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The electric field threshold for muscle contraction is two orders of magnitudes lower than that 
for electroporation. Current electroporation treatment planning and electrode design studies 
focus on optimizing the delivery of electroporation electric fields to the targeted tissue. The 
goal of one part of this study was to investigate the relation between the volumes of tissue 
that experience electroporation electric fields in a targeted tissue volume and the volumes of 
tissue that experience muscle contraction inducing electric fields around the electroporated 
tissue volume, (VMC), during standard electroporation procedures and for various electropo-
ration electrodes designs. The numerical analysis shows that conventional electroporation 
protocols and electrode design can generate muscle contraction inducing electric fields in 
surprisingly large volumes of non-target tissue, around the electroporation treated tissue. In 
studying various electrode configurations, we found that electrode placement in a structure 
we refer to as a “Current Cage” can substantially reduce the volume of non-target tissue 
exposed to electric fields above the muscle contraction threshold. In an experimental study 
on a tissue phantom we compare a commercial two parallel needle electroporation system 
with the Current Cage design. While tissue electroporated volumes were similar, VMC of  
tissue treated using the Current Cage design electrodes was an order of magnitude smaller 
than that using a commercially available system. An important aspect of the entire study 
is that it suggests the benefit of including the calculations of VMC for planning of electropo-
ration based treatments such as DNA vaccination, electrochemotherapy and irreversible 
electroporation. 

Key words: Electroporation; DNA vaccination; Electrochemotherapy; Electrode configuration; 
Muscle contraction; Current Cage.

Introduction

When certain electric fields are applied across a cell, they have the ability to 
permeabilize the cell membrane, presumably through the formation of nanoscale 
defects- pores- in the membrane. The process of cell membrane permeabilization 
by pulsed electric fields (PEF) is coined “electroporation” (1). Electroporation is 
reversible when cells survive the electropermeabilization and irreversible when 
they do not. The relations between pulse electric field parameters such as field 
amplitude, pulse duration and number of pulses and electroporation phenomena 
were recently reported by (2, 3) and (4).

Reversible electroporation has become an important tool in biotechnology and 
medicine (5). It facilitates the introduction of otherwise non-permeable external 
substances into cells while keeping cells alive. Applications of reversible elec-
troporation include gene delivery to cells (1) and tissues (6), and the introduction 
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of drugs into cells (7). Reversible electroporation is the basis 
for a successful cancer treatment therapy known as “electro-
chemotherapy” (8). Electrochemotherapy is a regional tumor 
treatment procedure that uses pulse electric field to increase the 
uptake of non-permeant, cytotoxic drugs (9, 10). The increase 
of up to three orders of magnitude was observed for bleo-
mycin after the applications of pulse electric fields (11, 12).  
In addition, reversible electroporation is used in DNA  
vaccination to increase intracellular delivery of vaccine plas-
mid (13, 14). Animal studies show that reversible electropo-
ration increases by two orders of magnitude the expression 
levels of the DNA vaccines (15). Moreover, NIH reports on 
more than 17 clinical studies on the use of electroporation 
for mediated DNA vaccination (16). While reversible elec-
troporation is very successful in the designated applications, 
reports show that muscle contraction and pain is an undesir-
able side effect of reversible electroporation (17-19).

Recently, non-thermal irreversible electroporation (NTIRE) 
has emerged as a new clinical technique for tissue ablation 
(20, 21). The target cells are destroyed through the applica-
tion of certain high strength, short duration pulsed electric 
fields that NTIRE (22, 23). The NTIRE pulses are chosen in 
such a way as to avoid Joule heating induced thermal dam-
age (24, 25). The pulses are delivered through electrodes in 
contact with the targeted tissue (26). The important distin-
guished property of NTIRE tissue ablation is that other cells’ 
structures, such as blood vessels scaffold and nerves, remain 
intact and neighboring cells are not affected (21, 27, 28). Suc-
cessful treatments of prostate, liver, lung, kidney, breast and 
brain tumors were performed (29, 30). Despite its advantages, 
side effects and limitations of NTIRE were also reported 
(21, 31-33). The most severe of them are arrhythmias and 
involuntary muscle twitches, which may cause to electrode 
dislocation between the pulses (21, 31-33). The solution to 
arrhythmias through a synchronizer device is described in 
(32) and (33). Although strong paralytics such as cisatracu-
rium or rocuronium (21, 32) and deep anesthesia are used 
in clinical NTIRE treatments, muscle contractions are still 
observed in the proximity to the electrodes; moreover, dia-
phragm contractions still take place (32). 

Muscles and nerves are excitable tissues, therefore they 
respond to electric stimulation by contractions and pain. It was 
shown that a muscle twitch is the result of three mechanisms 
related to electric currents and fields. First, a twitch results 
from a multiple involuntary spinal reflex response (through 
peripheral nerves or primarily motor nerves) (34, 35). Sec-
ond, contractions may result from direct motor-neuron electri-
cal stimulation in the region of electrode contact (34). Third,  
it was found that contractions may also result from a direct 
electrical stimulation of denerved muscles (17). Strength-
duration curves of muscle contraction show that pulse  

duration shortening from 103 µs to 1023 µs increased the elec-
tric field strength threshold for muscle activation from 5 V/cm  
to 5∙104 V/cm (36). Moreover, Joshi et al. (35) showed that 
specific pulse electric field parameters cause muscle con-
traction inhibition. Electrochemotherapy and DNA electro 
vaccination related pain and unpleasant sensations were 
investigated by (14, 17-19, 37). 

Recently, several studies tried to address the issue of Elec-
trochemotherapy and DNA electrovaccination induced 
muscle contraction and pain by using local anesthesia, 
modification of electroporation protocol (17, 37) and elec-
trode design (38). It was found that local anesthesia by 
lidocaine was not successful to reduce the pain or prevent 
muscle contraction during electrochemotherapy (39-41). 
Furthermore, in our recent rat animal studies, intra mus-
cular and spinal injection of lidocaine did not prevent 
strong muscle contractions during NTIRE (unpublished). 
An attempt at increasing the frequency of pulse delivery 
to 5 kHz led to a beneficial tetanus contraction of a rat’s 
muscle during electrochemotherapy treatments instead of 
several independent contractions (17). Human response 
comparison between 5 kHz and 1 Hz protocols have shown 
that 5 kHz pulses were less unpleasant than 1 Hz pulses; 
however, the pain intensity was the same (37). Electropo-
ration based DNA vaccination optimization experiments 
reveal that an increase in pulse delivery frequency and the 
shortening of the pulse duration, in combination with topi-
cal anesthesia, emla cream, decrease the strength of muscle 
twitches and increase the tolerance to the electroporation 
based vaccination procedure (18). 

Zupanic et al. (37) suggested that the unpleasant sensa-
tion can be reduced by changing of the electrode geometry. 
Indeed, Ferraro et al. (38) showed that muscle contraction 
were significantly reduced using multiple electrode arrays 
which consisted of 16 needles.

Although detailed modeling of electric field distribution in 
tissue have been introduced and are used in electroporation 
treatments planning (24, 25, 42-47), limited attention is paid 
to the modeling of the low strength electric field distribution 
in the non-target tissues, in both reversible and irreversible 
electroporation applications. 

The goal of this paper is to perform a mathematical analysis 
of muscle contraction inducing low strength electric field dis-
tribution around the electroporation treated area and to inves-
tigate the effect of electrode design on these fields. The study 
is focused on analyzing electric fields strengths that are rel-
evant to denerved muscle activation threshold (48). We ana-
lyzed the effects of typical clinical electroporation electric 
pulse sequences and electroporation electrode design. The 
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analysis shows that the volume of tissue affected by muscle 
activation electric fields during typical clinical electroporation 
protocols and with typical electroporation electrodes design 
is very large. However, we find that certain electrode con-
figurations exist that may significantly reduce the volumes of 
non-target tissues affected by electric fields strong enough to 
induce muscle contraction outside the electroporation treated 
volume, without affecting the electroporation process in the 
targeted volumes. We have identified one such configuration 
that we named “Current Cage”. In this study we analyzed the  
Current Cage configuration advantage over conventional 
electrode designs for NTIRE and skin electroporation appli-
cations, through mathematical modeling and with an experi-
mental study on a tissue phantom. 

Materials and Methods

When muscle tissue is exposed to electric fields than sensa-
tion, muscle contraction, thermal effect, reversible and irre-
versible electroporation may take place depending on field 
strength and time of exposure to the field (49). The thresh-
old for denerved muscle contraction is about of 5 V/cm  
(48), while the threshold for irreversible electroporation  
is more than two orders of magnitude higher (46). In  
this study we propose that for electroporation treatment plan-
ning it is important to know both, the volume of tissue that 
is subjected to electroporation inducing electric fields (Vep) 
as well as the volume of tissue that will experience electric 
fields above the muscle contraction threshold (VMC). Theo-
retical studies were performed with numerical analyses that 
used the finite element method (FEM) implemented in COM-
SOL Multiphysics (Version 3.5a, COMSOL, Sweden) and 
MATLAB (Version 7.1a, Mathworks, USA) software. FEM 
is commonly used for optimization of electroporation pulse 
parameters and electrode configuration design (24, 43, 47, 50).  
Some numerical results were validated with experimental 
studies on tissue phantoms.

Theoretical Study

Mathematical Formulation: In current electrochemo-
therapy and NTIRE electroporation procedures the pulse 
lengths are longer than the cell membrane charging time, 
which is about 1 µsec (51); thus, a steady state DC analysis 
can be used to study electric field spatial distribution during 
the pulse application. In this part of the study we used the 
Laplace steady state equation, 

∇ ( ) =σ ϕ( ) 0
 

[1]

where, σ [S/m] is the local conductivity and ϕ [V] is the local 
potential.

To determine the electrical potential in the analyzed region 
Equation [1] is solved subject to boundary condition, 
which are:

ϕ ∑( ) =1 0V
 [2]

ϕ ∑( ) =2 0
 [3]

where ∑1 ∑2 are the geometrical locations of the electropora-
tion electrode boundaries.

Boundary conditions that do not relate to the electrodes are 
handled as electrical insulating boundaries: 

n J⋅ = 0  [4]

Where, J is an electrical current density vector (A/cm2) and, 
n, is a vector normal to the surface.

The solution to Equations [1] to [4] yields the electric field 
distribution in the treated tissue. The post processing integra-
tion calculates the volumes of tissue, which are exposed to 
the electric fields of interest. 

The goal of the treatment planning optimization process, 
developed in this study, will be to maximize the Vep and at 
the same time reduce the VMC VMC was defined in this model 
as the volume of tissue in which E . 5 V/cm. It should be 
emphasized that maximizing the Vep value is not necessar-
ily the optimal design, because the shape of the electropo-
rated volume relative to the targeted tissue is of key interest. 
Moreover, experimental data and reported on models show 
that dynamic changes in conductivity take place in tissue 
due to the application of strong electric fields (52-54). In 
addition, tissues have a complex structure leading to het-
erogeneous conductivity in the treated area that affects the 
distribution of the electric fields (55). Nevertheless, the goal 
of this work is to analyze the relationship between the vol-
umes of electroporation and of non-target tissue, which is 
exposed to muscle contraction inducing electric fields as a 
first step towards VMC cognizant treatment planning. There-
fore, we assumed the homogeneous tissue with a constant 
conductivity.

Numerical Model: First, we performed a basic analysis on 
two electroporation systems. First, we analyzed a standard 
system that is composed of two electrodes, currently used for 
NTIRE application (56). Second, we investigated a configu-
ration we converged on from the analysis of various possible 
designs. We refer to this configuration as “Current Cage”. 
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Then, we compared the proposed “Current Cage” electrode 
design with the commercially available skin electroporation 
8 electrode array. 

Two Electrode System

Geometry and Meshing: In this part of the study, the ana-
lyzed tissue was modeled as a homogeneous cylinder. The 
electrodes were modeled as cylinders of various lengths, h, 
completely inserted in the tissue. Figure 1 describes the sys-
tem geometry and meshing. 

Boundary Conditions and Solution

In this model we used a static analysis. A potential of 3000 V 
was applied on one electrode, while the second electrode was 
grounded. Tissue conductivity was assumed to be 0.2 S/m. 
Vep was defined in this model as the volume of tissue in which 
E . 800 V/cm. The depth of penetration of both electrodes 
(the value of h) was changed from 1 to 5 cm with 1 cm incre-
ments and the Vep and VMC were calculated. 

Current Cage Analysis: In this part of the study we 
investigated an electrode configuration, we refer to as Cur-
rent Cage. In this specific configuration the positive elec-
trode is located in the center of a circular array of external 
electrodes. An important aspect of this study is that the 
penetration of the central electrode in the treated tissue was 
varied relative to the penetration of the electrodes in the 
surrounding array. 

Geometry and Meshing

The tissue was modeled as a homogeneous cylinder. The 
Current Cage consists of two elements. The first element is 
the surrounding electrodes, whose depth of penetration (h) 
was taken constant. The second element is the central, elec-
trode which has a variable depth of penetration, D, relative 
to the surrounding electrodes. Figure 2 describes the system 
geometry and shows the mesh used in the analysis.

Boundary Conditions and Solution

For this model we used a static electric field COMSOL 
solver. A potential of 3000 V was applied on the central elec-
trode, while the surrounding electrodes were grounded. In 
this study we tested the effect of the Current Cage radius (r),  
number of grounded electrodes (N) and the central elec-
trode penetration depth (D) on Vep and VMC. Specifically, we  
tested cage exterior electrode radiuses (r) of 1, 1.5 and 2 cm. 
The number of surrounding electrodes (N) in the cage was 
2, 4, 8, 16, 32 and 64. The penetration depth of the cage (h) 
was taken to be 4 cm (as a case study) and was kept constant. 
The penetration depth of the central electrode (D) was varied 
from 1 to 5 cm with 1 cm increments. The tissue conductivity 
was assumed to be 0.2 S/m.

Current Cage Analysis for Skin Electroporation 
Application: An important application of pulsed elec-
tric fields in medicine is for skin electroporation (57, 58), 
where significant efforts are made towards the reduction 
of muscle contractions (18, 38). In one commercial design 
for skin electroporation design pulses are applied through 
needle electrodes arranged in a two parallel row electrode 
array configuration (4-10 electrodes in a row) (15, 18). 
Another commercial design used for skin electroporation 
resembles in structure the Current Cage design studied 
here. However, it uses the same length electrodes in the 
center and in the surrounding electrodes (D 5 h) (44). 

Geometry and Meshing

We compared a standard skin electroporation system 
(AgilePulseTM system, Harvard Apparatus, Hollison, MA) of 
an 8 electrodes array (Figure 3A) with 24 electrodes Current 
Cage configuration proposed in this study (Figure 3B). 

Boundary Conditions and Solution

For this model we used a static electric field COMSOL solver. 
In the simulation of the parallel row electroporation system 

Figure 1: (A) Two electrodes system basic geometry. The analyzed tissue is modeled as a cylinder with 30 cm radius and 10 cm height. The electrodes are 
modeled as cylinders with 0.4 mm radius of variable length (h), d is a distance between the electrodes. (B) Two electrode system mesh. Mesh consists of 41986 
tetrahedral elements. Mesh element size: 0.32-4 cm. 
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we applied 450 V on 4 collinear electrodes and ground on 
the other four collinear electrodes. In the simulation of the  
Current Cage configuration we applied 900 V on the central  
electrode in the Current Cage 24 electrodes array. The geome-
try of the 24 electrodes Current Cage and the applied voltages 
were chosen in such a way that the electroporated volume 
(Vep, volume where E.600 V/cm (57)) was equal to the Vep 
in the commercial 8 electrodes parallel array. The dermis tis-
sue conductivity was assumed to be 0.2 S/m. 

Experimental Studies on Tissue Phantom 

Tissue Phantom: A tissue phantom was prepared from 
agar gel. 0.2 g/L NaCl (Spectrum Chemical, Mfg Corp, CA), 
30 g/L Agar (Becton, Dickison and Company, NJ were dis-
solved in 250 ml of distilled water and heated at 121°C in 
an autoclave for 15 minutes. The cooled mixture was poured 
into a 150 mm petri dish to form a gel slab with a conductiv-
ity of 0.2 S/m. 

Electrode System Design: Two electrode systems were 
compared in this study. The first system consisted of two 

electrode needles (21G needles with cut edges) inserted in 
parallel, vertical to the gel slab surface at a 8mm distance 
between the needle centers. The second system is a Current 
Cage prototype. In this study we used a 16 electrodes Cur-
rent Cage system. A 1.6 cm diameter Current Cage electrode 
array was manufactured using a Perspex “square” (2 cm by 
2 cm) basis. 16 holes (0.4 mm) were drilled around an 8 mm 
radius circle for the external electrodes placement. One hole 
was drilled in the center of the circle for the central electrode 
placement. Electrodes were made from 21G needles with 
cut edges. All the external electrodes were connected to a 
single electrical output. To vary the penetration depth 1 mm 
step marks were engraved on the central electrode. The cen-
tral electrode was connected to the positive outlet of a pulse 
generator and the external electrodes were connected to the 
ground outlet of the pulse generator. The schematic represen-
tation of the experimental system is shown in Figure 4.

Pulse Electric Field Application and Electrical  
Measurements: Electrical pulses of 400 V amplitude, 100 µs 
duration were delivered by a BTX model ECM 830 square-
wave electroporator (Harvard Apparatus, MA) through the 

Figure 2: (A) Current Cage system basic geometry. The analyzed tissue is modeled as a cylinder with 30 cm radius and 10 cm height. The Current Cage  
Surrounding electrodes are modeled as cylinders with 0.4 mm radius and 4 cm length (h). The cage radius (r) is a radius of the treatment. The Current Cage 
Central electrode cylinder with 0.4 mm radius, variable length (D). (B) Current Cage system mesh. Mesh consisted of 77818 tetrahedral elements. Mesh  
element size: 0.32-4 cm. 

Figure 3: Skin electroporation. The analyzed tissue is modeled as a cylinder with 20 cm radius and 10 cm height (A) BTX 8 electrodes parallel array. Cylin-
ders with 0.3 mm radius and 2 mm height. Electrodes are separated by 1.5 mm in row. The parallel rows are separated by 4 mm. Mesh consisted of tetrahedral 
35523 elements. (B) Current Cage 24 electrodes array. Current Cage r 5 4 mm. External electrodes were modeled as cylinders with 0.3 mm radius and 
d 5 2.5 mm. Central electrode was modeled as cylinder with 0.3 mm radius and D 5 1.3 mm. Mesh consisted of 34190 tetrahedral elements. Element size: 
0.32-4 cm.
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electrode systems described in the previous paragraph. Single 
pulse was delivered for each experimental set up. The electric 
potential outside the area targeted for electroporation, was mea-
sured by a high impedance Tektronix TDS 210 oscilloscope 
(Tektronix, Inc, OR, US) between a small probe (30G needle 
with a cut edge) located 1.5 mm behind the negative electrode, 
at 2 mm penetration depth, and another similar probe located 
65 mm behind the negative probe (see schematic in Figure 4), 
at 2 mm penetration depth (Figure 4). The potential difference 
outside the area targeted for electroporation was measured as 
a function of penetration depth of the two electrode system 
and as a function of the penetration depth of the central probe 
in the 1.6 cm Current Cage system. The penetration depth of 
the external electrodes in the current cage system was 8 mm 
and was kept constant during the experiment. 

Results

The Two-Electrode System

Figure 5 shows the results of the analysis of electroporation 
induced electric fields in a two electrode system. Figure 5 
shows the effect of the electrode penetration depth (h) and 
the distance between the two electrodes (d) on Vep and VMC. 
The simulation results indicate that increasing the distance 
between electrodes increases the volumes of tissue that experi-
ence muscle contractions (Figure 5A). Interestingly, the maxi-
mum of Vep for the particular boundary conditions used in this 
analysis occurs when the electrodes are placed at d of 1.5 cm 
from each other, i.e. there is a local maximum (Figure 5B). 

The Current Cage System

Figure 6 shows the effect of the Current Cage radius (r), 
number of external electrodes (N) and penetration depth (D)  

of the central electrode on Vep and VMC. The depth of pene-
tration of the surrounding electrodes was 4cm and kept con-
stant. Figure 6A, C and E show a strong correlation between 
the number of electrodes used in the external part of the 
Current Cage and VMC. At the tested Current Cage radi-
uses (r 5 1 cm, 1.5 cm and 2 cm) N equal or greater than16 
significantly reduces the VMC (Figure 6B, D, F), while  
Vep was almost not affected by N and is dependent only on D  
(Figure 6B, D, F). In addition, we show that the penetra-
tion depth (D) of the central electrode to up to 3 cm does 
not affect VMC, while Vep increases with the increase in D.  
Furthermore, we show that a Current Cage radius of, 
r 5 1.5 cm leads to larger Vep than radiuses of r 5 1 or 2 cm 
(Figure 6B, D, F). 

Current Cage Analysis for the Skin Electroporation 
Application

We have performed a comparison between the commercial 
parallel electrode array and the Current Cage array for condi-
tions in which the electroporation treated skin volume is the 
same. The reported electric field threshold for skin electrop-
ermeabilization (Vep) is 600-1200V/cm (24, 59). The VMC 

produced as a consequence of the production of the same 
Vep for the two different configurations is given in Figure 7 
and Table I. 

Where:

VMC [mm3]- is the volume of tissue which is exposed to 
E.5 V/cm.

Vep>600V/cm [mm3]- is the volume of tissue, which is 
exposed to E.600 V/cm (Minimum threshold for tissue 
permeabilization). 

Figure 4: Experimental system scheme (A) Current Cage 16 electrode system. External electrode penetration was 8 mm and was constant during the exper-
iment. Central electrode Penetration Depth varied from 1 to 10 mm. (B) Two electrodes electroporation system. Penetration Depth of both electrodes varied 
from 1 to 8 mm. The penetration depth of Probe 1 was 2 mm in all measurements.
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Vep>1120V/cm [mm3]- is the volume of tissue, which is exposed 
to E>1120 V/cm. (Full tissue permeabilization threshold). 

The goal of 24 electrodes Current Cage was to decrease VMC 

while keeping the same Vep as in the BTX Parallel 8 electrode 
array. 

Experimental Studies on Tissue Phantom: We have used 
the tissue phantom to compare experimentally the difference 
in the electrical potential generated outside the electropo-
ration treated area between the “Two Electrode” and the 
“Current Cage” systems. The voltage measured by the oscil-
loscope is given in Table II. 

From Table II it is evident that increasing the penetration depth 
increases the potential outside the electroporation treated 
zone in both systems. However, the Current Cage configura-
tion reduces the electric field outside the Cage by an order of 
magnitude relative to the two electrode configuration. 

Discussion

The problem of muscle contraction and pain is common to 
electric field based treatments such as NTIRE, electrochemo-
therapy, DNA vaccinations, defibrillation and electrostunning 
weapons (18, 19, 21, 37, 60, 61). The muscle fiber biological 
membrane, serves as a sensor for external triggers through 
the sustained transmembrane potential (62). Disturbing the 
transmembrane potential can, under certain condition, lead 
to action potential and muscle contraction (63), transform-
ing of electro-chemical energy into force (64). However, 
extracellular electric field stimulation result in both action 
potential stimulation and ion channel blockage (63, 65, 66). 
Previous studies show that the discomfort and pain experi-
enced by patients during electro therapies is caused in part, 
by involuntary muscle contractions (37, 67). Various chemi-
cal, physical and combined physical-chemical strategies 

have been proposed to reduce muscle contractions and pain 
in electrotherapies. 

Physical methods for muscle contraction relaxation include 
use of ultra-short high frequency (ns) pulsed electric fields 
to arrest action potential propagation (34, 35, 65). In addi-
tion, pre-pulses of injected current, just before the main pulse 
delivery, were also shown to cause the reduction of muscle 
contraction, probably by partially depolarization of the mem-
brane (68). Recently, it was proposed that cell sensitization 
to electric stimulation may be used to reduce muscle contrac-
tions (69). Moreover, increasing the frequency of delivered 
pulses to 5 kHz decreased the unpleasant feeling in humans in 
comparison with 1 Hz frequency; however, the pain intensity 
remained the same (37). 

Although local and spinal injection of lidocaine reduced mus-
cle contractions in electro stunning devices experiments (34); 
lidocaine injection alone did not prevent muscle contractions 
during electrochemotherapy (39-41) and NTIRE (unpub-
lished). However, combined effect of shortening the pulse 
duration and emla cream topical application, decrease the 
strength of muscle twitches and increase the patient tolerance 
to the electroporation based DNA vaccination procedure (18). 

Treatment planning and design are important for optimal 
clinical use of both reversible and irreversible electropora-
tion. In reversible electroporation, mathematical models are 
employed to evaluate electric fields and mass transfer pro-
cesses and to optimize the placement of electrodes to induce 
the desired mass transport in the targeted tissue volume. 
(43-47). In non-thermal irreversible electroporation the math-
ematical models are used to calculate the electric fields and 
temperature distribution in the targeted tissue volume and to 
optimize the placement of electrodes in such a way that the 
desired irreversible electroporation occurs without causing 
thermal damage (22, 24, 25). 

Figure 5: Surface plots (A) VMC two electrode system. The plot shows the effect of Electrode Penetration Depth (h) and Distance between electrodes (d) on 
VMC. (B) Vep two electrode system. The plot shows the effect of Electrode Penetration Depth (h) and Distance between electrodes (d) on the Vep.
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Muscle contractions are inevitable during electroporation 
based treatment since the threshold for muscle activation is 2 
orders of magnitude lower than the threshold for tissue elec-
tro permeabilization. This work shows that it may be use-
ful to develop a better understanding of the entire range of 
electric fields that occur during electroporation, including 
those responsible for muscle contraction and pain. Computer  

simulations for spatial field distribution and excitation of 
nerves (70, 71), neuromuscular junction (72) and denerved 
muscles (73) were reported in the past. However, in this study 
we suggest that spatial field distribution in tissue should be 
analyzed and optimized as a part of electroporation treatment 
planning procedure. 

In this work we propose a new electrode configuration –  
Current Cage, which we compared with the two-electrode 
system, currently used for electroporation procedures, and 
the commercially available Parallel 8 electrode array, used 
for skin electroporation. 

The first study dealt with the classical electrode design for 
NTIRE in which two parallel needle electrodes are introduced 
into the targeted tissue. We investigated the effect of electrode 
configuration on VMC and Vep. Figure 5A shows that increas-
ing penetration depth and distance between two parallel needle 

Table I 
Comparison of skin volumes that are exposed to threshold electric fields 
during electroporation. 

BTX parallel  
8 electrode array

24 electrodes  
Current Cage 

VMC [mm3] 15.09 2.90
Vep.600V/cm [mm3] 0.11 0.11
Vep.1120V/cm [mm3] 0.04 0.04
VMC/Vep.600V/cm 137 26
VMC/Vep.1120V/cm 410 73

Figure 6: Surface plots VMC and Vep as a function of the number of electrodes (N) and penetration depth of the central electrode (D) in a Current Cage with 
r equal to (A) and (B) 2 cm, (C) and (D) 1.5 cm, (E) and (F) 1 cm.
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electrodes increases the VMC and Vep. Although the increase of 
the distance between two electrodes from 1 cm to 1.5 cm led to 
an increase of Vep, further increase of the distance from 1.5 cm 
to 2 cm caused a reduction of Vep. This result is consistent with 
(22). However, this result was shown here in a different type 
of data display from (22), which suggests that there may be 
an optimal electrode configuration for maximal tissue ablation 
volume and that the system response is not linear. It is also 
evident from the results that the volume of excited muscle tis-
sue during typical electroporation procedures is substantial. 

Next, we investigated the spatial distribution of electric fields 
in the proposed Current Cage design. The idea behind this 
design is based on the fact that in electroporation based treat-
ment there is the need to produce electroporative electric 
fields strengths in a very specific volume (Vep), while mini-
mizing VMC. The concept of a Current Cage design is based 
on previously reported sock-type electrodes used for defibril-
lation (74, 75). Although the sock-type electrode configura-
tion was successfully implemented for the heart; the heart is a 
separate organ, relatively easy for de-entangling. In contrast, 
in electroporation based treatments the electrodes are usu-
ally inserted into the tissue. To our knowledge this is the first 

work that proposes the use of a Current Cage type electrode 
design for decreasing the exposure of tissues surrounding the 
electroporation treatment volumes to the low electric fields 
which cause tissue excitation. 

Figure 6 shows the effect of the number of grounded elec-
trodes in the external cage (N) and the penetration depth of 
the central electrode (D) on VMC and Vep, in Current Cages 

Table II
Experimental comparison between Two Electrodes and Current Cage 
designs on tissue phantoms. h (mm) is the penetration depth of the 
electrodes in Two electrode system; D (mm) is the penetration depth in 
the Current Cage system, V (V) is the voltage read on the probe by 
oscill oscope. 

Two electrodes design Current Cage design

H (mm) V (volt) D (mm) V (volt)

1 148 6 1.14 1 1.06 6 0.09
2 165 6 0.7 2 1.8 6 0.1
3 174 6 0.8 3 2.4 6 0.12
4 181 6 1.4 4 3.3 6 0.17
6 199 6 2.5 6 5.0 6 0.28
8 201 6 2.2 8 7.8 6 0.5

Figure 7: Skin electroporation. (A) VMC and Vep by a standard BTX Parallel 8 electrode array. (B) VMC and Vep by a 24 electrodes Current Cage system. 
VMC- grey color, Vep.600 green color, Vep.1120 purple. 



10 Golberg and Rubinsky

Technology in Cancer Research & Treatment, Volume 11, Number 2, April 2012

of 1, 1.5 and 2 cm radius. Figure 6 shows that different from 
the two electrodes configuration (Figure 5), a current cage 
design may reduce VMC while keeping the same Vep. Figures 
6A, C, E show that an increase of N (to 16 and more) and 
reduction of D decrease VMC. In this study we used up to 64 
electrodes for the Current Cage. However, further increase 
in the number of electrodes is possible and may be ben-
eficial. For instance, Choi et al. (76) reported a manufac-
turing method for 256 electrodes for skin electroporation. 
Moreover, in specific situations, when the inclusion of the 
whole treated region is possible without penetration, for 
example eye electroporation, the electrode cylinder (N->∞) 
can be used as a Current Cage instead of the penetration 
electrodes. At the same time the Vep does not depend on N 
and increases with larger values of D (Figure 6B, D, F). The 
Current Cage design of this study is different from previ-
ously proposed circle electroporation electrode arrays (38, 
77), or circle electrode arrays with a positive electrode in 
the middle (44). The key difference is that in those designs 
all the electrodes have the same length. We find that when D 
is equal or larger than h the VMC is significantly higher com-
pared to the configuration when D is smaller than h. This 
observation can be explained by the Faraday cage nature of 
the Current Cage system. In an ideal Faraday cage, which 
fully encloses the treated region, there will be no external 
field outside the cage due to charge redistribution on the 
cage surface. 

Next we compared the Current Cage system with the com-
mercially available Parallel 8 electrode array. We assumed 
the threshold of skin permeabilization to be 600-1120 V/cm 
(24, 59) and compared the VMC in the two systems for the 
same Vep (Figure 7A, B and Table I). The analyses revealed 
that while the ratio of VMC/Vep.600 V/cm and VMC/Vep.1120 V/cm 
was 135 and 410 in the commercial Parallel 8 electrode array; 
it was 73 and 26 in the 26 electrodes Current Cage design 
(Table I). The Vep.600 V/cm, and Vep.1120 V/cm were the same in 
the both systems. It is important to point out that skin has 
a very complex structure that affects the distribution of the 
externally applied electric fields (24, 59). Although mechani-
cal heterogeneity and dynamic electric properties are impor-
tant parameters for electroporation planning (24, 55, 59), in 
this work we focused on the optimization of ratio the VMC to 
Vep. The methodology developed here, could be incorporated 
into the previously reported advanced electroporation models 
of skin, e.g. (24, 59). 

Finally we experimentally compared the 16 Electrode Sys-
tems (8 mm treatment radius) with a Two Electrode system 
(8 mm distance between the electrodes). It is evident from 
Table II that the Current Cage design reduces the electric 
field outside the Cage by an order of magnitude. These exper-
imental results suggest that the electric fields can be concen-
trated inside the pre planned treated area and demonstrate the 

advantage of the Current Cage design over the currently used 
two electrode method. 

This study suggests including minimization of VMC to the 
electrode configuration optimization pretreatment planning. 
We show that it is possible to design electrode configurations 
that can reshape the electric field distribution in the tissue 
in such a way as to reduce the volume of tissue affected by 
muscle contraction inducing electric fields without affecting 
the volume of tissue targeted with electroporation inducing 
electric fields. The minimization of VMC can be easily incor-
porated into the existing electroporation treatment planning 
methodologies; for example (42, 43, 78, 79, 80). 

The primary goal of this study was to introduce the concept of 
an electrode and illustrate its value. The study has made sev-
eral simplifying assumptions and much work remains to be 
done. For instance, in this study we used a 5 V/cm threshold 
to calculate the VMC and to introduce the cage concept. This, 
however, is the excitation threshold of a denerved muscle or 
muscle with blocked nerves. Nerve excitation threshold var-
ies from 0.06 to 1 V/cm, where thinner fibers require higher 
field intensity for excitation (81). Therefore, the volume 
ratios for a criteria based on nerve excitation threshold will 
be different from those calculated in this study. Nevertheless, 
the fundamental principle of the cage design will produce 
conceptually similar results. It is important to also point out 
that in this work we simplified the tissue structure to a homo-
geneous medium; however muscle and nerves are anisotropic 
cells. It was shown that muscle cells electroporation depends 
on the orientation muscle cell with respect to the applied elec-
tric field (82). In addition, it was shown that nerve excitation 
also depends on the relation of the nerve fiber to the exter-
nally applied electric field (81). Future theoretical studies 
should incorporate the complex anisotropic nature of muscle 
and nerves. Furthermore, experimental validation of the cage 
concept is obviously required.

Conclusions

The effects of electroporation inducing electric fields on tis-
sue are complex. These fields might cause undesirable nerve 
stimulation, muscle contraction and thermal damages in con-
junction with the desired effects of electroporation. In this 
model we address the distribution of low amplitude elec-
tric fields which are sufficient to cause muscle contraction 
in the non-target tissues during electroporation treatments. 
The study shows that it is possible to reduce the volume of  
the non-target tissue affected by electric fields, which induce 
muscle contraction, through treatment planning and elec-
trode design. We suggest that it would be beneficial to add 
reduction of non-target tissue volumes exposed to electric 
fields above muscle contraction in the treatment planning of 
DNA vaccination, electrochemotherapy and NTIRE and that  
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concepts such as the cage electrode design may be beneficial 
to this end. 
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