Incorporation of the Blood Vessel Wall into Electroporation Simulations
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Abstract— Electroporation can be used in living tissues in
order to enhance the penetration of drugs or DNA plasmids or
to destroy undesirable cells and it is typically performed by
applying pulsed high voltages across needle electrodes. When
used for ablation, it is often claimed that, in contrast with
thermal ablation techniques, electroporation is not significant-
ly impacted by the presence of large blood vessels because the
heat sinking characteristic of these is not relevant for the elec-
tric field distribution. However, large blood vessels do distort
the electric field distribution because of their high inner con-
ductivity and should be modeled during treatment planning.
For such purpose, vessels may be simply modeled as homoge-
neous regions whose conductivity is equal to that of the blood.
Nevertheless, vessels are not just blood filled cavities within
parenchyma; blood vessels contain a layered wall. The purpose
of the present study is to check whether the blood vessel wall
needs to be incorporated into the simulations. For that, a vessel
wall electrical model has been implemented and it has been
incorporated into 2D and 3D simulations in which treatment of
a region that comprises a 5 mm thick artery within liver was
modeled. The three main layers of a vessel wall (the intima, the
media and the adventitia) were modeled as homogeneous ma-
terials whose conductivity depends on the electric field magni-
tude. The simulations show that the electric field error when
the wall model is not incorporated is only marginally signifi-
cant at the close vicinity of the vessel for low applied fields.
Errors are insignificant beyond 1 or 2 mm. We conclude that
in most electroporation scenarios it will not be necessary to
simulate the blood vessel wall.
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I. INTRODUCTION

Electroporation is the phenomenon in which cell mem-
brane permeability is increased by exposing the cell to high
intensity electric fields. In living tissues, such permeabili-
zation boost can be used in order to enhance the penetration
of drugs or DNA plasmids or to destroy undesirable cells
and it is typically performed by applying pulsed high vol-
tages across needle electrodes.

When used for ablation, and particularly in the context of
liver tumors, it is often claimed that, in contrast with ther-
mal ablation techniques, such as radiofrequency ablation,
electroporation based techniques are unaffected by the pres-
ence of large blood vessels in the treated region. The ra-

tionale for that claim is that, while thermal methods are
negatively impacted by the heat sinking effect of large ves-
sels, electroporation is not impacted because its local effica-
cy depends on the electric field magnitude and the electric
field distribution is almost independent of thermal effects.
Blood vessels, however, do distort the electric field distribu-
tion because of their relative high inner conductivity [1]. In
a past numerical study focused on liver ablation by irre-
versible electroporation (IRE), we noticed that, although the
presence of large blood vessels does not distort very signifi-
cantly the treated volume, sub-lethal regions (i.e. too low
electric field magnitude) can appear around the blood ves-
sels [2]. The presence of such sub-lethal regions has also
been reported recently in another numerical study [3]. Since
under-treatment may imply that tumor cells remain viable
after treatment and that tumors may reappear in months or
years, this is an issue that needs to be carefully considered.

In the numerical study reported in [2], the vessels were
simply modeled as homogeneous regions with a conductivi-
ty equal to that of the blood (this model is referred to as the
“blood model” in the following sections). However, blood
vessels are not just blood filled cavities within parenchyma;
blood vessels contain a wall that separates blood from the
parenchyma. In the present study, the blood vessel wall is
incorporated into numerical simulations of the electric field
distribution during electroporation and the results are com-
pared with simulations using the simple blood model.

1. CONSTRUCTION OF THE MODEL

A. Geometry, dimensions and composition of the blood
vessels wall

The blood vessel wall basically consists of three layers.
From the inside to the outside: the first layer is the intima,
which — from an electrical point of view as later justified —
can be considered to consist in a tight unicellular endotheli-
al layer. The second layer is the media, which mainly con-
sists of concentric layers of Vascular Smooth Muscle Cells
(VSMCs). And last, the adventitia is formed by a loose
connective tissue.

For physiological reasons, in the human body, blood ves-
sels diameters and wall thicknesses vary a lot. Figure 1
indicates the composition and dimensions of various blood



vessels. Arteries walls are rich in VSMCs and they are rela-
tively thick in relation to their diameter. On the other hand,
vein walls are thinner and poor in VSMCs.

W Adventitia
Aorta Vena Cava Artery Vein i

10} 2 |
\ : ‘
£ 3 £
£° £° £
| - =
»m‘} 3 s
-10 0 10 -10 0 10 -2 o 2 -
mm mm mm

Fig. 1 To scale representation of various blood vessels. From inside to
outside, the wall layers are: The intima (black line), the media and the
adventitia. Adapted from data in [4].
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Because of our interest in IRE ablation of liver tumors,
the numerical study implemented here models such clinical
scenario. In particular, we have decided to simulate treat-
ment of a region that comprises a branch of the hepatic
artery. The branch is assumed circular with an external
diameter of 5mm and a wall thickness of 1mm. Vessel
dimensions have been taken from [5].

B. Electrical model rationale

Here it was assumed that the electrical conductivity of
solid living tissues strongly depends on the local electric
field magnitude. This assumption is done in order to incor-
porate the effect of the electroporation phenomenon on the
conductivity of tissues [6]. In particular, the dependence of
the conductivity on the electric field was modeled with a
specific sigmoid function for each solid tissue:
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o: electric field dependant tissue conductivity [S/m]

E: electric field magnitude [V/cm]

a,: minimum tissue conductivity (no electroporation)

a,: maximum conductivity (fully electroporation)

b, c: sigmoid shape parameters

Figure 2a displays the sigmoid function used for the
liver tissue. The four values for its parameterization were
extracted from [7] for 100 ps pulses.

No empirical data was found in the literature on the elec-
trical properties of each one of the three layers of the blood
vessel wall. Parameterization was therefore performed by
doing reasonable assumptions with data from studies on
other tissues. The resulting conductivity models are dis-
played in Figure 2. What follows succinctly summarizes
how the models were developed.

The intima layer consists in a unicellular endothelium on
a thin elastic membrane made of connective tissue. The thin
connective tissue can be considered as negligible from an
electrical point of view because of its low resistivity due to
the low density of cells. The endothelium, while being thin-
ner than the membrane, imposes a high electrical resistance

because the cells are tightly packaged. However, because of
its extreme thinness the endothelium is easily electroporated
and its resistance dramatically decreases. The implemented
conductivity model for the intima is displayed in Figure 2d.
Parameterization was performed by assuming that the endo-
thelium is equivalent to the epithelial layer in the cornea [8].

The media is mainly composed of VSMCs. Therefore it
was assumed that its sigmoid function parameters must be
similar to the ones of skeletal muscles. Muscle conductivity
data was obtained from [9-13]. Muscle tissues are highly
anisotropic and those studies indicate different conductivity
values for perpendicular and parallel directions to the mus-
cle fibers. Due to the arrangement of VSMCs in blood ves-
sels here conductivity values for perpendicularly oriented
fibers were preferred.

The adventitia is a loose connective tissue in which cells,
mainly fibroblasts, are quite sparsely distributed in an Extra
Cellular Matrix (ECM). This ECM is composed of collagen
fibers, elastic fibers and fundamental substance. The fun-
damental substance is an amorphous and highly hydrated
gel. Given its composition, high conductivity — and moder-
ate impact of electroporation on conductivity — can be ex-
pected for this layer. Loose connective tissue is present in
the dermis. Therefore, here available data from the lower
layer of the skin was taken for a rough approximation of the
adventitia properties [14, 15]. No distinct data for dermis
and epidermis could be found. The conductivity values may
be underestimated because the epidermis is composed of
epithelial cells and keratin that are less conductive than the
connective tissue of the dermis. Conductivity data for the
epineurium — which is the wall of lose connective tissue that
surrounds the nerves — was also taken into account for the
model [16].

Liver Adventitia

£0.25 0.8
s |9 )

2 02 207
2 015 >

Bl 506
=] o

g 0.1 g

o o

400 600 800 1000 500 1000 150C
Electric field [V/cm] Electric field [Vicm]
Media Intima

04 £0.6

5 |0 5 |9

2 204 a0=0.0004
203 3 a1=0.6

s s b=200

5 8

302 302 c=5

c c

o o

o o

100 200 300 400 500 600 700 100 150 200 250 300

Electric field [V/cm] Electric field [V/cm]

Fig. 2: Conductivity models used in this study.

Lack of empirical data does not allow us to be com-
pletely sure about the accuracy of the conductivity models
displayed in Figure 2. However, it must be noted that we
have checked (not reported here) that by amply varying
various parameters of the models, such as the conductivi-
ty of the adventitia (a0=0.3 a1=0.6) or the electroporation



threshold of the media (b=500), the qualitative conclu-
sions of this study do not change.

Last, the conductivity of blood is set at 0.6S/m as mean
value of what can be encountered in the literature [2, 12].

C. Computer simulations

Computer simulations of the electric field distribution
that appears in tissues when a high voltage is applied across
two electrodes were performed with a software platform
(COMSOL Multiphysics 4.4) based on the finite element
method.

A first study was carried out in 2D. The simulation mo-
del includes a large square of liver tissue, two needles of
1mm of diameter, 16 mm spaced and a model of blood
vessel. Details of the geometry are given in Figure 3. A
voltage is then imposed between the two electrodes. A se-
cond study was carried out in 3D. An overview of the ge-
ometry is displayed in Figure 3. In 3D, needles are finite,
(2cm long) and perpendicular with the vessel. The other
dimensions are the same as the ones used in the 2D study.

It must be noted that, due to the extreme thinness of the
intima, and for computational issues, this layer was not
modeled as a region but as an interface between two regions
(the blood and the media).
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Fig. 3 2D artery simulation geometry (left). The needle 1 is at the ground
and the needle 2 at a potential P (The vessel and the needles are infinitely
parallel). 3D geometry overview (right), needles are 2cm long and perpen-
dicular to the vessel.

1. RESULTS AND DISCUSSION

A. 2D simulation results

The simulated electric field distribution is compared in
Figure 4 for the simple blood model and the refined model
including the wall. It can be observed that differences be-
tween the two simulations are subtle and almost only no-
ticeable in the close vicinity of the vessel.

Interestingly, the differences are larger where the sub-
lethal regions appeared around the blood vessels in the IRE
study reported in [2]. That is, at the vessel poles perpendicu-
lar to the electric field (axis defined by the two electrodes).

By modeling the wall it appears that those regions of de-
pressed electric field magnitude are less intense. However,
it must be noted that the electric field magnitude is still
significantly lower at those regions and the cautionary re-
mark in [2] still remains in effect. That is, clinicians per-
forming IRE should look for signs of tumor recurrence
around the vessels because under-treatment may have oc-
curred there.
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Fig. 4 Simulated electric field distributions for the simple “blood model"
(left) and for the model including the wall (right) when 1600 V are applied
across the electrodes. The black line would indicate the boundary IRE
treated region (E>700V/cm, IRE threshold from [7]) for protocol consist-
ing of 80 pulses of 100 ps.

To quantify the impact of the wall on the liver electro-
poration, the error between the two models is calculated.
The error is defined by the following formula:

Ewith wall_model — Eblood model
error = — = X100 (2)

Eblood_model

The error between the two models around the vessel is
displayed in Figure 5.
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Fig. 5 Electric fleld magnitude error between S|mulat|ons using the "blood
model" and simulations using the model that includes the wall when
1600 V are applied across the electrodes. (The vessel is masked for clarity).

It must be noted that the above case is not a benign case
in terms of error. The error strongly depends on the magni-
tude of the applied voltage across the electrodes. This oc-
curs because the impact of the wall depends on its
permeabilization status. The dependency of the error on the
applied voltage is illustrated in Figure 6 in which the medi-
an error in different areas defined around the vessel is ob-
tained.

For applied voltages below 800 V, the wall tissues are
not electroporated and they act as a shield against the blood
shunting effect. As a consequence, the currents circumvent
the vessel and the relative errors can be locally significant



(<20 %). On the other hand, for applied voltages above
1600 V all wall tissues are electroporated and the wall has a
conductivity similar to that of blood and both models, with
and without wall, produce almost indistinguishable results.
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Fig. 6 Median electric field error against the voltage across electrodes for
four different areas defined around the vessel. The analysis areas were
chosen after the results displayed on Figure 5 in order to highlight the
dependency of the results on the location.

B. 3D simulation results
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Fig. 7 Simulated electric field distributions for the simple “blood model"
(left) and for the model including the wall (right) when 1600 V are applied
across two parallel 2 cm long electrodes perpendicular to the vessel. The
black line represents the boundary of region E>700V/cm (see Figure 4).

Again it can be observed that differences between the two
models can only be (barely) noticed around the vessel.

Iv. CONCLUSSIONS

The vessel wall does not have a significant impact on the
macroscopic electric field distribution and, therefore, it will
not have a significant impact on the total treated volume.
On the other hand, it may have a significant — but mild
(relative impact on E < 20%) and punctual — impact on the
electric field distribution around the close vicinity of the
vessel for relatively low applied fields.

It can be concluded that for most electroporation scenari-
os, and particularly for IRE, the simple “blood model” will
be accurate enough for determining the influence of blood
vessels in computer simulations of the electric field.
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