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Introduction
The use of different types of physical anti-cancer therapies 

is gaining momentum in recent years, such as electroporation,1 
hyperthermia,2 lasertherapy,3 electrochemical therapy (EChT)4,5 and 
therapy E2 (EChT+ electroporation).6-8 The EChT consists of the 
application of electric current very low intensity direct to the tumor 
by means of the insertion of two or more electrodes in its interior and/
or vicinity. The application of this therapy is simple, safe, effective, 
and effective induces minimal adverse events. EChT is an additional 
option when therapies are not available. The specific onco-species 
fail or cannot be applied because of the depauperation of the general 
state of the cancer patient.9 In contrast, two studies show evidence 
of the death of several mice tumor carriers F3II under the action of 
the EChT.10,11 The EChT has not been recognized as an additional 
oncospecific therapy because its mechanism of action is poorly 
understood, and doses and electrode arrangements have not been 
standardized. Physical-mathematical models are a quick and feasible 
way of understanding these three aspects.

In addition, its results do not require long lead times or substantial 
material resources, as the experiment. The Cuban Bioelectricity group 
focuses its efforts on proposing different models two-dimensional 
physical-mathematical (2D)12,13 and three-dimensional (3D)14,15 that 
allow us to know the spatial distributions of the electric potential 
(Ф), the intensity of the electric field (E), electric current density 
(J), the temperature (T), pH fronts generated by different geometries 
of multiple of individual electrodes12-14 or pairs15 that are inserted 
collinearly or not in the tumor. The collinear and non-collinear 
insertions of the electrodes in the tumor are along and outside 
(at any place) of its major diameter, respectively. The se electrode 
configurations have been experimentally validated in tumors,10,11,16 
potato,17,18 and in silico.18 Other electrode geometries have been used, 
in in vitro studies,6,19

 preclinical5,20,21 and clinical.9

From theorical paint of view, the multiple pairs of non-collinear 
electrodes induce the higher values of PDT (more than 80%), with 
respect to the multiple individual electrodes inserted collinearly along 
the diameter of the tumor because the pairs of electrodes induce the 

highest values of the electric field and the temperature in the tumor. 
These results are remarkable when the pairs of electrodes are inserted 
at 45, 135, 225 and 315o about the x-axis.15 This last arrangement of 
electrodes induces the highest values of the doubling time, percentage 
regression and retardation of carcinoma growthn mammary F3II 
highly aggressive and metastatic male and female BALB/c/Cenp 
mice. In addition, this type of electrode arrangement induces the 
highest survival of these mice for both genders. Despite this, complete 
remission of this variety histologic tumor damage is not observed 
in any mouse, and the overall antitumor effectiveness of the EChT 
induced by the pairs of electrodes arranged at 45, 135, 225 and 315o 
is comparable to that of other electrode arrays used.10 The above 
mentioned in the previous paragraph may suggest that the geometry 
of multiple pairs of electrodes do not induce high values of tissue 
damage (simulations not shown),10 as the theory predicts.15 In contrast 
to these results, the complete remission of tumor F3II and high overall 
anti-tumor effectiveness of the EChT are documented when multiple 
individual electrodes are inserted along the major diameter of the 
tumor.11 These aspects can be explained because these studies do not 
take into account the spatiotemporal behaviors of the because these 
studies do not take into account the space-time behaviors of the fronts 
of pH that are generated around the electrodes that are inserted into 
the tumor. Theoretical studies13,18,22 and experimental17,18-20,23 confirm 
that the acidic pH fronts  (pH ≤ 3) around the anodes and basic pH 
fronts (pH ≥ 12) around of the cathodes induce tissue damage.15,22 
Around the anode (positive electrode) is the documents the formation 
of hydrochloric acid, hydration of the tissue, detachment of chlorine 
and oxygen gases and induction of necrosis and apoptosis. Around 
the cathode (negative electrode) the formation of sodium hydroxide 
is reported, dehydration of the tissue, release of hydrogen gas and 
induction of necrosis.17-23 pH fronts are extended in space and time 
during the application of EChT, when the distance between electrodes 
increases18 However, the effectiveness of this therapy decreases when 
this distance is greater than 3 cm and there is short-circuiting for one 
distance between electrodes less than 0.5 cm.24 The electrode spacing 
of 3 cm is has been used in the experiment to reveal the different 
findings around the anode, cathode and in regions between and away 
from these electrodes.20 The distance of 1 cm is the most widely 
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Abstract

Electrochemical therapy is used for cancer and its application is simple, safe, effective and 
induces minimal adverse effects to the body. It is not accepted as one more oncospecific 
therapy, among other reasons due to its lack of standardization. Therefore, the scientific 
problem of this research is that an electrode arrangement is not defined that maximizes 
tissue damage in the tumor with minimal damage to surrounding healthy tissue that allows 
its optimization for therapeutic planning and personalized therapy. The objective of the 
study is to simulate and compare the spatial distributions of the electric potential, electric 
field, temperature and tissue damage and pH generated by multiple pairs of electrodes that 
maximize the destruction of the tumor volume. It is concluded that the results suggest 
that multi-pair electrode configurations may be more effective for the treatment of large 
(diameter> 8 cm) and deep solid tumors.
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used in preclinical studies10,11,16,19,21,23,24 and clinical,9 and potato.17,18 
However, the optimal distance between collinear electrodes is 0.7 
cm.25 Although the distance between individual electrodes has been 
addressed in the literature, the inter-pair distance of electrodes in 
multiple electrode pair geometries has not has been documented in 
the literature. It has also not been studied how the inter-pair distance 
of the affects the spatial distributions of Ф, E, T, fronts of pH acidic 
and basic. Therefore, the objective of this study is to simulate how 
the spatial distributions change Ф, E, T, acidic and basic pH fronts. 
Therefore, the objective of this study is to simulate how combine the 
spatial distributions of Ф, E, T, fronts of pH generated by multiple 
pairs of electrodes inserted into the tumor in terms of the inter-pair 
distance of electrodes.

The spatial pattern of tissue damage follows the electrode array 
geometry, but also the spatial profiles in terms of the electric potential, 
electric field/electric current density, and temperature according to 
computational simulations using 2D13,19 and 3D17,18,25 models. These 
computational results were supported using electrode arrays with other 
shapes in ECT.21,22,24 In addition, González et al.9 and Suarez et al.22 
showed that the spatial profiles of the electric field (obtained based 
on simulations) and tissue damage (experimental findings) follow 
the electrode array geometry. Thus, experimental and computational 
simulations suggest that the spatial patterns in terms of the physical 
magnitudes and tissue damage in 2D are similar to those on each side 
of a piece of 3D biological tissue when straight needle electrodes are 
inserted, as described in previous studies,10,17 as shown in Figure 1.

Figure 1 Schematic representation of the spherical tumor a) and the arrays 
of a 45o electrode pairs inserted into it b).

Methods
Model considerations

a) A heterogeneous region formed by a linear, heterogeneous, 
spherical solid tumor, heterogeneous and anisotropic of radius 
R (cm) of constant average electrical conductivity σ1 (S/m) and 
constant average thermal conductivity κ1 (W/cm °C), surrounded 
by the linear, heterogeneous, anisotropic healthy tissue of average 
electrical conductivity constant σ2 (S/m) and constant average 
thermal conductivity κ2 (W/cm °C). The tumor-healthy tissue 
and healthy tissue-air interfaces were symbolized by Ʃ1 and Ʃ2, 
respectively (Figure 1a).

b) The mean scalar values of the tensors σ1, σ2, κ1 and κ2 (average 
values over tumor volume), as in previous studies.14,16,17,19,20

c) Multiple straight needle platinum electrodes are inserted parallel 
to the z-axis, as assumed in14,17 and used experimentally in.13

d) A potential difference (ΔVo) of 12 V is applied to the electrodes 
(+6 V for the anodes and -6 V for the cathodes), as in previous 
work.10,17

e) A needle electrode consists of a straight wire of radius a, electrical 
conductivity much larger than σ1 and insertion depth L in the 
tumor (part of the electrode at direct contact with the tumor), as 
in the experiment.10-13,22-24,27-30

Calzado y cols14 simulated different geometries of multiple pairs of 
electrodes (electrode pairs of non-collinear electrodes and individual 
electrodes inserted collinearly along the diameter of the tumor). Of 
these geometries, the one that contains pairs of electrodes inserted at 
45; 135; 225 and 315o is the one used for the simulations in this study. 
This is argued because this electrode geometry induces the greatest 
decrease in the volume, growth retardation, regression percentage, 
and doubling time of the F3II mammary carcinoma growing in male 
and female BALB/c/C/Cenp mice, as well as the increased survival of 
mice (reported deaths associated with EChT.11 The inter-pair distance 
of electrodes is d, the distance between pairs of electrodes is D, the 
positive polarity of electrodes 2; 4; 6 and 8, negative polarity of 
electrodes 1; 3; 5 and 7 are fixed in the experiment.11 Therefore, the 
values of these parameters are used in the simulations in this study. 
The positioning of each electrode pair is referred to the x-axis (largest 
diameter of the tumor). The insertion depth length of the electrode in 
the the tumor is L and the radius of the tumor is R.14

Electric potential, electric field, and temperature 
spatial profiles

The options were used for the calculation of the Φ, E, T and heat 
transfer in solids. The Finite Element Method was used to obtain the 
numerical solution of the equations from Φ, E y T in a cubic domain. 
The Finer option was chosen for the meshing (volume of the 343.1 
cm3 mesh). The simulation time was approximately 15 min for each 
mesh. Electrode configuration. The electrical potential in the tumor

1( )F is the solution of the nonlinear Poisson equation because in this 
region we have completely inserted the electrodes. The electrical 
potential in the surrounding healthy tissue 2( )F was the solution 
of the Laplace equation due to the non-existence of electrodes. 
The potentials 1F y 2F satisfy the border conditions 1 2| |S SF =F y

1 1 2 2ˆ/ | / |ˆ .n ns sS S¶F ¶ = ¶F ¶ In both tissues, E y T are calculated 

from ÔiE =-Ñ


(i = 1,2) and the stationary equation Pennes equation, 
respectively. The Pennes equation is given by

( ) ( ) 2 0i i b b b i a i i ii i ik T w c T T qr sÑ× Ñ - - + + ÑF =    (i = 1,2)          (1)

where i = 1 represents the tumor and i = 2 the surrounding healthy 
tissue, Ta the arterial temperature and Ti the temperature induced 
in each medium. T1 and T2 satisfy the conditions of boundaries 
at the interface 1Ó 2 ÓÓ: T | = T | y 1 1 2 2/ / |ˆ ˆ|T n T nk kS S¶ ¶ = ¶ ¶ . The 
parameters κi, cbi, ρbi, wbi y qi´´´ are the thermal conductivity of the 
fabric, the specific heat capacity the mass density of the blood, the 
rate of perfusion of the blood and the generation of heat of each tissue, 
respectively.1,17,18

The Pennes bioheat equation was chosen because it is the most 
widely accepted equation for the calculation of the bioheat value,17,18 
ΔVo is constant, and transient variations of temperature that appear 
during the first moments of the application of EChT are disregarded 
with respect to the thermal effects induced in the tumor by the 
application of ΔVo. Variations in Ti (i = 1.2) due to nonlinearities are 
introduced in the coefficients σi (i = 1.2). In addition σi (i = 1.2) changes 
due to changes in the electrical properties of the tumor, because iE y
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iT (i = 1.2) are modified by the application of ΔVo. For the simulation 
of the geometry, meshing and solution, we used the commercial 
package of finite element software Comsol Multiphysics®4.3 
(COMSOL AB Sweden, license number 2074929 FNL provided 
by the Electromagnetism Laboratory Computational, UNICAMP, 
Brazil). A Matlab-Comsol© interface was used for compatibility of the 
Comsol results with Matlab® R2015a (The MathWorks, Inc. USA). 
Once the data had been converted to Matlab® format, the following 
were calculated EEi; TTi; Eimax/Eimin y Timax/Timin. In addition, 
all the figures were made in Matlab® R2015a. For the simulations 
and calculations, we used a PC, Intel(R) Core(TM) i5-7200U a 2,50 
GHz and 8192 Mbyte of RAM. In it a sphere was designed in Comsol 
Multiphysics®4.3. (representing the tumor), surrounded by a cube 
(representing the surrounding healthy tissue), as shown in the figure1 
and 2. These two figures show the details of the insertion of the pairs 
of electrodes (represented as solid platinum cylinders and radius a) do 
not collinear, which is suggested for large and deep tumors,13,17(Figure 
1b).

The software automatically defines the size of each element of the 
geometry.14 The part of the electrode that is not in contact with the 
sphere is insulated with a plastic, as in the experiment (insulator is 
a plastic cannula).10-13, 23,24,27-31 The parameters of the geometry of the 
electrode array were: number of electrodes (C=8), inter-pair distance 
of electrodes(d = 1) cm, angle of each pair of electrodes with respect 
to the x-axis (θ = 45o, 135o, 225o, 315o), length of electrode insertion 
depth into the tumor (L=1,5) cm and the distance between pairs of 
electrodes in a pair (D = 0,5) cm. For the calculation and spatial 
distribution of E and pH fronts, the in silico EChT model was used. 
This model is mainly based on previously reported in.13,18 We assumed 
that ion transport is solely governed by diffusion and migration, 
and electroneutrality holds true. Therefore, in silico 2D model can 
be described by the Nernst–Planck equations, for the concentration 
of ions in a four-component electrolyte (H+, OH−, Cl−, Na+) 
under galvanostatic conditions, and the underlying electrochemical 
reactions. Furthermore, the solution near anode is assumed saturated 
with respect to oxygen and chlorine, in an effective pressure of 1 atm 
at equilibrium with respect to the surface of anodic platinum electrode. 
The kinetics of electrodes are based on reaction mechanisms and 
kinetic parameters that are obtained from experimental measurements 
presented in.18 Changes in tissue permeabilization are also considered

Model equations

A
A A

C N R
t

¶
=-Ñ× +

¶                                                                     (2)

with the molar flux (mol/m2 s)
]

 ,A
A A A A A

A

zN D C u C
z

= - Ñ Ñ
é ùúû

-
êë

, where CA (mol/m3), DA (m
2/s), zA y uA (m

2/V∙s) are the concentration, 
diffusion coefficient, charge number and mobility of the specie A, 
respectively zA are signed quantities, being, positive for cations and 
negative for anions; t is the time in (s), RA represents the production 
of the specie A throught chemical reactions in the electrolyte and 
Φ (V) is the electric potential. In this work we implemented the 
in silico model using a 2D-cartesian coordinate system. The space 
derivatives were ap-proximated by the finite difference method. An 
equally spaced mesh grid with 250 ×250 nodes was used. Distances 
between nodes and the time step were set to 10−4 m and 5 ×10−4 s, 
respectively. Each electrode was modeled as a point electrode. The 
outward unit normal vector from electrode boundary equations was 
selected, arbitrarily, under the left direction, allow-ing it simplify the 
equations system. For the six electrode configurations, the applied 
current density was 400 A/m2 (applied current was 10 mA).16 The 

computational model was written in C ++ and implemented in an Intel 
® Core (TM) i7 Proces-sor under Linux Ubuntu operating system. 
The non-linear equations system at anode and cathode were solved 
by method of Newton, using Multidimensional Root-Finding routines 
from the GNU Scientific Library (GSL).

Numerical simulations

Numerical simulations use the values of the following parameters 
a = 0,035 cm; R (2,5 cm); σ1 = 0,4 S/m; σ2 = 0,2 S/m;15 κ1= 0,564 W/
mK; κ2 = 0,0022 W/cmoC;30 Ta = 37oC; Cb1 = 3 840 Jkg-1K-1; Cb2 = 2,3 
Jkg-1oC-1; ρb1 = 1 039 kgm-3; ρb2 = 0,9 kgcm-3; wb1 = wb2 = 0;00715 
s-1; y q1 ´´´ = q2 ´´´ = 10,437 Wm-3.30 It is important to note that

 y q1́ ´́biw (i = 1,2), are generally different in both tissues. The relative 
permittivities of the tumor, from healthy tissue and from each electrode 
were considered. Chemical, physical, mechanical and thermal 
parameters of the material platinum are implemented in the 
softwear and the values of the parameters for the pH fronts were

4 310 /O
HC mol m-
+ = ;25 31 60 /O

NaC mol m+ = ;25 3
02 55,500 /O

HC mol m= ;
0 ( 9) 29,31.10 /

H
P m s-

+ = ; 0 9 21,3310 /
Na

P m s-
+ = ; 6

1
21 1 /0eqI m-= ×

; 1HZ + = ; 1
CL

Z - =- ; 1E 0,816eq V= ; 2 3 F 96,485,3 /A s mol= × ;

8 3
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OH
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- = ; 2 5 3160 /o
CL

C mol m- = ; 2 5

298 T K= ; 9 25,26 10 /O
OH

P m s-
- = × ; 9 22,03 10 /O

CL
P m s-

- = ×

; 2
2 10 /eqI A m= ; 2 4 1

OH
Z - =- ; 1

Na
Z + = ; 2 140  7 eqE V= ; 2 3 

2 28,31 /R kg m k mol s= × × × ; 5 1
, 2,7 10w bK s- -= × .13

For the calculations, the units of meter and Kelvin were converted 
to centimeter and degree Celsius, respectively. In each simulation it 
was ensured that the metallic part of the electrode was in contact only 
with the tumor, and not with the surrounding healthy tissue (electrical 
insulation with a plastic cannula), as in the experiment.10-13,30

In the tumor, the intensity of the maximum electric field was 
calculated, E1max (V/cm); the minimum electric field, E1min (V/cm); the 
maximum temperature, T1max (°C); the minimum temperature, T1min 
(°C). In the surrounding healthy tissue, the intensity of the maximum 
electric field was calculated, E2max (V/cm); the maximum temperature, 

T2max (°C). In addition, it was calculated EE1 (
21

1
11

=
m

E kk
EE

=

®å : sum 

of the local electric field strength over all points in the tumor), EE2 

(
22

2
21

 =
m

E kk
EE

=

®å : sum of the local electric field over all points 

in the surrounding healthy tissue region), TT1 (
2 1

1
11

= 
m

T kk
TT

=

®å : 

sum of the local temperature over all points in the tumor) and TT2 

(
22

2
21

= 
m

T kk
TT

=

®å : sum of local temperature over all points in the 

region of the surrounding healthy tissue). These variables were used 
to compare the overall effect of each configuration of electrodes, 
respectively EEi it is given in V/cm and TTi in °C for tumor (i = 1) and 
surrounding healthy tissue (i = 2). In both tissues, these magnitudes 
were calculated in different planes and their results were shown in 
three planes (z = 0. 1,25 and 2,1) cm for R = 2,5 cm. The calculation 
of EE1, EE2, TT1 y TT2 suggested in previous studies.18
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Results
Table 1 shows the maximum and minimum values of the electric 

field strength and temperature generated by electrode configurations 
C45

o in the tumor and in the surrounding healthy tissue in the planes 
z = 0; 1,25 y 2,1 cm; at EE1máx(EE1mín) is the maximum and minimum 
electric field value in the tumor, TT1máx(TT1mín) of maximum and 
minimum temperature in the tumor, EE2máx.

19-24

Table 1

  
Electrode 
arrangements
C45

o

Tissue induced parameters
Tumor Healthy
Planes (cm)
Z = 0 Z = 1.25 Z = 2.1

EE1máx(EE1mín) (V/cm) 88.19(0.00) 86.35(0.00) 88,40(0,00)
TT1máx(TT1mín) (°C) 74.52(37.54) 60.18(37.48) 43.28(36.96)
EE2máx  (V/cm) 49.14 49.14 50.18
TT2máx  (°C) 37.30 37.85 38.01

Figure 3 shows the spatial distributions of electric potential 
intensity, electric field and temperature for electrode configuration 
C45

oin tumor and surrounding healthy tissue.

Figure 4 shows the spatial patterns of the pH fronts generated by 
the electrode configuration in the tumor and the surrounding healthy 
tissue.

Figure 2 Mesh created in the cubic heterogeneous domain for solving the 
equation of Poisson-Laplace and Pennes’ stationary bioheat transfer equation 
in the tumor and surrounding healthy tissue.

Figure 3 Spatial distributions of the electric potential intensity (a), the electric 
field (b), and temperature (c) for a radius of the tumor and the surrounding 
healthy tissue (R = 2,5 cm).

Figure 4 The spatial patterns of the pH fronts in the tumor and in the 
surrounding healthy tissue in order to T = 0 a), 300 b), 600 c), 900 d), 1200 e), 
1500 f) s, respectively of application of the EChT.11,22

Discussion of results
Table 1 revealed that the higher values generated by the electrode 

configuration in the tumor of EE1máx(EE1mín) on (88,19(0,00) and 
88,40(0,00) V/cm were observed for (z = 0 and 2,1 cm) and decreased 
at (z = 1,25 cm) and the values of TT1máx(TT1mín) on 74,52(37,54) and 
60,18(37,48) °C increased for (z = 0 and z = 1,25) cm and decreased 
for (z = 2,1 cm) and in healthy tissue the highest values of EE2máx de 
50,18 (V/cm) were shown at (z = 2,1 cm) and the values of TT2máx 
at 37,85 to 38,01 °C to (z = 1,25 and 2,1 cm), this is because this 
electrode configuration covers the entire tumor area and is effective 
for this type of therapy. Figure 3 revealed that Φ to E decreased with 
the inter-pair distance of the electrodes, between electrode pairs and 
in regions remote from the electrode pairs. The largest positive and 
negative values of Φ is observed around the anodes (red color) and 
cathodes (blue color), respectively which decrease along the Z-axis. 
The values of Φ and E are zeros in the surrounding healthy tissue. 
In contrast to the spatial patterns of Φ and T in every plane Z, la T 
is distributed non-uniformly throughout the tumor volumen. The 
highest values of T were observed around all anodes and cathodes and 
decreases for planes away from z = 0 cm. The values of T = 37 oC, 
T = (37 - 40) oC for z = (0 to 1,25) cm and T= (37,5 – 37)oC for (z = 
2,1) cm were observed in the surrounding healthy tissue. The values 
E1max, E1min, T1max, T1min are the maximum electric field, the minimum 
electric field, the maximum temperatura, the minimum temperature 
in each plane of the tumor (z = 0; 1,25 y 2,1 cm), respectively and 
E2max to T2max are the electric field, and the maximum temperature in 
the surrounding healthy tissue in these planes, respectively. Figure 
4 showed that the pH fronts generated by the configuration C45

o 
grew during the application of the EChT, being marked around the 
anode.25,26,29,30 Although the results were not shown in this study, the 
simulations revealed that the results in table 1 and figures 3 and 4 
were marked.  with increasing inter-pair distance of electrode. The 
results in this study confirm that the antitumor effect of the EChT 
is primarily around the anodes and cathodes that are consistent with 
those reported in.16 This fact corroborates that EChT can be applied 
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indistinctly in electric current or voltage mode, as is done in the clinic, 
which suggests that the proposed configuration from simulations can 
be applied to the EchT in either voltage or current mode.

Conclusion
The spatial distributions of Ф, E, T and pH fronts generated by 

inserted electrode pair configurations in the tumor (C45
o) adopt the 

geometry of the electrodes that are distributed throughout the tumor 
volumen, which is conducive to the greater anti-tumor effectiveness 
of the EChT.
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