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Computational and experimental model
of electroporation for human aorta
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Purpose: In this study the computational and experimental electroporation model with human aorta tissue is made in order to exam-
ine the reduction of smooth muscle cells. Methods. The segments in native state of the aorta are treated by electroporation method
through a series of electrical impulses from 50 V/cm to 2500 V/cm. For each patient we analyzed one sample with and one sample with-
out electroporation as a control. In the computational study, electrical field distribution is solved by the Laplace equation. The Pennes
Bioheat equation without metabolism and blood perfusion heating is used to solve heat transfer problems. Different conductivity values
are used in order to fit the experimental results. Results: Experimental histology has shown us that there are a smaller number of vascular
smooth muscle cells (VSMC) nuclei at the tunica media, while the elastic fibre morphology is maintained 24 h after electroporation. In
the computational model, heat generation coupled with electrical field is included. The fitting procedure is applied for conductivity val-
ues in order to make material properties of the aorta tissue. The fitting procedure gives tissue conductivity of 0.44 [S/m] for applied
electrical field of 2500 V/cm. Conclusions: Future studies are necessary for investigation of a new device for in-vivo ablation with elec-
troporation of plaque stenosis. It will open up a new avenue for stenosis treatment without stent implantation.
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1. Background

Electroporation is a non-linear biophysical process
in which the application of pulsed electric fields leads
to an increase in permeability of cells, through the
creation of nanoscale pores in the lipid bilayer [2].
There is an increase in the conductivity throughout the
electroporation pulse. Electroporation causes perme-
abilization of the cell membrane which increases the
conductivity of the tissue. Irreversible electroporation
(IRE) is an electrical field effect applied across a cell
which destabilizes electric potential across the cell outer
membrane and causes formation of permanent defects in
the lipid bilayer. It causes permanent permeabilization of
the cell membrane and leads to the changes in cell ho-
meostasis and cell death [3], [6], [10]. Due to a very
short duration, IRE could ablate substantial volumes of
tissue without thermal effects [11].

Maor et al. [8] found that vascular smooth muscle
cells (VSMC) nuclei begin to drop and that the num-
ber of VSMC nuclei in the arterial wall following
IRE ablation is significantly lower compared to con-
trol arteries. They also found that the effect of
VSMC decrease appears after seven days, when
some cells are still visible and only apoptotic tests
show that the cells are not alive. The decrease of the
conductivity of tissue during sequential IRE is con-
tradictory.

Sano et al. [12] investigated the ability to develop
decellularized tissue scaffolds using non-thermal IRE
on the organs undergoing active perfusion. Through
histology, they have shown a density score improve-
ment of 58.5 percent. Also, they found IRE threshold
of 423 +/– 147 V/cm which may be used to predict the
affected area.

Lackovic et al. [7] investigated the influence of tis-
sue electrical conductivity and the parameters of elec-
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tric pulses (amplitude, duration, number of pulses,
pulse repetition frequency) on the temperature distribu-
tion within the tissue and the electrodes. Their results
showed that, for the specific pulse parameters, at least
locally, the tissue heating might be significant for elec-
trochemotherapy, which is not critical, but for DNA
electrotransfer it may be critical due to heating-related
DNA damage or denaturation.

In this study, the ablation effect on the human
aorta tissue during electroporation is investigated. The
paper is organized as follows: firstly, in Section 2, the
experimental and computational procedures for elec-
troporation are presented, where the heat generation
with electrical field is taken into account. In Section 3,
the experimental and computational results are pre-
sented. In Section 4, the obtained results and potential
tool for electroporation of plaque sites in the cardio-
vascular disease are described.

2. Methods

Histology procedure

Research samples were obtained during the autopsy
of 35 male cadavers, 40 to 65 years old, who died
from nonvascular disease. Time between sample ac-
quisition from the cadavers and time of treatment was
approximately 3 hours. The collection of samples was
conducted at the Department of Pathology and Ana-
tomical Diagnostics of the Clinical Center Kragujevac
with the approval of the Ethics Committee of the
Clinical Center Kragujevac. The Ethics Committee
waived the need for consent from patients because the
samples were taken from the Department of Pathology
and Anatomical Diagnostics. The degree of atheroscle-
rosis of the samples was determined according to the
classification of the American Heart Association
Committee on Vascular Lesions of the Council of Ath-
erosclerosis [7]. All analyzed samples were in preath-
eroma stage (stage 3).

A 0.5 cm long and 0.5 cm wide segment from
a plaque area of each artery was sampled. The seg-
ments in native state are treated by electroporation
method with the device: ECM 399 electroporation sys-
tem (BTX Harvard apparatus, Massachusetts, the
United States), through a series of electrical impulses of
low voltage (LV) of 50 LV to 500 LV and high voltage
(HV) from 100 HV to 2500 HV, according to the fol-
lowing scheme (Tables 1 and 2). One electrode was
placed on luminal part of tissue (tunica intima), while
the other was placed on external part of the tissue (tu-

nica adventitia). T is pulse length delivered to sample,
ms is time constant for duration of pulse. One pulse
was delivered during each voltage.

For each sample analyzed, one control sample of the
same patient was used, without the leakage of electrical
impulses.

Table 1. Low voltage (LV) from 50 V to 500 V

Ordinal number
of the sample Voltage T ms

1 50 LV 48,t 79 ms
2 100 LV 98,t 86 ms
3 150 LV 146,t 60 ms
4 200 LV 196,t 49 ms
5 250 LV 246,t 43 ms
6 300 LV 298,t 78 ms
7 350 LV 348,t 59 ms
8 400 LV 396,t 96 ms
9 450 LV 446,t 140 ms

10 500 LV 498,t 84 ms

Тable 2. High voltage (HV) from 100 HV to 2500 HV

Ordinal number
of the sample Voltage T ms

11 100 HV 90,t 3 ms
12 200 HV 180,t 2 ms
13 300 HV 250,t 1 ms
14 400 HV 330,t 1 ms
15 500 HV 420,t 1 ms
16 600 HV 430,t 0 ms
17 700 HV 560,t 1 ms
18 800 HV 680,t 1 ms
19 900 HV 650,t 0 ms
20 1000 HV 780,t 1 ms
21 1100 HV 830,t 1 ms
22 1200 HV 900,t 1 ms
23 1300 HV 1000,t 1 ms
24 1400 HV 1100,t 1 ms
25 1500 HV 1110,t 1 ms
26 1600 HV 60,t 0 ms
27 1700 HV 80,t 0 ms
28 1800 HV 1340,t 0 ms
29 1900 HV 1480,t 0 ms
30 2000 HV 1400,t 0 ms
31 2100 HV 60,t 0 ms
32 2200 HV 110,t 0 ms
33 2300 HV 1720,t 0 ms
34 2400 HV 180,t 0 ms
35 2500 HV 80,t 0 ms

After electroporation procedure, the samples were
prepared for analysis by light microscopy according
to the standard procedure (2). The samples obtained
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were fixed in 4% neutral buffered formalin solution,
during 24 hours, at room temperature, dehydrated by
the conduction through the series of alcohol of in-
creasing concentration (70%, 96% and 100%), en-
lightened in xylene and embedded in paraffin.

The cross sections, 5 μm thick, were colored with
Haematoxylin-eosin technique, according to the stan-
dard procedure [14].

The thickness of the intima and the media was
measured using a standard Olympus BX51 micro-
scope, at 100 times magnification. In each section, the
measurement of the intima and the media thickness
was applied on 10 evenly spaced visual fields. From
the obtained data, the average thickness of these pa-
rameters was calculated for each sample.

The total number of the cells in the section was
determined by the photomicrography of the whole
cross-section with a small magnification (20), by
a specialized program NIH ImageJ.

The data obtained for each sample and its control
are presented in tabular form.

Computational model

During electroporation pulse, electrical field dis-
tribution is solved by the Laplace equation

0)(   (1)

where  is the electrical potential and  is the electri-
cal conductivity of the tissue. The solution of the
Laplace equation yields the distribution of the poten-
tial within the tissue. The electric field is defined as
the gradient of the potential

E . (2)

The heat generation rate per unit volume from the
electric field (Joule heating, p) is defined as

.|| 2p (3)

The Pennes Bioheat equation without metabolism
and blood perfusion heating is used to solve heat
transfer problems. Our Pennes Bioheat equation has
the following form

t
TcpTk p 


 )( (4)

where k is the thermal conductivity of the tissue, T is
the temperature,  is the tissue density, and cp is the
heat capacity of the tissue.

For each electrode configuration, the surface of
one electrode is assumed to have a prescribed voltage,
and the other electrode is set to the ground. The

boundary condition of the tissue which is in contact
with a charged electrode is defined as

0V (5)

where V0 is the applied voltage and the electrical
boundary condition at the interface of a grounded
electrode and the tissue is defined as

.0 (6)

The boundaries where the analyzed domain is not
in contact with an electrode are treated as electrically
insulating

.0


n

(7)

Regarding the temperature boundary conditions,
the boundary of the analyzed domain and the surfaces
of the electrodes are considered to be adiabatic

.0



n
T (8)

Due to electroporation and temperature, the con-
ductivity changes were used to calculate the dynamic
conductivity according to the following equation

)](),(1[ 0100 TTEEEf   (9)

where 0 is the baseline conductivity, f is a smoothed
heaviside function with a continuous second de-
rivative that ensures the numerical solution conver-
gence. This function changes from zero to one when
E – E0 = 0 over the range E1. E is the magnitude of
the electric field, and E0 is the magnitude of the
electric field at which the transition occurs over the
range, E1. The baseline tissue conductivity was set
to 0.067 S/m [1].

3. Results

The temperature distribution for three cases of differ-
ent tissue conductivity  = 0.1 S/m, 0.3 S/m and 0.5 S/m
is presented in Fig. 1. This conductivity takes into ac-
count the temperature distribution from equation (9).

The voltage distribution for prescribed voltage on
the electrode 600 V is shown in Fig. 2.

The electrical field distribution for applied electropo-
ration 2500 V/cm is presented in Fig. 3. We used the
values of the tissue heat capacity (cp = 3.6 kJ·kg–1K–1),
thermal conductivity (k = 0.512 W·m–1K–1) and
density ( = 1050 kg·m–3), taken from the literature
[4], [13].
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Fig. 1. Temperature distribution during electroporation with prescribed 2500 V/cm
for three different tissue conductivities  = 0.1 S/m, 0.3 S/m and 0.5 S/m

Fig. 2. Voltage distribution
for applied electrode – 2500 V/cm

Fig. 3. Electrical field distribution
for applied electroporation – 2500 V/cm

Fig. 4. Cell number distribution for differently applied voltages
for tissue with and without electroporation

Fig. 5. Cell number for tissue
with and without electroporation
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The cell number distribution for differently applied
voltages for tissue with and without electroporation is
presented in Fig. 4. It can be seen that almost half of
the cells died during electroporation effects. The cell
number distribution is clearly shown in Fig. 5.

Fig. 6. Histology results: (a) tissue without electroporation;
(b) tissue with electroporation

The histology results for tissue without and with
electroporation are presented in Fig. 6. It can be ob-
served that there are a smaller number of vascular
smooth muscle cells nuclei at the tunica media. The
elastic fiber morphology is maintained (Fig. 1).

Using computational simulation, we investigated
to what extent ablation effects influenced the reduc-
tion of VSMC in the area where electroporation was
implemented (Fig. 1). Three different tissue conduc-
tivities were used – 0.1, 0.3 and 0.5 [S/m] and the
results are presented in Fig. 7. Also, experimental

results presented in black color in Fig. 7 are calculated
from Figs. 4–6, 24 h after the electroporation proce-
dure. It can be seen from experiment that there is
a reduction of VSMC 50%. We connected VMSC
apoptosis with thermal effect as temperature distribu-
tion more than 42 C. The fitting tissue conductivity
for the applied voltage of 600 V which corresponds to
the applied electrical field of 2500 V/cm with 1 Hz
frequency was 0.44 [S/m]. This conductivity corre-
sponds to the experimental results for 50% VSMC
reduction. For fitting procedure, we used simplex
optimization method developed by John Nelder and
Roger Mead [9]. This in a non-gradient optimization
method, it involves only function evaluations (no de-
rivatives).

4. Conclusions

By using electroporation, the human aorta tissue
was tested in order to examine the reduction of
smooth muscle cells. A 0.5 cm long and 0.5 cm wide
segment from a plaque area of each artery was sam-
pled. The segments in native state were treated by
electroporation method through a series of electrical
impulses of low voltage (LV) of 50 LV to 500 LV and
high voltage (HV) from 100 HV to 2500 HV. For
each sample analyzed, one control sample of the same
age was used, without the leakage of electrical im-
pulses.

We have developed the computational model for
electroporation experimental process. Electrical field
distribution is solved by the Laplace equation. The
heat generation is coupled with electrical field through

Fig. 7. Computational and experimental reduction
of VSMC during electroporation procedure
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Joule heating. The Pennes Bioheat equation is used to
solve heat transfer problems.

For each electrode configuration, the surface of
one electrode was assumed to have a prescribed volt-
age, and the other electrode was set to the ground. The
conductivity changes due to electroporation and tem-
perature were used to calculate the dynamic conduc-
tivity. Different conductivity values were used in or-
der to fit experimental results.

Experimental histology pictures clearly show that
there is smaller number of vascular smooth muscle
cells (VSMC) nuclei at the tunica media while the
elastic fiber morphology is maintained.

We included heat generation coupled with electrical
field because electroporation of the aorta blood vessel
ablates all the cells to the margin, including VSMC. It
seems that electroporation pulses do not compromise
the blood vessel matrix. The fitting procedure for ob-
taining tissue conductivity for applied electrical field of
2500 V/cm calculated the value of 0.44 [S/m]. Future
studies will be continued in the direction of examining
a new device for in-vivo ablation with electroporation
of plaque stenosis. Obviously, the reduction of VSMC
may be a trigger for the plaque decrease and therefore
the reduction of the stenosis. This will open a new ave-
nue for stenosis treatment without stent implantation.
Further study is necessary for very precise and optimal
design of the device for electroporation as well as com-
putational models which take into account a patient
specific anatomy.
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