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Abstract – In this paper, 12 novel electrode pairs in various 
spatial displacement combination patterns were developed and 
simulated with a detail finite element model of the human to 
further improve the efficacy of transthoracic electrical 
defibrillation. Simulation results of every electrode pairs were 
obtained and compared quantitatively to determine the best 
displacement under three different defibrillation criteria of the 
defibrillation threshold voltage (DFT), the efficiency fraction of 
delivered current reaching the heart (EFF), and the uniformity 
of current density distributions in the heart (UNIF).  In addition, 
a suggested electrode pair locating in the same plane reported by 
prior literature was also simulated and then compared with the 
new achieved best displacement. These results show that the 
combination of the right anterior thorax and the left lateral waist 
displacement in spatial configuration is the least likely to damage 
the heart during successful defibrillation and indicate that it is 
more efficient than the suggested position in the same plane. 

I.  INTRODUCTION 

In cardiac emergencies such as ventricular fibrillation, 
cardiac stop, etc. a widely clinical procedure to restore the 
normal cardiac rhythm is transthoracic electrical defibrillation 
in which an electrical pulse is applied to the surface of the 
thorax through a pair of electrodes [1]. It is generally accepted 
that for electric defibrillation to be successful, a delivered 
current of sufficient magnitude exposes a critical mass of the 
myocardium to inactivating current densities threshold or 
voltage gradient threshold [2]. It is desirable that the resulting 
myocardial current density distribution be spatially uniform so 
as not to introduce current densities well in excess of the 
threshold causing myocardium damage or refribrillation. 

Many previous studies [2]-[4] on transthoracic electric 
defibrillation have demonstrated that the current density 
distribution throughout the heart is highly dependent on the 
electrodes displacement. Nouniform current density 
distribution within the heart requires that higher applied 
electric energy be used to simultaneously render enough 
myocytes refractory, which can increase the damage of 
myocardium and other tissues and patients’ pain. Thus, the 
questions surrounding electric defibrillation to improve the 
efficacy of defibrillation and reduce the negative effect is to 
determine the optimal electrode placements which will yield 
the most uniform current density distribution through the 
heart.For this purpose, we propose a series novel of electrode 
displacement in spatial configuration as shown in figure 1(b) 
which is distinct from the electrodes configuration pattern in  
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(a)        (b) 
Fig. 1 Schematic representations of the electrodes displacement: (a) same 

section plane, (b) spatial configuration pattern 
the same section plane as shown in figure 1(a)[3,4]. To 
validate these novel electrode displacements, 12 novel 
electrode combination pairs in various spatial displacement 
configurations were modeled and simulated with a detail finite 
element model of the human. In addition, another electrode 
pair locating in the same section plane suggested by prior 
literature [3,4] was also simulated and then compared with the 
new achieved optimal displacement. 

II. METHODS 

Ten electrode displacements on the surface of the human 
torso were firstly proposed, of which include four positions 
locating in the region of the upper chest and the other six in 
the abdomen region, as shown in figure 1(b). We then 
modeled 12 novel electrode pair combinations in various 
spatial displacements listed in table I and simulated with a 
detail finite element model of the human. The physical and 
geometric specifications of the electrodes are determined 
according with the suggested values by previous studies, 
which are the shape of circle patch, the size of 12cm diameter, 
fitting well the skin and the subcutaneous, and the same 
conductivity with subcutaneous and skin. As well as, the Utah 
torso model  [5] of an adult male was used in this study, which 
includes skin, fat, anisotropic skeletal muscle, lungs, cardiac 
muscle, blood, vessel, ribs and fatpad, constructed from 
magnetic resonance imaging scans by Macleod. 

The subdivided torso model containing 1.5 million 
elements was subsequently assigned electrical conductivity 
tensor for 9 difference tissues or organs [5] using the software 
package of SCIRun [6] running on Linux system. The 
boundary conditions imposed by the electrodes are modeled 
by setting the potential of electrode surfaces. In this way, 12 
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Fig.2 Spatial distribution of current densities in the heart for the achieved optimal pair of D3-U8. 

proposed electrode pairs listed in table I and a suggested 
electrode pair of position 2-position 6 [3,4] as shown in figure 
1 for transthoracic defibrillations were simulated and solved 
based on the finite element method, respectively. 

To characterize and evaluate the resulting distribution of 
myocardial current density, we applied the cardiac volume to 
define successful defibrillation that 95% of the 
myocardiumbe exposed to voltage gradient E ≥ the 
inactivation threshold Eth = 5 V/cm for monophasic wave. For 
each electrode pair, quantitative values were obtained for the 
defibrillation threshold voltage (DFT), the efficiency fraction 
of delivered current reaching the heart (EFF) based on the 
ratio of the energy reaching the heart to the total energy 
delivered, and the uniformity of current distributions in the 
heart (UNIF) based on the ratio the peak voltage gradient Emax 
to the average voltage gradient Eavg in the heart volume. 

III. RESULTS 

Table I summarizes the results for twelve electrode 
combination pairs in spatial displacement configuration and 
one suggested electrode pair in same section plane. 
Tab. I Results for 12 novel electrode combination pairs and 1 suggested pair. 

ID Position DFT (V) EFF (%) UNIF(Emax/ Eavg)

1 D2-U4 800 2.19 3.2529 
2 D4-U2 700 2.50 3.8960 
3 D3-U2 700 2.52 3.7981 
4 D3-U4 1000 1.22 2.6378 
5 D2-U6 900 2.03 3.2559 
6 D4-U8 1000 1.40 3.1176 
7 D8-U4 800 1.90 2.8377 
8 D6-U2 700 2.36 3.9079 
9 D3-U8 700 2.01 2.7346 
10 D3-U6 1000 1.47 2.7198 
11 D7-U2 600 2.98 4.7431 
12 D7-U4 900 1.47 2.8863 

Previous Suggested one  800 3.44 4.9388 

IV. CONCLUSIONS 

Comparing quantitatively the values of the DFT, the EFF, 
and the UNIF of 12 electrode combination pairs, we achieved 
the optimal one that is the ninth electrodes combination pair 
of D3-U8 located at the right anterior thorax-left lateral waist 
of the human model. Observing the figure 2, we can find that 
higher current densities mainly locate at the right atrium and 
the left ventricle which will help to ventricular defibrillation. 
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Fig.3 Histograms showing the percentages of myocardial volume exposed to 
the specified of normalized current density magnitude of 12 mA/cm2 for the 
previous suggested in same plane (left) compared to the optimal pair (right). 

Furthermore, our results based on table I and figure 3 
indicate more uniform myocardial current density 
distributions and lower defibrillation threshold voltage for our 
achieved optimal pair than the suggested best one reported by 
prior literature [3,4]. Conclusively, we suggest that the 
electrode displacement combination pair of the right anterior 
thorax-left lateral waist is more efficient to transthoracic 
defibrillation and better designed for clinical application. 
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