
 Open access  Journal Article  DOI:10.1109/TPS.2008.2000996

Numerical Modeling and Optimization of Electric Field Distribution in Subcutaneous
Tumor Treated With Electrochemotherapy Using Needle Electrodes
— Source link 

Selma Corovic, Anze Zupanic, Damijan Miklavčič

Institutions: University of Ljubljana

Published on: 12 Aug 2008 - IEEE Transactions on Plasma Science (IEEE)

Topics: Electrochemotherapy and Electric field

Related papers:

 
Electrochemotherapy – An easy, highly effective and safe treatment of cutaneous and subcutaneous metastases:
Results of ESOPE (European Standard Operating Procedures of Electrochemotherapy) study

 Sequential finite element model of tissue electropermeabilization

 

Standard operating procedures of the electrochemotherapy: Instructions for the use of bleomycin or cisplatin
administered either systemically or locally and electric pulses delivered by the CliniporatorTM by means of invasive
or non-invasive electrodes

 The course of tissue permeabilization studied on a mathematical model of a subcutaneous tumor in small animals

 The Importance of Electric Field Distribution for Effective in Vivo Electroporation of Tissues

Share this paper:    

View more about this paper here: https://typeset.io/papers/numerical-modeling-and-optimization-of-electric-field-
5dy5ettv2l

https://typeset.io/
https://www.doi.org/10.1109/TPS.2008.2000996
https://typeset.io/papers/numerical-modeling-and-optimization-of-electric-field-5dy5ettv2l
https://typeset.io/authors/selma-corovic-527f6spurx
https://typeset.io/authors/anze-zupanic-2co1uhm0m7
https://typeset.io/authors/damijan-miklavcic-4vitip4w1m
https://typeset.io/institutions/university-of-ljubljana-wut8je29
https://typeset.io/journals/ieee-transactions-on-plasma-science-2jae4yry
https://typeset.io/topics/electrochemotherapy-3ib8luwr
https://typeset.io/topics/electric-field-119fvaw0
https://typeset.io/papers/electrochemotherapy-an-easy-highly-effective-and-safe-4cu4r9qcmq
https://typeset.io/papers/sequential-finite-element-model-of-tissue-3ulg2kvobg
https://typeset.io/papers/standard-operating-procedures-of-the-electrochemotherapy-3drf2yuv0e
https://typeset.io/papers/the-course-of-tissue-permeabilization-studied-on-a-39cyhvt6p2
https://typeset.io/papers/the-importance-of-electric-field-distribution-for-effective-5aitxu3dgd
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/numerical-modeling-and-optimization-of-electric-field-5dy5ettv2l
https://twitter.com/intent/tweet?text=Numerical%20Modeling%20and%20Optimization%20of%20Electric%20Field%20Distribution%20in%20Subcutaneous%20Tumor%20Treated%20With%20Electrochemotherapy%20Using%20Needle%20Electrodes&url=https://typeset.io/papers/numerical-modeling-and-optimization-of-electric-field-5dy5ettv2l
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/numerical-modeling-and-optimization-of-electric-field-5dy5ettv2l
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/numerical-modeling-and-optimization-of-electric-field-5dy5ettv2l
https://typeset.io/papers/numerical-modeling-and-optimization-of-electric-field-5dy5ettv2l


IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 36, NO. 4, AUGUST 2008 1665

Numerical Modeling and Optimization of Electric
Field Distribution in Subcutaneous Tumor Treated

With Electrochemotherapy Using Needle Electrodes
Selma Corovic, Anze Zupanic, and Damijan Miklavcic

Abstract—Electrochemotherapy (ECT) is an effective antitu-
mor treatment employing locally applied high-voltage electric
pulses in combination with chemotherapeutic drugs. For success-
ful ECT, the entire tumor volume needs to be subjected to a
sufficiently high local electric field, whereas, in order to prevent
damage, the electric field within the healthy tissue has to be as
low as possible. To determine the optimum electrical parameters
and electrode configuration for the ECT of a subcutaneous tumor,
we combined a 3-D finite element numerical tumor model with
a genetic optimization algorithm. We calculated and compared
the local electric field distributions obtained with different geo-
metrical and electrical parameters and different needle electrode
geometries that have been used in research and clinics in past
years. Based on this, we established which model parameters had
to be taken into account for the optimization of the local electric
field distribution and included them in the optimization algorithm.
Our results showed that parallel array electrodes are the most
suitable for the spherical tumor geometry, because the whole
tumor volume is subjected to sufficiently high electric field while
requiring the least electric current and causing the least tissue
damage. Our algorithm could be a useful tool in the treatment
planning of clinical ECT as well as in other electric field mediated
therapies, such as gene electrotransfer, transdermal drug delivery,
and irreversible tissues ablation.

Index Terms—Electrochemotherapy (ECT), electropermeabi-
lization, finite element method, genetic algorithm, optimization,
subcutaneous tumor.

I. INTRODUCTION

E LECTROCHEMOTHERAPY (ECT) is a nonthermal and

local tumor treatment, clinically proven to be effective,

safe, and well tolerated by patients [1], [2]. ECT standard

operating procedures have been defined for the treatment of

cutaneous and subcutaneous tumor nodules of different histolo-

gies. Numerous published research and clinical reports have

shown that it can be used as an efficient local tumor treatment

for various tumor types [3]–[8].

ECT is performed using either intravenous or intratumoral

chemotherapeutic injection, followed by the application of
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high-voltage electric pulses locally delivered to the target tis-

sue via appropriate sets of electrodes. Electric pulses induce

a local electric field (E) within the treated tissue, which

depends on the tissue’s electrical and geometrical proper-

ties. Namely, for efficient ECT, it is necessary that the en-

tire tumor tissue is subjected to a local electric field in the

range between reversible and irreversible electropermeabiliza-

tion threshold values (Erev < E < Eirrev), which causes tran-

sient structural changes in cell membranes (termed reversible

electropermeabilization) and allows for increased entrance of

chemotherapeutics into target tissues. This increased membrane

permeabilization potentiates the effect of chemotherapeutic

drugs, thus significantly lowering the required dose and improv-

ing the effectiveness of the treatment [9]. Other requirements

for efficient ECT are that the healthy tissue volume subjected

to E > Erev has to be kept minimal so as not to expose the

healthy tissue to an E higher than necessary and to prevent the

excessive irreversible tissue damage (E > Eirrev). At the same

time, the electric current through the tissue has to be as low

as possible due to the technical limitations of the high voltage

pulse generator.

The magnitude and distribution of local electric field and thus

the degree of tissue electropermeabilization can be controlled

by electrode configuration and polarity and the amplitude of

electric pulses [10], [11]. Local electric field, however also

depends on the geometrical and electrical properties of treated

tissues; therefore, both have to be taken into account when plan-

ning the treatment. Electrode types currently most often used

for therapeutic and research purposes are external parallel plate

electrodes and different geometries of needle electrode arrays

[6], [12]–[14]. External plate electrodes are suitable for the

treatment of protruding cutaneous tumors as the local electric

field can be easily controlled by the contact surface between

electrodes and the treated tissue, the interelectrode distance, and

the amplitude of the applied electric pulses. If the target tissue

cannot be fixed between the electrodes or is seated in deeper

tissue, an array of needle electrodes is more effective as it can

penetrate into the tissue to assure the necessary magnitude of

electric field within the deeper parts of the tumor. The choice of

the suitable electrode type and geometry can be determined by

means of a numerical model [13], [15]. Numerical modeling

can therefore serve as a vital component in ECT treatment

planning; moreover, it can predict the treatment outcome for

each tumor type with its specific electrical and geometrical

properties, as has already been demonstrated [16].

0093-3813/$25.00 © 2008 IEEE
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Fig. 1. Central Y Z view across the subcutaneous tumor model, where U
is the applied voltage between the electrode rows, g is the depth of needle
insertion, d is the distance between the electrodes as shown in Fig. 3, and σ1

and σ2 are the healthy and tumor tissue conductivities, respectively. The tumor
is positioned 0.5 mm below the surface of the model.

In this paper, we used finite element method and genetic

algorithm to investigate and optimize the local electric field

distribution within a given 3-D model of a subcutaneous tu-

mor. The electric properties of the modeled tissues are based

on the fact that the tumor tissue is more conductive than

its surrounding healthy tissue [16], [17]. We investigated the

influence of the number of needle electrodes, depth of electrode

insertion, configuration of electrodes with respect to the treated

tissue, and amplitude of electric pulses. We quantified local

electric field distribution inside the tumor and its surrounding

healthy tissue obtained with four needle electrode geometries

that have been used in clinics and research in past years [1],

[14], [18]. Based on the calculated distributions of electric field,

we established which model parameters had to be taken into

account for the optimization of the local electric field distrib-

ution and included them in the genetic optimization algorithm

that we developed in order to determine the optimum electrode

configuration in the target tissue. As the output of the algorithm,

we obtained the optimum solution of the analyzed treatment

parameters. Our algorithm can be used in local electric field

optimization and thus in ECT treatment planning for arbitrary

tumor geometries and electrical properties. Our optimization

approach can be beneficial also in the treatment planning of

other electric field mediated treatments, such as gene electro-

transfer [19], transdermal drug delivery [20], and tissue ablation

treatments [21].

II. METHODS

A. Tissue Properties and Model Geometry

Our model of a subcutaneous tumor consisted of two tissues,

the target tumor tissue (a sphere with a diameter of 2 mm), and

its surrounding healthy tissue (Figs. 1–3). Both tissues were

considered isotropic and homogeneous, the assigned conduc-

tivity values being 0.4 S/m for the tumor and 0.2 S/m for the

healthy tissue. These values describe the conductivity at the

end of the electropermeabilization process. The values were

chosen in accordance with previous measurements of tumor and

tissue conductivity and models of subcutaneous tumor and skin

electropermeabilization [16], [17], [19].

The electric field distribution was calculated for four differ-

ent electrode geometries: three different parallel needle elec-

trode arrays [Fig. 2(a)–(c)] and a hexagonal electrode array

Fig. 2. Three-dimensional geometry of subcutaneous tumor with four
needle electrode geometries analyzed: (a) One needle electrode pair, (b) three
needle electrode pairs, (c) four needle electrode pairs, and (d) hexagonal needle
electrode array.

Fig. 3. XY view of the model with electrode geometries, polarities, and
arrangement with respect to (the circled region) the target/tumor tissue:
(a) One needle electrode pair, (b) three needle electrode pairs, (c) four needle
electrode pairs, (d) 2 × 2 hexagonal needle electrode array (two electrodes on
positive potential, two on negative potential, and two grounded), and (e) 3 ×
3 hexagonal needle electrode array (three electrodes on positive potential and
three on negative potential). d and b stand for the distance between opposite sets
of electrodes and distance between electrodes of the same row (parallel needle
electrode arrays) or distance between neighboring electrodes (hexagonal needle
electrode array), respectively.

[Fig. 2(d)], and five electrode polarities: three for the parallel

needle electrode arrays [Fig. 3(a)–(c)] and two for the hexag-

onal electrode array [Fig. 3(d) and (e)]. These geometries and

polarities were chosen as they are the most often used in ECT

research and therapy.

B. Numerical Modeling

All numerical calculations were performed with a commer-

cial finite element software package COMSOL Multiphysics

3.3a (COMSOL AB, Sweden) and run on a desktop PC

(Windows XP, 3.0-GHz Pentium 4, 1-GB RAM). Electric field

distribution in the tissue, caused by an electric pulse, was

determined by solving the Laplace equation for static electric

currents

−∇ · (σ · ∇ϕ) = 0 (1)
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where σ and ϕ stand for the electric conductivity of the tissue

and electric potential, respectively. The boundary conditions

used in our calculations were a constant potential on the surface

of the electrodes (Fig. 3) and electric insulation on all outer

boundaries of the model. Results were controlled for numer-

ical errors by increasing the size of our model and increas-

ing the mesh density, until the electric insulation condition

and error due to meshing irregularities were insignificant—a

further increase in domain size or mesh density only in-

creased the computation time; however, the results changed less

than 0.5%.

The electric field distributions obtained in our models were

displayed in the range from the reversible Erev = 400 V/cm

to the irreversible electropermeabilization threshold value

Eirrev = 900 V/cm. These values were taken from a previously

published study, in which we estimated them by comparing

in vivo measurements and the numerical modeling of the

electropermeabilization of a subcutaneous tumor [16], [22].

Namely, Erev was estimated to be the same for the tumor

and skin tissue (400 V/cm), whereas the Eirrev values were

estimated to be 800 and 1000 V/cm for the tumor and skin,

respectively. The Eirrev in our model was set as the average of

these two values (900 V/cm) in the tumor and healthy tissue.

C. Optimization

The genetic algorithm [23] was written with MATLAB

2007a (Mathworks, USA) and run together with the numerical

calculation using the link between MATLAB and COMSOL.

The initial population of chromosomes (vectors of real num-

bers: X = (x1, x2, . . . , xn)) was generated randomly, taking

into account the following model constraints: range of distances

between electrodes, range of depth of electrode insertion into

tissue, and range of voltages between the electrodes. These

constraints were chosen so that the calculation domain size,

COMSOL meshing capabilities, and oncology experts’ de-

mands for a safety margin [24], when treating solid tumors,

were all respected. Chromosomes for reproduction were se-

lected proportionally to their fitness, according to the fitness

function

F = 12 + 100 · VTrev − 10 · VHirrev − VHrev − VTirrev (2)

where F stands for fitness, VTrev and VTirrev stand for tumor

volume subjected to the local electric field above Erev and

Eirrev, respectively, and VHrev and VHirrev stand for the volume

of healthy tissue subjected to local electric field above Erev and

Eirrev, respectively. The weights in the fitness function were

set accordingly to the importance of the individual parameters

for efficient ECT. Namely, VTrev is crucial for efficient ECT;

therefore, its weight is largest (100) in comparison to the weight

of VHirrev (10), which was in turn larger than the weights of

VHrev and VTirrev, as their significance for successful ECT is

still debated. Other weight values that kept a similar ratio gave

similar results. The integer 12 is present only to assure that the

fitness function is always positive.

The selected chromosomes reproduced by crossover or mu-

tation. When crossover takes place, each new chromosome

TABLE I
GENETIC ALGORITHM PARAMETERS

Z = (z1, z2, . . . , zn) is a random linear combination of parent

chromosomes X and Y

zi = ai · xi + (1 − ai) · yi, ai ∈ [0, 1]. (3)

When mutation takes place, each new chromosome M =
(m1,m2, . . . , mn) is a random variation of one parent chro-

mosome X

mi = xi + bi · xi, bi ∈ [−0.3, 0.3]. (4)

Crossover and mutation were chosen according to the prob-

abilities in Table I, with the exception that the top ranking

solutions (elite) could not be subjected to mutation. The ge-

netic algorithm was terminated after 100 generations, when

the fitness of the highest ranking solution usually reached a

plateau. The algorithm always converged to a possible optimum

solution. The average computation time of the algorithm was

two hours. Other genetic algorithm parameters can be found in

Table I.

D. Protocol

To select the optimum electrode configuration for ECT of

the subcutaneous tumor model, we first analyzed the local

electric field distribution inside the tissue model for several

discrete values of applied voltage between electrodes for all

electrode geometries and polarities (Fig. 3). Distance between

opposite sets of electrodes d and distance between electrodes

of the same row b (parallel needle electrode arrays) or distance

between neighboring electrodes b (hexagonal needle electrode

array) were kept constant, at b = 0.65 mm (parallel arrays), b =
4/
√

3 mm (hexagonal array), and d = 4 mm, in all simulations.

For each electrode geometry and two electrode depths (g =
3 mm—as deep as the bottom of the tumor; g = 5 mm—double

the depth of the tumor), we calculated the minimum voltage Uc

(critical voltage) that had to be applied between the electrodes

so that the minimum electric field over the entire tumor volume

exceeded Erev. This was done by a sequence of calculations, in

which we decreased the voltage by increments of 10 V, until

the lowest needed amplitude was reached. We then selected

the calculated critical voltage Uc that resulted in the lowest

calculated values of reversibly electropermeabilized volume of

healthy tissue VHrev and total electric current I and applied

it to each electrode configuration. We examined the influence

of the depth of insertion on the local electric field distribution

within the target tumor tissue and its surrounding healthy tissue

by visualization of the electric field and by quantification of

electric distribution by calculating VTrev, VHrev, VHirrev, and I .
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TABLE II
CALCULATED VALUES OF CRITICAL VOLTAGE UC , TOTAL ELECTRIC

CURRENT I , REVERSIBLY ELECTROPERMEABILIZED TUMOR VOLUME

VTrev , AND REVERSIBLY AND IRREVERSIBLY ELECTROPERMEABILIZED

HEALTHY TISSUE VHrev AND VHirrev , RESPECTIVELY, ARE GIVEN FOR

ALL ANALYZED ELECTRODE GEOMETRIES AND POLARITIES AND FOR

DEPTHS OF ELECTRODE INSERTIONS g = 3 mm AND g = 5 mm. ALL

VOLUME VALUES ARE NORMALIZED BY THE TUMOR VOLUME VT .
DISTANCE BETWEEN OPPOSITE SETS OF ELECTRODES d AND DISTANCE

BETWEEN ELECTRODES OF THE SAME ROW b (NEEDLE ELECTRODE

ARRAYS) OR DISTANCE BETWEEN NEIGHBORING ELECTRODES b
(HEXAGONAL NEEDLE ELECTRODE ARRAY) WERE KEPT CONSTANT

AT b = 0.65 mm (PARALLEL NEEDLE ELECTRODE ARRAYS),
b = 4/

√
3 mm (HEXAGONAL NEEDLE ELECTRODE ARRAY),

AND d = 4 mm, IN ALL SIMULATIONS

Because the first part of our study showed that voltage (U),
distances between electrodes (b and d), and depth of electrode

insertion (g) are all relevant for the distribution of electric

field in the model, all four parameters were chosen for the

optimization procedure. We ran the genetic algorithm for all

electrode geometries and polarities in two distinct stages. In the

first stage, ten runs of the algorithm were performed using a

random initial population. To calculate solutions closer to the

true optimum, the ten best solutions acquired from the first

stage were “seeded” into the initial population of the second

stage and five more solutions were calculated, all being of better

fitness than the first-stage solutions. However, the difference

between the best first- and second-stage solutions was less than

1% (if compared by VHirrev); therefore, no third stage was

required, and the best second stage solution was considered to

be the optimum.

III. RESULTS

The calculated critical voltage Uc needed to cover the en-

tire tumor tissue with electric field above reversible electrop-

ermeabilization threshold Erev for each electrode geometry

and polarity is given in Table II. The shallower insertion of

the electrodes generally increased the necessary UC ; however,

the total current I through the model decreased. Increasing the

number of the electrodes had the opposite effect: Lower UC and

higher I were calculated. Both observations can be explained

TABLE III
CALCULATED VALUES OF TOTAL ELECTRIC CURRENT I , REVERSIBLY

ELECTROPERMEABILIZED TUMOR VOLUME VTrev , AND REVERSIBLY AND

IRREVERSIBLY ELECTROPERMEABILIZED HEALTHY TISSUE VHrev AND

VHirrev , RESPECTIVELY, ARE GIVEN FOR ALL ANALYZED ELECTRODE

GEOMETRIES AND POLARITIES AND FOR DEPTHS OF ELECTRODE

INSERTIONS g = 3 mm AND g = 5 mm. ALL VOLUME VALUES ARE

NORMALIZED BY THE TUMOR VOLUME VT . DISTANCE BETWEEN

OPPOSITE SETS OF ELECTRODES d AND DISTANCE BETWEEN

ELECTRODES OF THE SAME ROW b (NEEDLE ELECTRODE ARRAYS) OR

DISTANCE BETWEEN NEIGHBORING ELECTRODES b (HEXAGONAL

NEEDLE ELECTRODE ARRAY) WERE KEPT CONSTANT AT b = 0.65 mm
(PARALLEL NEEDLE ELECTRODE ARRAYS), b = 4/

√
3 mm (HEXAGONAL

NEEDLE ELECTRODE ARRAY), AND d = 4 mm, IN ALL SIMULATIONS.
VOLTAGE WAS SET TO U = 290 V IN ALL SIMULATIONS

Fig. 4. False color legend used in Figs. 5–7, indicating the local electric field
E distribution within the tissue models (i.e., the degree of tissue electroper-
meabilization). The white region represents insufficiently electropermeabilized
regions of tissue (E < Erev), and the patterned region represents irreversibly
electropermeabilized regions of tissue (E > Eirrev).

by the size of contact surface between electrodes and treated

tissue—larger contact surface increases I and decreases the

necessary UC .

When we applied the same voltage (290 V) to all electrode

configurations, complete electropermeabilization of the tumor

was not obtained in all cases. Namely, one needle electrode

pair was completely unsuccessful, whereas both hexagonal

geometries did not provide adequate coverage at g = 3 mm

[Table III, Figs. 4, 5(a) and (b), and 6(b) and (d)]. Figs. 5 and 6

show a definite influence of electrode configuration on electric

field distribution in the tumor and healthy tissue. This influence

is most clearly seen by comparing electric field distributions

of both hexagonal needle electrode arrays—electric field pen-

etrates deeper for 3 × 3 geometry and VHirrev is considerably

larger than in 2 × 2 geometry (Fig. 6). It can also be observed

that deeper insertion of electrodes (g = 5 mm) and insufficient

voltage applied on the electrodes cause the electric field to be

higher within the healthy tissue below the tumor compared to
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Fig. 5. Local electric field distribution for the models of (a) and (b) one needle
electrode pair, (c) and (d) three needle electrode pairs, and (e) and (f) four nee-
dle electrode pairs is shown for two depths of electrodes’ insertion g = 5 mm
[(a), (c), (e)] and g = 3 mm [(b), (d), (f)]. Electric field distribution is shown
in three central perpendicular planes: XY , Y Z, and XZ all passing through
the center of the tumor. Distance between opposite sets of electrodes d,
distance between electrodes of the same row b (needle electrode arrays) or
distance between neighboring electrodes b (hexagonal needle electrode array)
and voltage U are given in the caption of Table III.

the electric field inside the tumor (Fig. 5(a), (c), and (e) in ZX
orientation).

To assure complete electropermeabilization of the tumor

and with the least healthy tissue damage in our model, all

geometrical and electrical parameters have to be accounted

for. When all parameters were optimized simultaneously, the

required UC was significantly lower (Table IV) than when

determining the UC for only two depths of needle insertion

(Table II). At the same time, I , VHrev, and VHirrev were also

Fig. 6. Local electric field distribution for the models of (a) and (b) 2 ×
2 hexagonal needle electrode array and (c) and (d) 3 × 3 hexagonal needle
electrode array is shown for two depths of electrodes’ insertion g = 5 mm
[(a), (c)] and g = 3 mm [(b), (d)]. Electric field distribution is shown in three
central perpendicular planes: XY , Y Z, and XZ all passing through the center
of the tumor. Distance between opposite sets of electrodes d, distance between
electrodes of the same row b (needle electrode arrays) or distance between
neighboring electrodes b (hexagonal needle electrode array) and voltage U are
given in the caption of Table III.

decreased, thus minimizing healthy tissue damage and required

electric energy. Interestingly, the optimum depth of insertion

depended very much on the electrode geometry, i.e., at similar

applied voltages, the 2 × 2 hexagonal needle electrode array has

to be inserted deeper than the 3 × 3 needle electrode array to

achieve similar coverage of the target tumor tissue. The results

of optimization using our algorithm are shown in Table IV

and Fig. 7.

IV. DISCUSSION AND CONCLUSION

The aim of our study was to investigate and optimize the

local electric field within a simple 3-D model of a subcutaneous

tumor. We report the results of optimization of the geometrical

and electrical parameters (voltage, distances between elec-

trodes, depth of electrode insertion: U , b, d, and g; Figs. 1

and 3) of various needle electrode geometries used in research

and clinical ECT for a 3-D numerical model of a subcutaneous

tumor (Fig. 2). We show by using our optimization algorithm,

how the local electric field distribution depends on the number,

arrangement, depth of electrodes’ insertion, and the amplitude
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TABLE IV
OPTIMIZED VALUES OF DISTANCE BETWEEN ELECTRODES OF THE SAME

ROW b (NEEDLE ELECTRODE ARRAYS), DISTANCE BETWEEN

NEIGHBORING ELECTRODES b (HEXAGONAL NEEDLE ELECTRODE

ARRAY), DISTANCE BETWEEN OPPOSITE SETS OF ELECTRODES d, DEPTH

OF ELECTRODES’ INSERTION g, AND CRITICAL VOLTAGE UC FOR ALL

ANALYZED ELECTRODE GEOMETRIES AND POLARITIES ARE GIVEN.
CALCULATED VALUES OF TOTAL ELECTRIC CURRENT I , REVERSIBLY

ELECTROPERMEABILIZED TUMOR VOLUME VTrev , REVERSIBLY AND

IRREVERSIBLY ELECTROPERMEABILIZED HEALTHY TISSUE VHrev AND

VHirrev , RESPECTIVELY, ARE GIVEN FOR ALL OPTIMUM SOLUTIONS. ALL

VOLUME VALUES ARE NORMALIZED BY THE TUMOR VOLUME VT

of electric pulses (Figs. 5–7, Tables II–IV). The complete

coverage of the target tumor tissue with the local electric field

magnitude required for successful ECT (Erev < E < Eirrev)
was achieved, whereas the volumes of healthy tissue exposed

to the magnitude of the local electric field above reversible

and irreversible thresholds were minimized (thus minimizing

healthy tissue damage) for all analyzed electrode geometries.

Our study was built on previous research works done by

our group and others, in which the usefulness of numerical

modeling in predicting electropermeabilization outcomes was

demonstrated. Already, the early numerical plate and needle

electrode models in combination with in vivo experiments

showed great promise in analysis of tissue electropermeabiliza-

tion in vivo [18], [25]. However, only after the experimental

validation of a numerical model was performed by comparing

the numerical calculations to histological examinations of elec-

tropermeabilized tissue did numerical modeling gain ground in

ECT research [11]. Different geometries of needle electrodes

have been since then compared by [14], [26], and [27]; however,

none of these included optimization and only Sel et al. [28] used

a 3-D model. In our study, three needle electrode pairs, four

needle electrode pairs, and 2 × 2 hexagonal needle electrode

array all gave similar results, whereas the 3 × 3 hexagonal

needle electrode array was significantly worse than the others.

We examined the adequacy of needle electrode geometries by

calculating values of total electric current through the model

and volumes of reversibly and irreversibly electropermeabilized

(damaged) healthy tissue. By analyzing all three measures,

we can conclude that three needle electrode pairs gave the

best results—they required the lowest total electric current,

which caused a small volume of healthy tissue to be re-

versibly and even less to be irreversibly electropermeabilized

(Fig. 7(a), Table IV). Four needle electrode pairs caused the

Fig. 7. Local electric field distribution for the optimized models of (a) three
needle electrode pairs, (b) four needle electrode pairs, (c) 2 × 2 hexagonal
needle electrode array, and (d) 3 × 3 hexagonal needle electrode array is
shown. The electric field distribution is shown in three central perpendicular
planes: XY , Y Z, and XZ all passing through the center of the tumor.
Corresponding optimized parameters which are distance between electrodes
of the same row b (needle electrode arrays), distance between neighboring
electrodes b (hexagonal needle electrode array), distance between opposite sets
of electrodes d, depth of electrodes’ insertion g, and critical voltage UC are
given in Table IV.

least healthy tissue damage; however, they required more cur-

rent and more healthy tissue to be reversibly electroperme-

abilized (Fig. 7(b), Table IV), confirming previous results of

our group—more electrodes mean a more invasive procedure,

higher needed current, and lower needed voltage to obtain the

same target tissue coverage [11], [26]. The 2 × 2 hexagonal

needle electrode array caused the least volume of healthy tissue

to be reversibly electropermeabilized and more to be irre-

versibly electropermeabilized (Fig. 7(c), Table IV). The 3 × 3

hexagonal needle electrode array optimization lead to the high-

est values of total electric current and the largest area of irre-

versibly permeabilized healthy tissue (Fig. 7(d), Table IV). The

preference for three needle electrode pairs is also in agreement

with our previous 2-D study [27].

The only other ECT optimization study was performed by

Sel et al. who optimized the distance and voltage between

electrodes for a realistic brain tumor using four pairs of needle

electrodes as a proof of principle [28]. In our study, we used

a simpler tumor model; however, we took the optimization

one step further by optimizing for four different electrode

geometries and polarities and for four different parameters,

one of them being the depth of needle insertion, which turned
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out to be significant. We demonstrated that inserting needle

electrodes deeper than necessary, using inadequate electrode

geometries, polarities, and arrangement with respect to the tar-

get tumor tissue, and applying insufficient voltage can result in

unsuccessful electropermeabilization (E < Erev) of the tumor.

Moreover, the electric field within the healthy tissue below

the tumor can be higher compared to the electric field inside

the tumor [Figs. 5(a) and 6(d)]. This effect can be even more

pronounced if the tumor is much more conductive than the

surrounding tissue, because the electric field is then lower in

the tumor and higher in the surrounding tissue [27]. The im-

portance of insertion depth can also be seen if we compare the

optimum depth for hexagonal needle electrode arrays—deeper

insertion is required for the 2 × 2 needle electrode array,

although all other geometrical parameters are the same for both

configurations.

Even though our algorithm gives good results, significant

challenges remain before it can be used for the optimization

of in vivo ECT of large tumors. Our study does not analyze the

possibility of changing electric field orientation in consecutive

pulses, which can lead to less tissue damage, because such

protocols can require lower voltage and total current [14].

Unfortunately, increasing the number of pulses can increase

the unpleasantness of the treatment [29]. We also did not take

into account the dynamic changes in tissue conductivities due to

the tissue electropermeabilization [19], [28], [30] because this

would significantly increase the computation time and would

not considerably contribute to the results. Instead, we incorpo-

rated the change in conductivity into our model by choosing

conductivity values at the end of the electropermeabilization

process. Stratum corneum was not added to the model, as

needle electrodes penetrate the skin and thus bypass its high

resistivity [13]; however, if plate electrodes were to be used,

we would most probably have to take into account also the

stratum corneum and the skin conductivity changes due to

electropermeabilization.

We chose the genetic algorithm as our optimization method,

as it is relatively easy to develop and, unlike classical op-

timization methods, it does not require the fitness function

to be differentiable. Linear and nonlinear constraints, such as

the realistic technical limitations of high-voltage electric pulse

generator (maximum output voltage and current), can be easily

implemented into the algorithm, and it also allows optimization

of a large number of continuous, discrete, and categorical para-

meters, e.g., type of electrodes. The drawbacks of the method

are that it gives only an approximate solution to the optimiza-

tion problem and requires a relatively long computation time.

However, because the solutions of the algorithm are very close

to the true optimum and computation times can be shortened by

using a more powerful computer, we do not consider these to be

significant drawbacks and believe that the suggested approach

is well suited to the problem being addressed.

Numerical modeling and optimization can be efficiently

combined to control the extent of tissue electropermeabilization

in ECT and to produce the optimum electrode configuration

for different types of tumors taking into account their electric

properties. Our algorithm is a step forward to an effective

treatment planning, not only in clinical ECT, but also in other

electroporation-based treatments, such as gene electrotransfer

[19], transdermal drug delivery [20], and irreversible tumor

ablation [21].
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