
 

Abstract—The intracavitary potential mapping is indispensable 
for the invasive Electrophysiological Study (EPS) before the 
cathode ablation, which has been a dominant arrhythmias 
therapy in place of the open chest surgery. In this paper, in 
order to develop a virtual EPS and cathode ablation simulation 
system, the intracavitaty potentials are computed based on an 
anisotropic whole heart model, with about 50,000 discrete 
elements and 1.5 mm spatial resolution, by means of the 
boundary element method to the inhomogeneous torso-heart 
geometric model. The HRA (High Right Atrium), HIS (His 
Bundle), RV (Right Ventricle), and CS (Coronary Sinus) 
potential are successfully obtained with reasonable time 
intervals, which are PA (Pacer-Atrium) interval, AH (Atrium-
His bundle) interval, HBE (His Bundle Electrogram) duration, 
HV (His-Ventricular) interval, and PR (P, R wave) interval. 
The endocardial potential mapping can also be estimated with 
a similar pattern to the clinical finding. It is concluded that the 
simulated intracavitary potentials based on an anisotropic 
whole heart model can well approximate the realistic 
intracavitary potentials. 
Keywords—Anisotropic whole heart model, arrhythmias, 
cathode ablation, electrophysiological study (EPS), forward 
problem, intracavitary potential 
 

I. INTRODUCTION 
 

The intracavitary potential mapping is an essential 
procedure before the cathode ablation, which has become a 
prominent therapy for atrioventricular, supraventricular, and 
ventricular tachyarrhythmia in place of the open chest 
surgical operation [1]-[2].  The intracavitary potential can be 
measured with a catheter electrode to locate the pathological 
foci of arrhythmias [1]. After that, a Radio-Frequency 
cathode ablation electrode can be employed to remove the 
abnormal heart tissues [2].  

The current researches on forward and inverse 
problems of electrocardiogram are mainly focused on the 
noninvasive analysis of the body surface potential mapping 
and epicardial potential imaging [3]. These researches have 
been widely and furtherly studied and made great progress 
in the noninvasive heart function imaging within the heart 
[4]. On the contrast, the study on the forward problem of the 
intracavitary potential mapping is rarely reported.  

In this study, we resolve the forward problem of the 
intracavitary potential based on our previously developed 
anisotropic whole heart model and realistic torso model in 
[5]-[7].  As the simulated potential of the whole heart model 
is free of noise and the heart-torso geometry can be 
modified according to the requirement, the intracavitary 
potential, especially the important HRA, HIS, RV, and CS 

potential in the EPS, can be well studied. The solution of the 
forward problem of intracavitary potential can be used in the 
virtual EPS simulation system, the cathode ablation therapy 
plan system, and the basic cardiac electric physiology 
research.  
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II.  METHODS 
 
A.  The anisotropic whole heart model 

The anisotropic whole heart model used in this paper 
is the same as the Wei-Harumi heart model in [5]-[7]. The 
whole heart model is composed of approximate 50,000 
model cells in the 56 layer×56 layer×90 layer along three 
axes with equal axial angles of 60°, respectively. In Wei et 
al. [5]-[7], the anisotropy is defined to assume an anisotropic 
intracellular domain and an  isotropic interstitial domain, i.e., 
the conduction velocity and electric conductivity are 
different in the transverse and longitude direction of the 
principal fiber direction in the intracellular domain, whereas 
the same in the interstitial domain. The parameters related to 
the action potential, conduction, automaticity, and pacing 
are set to the model cells including the sinus node, atria, 
atria-ventricular node, HIS bundle, bundle branch, Purkinje 
fiber, ventricular and other specified cell types. The 
propagation of the Huygens’ type is introduced in the whole 
heart model to simulate the myocardium depolarization and 
repolarization. By employing the Wei-Harumi model, many 
typical normal and abnormal ECG can be simulated, for 
example, the subendocardial ischemia, the right and left 
bundle branch blocks, bigeminy, ventricular fibrillation, 
WPW syndrome, and so on. The equivalent dipole source in 
the whole heart model can be derived from the 
transmembrane action potentials simulated from the 
depolarization and repolarization of the whole heart model 
according to the bidomain theory.  A detail review about the 
whole heart model and Wei-Harumi heart model can be 
found in [7]. The simulation result of the normal heart 
model is employed in this paper. 

 
B.  The heart-torso geometry 

In order to conduct the boundary element method to 
solve the forward problem, the torso surface, epicardial 
surface, left endocardial surface, and right endocardial 
surface were divided into 344, 278, 307, and 1002 nodes, 
and 684, 552, 610, and 2002 triangles, which are composed 
by the nodes. 
 



 

C.  Boundary element method 
From the equivalent dipole sources estimated from the 

simulated transmembrane potentials of the whole heart 
model with the bidomain theory [5], the body surface, the 
epicardial surface, the endocardial surface, and the 
intracavitary potentials can be calculated with the boundary 
element method [5] to the heart-torso geometric model. 
With the Green’s second identity, the following equation [4] 
can be derived to get the potential of boundary surfaces,  
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k is the index of the boundary surfaces of the heart-

torso geometry; and the body, right endocardial, left 
endocardial, and epicardial surface are corresponding the 
surface index k=1, 2, 3, and 4, respectively.  and  
are the electric conduct ivies in the inside and outside of the 
kth boundary surface (the electrical conductivities of the 
heart-torso geometry can be found in [5]); is the 

potential on the kth boundary surface, is the equivalent 
dipole source.  

−
kσ +

kσ

kU

sJ

To ensure the uniqueness of the forward problem, the 
surface integral of the body surface potential is constrained 
to be zero as follows, 

0ds)(U =∫
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The intracardiac potential at  can also be estimated 
from the following equation, 
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SE is the endocardial surface (S3 or S4); is the 

potential on the SE; r is the distance of 'r  to SE;  
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the first derivative of potential   with respect to the 

outward normal to dS on the endocardial surface. 
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be estimated from  by setting  close to the 
endocardial surface in view of the continuity of the potential. 
The boundary element method has been tested with the 
sphere torso model with a relative error less than 1% 
compared with the analytical analysis. 
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D.  Highpass filter for intracavitary potentials 
As the time interval in the intracavitary potential plays 

much more important role in the EPS than the amplitude [2], 
a Chebyshev type II 2-rank IIR bandpass filter (43.5 Hz – 
305.7 Hz) is used to enhance the time characteristics of the 
intracavitary potential (Sampling rate: 1000 Hz).  
 

II. RESULTS 
 

In Fig.3, the simulated potential distributions on the 
right endocardial surface are shown from the anterior, 
saggial, and posterior views. The time instant of plot is 
indicated by the mark on the HIS bundle electrogram in 
Fig.1. The simulated endocardial surface potential 
distribution pattern is similar the measured one in [2]. The 
HRA, RV, and CS potentials can also be estimated, 
respectively in view of their location in the intracardic 
cavities in Fig. 2. PA interval, AH interval, HBE duration, 
and HV interval in the HIS bundle electrogram are 42 ms, 
72 ms, 23 ms, and 43 ms, respectively. The results are well 
conformed to the data in [2].  

 

  

 
Fig. 1.  The HIS bundle electrogram. t1, t2, and t3 are corresponding to the 

time of atria, HIS bundle, and ventricular activation, respectively. 
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Fig. 2.  The HRA (a), RV (b), and CS (c) potentials. 



 

 
Fig. 3.  The simulated potential distributions on the right endocardial 

surface. t1, t2, and t3 are corresponding to the time of atria, HIS bundle, 
and ventricular activation, respectively in Fig.1. 

 
IV. DISCUSSION 

 
    From Fig. 1 and 2, it is observed that the HRA, HIS, 
RV, and CS potentials contain the heart activation peaks, 
whose order can be well explained by the heart 
electrophysiology. In the HIS bundle Electrogram in Fig. 1, 
the atria, HIS bundle, and ventricular activation appear 
consequently. The atria activation of the HRA potential in 
Fig. 2 (a) is ahead of the atria activation of the CS potential 
in Fig. 2 (c) and HIS potential in Fig. 1. The ventricular 
activation of the HIS bundle Electrogram found in Fig. 1 is a 
little in advance of that of the RV potential in Fig. 2 (b). PA 
interval, AH interval, HBE duration, and HV interval in the 
HIS bundle electrogram are 42 ms, 72 ms, 23 ms, and 43 ms, 
respectively. The intervals are all in the normal numeric 
range of a normal heart [2]. The simulated potential 
distribution on the endocardial surface also well reflect the 
depolarization of the atria at t1, the repolarization of the 
atria at t2, and the depolarization of the ventricular from the 
endocardial to epicardial surface at t3 in Fig. 3. 

Although the forward computation of the intracavitary 
potential is based only on a normal anisotropic heart model 
in this paper, the method can be also well applied to 
simulate the pathological heart in the same way to estimate 
the intracavitary or endocardial surface potential.  

The forward problem in this paper excluded the 
influence of the catheter electrode surface, which will be 
further studied.  

The measurement and stimulation protocol of EPS in 
[2] is also expected to be realized in the future research. As 
a long-term goal, we plan to develop a bioelectric-
biomechanical coupling beating heart to realize a complete-
reality virtual heart EPS and cathode ablation therapy 
simulation environment.  

V. CONCLUSION 
 

 The forward problem of the intracavitary potential is 
analyzed with the boundary element method to a realistic 
torso model based on an anisotropic whole heart model. The 
HRA, HIS, RV, and CS potential are successfully obtained 
with reasonable PA interval, AH interval, HBE duration, 
HV interval, and PR interval. The simulated potential 
distribution pattern on the endocardial surface is also similar 
to the measured one. It is concluded that the simulated 
intracavitary potentials based on an anisotropic whole heart 
model can well approximate the realistic intracavitary 
potential.  
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