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Abstract

Irreversible electroporation (IRE) is a processvirich the cell membrane is damaged and leads taleath. IRE has
been used as a minimally invasive ablation tools Tinocess is affected by some factors. The mogbitant factor is
the electric field distribution inside the tisstée electric field distribution depends on the &lequlse parameters
and tissue properties, such as the electrical adivity of tissue. The present study focuses onuatang the tissue
conductivity change due to high-frequency and laltage (HFLV) as well as low-frequency and hightage (LFHV)
pulses during irreversible electroporation. We wesed finite element analysis software, COMSOL Iblgsics 5.0,
to calculate the conductivity change of the livisstie. The HFLV pulses in this study involved 4@fipolar and
monopolar pulses with a frequency of 5 kHz, pulsgthvof 100 ps, and electric field intensity frodQlto 300 V/cm.
On the other hand, the LFHV pulses, which we wesedduincluded 8 bipolar and monopolar pulses witleguency of
1 Hz, the pulse width of 2 ms and electric fielteimsity of 2500 V/cm. The results demonstrate thatconductivity
change for LFHV pulses due to the greater eledtdld intensity was higher than for HFLV pulses. eTimost
significant conclusion is the HFLV pulses can chatigsue conductivity only in the vicinity of thip tof electrodes.
While LFHV pulses change the electrical condugfigignificantly in the tissue of between electrades
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Introduction

Electroporation is a phenomenon in which cell meanbr
permeability to ions and macromolecules is incrdaby

exposing the cell to short, high electric field gad [1]. This
process is related to the creation of nano-scdkectieor pores
in the cell membrane [2]. Membrane permeabilizattan be
either permanent or temporary, termed
electroporation (IRE) or reversible electroporatiqRE),

respectively [3].

In RE, temporary pores are formed. This processésl for
the introduction and transfer of macromoleculeshsas DNA
and proteins, into cells. But, after the end ofelectric pulses,
the pores close and the cells remain viable [4].

Under some conditions (e.g., extremely large gtedield
magnitude), permanent pores are formed and IRE roadtu
The IRE is used for inducing cell death of unddseacells.
Recently, IRE has been used as a minimally invasbtation
tool [5-7].

There are two groups of IRE pulses, high-frequeanay low-
voltage (HFLV) and low-frequency and high-voltag€-KV).
The LFHV pulses can lead to patient pain. Painlmacaused
by muscle contractions during each pulse [8]. Tineshold for
nerve stimulation, which causes muscle contractiocreases

irreversible

as the pulse frequency is elevated [9]. So, the \Hpllses
generate a lower temperature in the tissue andireltm the
patient's pain during clinical applications [8,10For this
reason, we have used HFLV pulses in our study.

There are some factors that affect the electrdjpor@rocess
such as electric field magnitude, pulse frequenpgriod,
duration, pulse shape, number of electric pulsed, eectric
field distribution [11]. The electric field distnittion and
magnitude inside the tissue depend on electricepdgameters
and tissue properties, such as tissue electricalativity [12].
Electrical conductivity is an important factor, whiaffects the
electric field and temperature distribution in thesue [13].
Different studies have shown an increase in cordtyctin
IRE [14-16]. The measurement of tissue electricqalpprties
(such as electrical conductivity) may optimize #igciency of
electroporation protocols and predictions of thecebporation
process [17-19]. Electroporation was performed wpithte
electrodes for surface application and with needétrodes
for deeper application [20]. In the previous st{@i], we were
calculated the conductivity change of liver tissueated with
plate electrodes. Some researchers prepare to nsedle
electrodes for their flexibility in placement anbildy to treat
superficial and deep-tissue [22]. For these reaseasstudied
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the effect of needle electrode on tissue condugtighange
during IRE electroporation. With this backgrounte tmain
focus of this study was to evaluate the condugticihange
with needle electrodes due to HFLV and LFHV puldasng
irreversible electroporation.

Materials and methods

Finite element model

This study was used by finite element analysis vwsok,
COMSOL Multiphysics 5.0, to calculate a finite elem
model. The liver tissue was modeled as a cube gepnihe
liver diameters are 32*32*17 mm. We have used 6dieee
electrodes in our simulation.
electrodes in 2 rows. Which each row of electrodetains 3
electrodes. These geometries were representddgure la
The diameter of each needle is 0.43 mm, while tistance
between 3 electrodes in a row is 2.5 mm and thtants
between two rows of electrodes is 8.66 mm. The mode
performed with triangular mesh that contained 126btesh
nodes. In COMSOL Multiphysics software, in orderr¢éaluce
the simulation time, we can use the symmetric mdeet this
reason, the geometry was created in the symmetddemn
(Figure 1b).

Parameter model

In this study, we have used two electric pulse petars, high-
frequency and low-voltage (HFLV) as well as lowefuency
and high-voltage (LFHV) pulses. According to thtedature,
the IRE is achievable by using HFLV pulses [23,28he
HFLV pulses involved 4000 bipolar and monopolarspslwith
a frequency of 5 kHz, the pulse width of 100 ugj afectric
field intensity from 100 to 300 V/cm with steps &0 V/cm.
The difference between monopolar and bipolar pulsem
bipolar pulses, the maximum applied voltage is |#san
monopolar pulses; i.e5V,q. /2 10 +V0s /2 VS. 0 10V,

On the other hand, the LFHV pulses included 8 laipand
monopolar pulses with a frequency of 1 Hz, the @ulsdth of
2ms and an electric field intensity of 2500 V/cns a
representative pulse sequence of classic IRE wdtv |
frequency.

The electric and thermal properties of the lived atainless-
steel electrodes are listedTiable 1[25,26].

Table 1. The electric and thermal properties of theiver and
stainless-steel electrodes

Electri(_:a_l Therm_a! Density Heat'
conductivity conductivity (kg/m?) capacity reference
(S/m) (W/m.K) (I7kg.K)
electrode  1.398*1C0 16.3 7800 490 [25,26]
liver 0.067 (initial) 0.512 1050 360 [25,26]
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We have arranged ethes

Figure 1. The geometry of numerical modeling

Calculating method

The electric field and electric potential distrilout inside the
tissue was obtained by Laplace’s equation:

V-(c-Vp)=0 Eq.1

Wherec ande are tissue conductivity and electrical potential,
respectively. Heat transfer in the tissue was egtrh using
Penne’s Bioheat equation:

V- (kVT) + 0V0|? + q" = Wye,T = pc, o Eq. 2

Whereg is electrical potential, T is temperatuegg, is the heat
produced by metabolismW,c, T is the heat produced by
perfusion,p is density, ancc, is a specific heat capacity of
tissue. The conductivity changes in the IRE indite tissue
was calculated as [25,26]:

6 =0, *(1 +flc2hs(E — Edelm,Emnge)

Whereag, is initial conductivity of the tissue, E is theselric
field, Egera IS @n electric field threshold,,n,. is electric field
range, a is temperature coefficient, and T afy are the
temperature and initial temperature of the tisaspectively.
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Additionally, to ensure the convergence of the ntica¢
solution, flc2hs function was used. flc2hs, a srhedt
Heaviside function in COMSOL, is characterized Imarging
from zero to one Whil&€ — Eqeje,= 0 is over the rangg,,nge
[25]. The parameters used Eguation 3 are listed inTable 2
[25,26].

The electrical boundary condition at the activewv rof
electrodes was set to ke=V(t). Where V(t) were pulses
with time-varying voltage. Another row of electradeas set at
¢ = 0. The remaining boundaries were considered asrigigict
insulation.

Result

Simulation results for conductivity change in
LFHV

The conductivity changes of LFHV pulses during puls
transmission time are presented Fgure 2. This pulse
consists of 8 monopolar pulses. Conductivity chanafethe 8
LFHV bipolar pulses are presentedrigure 3.

Figure 2a illustrates the conductivity changes of the tip of
the middle electrode in one row, where LFHV pulsese
applied across the electrodes.

Conductivity change

E 031
a
3\- 026
=
Boan
-
=
e KKK
a1 Kk
o 3 4 5 & 7 E
a Time (s)
Conductivity change
041
36
goa
E 026
é 0.2
S o1s
.06
o 1 2 3 & [ B
b Time (s)

Figure 2. Conductivity changes for eight monopolar pulses wit
the frequency of 1 Hz, thepulse width of 2 ms, and electric fiel
intensity of 2500 V/cm a) in the tip of needle elémdes b) betwee
the needle electrodes row
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While Figure 2b presents the conductivity change in point of
between two rows of electrodeBigures 3a and b present
these results for bipolar LFHV pulses. Accordindhe results,
tissue conductivity in the transmission time of qmd was
increased Kigure 2,3). The conductivity changes occurred
when the intensity of the electric field in the moof interest
was higher than the threshold.

The maximum conductivity changes in the tip antdveen
of electrodes with monopolar LFHV pulses were 0.28f
0.16 S/m respectively. While these changes for laipbFHV
pulses were 0.17 and 0.14 S/m respectively.

Regarding our results, conductivity changes in opatar
LFHV pulses were greater than bipolar LFHV pulses.
According toFigure 2 and3, conductivity changes in the tip of
electrodes was higher than the between of electromie.

Table 2. Parameters used in simulation

Variables Variable values reference
O 0.067 (S/m) [25,26]
Egelta 580 (V/cm) [25,26]
Erange (120, -120) (V/cm) [25,26]
a 0.015 ¢c™1) [25,26]
T, 37 (C) [25,26]
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Figure 3. Conductivity changesfor eight bipolar pulses with the
frequency of 1 Hz, the pulse width of 2 ms, and ditic field
intensity of 2500 V/cm a) in the tip of needle elémdes b) betweel
the needle electrodes row
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Simulation results for conductivity change in
HFLV

We have used 4000 monopolar and bipolar pulses with
frequency of 5 kHz, pulse width of 100 us, and tiedield
intensity of 100-300 V/cm as HFLV electric puls&gure 4
presents the conductivity changes of monopolar HiplLiées
with the electric field intensity of 300 V/cm, dog pulse
transmission time. The conductivity changes attitme of the
last pulse (4000) with different electric field intensity are
given inTable 3.

Discussion

Conductivity changes in IRE with LFHV pulses

The conductivity of tissue increases immediatelyteraf
electroporation pulses then slowly returns to iiginal value
[14-16,27]. Tissue conductivity also increases @uifter pulse
(Figures 2and3). This phenomenon is linked to the closing of
transient pores. Due to higher electric field isign at the
electrode tip, changes in conductivity at the tgreviarger than
conductivity changes in the space between elecirode
(Figures 2 and 3). In 2014, Miklavcic et al. calculated
conductivity changes in liver tissue and reportechilar
findings to those of our study [28]. With bipolaulges, the
maximum applied voltage is less than monopolargsilse.,
—Vinax/2 10 +V0r/2 vs. 0 toV,,,,. For these reasons, the
conductivity changes following monopolar pulses avgreater
than those generated with bipolar pulses.

Conductivity changes in IRE with HFLV pulses

Exposing tissue to electrical pulses as a therapéneiatment
has been previously considered. Such electricasegulcan
change tissue conductivity [14-16,27]. Indeed, cunrent data
demonstrate that the conductivity of the tip of #lectrode
changed significantly Table 3, maximum change was
calculated using the factor of 2.57 for a 300 V/eronopolar
pulse). According to our data, the electrical caniity of the
space between electrodes does not change followirigV
pulses Table 3, changes were less than 10%).

Our study provides additional support for an electiled
intensity relationship with conductivity change. odeding to
our results, tissue conductivity was increased wigetric field
intensity for both HFLV and LFHV pulses. This matshwell
with [29].

Our simulation results are in line with our prexsostudy
[21]. Which we were calculated conductivity charigelRE
with plate electrodes. The evidence from the curstady in
comparison with our previous study [21] has shovmat t
conductivity change with needle electrode in batimpof tip
and between of electrodes is greater than the glatrode
when used as an electrode for IRE treatment.
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Table 3. Conductivity change in the tip of and betwen the
electrodes at the time of the last pulse with 400@onopolar and
bipolar pulses with the frequency of 5 kHz, pulse with of 100us,
and electric field intensity of 100-300 V/cm

Electric field Conductivity changes Conductivity changes

Pulses intensity in the tip of the of between the
(V/icm) electrode (S/m) electrode (S/m)
100 0.132 0.067
150 0.144 0.067
Monopolar 200 0.151 0.068
250 0.161 0.069
300 0.172 0.071
100 0.130 0.067
150 0.136 0.067
Bipolar 200 0.138 0.067
250 0.141 0.067
300 0.144 0.068
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Figure 4. Conductivity changes for 4000 monopolar ydses with
the frequency of 5 kHz, the pulse width of 10@s, and electric field
intensity of 300 V/cm a) in the tip of the needle lectrodes b)
between the needle electrodes row

One of the possible explanations for these ressltsn the
needle electrode due to lower electrode surfactacowith the
tissue, electric current density is greater thae thlate
electrode. So, electric field intensity and conssgly
conductivity change were greater for needle eleetsofor all
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pulses which we have used in our studies. Thesdinfis
correlate fairly well with Berkenbrock al.’s [3@hd Lackow
et al's [31] and further support the role of greattectric field
intensity and temperature for needle electrodesomparison
with plate electrodes.

The main focus of this study was to evaluate cotidty
changes due to HFLV pulses during IRE. The
demonstrated that LFHV pulses generated larger wmivity
changes than HFLV pulses due to the greater irtengithe
electric field. As expected, increasing the pulseltage
generated increased levels of electrical condugtiiie to the
higher electric field intensity during each pul$éese data are
in agreement with our previous study [21].

Conclusion

The most significant conclusion that can be dravemf this
study is the HFLV pulses can change tissue condtyctonly
in the tip of electrodes. While LFHV pulses chantie
electrical conductivity significantly in the tissws between
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