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QF MODELLING OF ELECTRO-PULSE-THERAPY
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Abstract

In electro-pulse therapy treatment, only the cells exposed to a sufficiently strong
electric field will respond immediately. The tumour cells that are permeabilized
become much more accessible to hydrophilic molecules since these are normally
rejected by the membrane barrier. The anticancer agent Bleomycin has proven to be
the most potent drug in electro-pulse therapy and is the one often used in electro-pulse
chemotherapy. However, cisplatin, another anticancer agent has also been found to be
effective in electro-pulse chemotherapy.

Usually, needle electrodes are used for clinical treatment of tumours with Electro-
pulse Chemotherapy. A short 100 microsecond pulse with a field-strength of about
1000 V/cm is applied between a pair of electrodes inserted in the tissue to be treated.
After the initial pulse, the conductivity in the tissue close to the needle electrodes
increase extensively.

The aim is to investigate this effect of the initial pulse on the distribution of
potential, electric field, current density and absorbed power density of the following
pulses. The present investigation has been possible to perform by using the evaluation
grant of QuickField Professional program kindly submitted by the QuickField Support
Team.

According to the result of the present QF simulation, the average pulse strength
in the centre between the electrodes will increase above the recommended 1000 V/cm
after the initial pulse, causing a high degree of non-reversible electroporation in the
target volume by following pulses of the same amplitude.

Key Words:
electro-pulse therapy, tumour, permeabilization, membrane, Bleomycin, chemotherapy, Cisplatin, needle
electrodes, electric field-strength,1000 V/cm, QuickField



1. Electro-pulse Chemo-Therapy (EpCT)

1.1 Historical development of Electro-pulse Chemo-Therapy (EpCT)

The possibility of using the electroporation effect for enhanced transport of anticancer drug across the
cell membrane was first reported by Okino and Mohri 1987. They treated hepatocellular carcinoma
(AH-109A) in Donryu rats by administration 5 mg Bleomycin intra-muscularly and exposed the
tumours for an electric pulse with an amplitude of 5 kV/cm and 2 ms duration. At four days after the
treatment, the tumour size had decreased significantly. While tumours treated only with electric
impulse or Bleomycin showed no decreased in tumour growth. They suggested that electro-pulse
chemo therapy should produce better results than chemotherapy alone (Okino and Mohri, 1987, Okino
etal., 1992).

The first clinical trial with EECT was performed on head and neck tumours by Mir and colleagues in
France, 1991 (Mir et al., 1991). Application of electric pulses in vivo used to augment the
chemotherapeutic efficiency in cancer treatment has commonly been termed, ECT as an abbreviation
for electro chemotherapy.

Nordenstrom 1998 developed electrochemical therapy (EChT) as a minimally invasive
electrotherapeutic technique, using direct current for the treatment of cancer and haemangioma
tumours. The acronym, ECT is also associated with Electro Convulsive Therapy used in psychiatry for
treatment of depression.

In this presentation, EpCT is preferred as an abbreviation for Electro-pulse Chemotherapy. This novel
mode of tumour treatment has been employed mostly for subcutaneous and cutaneous malignancies
(Mir et al., 1998, Heller et al., 1998). However, the EpCT treatment of soft-tissue sarcomas
(Hyacinthe et al., 1999), Glioma in the brain (Salford et al., 1993), liver tumours (Jaroszeski et al.,
1997a, Jaroszeski et al., 1997b, Chazal et al., 1998, Ramirez et al., 1998) and the pancreas(Jaroszeski
et al., 1999) has shown very promising results. Enhanced delivery of Bleomycin using electric fields
for the effective treatment of skin malignancies has become synonymous to electro-pulse
chemotherapy (Heller et al., 1997).

In electro-pulse chemotherapy treatment, only the cells exposed to a sufficiently strong electric field
will respond immediately. The tumour cells that are permeabilized become much more accessible to
hydrophilic molecules since these are normally rejected by the membrane barrier. Bleomycin, a very
toxic anticancer agent, has proven to be the most potent drug in EpCT and is by far the one quite often
used, but cisplatin, another anticancer agent has also been found to be effective.

Usually, needle electrodes are used in clinical treatment of tumours with Electro-pulse Chemotherapy
by applying an electric pulse with a field-strength of about 1000 V/cm between a pair of electrodes
inserted in the tissue to be treated. After the initial pulse has been applied, the conductivity distribution
in the tissue close to the needle electrodes change extensively due to the inhomogeneous electric field
distribution. The aim of this study is to model the effect of the increased conductivity close to the
electrodes on the distribution of the electric-field between the electrodes.

The aim of the present work is to investigate the effect of the conductivity change after the initial pulse
on the electric field distribution between the electrodes of the following pulse. This investigation has



been possible to perform by using the evaluation grant of QuickField Professional program kindly
submitted by the QuickField Support Team.

2.  OF-Modelling of field, current and power distribution in tissue

2.1 Modelling parameters

Modelling of field, current and power distribution in tissue is performed using QuickField, Finite-
Element Analysis System, Version 6.3.2 (Tera Analysis Ltd. http://quickfield.com ). QuickField is a
program developed by Tera Analysis Ltd., Knasterhovvej 21, DK-5700 Svendborg, Denmark. In the
program, the problems of current distribution are described by the Poisson's equation for scalar
electric potential U.

With the problems of DC conduction, the field sources are external currents supplied to the boundary
of a conductor. QuickField provides the possibility to specify external current density at the edges or
at a specific vertex.

For problems of DC conduction, the QuickField postprocessor calculates the following set of local
and integral physical quantities:

Components of the electric field vector E

The vector of electric field intensity E is defined as: E = — grad U
au au au
For planar 2D or 3D cases E, = — oy E, = " E,= -,
. . ou U
For axisymmetric case  E, = ———, E. = ——=
The DC electric current density j can be obtained from the equation. j = ¢ - E = —c - grad U

where o is the electric conductivity tensor

Absorbed power density (Pv, W.m>) in a volume V:

Py = 55(152 -o)dV = f(E-j)dV
\%

Specific Absorbed Energy Rate (SAR, W .kg™!; J.kg!.s") in a volume V m? with the density p kg.m™:



SAR=5£(E-j)-p‘1-dV
\%

Specific Absorbed Energy, i.e. Absorbed dose (SAE J.kg™') in a volume V with the density p kg.m"
and exposure time t s.
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SAE=j€(E-j)-p-1-t-dV

A%
In a static system the temperature increases by Joule heating produced in a volume V is:

AT =SAE/c,

Where cp is the specific heat capacities of the substance in the volume
Specific heat capacity of water (liquid): cp = 4185.5 [J.kg!.°C!] (15 °C, 101.325 kPa)
Specific heat capacity of muscle issues is about 3421 =460 [J.kg'.°C!] {Hasgall, 2015 #5293

Temperature increase in living tissue depend strongly on the blood circulation which strives to
maintain the temperature to 37°C. According to Pennes bioheat equation the temporal temperature

oT . . .. a’r . . .
change a_: in arterial blood depends on the energy conductivity Kd—rz in the tissue, blood perfusion-

rate vv, metabolic rate MR, and the specific absorbed Power rate (SAR) dissipated by the electric
pulses SAR (W.m).

oT d?T d?T d?T

p-Cy -EZKE+Kd—yz+KE+vb ‘cp (37 —T) + MR + SAR(X,y,2)
Where
p density #1060 kg.m™
Cb specific heat capacity of blood #4000 J.kg™!.°C"!
K thermal conductivity 0.5 W.m™'.°C’!
vy blood perfusion rate 0.5 kg.m™.s™!
MR metabolic energy rate ~33800 W.m"

SAR specific absorbed Power rate W.m™



2.2 Dielectric properties of tissue

The Foundation for Research on Information Technologies in Society (ITIS) has an excellent database
for the dielectric properties of various human tissues:

https://www.itis.ethz.ch/virtual-population/tissue-properties/database/dielectric-properties/

The figure 2-1 shows relative permittivity the frequency region 1 Hz — 1 GHz for muscle tissue
derived from the ITIS database.
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Figure 2-1 Figure 2-2
Relative permittivity of Muscle tissue in the frequency Conductivity of Muscle tissue in the frequency rage of 1
region of 1 Hz— 1 GHz Hz-1GHz
(Logio/Logio—scale) (Logio x/Lin y—scale)

The figures 2-2 shows the conductivity in Siemens per m (S.m™) in the frequency region 1 Hz — 1 GHz
for muscle tissue derived from the ITIS database.



3. QF MODELLING RESULTS

3.1 Horizontal distribution of U, E, J and Py at the initial pulse

3.1.1 Potential distribution U

Potential U profile between two needle electrodes with a diameter of 1mm inserted into muscle
tissue with conductivity 0.20 S/m. The electrodes of steel with a conductivity of 6.2-10° S/m
were separated 8 mm with an applied voltage of 1000 V at the left electrode and 0 V at the right.

Figure 3-1

Distribution of potential U with an applied voltage of
1000 V over two electrodes of 1 mm diam. and 8 mm
electrode spacing inserted in tissue with conductivity 0.2
S/m.
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Figure 3-2

Distribution of Electric field strength E and scalar electric
potential U, with an applied voltage of 1000 V over two
electrodes of 0.7 mm diam., and 8 mm electrode spacing.

3.1.2 Electric field-strength distribution E

Figure 3-3 shows the distribution of Electric field-strength E, modelled between two needle
electrodes with a diameter of 1 mm inserted into muscle tissue with conductivity 0.20 S/m. The
electrodes of steel with a conductivity of 6.2-10° S/m were separated 8 mm with an applied
voltage of 1000 V at the left electrode and OV at the right.

Figure 3-4 displays the profile of electric field-strength distribution along a horizontal line
through the electrodes. The average electric field in the region of £ 2 mm from the centre
estimated by modelling with various tissue conductivities shown in Figure 3-5 is about 1050

V/cm independent of conductivity.
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Figure 3-3 Figure 3-4
Distribution of Electric field strength E with an applied Distribution of Electric field strength E with an applied
voltage of 1000 V over two electrodes of Imm diam. and  voltage of 1000 V over two electrodes of 1.0 mm diam.,

8 mm electrode spacing in muscle tissue with and 8 mm electrode spacing in muscle tissue with

conductivity 0.20 S/m. conductivity 0.20 S/m. The average field strength in the
region * 2 mm between the electrodes is about 1150 £+ 90
V/em.

Figure 3-5 shows the average electric field strength in tissue of various conductivities in the region of +
2 mm between two electrodes of 1 mm diameter, and 8 mm electrode spacing with an applied voltage
between the electrodes 0of1000 V. The average electric field strength between the electrodes is slightly
above 1000 V/cm independently of the tissue conductivity.

1150 ) ] ) ] | Figure 3-5
The average Field strength in tissue of various

1100 - conductivity in the central region of + 2 mm between two
electrodes of 1 mm diam., and 8 mm electrode spacing
with an applied voltage between the electrodes of 1000 V.
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3.1.3 Current density distribution j

Figure 3-6 shows the distribution of electric current density j modelled between two needle electrodes
with a diameter of 1 mm inserted in muscle tissue with conductivity 0.20 S/m. The electrodes of steel
with a conductivity of 6.2-10% S/m were separated 8 mm with an applied voltage of 1000 V at the left

electrode and OV at the right.



The average electric current density in the region of £ 2 mm from the centre estimated by
modelling with various tissue conductivities o, increase linearly with conductivity. The current
density expressed in A.cm™ corresponds approximately to the recorded current between the
electrodes.

Jj=(10.50.03)xc 7]

Current density j/
N
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Figure 3-6 | » Figure 3-7 The average current density j in tissue of
Distribution of current density j with an applied voltage of  various conductivities in the region of + 2mm between two
1000 V over two electrodes of 1 mm diam. and 8 mm electrodes of 1 mm diameter, and 8 mm electrode spacing

electrode spacing in muscle tissue with conductivity 0.20  at an applied voltage between the electrodes of 1000 V.
S/m.

The average current distribution in the region + 2 mm
between the electrodes is about 2 A.cm™.

3.1.4 Distribution of absorbed power density P

Figure 3-8 shows the absorbed power density Py (W/m?) between two needle electrodes with a
diameter of 1 mm inserted into muscle tissue with conductivity 0.20 S/m. The electrodes of steel with a
conductivity of 6.2:10° S/m were separated 8 mm with an applied voltage of 1000 V at the left
electrode and 0 V at the right.

The average absorbed power density along a horizontal line in the region + 2 mm between the
electrodes is about 2.22-10° W.m™, which corresponds to 2.22-10° W/kg.

For a 100 us long pulse of 1000 V/cm amplitude the absorbed energy density is 2.22-10? J/kg = 0.22
J/g =0.22 Mir".

“) The unit for absorbed dose in radiation therapy is named “gray”, (1 Gy = 1 J/kg) to honour Louis Harold Gray. The unit for
absorbed dose in electro chemo therapy is suggested to be named “mir”, (1 Mir = 1 J/g), to honour Lluis M Mir for his great
contributions to the field of electrochemotherapy.



Figure 3-8

I Distribution of absorbed power density Py W/m? with an
e applied voltage of 1000 V over two electrodes of Imm
e diam. and 8 mm electrode spacing in muscle tissue with
jj === conductivity 0.20 S/m.

Specific absorbed energy and temperature increase

The specific absorbed energy SAE is calculated from the following expression

o E2
SAE =

“t, N [J.kg™"]

where

is the tissue conductivity for the tissue [S/m]
1s the electric field strength [V/m]

1s the pulse length [s]

1s the number of applied pulses

1s the density of tissue (muscle 1060) kg.m-3

T ZStEQ

The following equation predicts the conductivity of the tissue after electroporation
Uafter = Ubefore ) Rbefore/Rafter

The average specific absorbed energy in tissue of various conductivity of a single 100 us long
pulse of 1000 V amplitude varies with the conductivity in the region of + 2 mm between two
electrodes of 1 mm diam., and 8 mm electrode spacing of the medium as:

Equation  SAE =(1.11 + 0.006)xoc; J/g
R-Square (COD) = 0.9998

The value for the heat capacity of muscle issues is 3421 £ 460 [J.kg'.°C'] {Hasgall, 2015 #5293}.
The temperature rise in the tissue after in tissue of various conductivity of a single 100 us long
pulse of 1000 V amplitude varies with the conductivity in the region of £ 2 mm between two
electrodes of 1 mm diam., and 8 mm electrode spacing of the medium 1is:

Equation AT = (0.33+£0.05)xc; °C

Thus the electro pulse therapy procedure does not do not induce any significant hyper-thermic effects.



3.2 Distribution of U, E, j and Pv at the second pulse

As seen in Figure 3-4, the electric field strength E is quite high around the electrodes, in a region
within 0.5 - 2 mm radius. After the first pulse the conductivity in this volume close to the electrodes
will increase due to the high field strength. In order to take this effect into account, the conductivity
after the first pulse is given a value of 1 S/m for a region within an outer radius of 1.5 mm around the
electrode. The figure 3-9 shows a model with a region of 3 mm diameter around the electrode with the
conductivity of 1 S/m, while the rest of tissue has a conductivity of 0.2 S/m.

Figure 3-9

The model in a grid of 0.5 mm, with an area of 0.5 -1.5
mm radius around the electrode with the conductivity of
1 S/m, while the rest of tissue has a conductivity of 0.2
S/m..

3.2.1 Potential distribution U

Figure 3-10 below shows the distribution of the potential U of the 2™ pulse with an applied voltage of
1000 V over two electrodes of 1 mm diameter and 8 mm electrode spacing. The conductivity is set to
1 S/min aregion of 3 mm outer diameter around the electrode while the rest of tissue has a conductivity
of 0.2 S/m.

Figure 3-11 displays the centre x-distribution of scalar electric potential U, with an applied voltage of
1000 V over two electrodes of 1 mm diameter and 8 mm electrode spacing. The conductivity is set to
1 S/min aregion of 3 mm outer diameter around the electrode while the rest of tissue has a conductivity
of 0.2 S/m.
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Figure 3-10 Figure 3-11

The electric potential U distribution at the 2" pulse with an  Centre x-distribution of scalar electric potential U, with
applied voltage of 1000 V over two electrodes of 1 mm an applied voltage of 1000 V over two electrodes of 1
diameter and 8 mm electrode spacing. The conductivity is mm diameter and 8 mm electrode spacing. The
set to 1 S/m in a region of 3 mm outer diameter around the conductivity is set to 1 S/m in a region of 3 mm outer
electrode while the rest of tissue has a conductivity of 0.2 diameter around the electrode while the rest of tissue has
S/m. a conductivity of 0.2 S/m.

3.2.2 Electric Field E distribution

Figure 3-12 shows the distribution of electric field strength E at the 2™ pulse with an applied voltage
of 1000 V over two electrodes of 1 mm diameter and 8 mm electrode spacing. The conductivity is set
to 1 S/m in a region of 3 mm outer diameter around the electrode while the rest of tissue has a
conductivity of 0.2 S/m.
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Figure 3-12 Figure 3-13

Distribution of electric field strength E at the 2" pulse Profile of the electric field strength E along the centre x-
with an applied voltage of 1000 V over two electrodes of axis, with an applied voltage of 1000 V over two electrodes
I mm diameter and 8 mm electrode spacing. The of 1 mm diam., and 8§ mm electrode spacing. The
conductivity is set to 1 S/m in a region of 3 mm outer conductivity in region of 3 mm diameter around the
diameter around the electrode while the rest of tissue has  electrode is increased to 1 S/m due to the effect of the first
a conductivity of 0.2 S/m. pulse, while the rest of tissue has a conductivity of 0.2 S/m.
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Figure 3-13 displays the profile of the electric field strength E along the centre x-axis, with an applied
voltage of 1000 V over two electrodes of 1 mm diam., and 8 mm electrode spacing. The conductivity
in region of 3 mm diameter around the electrode is increased to 1 S/m due to the effect of the first
pulse, while the rest of tissue has a conductivity of 0.2 S/m.

The average field strength along a horizontal line in the region * 2 mm between the electrodes is about
1750 V/em, compared to 1150 V/em in the first pulse.

3.2.3 Electric current density j distribution

Figure 3-17 shows the distribution of electric current distribution j at the 2™ pulse with an applied
voltage of 1000 V over two electrodes of 1 mm diameter and 8 mm electrode spacing. The conductivity
is set to I S/m in a region of 3 mm outer diameter around the electrode while the rest of tissue has a
conductivity of 0.2 S/m.

Figure 3-18 display the average current density profile E along the centre x-axis in the region + 2 mm
between the electrodes. The average is about 3.5 A.cm™, compared to 2 A.cm™ in the first pulse.
Thus in order to keep the current density at the level of the first pulse the applied voltage amplitude of
the second pulse should be reduced.
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Figure 3-14

Distribution of electric current distribution j at the 2" pulse
with an applied voltage of 1000 V over two electrodes of 1
mm diameter and 8§ mm electrode spacing. The conductivity
is set to 1 S/m in a region of 3 mm outer diameter around
the electrode while the rest of tissue has a conductivity of
0.2 S/m.

The average current density in the region 2 mm between
the electrodes is about 3.5 A.cm™
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Figure 3-15

QF plot of Centre x-distribution of electric current
distribution j at the 2" pulse with an applied voltage of
1000 V over two electrodes of 1 mm diameter and 8§ mm
electrode spacing. The conductivity is set to 1 S/m in a
region of 3 mm outer diameter around the electrode while
the rest of tissue has a conductivity of 0.2 S/m.



3.2.4 Absorbed power density Py distribution

Figure 3-16 shows the distribution of absorbed power density Py distribution at the 2™ pulse with an
applied voltage of 1000 V over two electrodes of 1 mm diameter and 8 mm electrode spacing. The
conductivity is set to 1 S/m in a region of 3 mm outer diameter around the electrode while the rest of
tissue has a conductivity of 0.2 S/m.
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Figure 3-16 Figure 3-17

Distribution of absorbed power density Pv distribution at  QF plot of Centre x-distribution of absorbed power
the 2" pulse with an applied voltage of 1000 V over two density Pv at the 2" pulse with an applied voltage of 1000
electrodes of 1 mm diam. and 8 mm electrode spacing and  V over two electrodes of | mm diam. and 8 mm electrode

a region of 3 mm diameter around the electrode with the spacing and a region of 3 mm diameter around the
conductivity of 1 S/m while the rest of tissue has a electrode with the conductivity of 1 S/m while the rest of
conductivity of 0.2 S/m. tissue has a conductivity of 0.2 S/m

Figure 3-17 show the QF-plot of the Centre x-profile of absorbed power density Py at the 2™ pulse
with an applied voltage of 1000 V over two electrodes of 1 mm diameter and 8 mm electrode spacing.
The conductivity is set to 1 S/m in a region of 3 mm outer diameter around the electrode while the rest
of tissue has a conductivity of 0.2 S/m.

The average absorbed power density in the region + 2 mm between the electrodes is about 0.63 J/g
compared to 0.22 J/g in the first pulse.

4. Discussions

Figure 4-1 shows the pulse train used in the European Standard Operational Protocol (ESOPE) for
electrochemotherapy. The ESOPE claims a pulse sequence of 8 pulses, each with an amplitude of
1000 V/cm applied over the distance between the electrodes, and a pulse-length of 0.1 ms, delivered
at a frequency of 5 kHz (Marty et al., 2006). According to the result of the present QF simulation, the
average pulse strength after the initial pulse increases above the recommended 1000 V/cm, in the centre
between the electrodes which might cause non-reversible electroporation in the whole target volume.

13



ESOPE pulsetrain

Field Strength / V.cm™

Figure 4-1
The ESOPE pulse train

The extensively increase of the electric-field in the centre of the target volume could be avoided by
decreasing the amplitude of the second and following pulses in the pulse train. Figure 3-19 shows an
example of a pulse sequence with exponentially decreasing pulse amplitude with a time constant of 1
ms. A pulse sequence with exponentially decreasing pulse amplitude an excellent therapy efficiency
of adenocarcinoma implanted in rat liver with a high degree of immune response, resulting in anti-
metastatic effect (Engstrom et al., 2001).

T T T T T T T T T T
1000 - Exp. decreasing- pulse train -
€
Q
>
—
L
-
o
c
2
»
o
0
I8
o 4 D o » Q 3 o J >
S O S N S & N N N N
Q'Q Q'Q Q'Q Q*Q Q'Q Q*Q Q'Q Q*Q Q'Q Q‘Q
Time/s
Figure 4-2

Pulse train of Exponentially decreasing E-field that could
preferentially apply to Electro-pulse therapy.

The concept of using a pulse-train of decreasing pulse amplitude has been further explored by
collaboration with Mohan Frick in the development of Dynamic-Electro Enhanced Chemotherapy, D-
EECT™. A special device [QWave™ (Scandinavian, Chemotech AB Lund Sweden) applying the D-
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EECT™ protocol has been used together with an electrode device with four needle electrodes, in a
clinical case study performed in India (Frick et al., 2019 , Kalavathy et al., 2018, Frick and Persson,
2020). The study involved 23 patients treated in a total of 38 sessions of D-EECT™ at four different
cancer centres. The treatment response to a total of 66 tumours of various sizes and different
histological types was as follows: complete remission's CR=18%, partial remissions PR=82%, that
corresponds to objective responses of 100%. No progressive disease was recorded.

In a recent electro chemo therapy study of 43 patients with recurrent mucosal head and neck tumours,
treated according to the ESOPE protocol, the SCC patients split into one group with a nodule diameter
less than 3 cm, and another group with nodules larger than 3 cm (Plaschke et al., 2017). The objective
responses in the various groups of patients were 71% for tumours < 3cm, and 60% for tumours >3cm.
However progressive disease was recorded in 7% of the cases with tumours <3cm, and 10 % with
tumours >3cm. In the Kalavathy work, the sizes of the SCC nodules were in the range of 5-6 cm with
no reported cases of progressive disease (Kalavathy et al., 2018).

Another recent report on an electro chemotherapy treatment according to the ESOPE protocol at 10
European cancer centres involves 90 patients with cutaneous recurrence from breast tumours. The
objective response to electro chemotherapy was 86% for breast tumours nodules of < 3cm in size, and
62% for tumours > 3cm. Progressive disease was found in 1 % of the group of patients with tumours
smaller than 3cm, and in 6 % with tumours >3cm (Matthiessen et al., 2018). In the Kalavathy study
of breast cancer patients with nodules in the range of 7-8 cm, the objective response was 100 % with
no cases of progressive disease (Kalavathy et al., 2018).

The differences in the clinical responses between the ESOP and D-EEPC protocol might be explained
by the overexposure of electric fields in the ESOPE protocol. This may cause elevated non reversible
electroporation resulting in immune suppression, reflected on the higher proportion of progressive
disease in the ESOPE studies although the tumours are smaller than in the D-EEPC study.
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