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Magnetic Resonance Electrical Impedance
Tomography for Monitoring Electric Field
Distribution During Tissue Electroporation

M. Kranjc, F. Bajd, I. Serša, and D. Miklavčič*

Abstract—Electroporation is a phenomenon caused by exter-
nally applied electric field of an adequate strength and duration
to cells that results in the increase of cell membrane permeability
to various molecules, which otherwise are deprived of transport
mechanism. As accurate coverage of the tissue with a sufficiently
large electric field presents one of the most important conditions
for successful electroporation, applications based on electropo-
ration would greatly benefit with a method of monitoring the
electric field, especially if it could be done during the treatment.
As the membrane electroporation is a consequence of an induced
transmembrane potential which is directly proportional to the
local electric field, we propose current density imaging (CDI) and
magnetic resonance electrical impedance tomography (MREIT)
techniques to measure the electric field distribution during elec-
troporation. The experimental part of the study employs CDI with
short high-voltage pulses, while the theoretical part of the study
is based on numerical simulations of MREIT. A good agreement
between experimental and numerical results was obtained, sug-
gesting that CDI andMREIT can be used to determine the electric
field during electric pulse delivery and that both of the methods
can be of significant help in planning and monitoring of future
electroporation based clinical applications.

Index Terms—Current density imaging (CDI), electropora-
tion, magnetic resonance imaging (MRI), magnetic resonance
impedance tomography (MREIT).

I. INTRODUCTION

A N exposure of a cell or tissue to an electric field of an
adequate strength and duration leads to an increased cell

membrane permeability. This phenomenon, termed electropora-
tion, allows various otherwise nonpermeant molecules to cross
the membrane and enter the cell [1]–[4].
When the strength of the applied electric field is below the

irreversible electroporation threshold only transient structural
changes can be attained and the cell membrane will reseal af-
terwards. This is termed reversible electroporation as cell pre-
serves its viability [5]. On the contrary, irreversible electropo-
ration leads to a cell death as the applied electric field is above
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the irreversible electroporation threshold and the cell does not
regain its integrity [6]. An accurate coverage of the cell with a
sufficiently large electric field therefore presents one of the most
important conditions for successful electroporation [7], [8].
Applications such as electrochemotherapy (ECT) [9], [10],

electroporation based gene transfer for gene therapy [11]–[13],
DNA vaccination [14] and nonthermal irreversible electropora-
tion ablation (NTIRE) [15], [16] are being successfully intro-
duced into clinical practice. A new electroporation monitoring
method that would allow direct measurement of the electric field
strength within the sample would be of great importance for
these applications. If possible the method should be performed
in situ during the treatment. Another important aspect of the
electroporation monitoring process is a possibility of input elec-
troporation parameter adjustments according to the progress of
the electroporation treatment as for now, optimal parameters
for in vivo electroporation are determined using in vivo tests of
permeabilization after the treatment [17] and by a mathemat-
ical modeling to determine the electric field distribution [18],
[19]. Various methods of monitoring electroporation process
were already suggested: electrical conductivity measurement
by electrical impedance tomography (EIT) [20], [21], current
and voltage measurements of delivered pulses [22] and recently
magnetic resonance imaging (MRI) [23], [24]. Although these
approaches, if further developed, might be interesting, they are
either unable to monitor the process during pulse delivery in
case of EIT and MRI approach or they can deliver false results
due to lack of measurements in case of current and voltage mea-
surements of delivered pulses.
Tissue is an electrically conducting material and it can be ex-

posed to an electric field by injecting electric current by an elec-
tric pulse generator via electrodes. When an electric current is
injected into an electrically conductive body such as a tissue, the
magnetic field density and the electric cur-
rent density are established inside this body.
The electric current density inside conductive watery samples
can be obtained using current density imaging technique (CDI)
by measuring magnetic field density with MRI and solving
Ampere’s law equation [25]–[27]. One
of many CDI applications is also magnetic resonance electrical
impedance tomography (MREIT), a technique used for recon-
struction of electrical conductivity inside a conducting body by
means of current density ( -based MREIT) [28]–[31] or one
component of magnetic flux density— ( -based MREIT)
[32], [33]. The main problem of -based MREIT is in a dif-
ficulty to image the sample in different perpendicular orienta-
tions in order to obtain all three components of and . MRI
namely allowsmeasurement of only one component at a time,
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i.e., the component in the direction of the main magnetic field.
The sample reorientation may result in a pixel misalignments
and a sample deformation. For this reason most in vivo studies
[34]–[36] have been usually done with -based MREIT in
which conductivity distribution is obtained without the sample
rotation. When both, the electrical conductivity and the cur-
rent density are obtained, the electric field distribution inside
the sample can be calculated using Ohm’s law. As the mem-
brane electroporation is a consequence of an induced transmem-
brane potential which is directly proportional to the local elec-
tric field [8], [37], CDI and MREIT techniques could be useful
techniques to monitor the electroporation process by measuring
the electric field distribution during electroporation.
CDI and MREIT were designed for diagnostic purposes in

which the injected current is not producing any significant ef-
fect on the tissue. For that reason the injected current is lim-
ited to a few milliampere or even less, which corresponds to
voltage pulses of only few volts. There are few reports pub-
lished where in CDI voltage pluses of higher amplitudes were
used; for example in CDI of mice tumors 160 V electric pulses
were used [38], however, there is no report on CDI where elec-
tric pulses of voltages that are normally used in electroporation
would be used. In electrochemotherapy and non-thermal irre-
versible electroporation ablation the electric pulses can be up to
3000 V depending on electrodes geometry and a distance be-
tween the electrodes.
The aim of this work was to study feasibility of MREIT to

monitor electric field distribution during tissue electroporation.
The experimental part of the study employs CDI with short
high-voltage pulses, as are normally used in electroporation
based clinical applications such as electrochemotherapy and
nonthermal irreversible electroporation ablation, while the
theoretical part of the study is based on numerical simulations
of MREIT. All experiments were performed on two different
phantoms, a homogeneous and a heterogeneous phantom.
The homogeneous phantom was made of agar with a single
electrical conductivity, which resembled the conductivity of a
typical tumor, while the heterogeneous phantom was made of
two agars, with two different electrical conductivities; one re-
sembling the conductivity of a tumor and the other resembling
the conductivity of a liver. They were exposed to different
electroporation pulse sequences with different number of
pulses of different amplitudes. The current density distribution
inside the phantoms was measured by CDI and the electric field
distribution inside the phantom was calculated by the MREIT
algorithm. For comparison with the experimental results a
numerical model of the phantom was constructed using the
finite element method.

II. MATERIALS AND METHODS

A. Experimental Setup

Cylindrically shaped homogeneous and heterogeneous phan-
toms measuring 21 mm in radius and 2 mm in height made of
an agar mixture were placed in the acrylic glass container as
shown in Fig. 1. The agar mixture was made of agar powder
(Kemika, Zagreb, Croatia), 0.9% NaCl saline solution (B.
Braun, Melsungen, Germany), and distilled deionized water
(B. Braun, Melsungen, Germany). The homogeneous phantom

Fig. 1. Phantom used in the study was made of the acrylic glass container
with four holes for electrodes (a). The phantom was used in two different ar-
rangements: in the homogeneous arrangement (b) it was filled with one agar
type having homogeneous electrical conductivity, while in the heterogeneous
arrangement (c) it was filled with two agar types with two different electrical
conductivities, each filing half of the cylinder.

was made of a single cylindrically shaped agar mixture with
electrical conductivity ( S/m) as shown in Fig. 1(b),
while the heterogeneous phantom was made of two half cylin-
drically shaped agar mixtures—each of them with its own
electrical conductivity ( S/m and S/m) as
shown in Fig. 1(c). The first conductivity resembles a tumor
conductivity and the second conductivity resembles a liver
conductivity [39]–[41]. Electrical conductivity of agar mix-
tures was measured by Conductivity meter MA 5950 (Metrel,
Horjul, Slovenia). Four cylindrically shaped electrodes—nee-
dles measuring 1 mm in radius made of platinum-iridium alloy
were inserted through the cover of the acrylic glass container
into the phantom as shown in Fig. 1(a). Distance between the
diagonal electrodes from the center to the center was 14.8 mm.
Electric pulse generator used for delivering electroporation

pulses into the phantom was customized Cliniporator Vitae
(IGEA, Carpi, Italy). The Cliniporator Vitae device is a pulse
generator with six independently controlled and electrically
insulated outputs each providing rectangular pulses with ampli-
tudes up to 3000 V and 50 A maximum current. The generator
is also capable of measuring the output voltage at 3% precision.
Four of the outputs were connected to four electrodes inserted
in the phantom. The outputs were also measured with an
oscilloscope (WavePro 7300A, LeCroy, Chestnut Ridge, NY)
and current probe (AP015, LeCroy, Chestnut Ridge, NY) to
obtain the current amplitude of the delivered pulses .
The trigger input of the generator was connected to the MRI
control unit and synchronized with the CDI pulse sequence.
Homogenous and heterogeneous phantoms were exposed to

sequences of electric pulses, which are commonly used in elec-
troporation applications [42]. The electric pulses were delivered
between the diagonal electrodes of the sample in sequences of
either one, two, four, or eight 100- s-long pulses separated by
100 s intervals. Every sequence of pulses was delivered three
times, each time with a different pulse amplitude . In ex-
periments on homogeneous phantoms, voltage amplitudes of the
applied pulses were V, 1500 V, and 2000 V, while
in experiments on heterogeneous phantoms the amplitudes were
somewhat higher V, 2000 V, and 3000 V due to
its lower electrical conductivity compared to the homogeneous
phantom. All experiments were repeated three times.
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B. Current Density Imaging

Electric current distribution in all the phantoms was imaged
by the two-shot RARE current density magnetic resonance
imaging sequence [43]. The sequence consists of two parts, the
current encoding part and the imaging part based on the RARE
MRI sequence [44]. During the current encoding part, which is
essentially the conventional spin-echo sequence with superim-
posed electric pulses, the electroporation train of high-voltage
electric pulses was executed in the interval between the ex-
citation 90 RF pulse and the refocusing 180 RF pulse. The
electric pulses induced a phase shift in the nuclear magnetic
resonance (NMR) signal that is proportional to the time integral
of the applied electric pulses. The phase shift must be preserved
during the imaging part of the sequence and stored in the phase
of the MR image. This is in the two-shot RARE CDI sequence
achieved by signal co-addition of two RARE sequences having
phases of the refocusing RF pulses 90 apart. Current density
in the phantom was calculated using the Ampere law

(1)

from current induced phase shifts stored in the acquired
images

(2)

Here is the proton gyromagnetic ratio and is the total dura-
tion of the applied electric pulses. In the presented experiments
the phantom geometry was such that currents were flowing
predominately in the direction perpendicular to the electrodes.
Therefore, the magnetic field in the central axial slice through
the phantom had nonzero component in the direction perpen-
dicular to the imaging slice, i.e., , and negligible in-slice
components . Under these conditions current density
calculation simplifies to

(3)

It should be noted here that such slice/sample/electrode arrange-
ment does not require sample reorientation to perpendicular ori-
entations that is usually inevitable for other arrangements in
order to acquire other components of current induced magnetic
field changes.
MR imaging was performed on a TecMag NMR spectrometer

connected to an Oxford 2.35T horizontal bore superconducting
magnet. The MRI system was equipped with Bruker mi-
croimaging accessories with maximum gradients of 250 mT/m.
The phantoms were inserted in the 25 mm RF probe and
connected to the electric pulse generator using cables including
low-pass filters to avoid possible RF disturbances in the NMR
signal. MR images of current induced magnetic field changes
were acquired using the two-shot RARE CDI sequence as
shown in Fig. 2 with parameters: field of view (FOV) 30 mm,
imaging matrix 64 64, inter-echo delay 2.64 ms, echo time of
the current encoding period 20 ms and the time interval between
the two RARE signal acquisitions was 10 s. As the phantom

Fig. 2. Two-shot RARE CDI sequence that was used to acquire images of cur-
rent induced magnetic field changes.

was flat, i.e., in a form of an excited slice, slice excitation RF
pulses were not needed and they were replaced by nonselective
RF pulses that excited the entire phantom, while the imaging
plane coincided with the “phantom slice.”

C. Electric Field Reconstruction

Electric field was reconstructed by means of obtained with
CDI method, application of the -substitution algorithm for re-
construction of conductivity distribution [28], [32], [45], [46]
and Ohm’s law for calculation of electric field distribution. A
mathematical model of the phantom body surrounded with
the outer boundary was build. Four electrodes were mod-
eled as four inner boundaries inside the body .
The Corresponding voltage satisfies the boundary value

problem in any given conductivity of the model

(4)

with the corresponding Neumann boundary condition on the
phantom outer boundary

(5)

where denotes the exterior normal vector to the boundary
and Dirichlet boundary condition on the inner—elec-

trodes boundary

(6)

where is the voltage on the electrodes measured by the
generator.
Both voltage and electrical conductivity in (4) are un-

known variables. Equations (4), (5), and (6) are solved by the
iterative scheme yielding the correct value of

(7)

(8)

(9)

All iterative schemes in this study started with .
After solving (7), (8), and (9) the solution was used in

(10)
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where is the new conductivity and is the current den-
sity obtained by the CDImethod. The iterative scheme lasts until
the relative difference between two successive falls below
(in our study had value of 0.01)

(11)

Electric field distribution can then be calculated using
Ohm’s law

(12)

Relative error of the obtained electric field distribution was
calculated using

(13)

where is the electric field distribution obtained by solving
the numerical model.
It should be noted that different conductivity distributions

may correspond to the same current density distribution in a het-
erogeneous sample due to nonuniqueness [47]. For this reason,
the heterogeneous phantomwasmeasured with two different se-
quences of electric pulses that satisfy the condition

(14)

here and are the two current density distributions
that result from the two different pulse sequences. Therefore
pulse sequences were delivered between both diagonal pairs of
electrodes.
The finite element method was used to solve the problem in

(7), (8), and (9). All calculations of the mathematical model
were performed with the numerical computational environment
Matlab 2010a (Mathworks, Natick, MA) and its Partial Differ-
ential Equation Toolbox on a desktop PC (Windows 7, 2.66
GHz, 4 GB RAM). The calculations took on average only a few
seconds.

D. Numerical Model

Experimental results obtained by CDI andMREIT were com-
pared also to two numerical models: one for the homogeneous
and the other for the heterogeneous phantom. The electric field
distribution , corresponding current density distribution

and its spatial integral, i.e., the net electric current
in numerical models were obtained by solving (4), (5),

and (6) using known conductivities of the homogeneous
and heterogeneous phantoms ( and ). The numerical model
was solved using a finite element method with the commercial
finite element software package COMSOL Multiphysics 3.5a
(COMSOL AB, Stockholm, Sweden) running on the same
desktop PC as noted previously. The mesh of the numerical
model consisted of 6 752 triangular elements.

III. RESULTS

When the phantom was exposed to electroporation pulses an
electric current density and electric field were established in-
side the phantom. The former was successfully measured by

Fig. 3. Homogeneous phantom exposed to four high voltage pulses of 1000 V
delivered between diagonal electrodes (a). The initial phase image (b) was ac-
quired by the two-shot RARE based CDI sequence. The current density distribu-
tion (c) in the phantom was calculated from the phase image using (3). Finally,
the electric field distribution (d) was calculated using J-substitution algorithm
from the current density distribution. Numerical model results of current den-
sity distribution (e) and electric field distribution (f) in the phantom are shown
below the corresponding experimental results.

CDI method, while the later was calculated from the CDI data
using the MREIT J-substitution algorithm. Both results are pre-
sented in Fig. 3, which corresponds to the experiment on the
homogeneous phantom exposed to four electroporation pulses
of 1000 V. Current densities and electric field distributions in
the homogeneous phantom were also successfully and repro-
ducibly obtained for other pulse parameters (data not shown).
Fig. 3 includes also results of the numerical model for the same
phantom. The numerical results are in a good agreement with
the experimental results as we obtained 7.8% relative error for
homogeneous phantoms when we compared experimental with
numerical results.
Current densities and electric field distribution obtained by

CDI and MREIT in the heterogeneous phantom exposed to four
electric pulses of 1000 V are shown in Fig. 4 along with the nu-
merical model results. Current densities and electric field distri-
butions in the heterogeneous phantoms were also successfully
and reproducibly obtained for other pulse parameters (data not
shown). When we compared experimental with numerical re-
sults, we obtained 9.2% and 22% relative error for more con-
ductive half and less conductive half of the phantoms,
respectively.
Measured electric currents during applied electric pulses by a

current probe and by CDI are presented in Table I for the homo-
geneous and heterogeneous phantom together with the numer-
ical model results.
In order to evaluate electric field distribution obtained with

J-substitution, electric field diagonally across the phantom was
compared with the electric field obtained by solving numerical
model as shown in Fig. 5 for heterogeneous phantom.
Phantoms were exposed to different sequences of electric

pulses which differed in number of applied electric pulses and
by their amplitudes. Electric field distributions for the homo-
geneous phantom exposed to different number of pulses

with the amplitude of 1000 V are shown in Fig. 6.
Whenwe compared experimental with numerical results, we ob-
tained an average relative error of 9.7%, 7.9%, 7.3%, and 6.2%
for N = 1, 2, 4, and 8, respectively.
Electric field distributions in the homogeneous phantom for

different amplitudes pulses ( V) of
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Fig. 4. Heterogeneous phantom exposed to four electric pulses of 1000 V de-
livered between diagonal electrodes (a). Initial phase images (b) were acquired
by the two-shot RARE CDI sequence. Current density distributions (c) in the
phantom were obtained by applying (3) to phase images. Finally, the electric
field distribution (d) was calculated using the J-substitution algorithm from both
current density distributions. Due to heterogeneous electrical conductivity of
the phantom two different current density distributions were needed to obtain a
unique conductivity distribution. Corresponding numerical model results of cur-
rent density distribution (e) and of electric field (f) distribution in the phantom
are shown below experimental.

TABLE I
COMPARISON OF TWO EXPERIMENTAL ( AND ) AND ONE

NUMERICAL APPROACH IN ASSESSMENT OF ELECTRIC CURRENTS
IN ELECTROPORATION. PRESENTS ELECTRIC CURRENT MEASURED

WITH THE OSCILLOSCOPE DURING PULSE DELIVERY, IS A SOLUTION OF
SURFACE INTEGRAL OVER MEASURED CURRENT DENSITY OBTAINED BY CDI
AND IS A SOLUTION OF THE NUMERICAL MODEL. RESULTS OF THREE
EXPERIMENTS ARE PRESENTED AS MEANS STANDARD DEVIATION

four electric are shown in Fig. 7. When we compared experi-
mental with numerical results, we obtained an average relative
error of 6.4%, 7.1%, and 8.0% for V, 1500 V, and
2000 V, respectively.

IV. DISCUSSION

The aim of our study was to investigate CDI and MREIT
techniques for its feasibility to monitor the process of elec-
troporation by measuring electric field distribution during
electroporation. Experiments on homogeneous and heteroge-
neous phantoms were performed and compared to the results
of the numerical model. Different number of pulses and of
their amplitudes were used in separate experiments to evaluate
feasibility of the methods to determine electric field distribution
during the electroporation. Electric current flowing between

Fig. 5. Electric field diagonally across the heterogeneous phantom (see dashed
line in the right insert of the figure) calculated with the J-substitution algorithm
(solid red line) and electric field calculated by the numerical model (blue dashed
line). The phantom was exposed to four pulses of 1000 V. On the axis
presents distance from the center to the border of the phantom.

Fig. 6. Electric field distribution (a) and electric field diagonally across the ho-
mogeneous phantom (b) for different number of electric pulses. The phantoms
were exposed to one, two, four, or eight pulses of 1000 V.

the electrodes during pulse sequences was obtained with three
different approaches, two experimental and one numerical.
Results presented in Table I confirm good agreement between
the approaches in both phantoms used and for most of the
applied voltages. A minor discrepancy was observed between
the homogeneous phantom exposed to pulses of 2000 V and
the heterogeneous phantom exposed to pulses of 3000 V due to
exceedingly high current in agar of the phantoms, resulting in
its deterioration due to excessive heating and consequently in
higher electrical conductivity. As shown in Fig. 5, experimen-
tally and numerically obtained electric field profiles diagonally
across the phantoms are in a good agreement. The largest
disagreement between experimental and numerical results was
observed in areas close to electrodes. Electrodes manly cause
large distortions in the magnetic field and significant suscep-
tibility artifacts. Magnetic field distortion around electrodes
does not represent considerable problem to monitor electric
field distribution during electroporation as the area between the
electrodes is more important for efficient electroporation. CDI
and MREIT allowed determination of the electric field distribu-
tion for all pulse sequences used in our study. The experiments
showed that the electric field intensity and its distribution are
independent of the number of electric pulses (Fig. 6) while
solely its distribution is independent of their amplitude (Fig. 7).
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Fig. 7. Electric field distributions (a), (b) and electric fields diagonally across
the phantoms (c) with homogenous electrical conductivity exposed to sequences
of four electric pulses of different amplitudes ( V, V,
V). Electric field distributions on the upper left (a) are scaled to the same range
while three distributions on the upper right (b) are scaled according to their max-
imum and minimum value of each distribution. Electric fields diagonally across
the phantoms normalized to the amplitude of applied pulses
are also presented (d).

As already mentioned in the introduction, different attempts
to monitor electroporation process were already proposed. Sim-
ilar to MREIT, EIT is used for reconstruction of conductivity
images only that voltage and current measurements of the EIT
are limited to the boundaries of the object. Difficulties associ-
ated with the use of EIT to monitor electroporation process [20]
are identical to those of using EIT to image tissue in general;
numerous additional electrodes are required, sensitivity, spatial
resolution and accuracy are low, while noise is high. Recent
published report on MRI of nonthermal irreversible electropo-
ration in vegetable tissue is limited in observation of only irre-
versible electroporation where the damage to the cellular mem-
brane and the consequent release of intracellular content can be
detected by comparingMRI images of different modalities ( -,
-weighted, FLAIR or STIR) acquired before and after the ap-

plication of NTIRE pulses [23]. Similar method of comparing
MRI images of different modalities was used to observe irre-
versible electroporation of liver tissues by detecting local fluid
accumulation owing to transient permeabilization of blood ves-
sels, as suggested by authors [24]. Main disadvantage of all
of the above mentioned methods is the incapability to mon-
itor electroporation during pulse delivery. This does not apply
to the method of current and voltage measurement of delivered
pulses described in [22], although this method inherits the main
restraint of conductivity evaluation methods that are based on
voltage/current measurements. Monitoring of voltage and cur-
rent between only one pair of electrodes at a time can led to
false conductivity and to an inaccurate electric field distribution

calculation due to lack of information on tissue heterogeneity
between the electrodes. More accurate monitoring of electropo-
ration during pulse delivery can be accomplished with acquiring
current density information during pulse delivery and its trans-
formation to the electric field distribution by means of proposed
CDI and MREIT methods. As single two-shot RARE CDI se-
quence used in this study takes about 20 s and MREIT J-substi-
tution algorithm additional few seconds, the electric field distri-
bution can then be obtained in less than a minute after the be-
ginning of pulse delivery in case of heterogeneous tissues. This
time could be additionally reduced in future by means of faster
CDI sequences.
The main limitation of our study lies in the phantom sub-

stance—agar, which became deteriorated after long exposure to
high-voltage pulses resulting in measurement failure. A tech-
nical limitation of the MREIT algorithm used in this study is
also inability of anisotropic conductivity measurement. For that
reason implementation of more advanced MREIT methods [48]
will be examined in our future studies. The difficulty of using
MREIT to monitor electric field distribution during electropo-
ration in a clinical environment is associated with the limited
capability of MRI scanners for their use in interventional pro-
cedures, although recently a report on MREIT with an open
magnet systems was published [49]. A question that needs an-
swering in the near future is whether it is possible to obtain an
accurate current density distribution in CDI from only one
component. However, it was already reported that longitudinal
current density component in a transversal imaging slice
( -plane) can be successfully measured when current flows
mainly in the transversal direction, i.e., the case when longitu-
dinal electrodes, similar those used in ECT and NTIRE experi-
ments, are used [50], [51].
NTIRE and ECT treatments are two electroporation applica-

tions that would probably benefit most with the implementa-
tion of CDI and MREIT. NTIRE is a new minimally invasive
surgical technique for tissue ablation in which electroporation
pulses form nanoscale defects in the cell membrane that lead to
cell death, while ECT, a relatively new approach to cancer treat-
ment and the most established in vivo application of electropo-
ration, treats tumors by increasing the uptake of chemothera-
peutic drugs into the tumor cells by exposing it to the electric
field. Adequate local electric field distribution is crucial for suc-
cess of both therapies. The treatment planning for ECT already
proved to have a great potential in clinical use of ECT in treat-
ment of tumors [52]. However, its applicability is currently lim-
ited due to uncertain conductivity values of treated areas, espe-
cially within the tumor where heterogeneous conductivity was
already observed [53], resulting in obtaining inappropriate elec-
trodes position and electric pulse parameters. Another concern
is electrodes positioning during the ECT treatment procedure.
Namely, it is difficult to insert electrodes precisely according
to the treatment plan [54]. An imprecise placement of the elec-
trodes can thus result in an inadequate electric field coverage
of the treated area and therefore a treatment failure. Monitoring
of the electric field distribution during ECT and NTIRE would
enable detection of an insufficient electric field coverage before
the end of the treatment, thus increasing and assuring the effec-
tiveness of both methods.
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V. CONCLUSION

Monitoring electric field distribution during tissue electro-
poration by means of CDI and MREIT is described and inves-
tigated both experimentally and numerically on homogeneous
and heterogeneous phantom with electric properties similar to
a liver and a tumor. Synchronization of electroporation pulses
with the CDI sequence enabled imaging of current densities
during electroporation. This was followed by calculation of
the electric field distribution using the MREIT J-substitution
method. A good agreement between experimental and numer-
ical results was obtained, suggesting that CDI and MREIT can
be used to determine the electric field during electric pulse
delivery and that both of the methods can be of significant help
in planning and monitoring of future electroporation based
clinical applications such as electrochemotherapy, nonthermal
irreversible electroporation ablation and electroporation based
gene transfer for gene therapy.
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