities that were found in ARVC patients. 

This study excluded patients with prolonged QRS-

duration (QRS > 120ms) to focus on initial depolarization 

Figure 2. Grouped departure maps (DI > 2) of terminal QRS-integrals (left) and QRS-complexes of orange stared lead 

positions (right). The grouped departure maps and QRS-potentials of ARVC vs CONTROL (upper row) and PKP2 vs 

CONTROL (bottom row) were visualized. Orange stars correspond to leads where most subjects showed significantly 

different integrals. Maximum was noted in left-upper corner of the grouped departure map.  
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abnormalities as we assumed that first electrical changes 

caused by disease progression do not directly result in 

increased QRS-duration. Besides, RVOT VES patients 

were used as controls. A future clinical validation has to be 

performed in healthy subjects without RVOT VES, as due 

to the occurrence of RVOT VES the absence of an 

underlying pathological process cannot be guaranteed. 

Electrical abnormalities in RVOT VES subjects might 

affect the results found with the departure mapping 

technique. Furthermore, a clinical validation of these 

additional parameters is required to relate electrical 

changes with early disease progression. Alterations of 

electrical abnormalities that were also observed in PKP2 

pathogenic variant carriers require longer follow-up to 

relate electrical abnormalities to early disease progression 

of ARVC. 

 

5. Conclusion 

This study revealed additional lead positions beside 

conventional 12-lead ECG positions in which electrical 

changes were observed that may be used to identify the 

onset of disease in pathogenic mutation carriers. Similar 

depolarization changes in both ARVC patients and PKP2 

pathogenic variant carriers were shown. The additional 

lead positions in combination with the newly identified 

depolarization criteria, are likely to improve detection of 

the early onset of disease in PKP2 pathogenic variant 

carriers.  
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Table 2. Differentiation of ARVC subjects (n=7) and PKP2 pathogenic variant carriers (n=16) from control subjects 

(n=9) for both conventional 12-lead ECG positions and new lead positions found with the departure mapping technique. 

 Terminal QRS-integral (mVms) R-wave apex duration (ms) 

 CO ARVC PKP2 CO ARVC PKP2 

Lead (mVms) SE (%) SP (%) SE (%) SP (%) (ms) SE (%) SP (%) SE (%) SP (%) 

14 (V1) -2.9 29 100 6 100 10 71 78 25 78 

26 (V2) -13.9 57 89 13 89 15 86 78 56 78 

*33-34 (V3) -11.9 100 89 44 89 28 86 89 25 89 

41 (V4) -1.7 100 89 44 89 37 86 100 25 100 

48 (V5) 16.6 57 89 13 89 37 86 67 50 67 

53 (V6) 18.2 43 78 13 78 38 57 67 50 67 

                

40 -1.9 100 100 31 100 32 100 89 38 89 

47 4.3 86 89 38 89 40 43 89 19 89 

Abbreviations: CO = cut-off value. SE = sensitivity. SP = specificity.  

* The average of lead 33 and 34 corresponds with conventional V3 position.  
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