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A b s t r a c t: Delivery of externally applied electric pulses on the target tissue 

during electroporation increases membrane permeability and induces electric currents in 
the tissue. To optimize electroporation parameters, the current density and with it asso-
ciated electric field distributions can be monitored by means of current density imaging 
(CDI) and magnetic resonance electric impedance tomography (MREIT).  
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Introduction 
 

Cell membranes are selectively permeable, which essentially helps 
preserving their normal functioning. However, the membrane permeability can 
be increased by increasing the trans-membrane potential using externally 
applied electric fields. This phenomenon is termed electroporation and is based 
on transient (reversible electroporation) or permanent (irreversible electropora-
tion) structural changes during delivery of electric pulses with a strength below 
or above the irreversible electroporation threshold. Reversible electroporation, 
in which cell membrane is resealed after application of external electric pulses, 
is used in applications such as electroporation-based gene transfer for gene 
therapy [1], DNA vaccination [2] and electrochemotherapy [3]. The choice of 
electrode geometry (e.g. plate and needle electrodes) and their positioning with 
respect to the target tissue as well as the characteristics of applied electric pulses 
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(amplitude, duration, and number of pulses) are crucial parameters for assuring 
the appropriate tissue coverage needed for an efficient electroporation. As elec-
tric currents are induced in conducting tissue during the delivery of electric pul-
ses, electroporation can be monitored by means of CDI and MREIT. CDI was 
also efficiently employed in determination of drug release during tablet dissolu-
tion [4] and in monitoring electric currents during moderate-voltage therapy of 
mice tumours [5]. The aim of this study was to show feasibility of CDI and 
MREIT to monitor current density and electric field distributions during high-
voltage electroporation and to compare experimental results with numerical simu-
lations. The study was made on agar phantoms with the ultimate goal of emplo-
ying it for monitoring and optimization of electroporation applications in vivo. 

 
 

Materials and methods 
 

Cylindrically shaped agar phantoms with a diameter of 21 mm and a 
height of 2 mm were made of agar mixture containing agar powder, 0.9% NaCl 
saline and distilled deionized water. The homogenous phantoms were made from 
a single cylindrically shaped agar with electrical conductivity similar to the value 
of the tumour (σ1 = 0.23 S/m), while the inhomogeneous phantoms were made of 
two agar halves with electrical conductivities of σ1 and σ2 = 0.05 S/m, resembling 
the values of the tumor and the liver. The agar phantoms were inserted into a 
glass container and pierced by two platinum-iridium needle electrodes positioned 
in a dipolar manner 7.4 mm from the centre as shown in Fig. 1A.  

Electroporation electric pulses were delivered in the sequences of one, 
two, four or eight 100 μs pulses separated by 100 μs intervals with an amplitude 
U of 1000 V, 2000 V or 3000 V using customized Cliniporator Vitae (IGEA, 
Italy). Electric current distribution was imaged by the two-shot RARE current 
density magnetic resonance imaging sequence, which consists of two parts, i.e. 
the current encoding part and the imaging part based on the RARE MRI sequ-
ence (Fig. 1B) [6]. The current encoding part was based on the conventional 
spin-echo sequence with a superimposed electroporation train consisting of 
high-voltage electric pulses applied between the excitation 90° RF pulse and the 
refocusing 180° RF pulse. The electric pulses induced an additional phase shift 
proportional to the time integral of the applied electric pulses. The accumulated 
phase shift was preserved and was subsequently stored during the imaging part 
of the sequence, which was performed by signal co-addition of two RARE 
sequences having phases of the refocusing 180° RF pulses 90° apart. As the 
phase shift was proportional to the magnetic field variations, the current density 
distribution within the phantom was calculated from the phase MR images 
using Ampere’s law. Experiments were performed on MR imaging system, 
which consisted of an Oxford 2.35 T horizontal bore superconducting magnet 
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equipped with Bruker microimaging accessories with a maximum gradient 
strength of 250 mT/m and controlled with a TecMag NMR spectrometer. The 
MR imaging parameters were: field of view 30 mm, imaging matrix 64 × 64, 
RARE 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 10s. 
The corresponding electric field and electric conductivity distributions were 
obtained using Ohm’s law and the j-substitution algorithm [7]. As the phantom 
geometry was two-dimensional, no sample reorientation was needed to calculate 
in-slice current density. Analysis and simulations were done using Matlab 
2010a (Mathworks, USA) and COMSOL Multiphysics 3.5a (COMSOL AB, 
Sweden) programming environments. 

 

Figure 1 – Container with agar phantom in a RF saddle coil (A)  
and CDI imaging sequence based on two-shot RARE (B) 

 
 

Results and discussion 
 

The effect of phase shift accumulation is associated with an in-slice 
electric current, which can be clearly seen in Fig. 2 that depicts the wrapped 
phase shift patterns in homogenous (Fig. 2A) and inhomogeneous phantoms 
(Fig. 2B) after delivery of 1, 2, 4 or 8 electroporation pulses with an amplitude 
of 1000 V. The phase shift increased with an increasing number of electropo-
ration pulses. The phase shift patterns were more uniform in homogeneous 
phantoms, while the patterns were less uniform in inhomogeneous phantoms 
due to two different conducting media. Current density distribution jCDI along 
with the corresponding electric field EMREIT calculated from the phase shift ima-
ges in Fig. 2A and the matching results of the numerical simulation, i.e., jNUM 
and ENUM, are shown in Fig. 3. The experimental and numerical results were in 
good agreement as the relative error was 8% in homogeneous phantoms, while 
the errors were 9% and 22% in σ1- and σ2-compartments of inhomogeneous 
phantoms. 
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Figure 2 – Phase images of homogeneous (A) and inhomogeneous phantoms (B) during 
electroporation with N delivered electroporation pulses with the amplitude of 1000 V 

 

 

Figure 3 – Comparison Comparison of electric current (A) and electric field (B) 
distributions obtained experimentally (jCDI, EMREIT) in homogeneous phantoms  

and numerically (jNUM, ENUM) 
 
 

Conclusion 
 

In this study the feasibility of monitoring current density distribution by 
means of CDI along with the corresponding electric field using the MREIT j-sub-
stitution method during electroporation was shown. A good agreement was obtai-
ned between the experimental results and the results of numerical simulation, which 
suggests that CDI and MREIT could be used in electroporation applications. 

 
 

R E F E R E N C E S  
 

1. Heller LC, Heller R. Electroporation gene therapy preclinical and clinical 
trials for melanoma. Curr Gene Ther Aug. 10(4): 312–7. 

2. Zhang L, Widera G, Rabussay D. Enhancement of the effectiveness of ele-
ctroporation-augmented cutaneous DNA vaccination by a particulate adjuvant. Bioele-
ctrochemistry. Jun. 2004 63(1–2): 369–73. 



 Current density imaging during tissue electroporation 371 

Prilozi, Odd. biol. med. nauki, XXXIII/1 (2012), 367–372 

3. Sersa G, Miklavcic D. Electrochemotherapy of tumours. J Vis Exp 2008; (22). 
4. Mikac U, Demsar A, Demsar F, Sersa I. A study of tablet dissolution by 

magnetic resonance electric current density imaging. J Magn Reson. Mar. 2007; 185(1): 
103–9. 

5. Sersa I, Beravs K, Dodd NJ, Zhao S, Miklavcic D, Demsar F. Electric cur-
rent density imaging of mice tumors. Magn Reson Med. Mar. 1997; 37(3): 404–9. 

6. Sersa I. Auxiliary phase encoding in multi spin-echo sequences: application 
to rapid current density imaging. J Magn Reson. Jan. 2008; 190(1): 86–94. 

7. Seo JK, Yoon JR, Woo EJ, Kwon O. Reconstruction of conductivity and 
current density images using only one component of magnetic field measurements. 
IEEE Trans Biomed Eng. Sep. 2003; 50(9): 1121–4.  
 

R e z i m e  

 
ИМИЏИНГ НА ГУСТИНАТА НА СТРУЈА ПРИ ЕЛЕКТОПОРАЦИЈА  

НА ТКИВО 
 

Bajd F1, Kraws M2, Miklav~i} D2, Ser{a I1,3 

 
1 Инсtиtуt Јозеф Сtефан, Љубљана, Словенија 

2 Факулtеt за елекtроtехника, Универзиtеt во Љубљана, Љубљана, Словенија 
3 ЕН-ФИСТ ценtар за извонредносt, Љубљана, Словенија 

 
 

Апс т р а к т: Изложувањето на одредено целно ткиво во средина на над-
ворешно генерирани електрични импулси при процесот на електропорација ја зго-
лемува пропyстливоста на ткивната мембрана и предизвикува електрични струи 
во ткивото. Со цел да се оптимизираат параметрите за електропорација, густината 
на струјата и дистрибуцијата на електричните полиња поврзани со истата можат 
да бидат следени со методи за снимање на густината на струјата, како и со маг-
нетно-резонантна електрично импендансна томографија.  
 
Клучни зборови: имиџинг на густината на струјата, електропорација, магнетно-
резонантна електрично импендансна томографија. 
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