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Irreversible Electroporation (IRE) is a promising clinical ablation therapy for the treatment of cancer,
but issues with the generation of heat must be solved before safe and effective clinical results can be
obtained. In the present study, we show that a metal stent will not be noticeably heated up by IRE
pulses under typical clinical conditions. Derivation of this non-intuitive result required the application
of Maxwell’s equations to the tissue-stent configuration. Subsequently, straightforward and arguably ac-

Keywords: curate simplifications of the electric field generated by two needles in tissue surrounding a metal stent
Irreversible electroporation have enabled the modeling of the heat generation and the transport of heat in IRE procedures. Close to
Electric field ) a stent that is positioned in between two needles, temperatures in a typical run of 100 s, 1 Hz pulses,
ls-lt:tt conduction may remain notably lower than without the stent. This is the explanation of the experimentally observed

low temperature rim of viable tissue around the stent, whereas all tissue was non-viable without stent,

found in tissue model experiments.
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1. Introduction

Irreversible Electroporation (IRE) is a promising clinical abla-
tion therapy for the treatment of cancer, in particular when tu-
mors are located near vulnerable structures. The technique utilizes
high-voltage, about 90 microsecond electrical pulses that are ap-
plied through needle electrodes that are positioned in the tumor.
The electrical pulses have a maximum voltage in the range 1000 to
1500 V and current in the range 15 to 35 A. The electrical pulses
destabilize the existing transmembrane potential over the mem-
brane boundary of cancer cells and lead to the formation of so-
called ‘nano-pores’ in the cellular membrane. Due to the result-
ing increased cell membrane permeability, the cell loses its normal
properties and cell death results [1-3]. Cells are killed in a targeted
region, without damaging the collagen and other interstitial tissue
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constituents. This localized treatment makes it possible to preserve
critical structures, like major vasculature and ductal systems [3-5].
This sparing of critical structures is the primary characteristic that
distinguishes IRE from other local therapies [4]. The clinical proce-
dure with IRE is with two or more needles within close distance
(order of 5 mm) of each other to keep the electric field localized
and generally requires about 100 pulses at 1 Hz. The two needles
are usually in parallel; reference [5] gives figures of this and other
needle geometries.

The underlying physics of IRE is complex and still incompletely
understood. An important example is that IRE received strong sci-
entific and industrial marketing, arguing that tissue cell death oc-
curs only by nanopores in the cell membranes created by short
and intense IRE electric pulses [1,2], and that the inevitable Joule
heating developing when a voltage is applied between electrodes
placed in an electric conducting tissue can be kept sufficiently lim-
ited [3,4,6]. Controversy then developed concerning possible ther-
mal effects of IRE. First, IRE, as currently applied in clinical proce-
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Nomenclature

Roman symbols

radius of the stent; m

magnetic field vector; tesla

heat capacity of tissue; J/(kg °C)

diameter of the needles; m

electric field vector inside material; coul/m?

electric field vector outside of material; V/m

incident electric field component; V/m

E; reflected electric field component; V/m

E; transmitted electric field component; V/m

H; incident magnetic field component; ampere-turn
per m

H; reflected magnetic field component; ampere-turn
per m

H; transmitted magnetic field component; ampere-turn
per m

f frequency; Hz

G Green’s function

H magnetic field vector inside material; ampere-turn
per m

J electric current density; amp/m?

L typical length scale, m

Ly needle distance from origin, m

MO OO W

n

q free charge density; coul/m3

Q electric charge; coul

r radial position; m

7 unit vector in direction of vector r;, with i a positive

integer; m
t time; s
T temperature; °C
To(xyz) initial temperature profile; 9C
1% volume; m?3
X coordinate in x-direction; m
y coordinate in y-direction; m
z coordinate in z-direction; m
z; needle coordinate in z-direction, being half the dis-

tance between two needles; m

Greek symbols

a heat diffusivity; o = A /(o c), m?/s

At typical duration of an electric pulse, s

e dielectric permittivity; ¢ = &, &g

€0 dielectric permittivity of vacuum; farad per m,
g9 = 8.854. 1012

&r relative permittivity; farad per m

A thermal conductivity; W/(m °C)

Wo magnetic permeability of vacuum; py = 4mw.1077
henry/m

0 mass density; kg/m>

T time; second, s
electrical conductivity; siemens per meter,
1/(2.m) = S/m

© angle between unit vectors; 71 - f, = cosg

) voltage; V

Acronyms

2D two-dimensional

3D 3-dimentional

IRE Irreversible Electroporation

Fo Fourier number, Fo = « t/L?

LHS left-hand-side
RHS right-hand-side
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dures, has now a proven strong Joule heating thermal part [5-13];
despite that, many recent publications still ignore mentioning this
mechanism, e.g. [14,15]. A second example is that a metal device
between the electrodes during IRE pulsing, e.g. a metal stent in the
common bile duct during IRE palliation of a pancreas carcinoma,
was considered a contraindication for an IRE procedure because of
the intuitive assumption that the metal would be heated up [16],
which was questioned by our group in a comment to that pub-
lication [17,18]. Nevertheless, it was recently still mentioned that
a metal stent is a contraindication for IRE [14]. Whether a metal
stent is indeed a contraindication for therapy and needs to be re-
moved prior to application of IRE or not is of utmost importance
as it may withhold a patient from relevant therapy while surgical
removal can be associated with complications. Convincing proof of
non-heating of the metal stent is therefore essential. This study,
the physics part of the joint efforts between clinicians and physi-
cists, to understand clinically relevant IRE issues, aims at deliver-
ing this proof by a theoretical approach. The governing Maxwell
and bioheat equations and boundary conditions will be shown to
allow for simplifications that yield straightforward and relatively
easy computations. The Green’s function method to account for
heat conduction [20] will be exploited and full profit will be taken
of the additivity of temperature solutions of the heat equation.
Matlab™ is used as a high-level language for the actual compu-
tations. Comsol™ computations have been used for validation of
the simplifications applied.

Laboratory experiments have been carried out to examine the
development of temperature fields in human-like tissue, in jelly
phantoms and in porcine experiments, due to electric heating with
needles [12,13]. One unexpected finding was that temperatures in
the vicinity of a stent were lower than at the same location with-
out a stent. The present study will explain this experimental find-
ing and will elucidate the trends found in these experiments.

The aims of our paper are:

1 to model the thermal behavior of IRE procedures without and
with a metal stent between two needles that generate an elec-
tric field;

2 to prove with the use of Maxwell’s equations that metal stents
hardly increase in temperature in response to a clinical IRE
pulse;

3 to explain thermo-camera experiments in [12,13].

The organization of the paper is as follows. Governing equa-
tions, boundary conditions, simplifications and approximation
methods are explained in Section 2. Results and comparison with
experiments are presented in Section 3. Conclusions are given in
the final section. Two appendices provide details of some results.

2. Methods
2.1. Governing equations and temperature solution

2.1.1. Maxwell’s equations and electric heat production

Although the governing equations are well known, they are
summarized below to introduce symbols and units as well as the
conditions under which simplifications are allowed.

Let the dielectric permittivity of a material be given by
& = &r &9, Where ¢, denotes the dimensionless relative dielectric
permittivity of a material and &, the dielectric permittivity in vac-
uum; &y = 8.854. 10~12 farad/m. With E the electric field vector
outside of material in V/m (volt/m), the electric field vector in-
cluding polarization inside material, D, in coul/m? (coulomb/m?2)
is given by

D — ¢E. (1)
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The magnetic field without polarization, B, in tesla is expressed
in the one with polarization, H, in ampere-turn per m via

B = fto(H+ M), (2)

where g is the magnetic permeability of vacuum that amounts
477107 henry/m.

Finally, let Q denote a free point charge at a point in coul
(coulomb), let q denote free charge density in coul/m® and let J
be the time rate of change of charge, which is equal to the electric
current density in amp/m? (ampere/m?2). The Maxwell equations
read [20]:

VD=gq (3)
VB=0 (4)
V xH=]+0D/ot (5)
V x E = —0B/dt. (6)

The continuity equation for charge and current is the follow-
ing:

VJ=-dq/dt. 7)

The symbol o denotes the specific conductivity in
1/(2.m) = S/m (Siemens/m). Ohm’s law, J = o E, holds for
quasi-steady processes and is a simplification of the following
general expression for the electric current, which is the essential
generalization of previous versions found by Maxwell [20, page
218]:

J=0E+0D/dt. (8)

For free charges, current density is given by J = o E, which is
Ohm’s law. With the equation of continuity, dq/dt + VJ = 0, it is
easily seen that a typical response time of free charges is given by
T = ¢ [o. The derivation requires assuming ¢ and ¢ to be homo-
geneous and substitution of q = exp(-t/t) in the combination of
dg/ot = -V, Jand V J = o q/e. Let At be a typical duration of
an electric pulse used for current clinical IRE procedures. If the re-
sponse time 7 is small with respect to At, then electric currents
are quasi-stationary, which implies that n,. (J; - J») = 0, where n,
is the outward normal to volume numbered 2 and J; and J, are
the current densities on both sides of the volume boundary where
the normal is positioned. For a metal, typical values are & ~ 107
S/m and ¢ ; =1. This means that T ~ 1078 s << A t ~ 107* s,
During a typical IRE pulse, electric currents can thus be considered
as stationary.

If an electric field is rapidly changing, as for example during the
switching on and off of electric potentials, an electric field might
be generated that may penetrate into a metal shield. In that case
the full Maxwell equations must be considered. This will be done
below, in Section 2.3, for the standard conditions of IRE. In actual
conductors, the fields are attenuated exponentially in a character-
istic length, which is called the skin depth. The amount of attenu-
ation in the skin depth will be quantified for clinical conditions to
justify the assumption of quasi-steady in the computational results
of Section 3.

If the conditions determining electric fields are quasi-steady,
there is no need to solve for the magnetic field; in that case V . J
= 0. For a homogeneous electric conductivity, the last equation of a
divergence-free current in combination with the defining equation
of the electric potential, ®, in volt:

E=-V.® 9)
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yields the Laplace equation V.V ® = 0. This is the equation of
electrostatics that will be employed to compute the electric field
under conditions prevailing in clinical IRE procedures.

The time rate of change of mechanical energy in a volume V is
given by

/v JEdV (10)

The energy dissipation rate density of electric fields, the conver-
sion rate of electric energy to heat per unit of volume, in W/m?, is
with Ohms law therefore given by o E2. This heat production leads
to temperature changes that are computed in the way described in
the following section.

2.1.2. IRE temperatures calculated with Green’s functions and
modeling assumptions

The bioheat equation for the partial derivative with respect to
time, t, of the temperature, T, in tissue exposed to an electric field,
E, and of mass density, o, (kg/m3), heat capacity, c, (J/kg/°C), elec-
tric conductivity, o, and thermal conductivity, A (W/m/°C) is, e.g.
[10]
pc%{ =0oE? 4+ AV2T. (11)

Let Ty(xy,z) be the initial temperature profile. Heat diffusion
and the generation of heat occur, that both modify the spatial
initial temperature profile. Heat diffusion is here calculated by a
Green’s function approach [19]. Initial temperature profile Ty is
usually taken homogeneous and equal to 37°C, which will be taken
as the reference temperature field from now on.

Let the thermal diffusivity be o = A/(pc). The clinical IRE nee-
dles usually generate electricity over a great part of their length.
End effect will be ignored and the heat generation takes the form
of a line source in that case, which makes the computational do-
main essentially two-dimensional. Green’s functions exist for finite
domains, but in this study spreading of heat during 100 s at max-
imum will be considered. The typical length scale, L, of spreading
of heat from a source is estimated by putting the Fourier number,
Fo = « t /2, equal to 1. For a heat diffusivity of 1.4 - 10-7 m?/s
and a time of 100 s, L is easily found to be approximately 4 cm.

The IRE treatment therefore remains localized in a small spatial
domain as compared to the dimensions of the human body. It is
therefore safe to assume that the heat produced can diffuse freely
without being affected by boundaries and to adopt Greens’ func-
tions for an infinite body.

For an IRE geometry of two parallel needle electrodes of infi-
nite length in the y-direction, a Cartesian coordinate system (x, z)
and time t will be employed. The needles point in the y-direction,
the z-axis joins the centers of the needles and the x-axis is normal
to the origin that is located in between the two needles (Fig. 1).
The thermal diffusion from an infinite unit line source occurring
instantaneously at position X',z and time t is conveniently de-
scribed by the following Green’s function [19]:

\2 _ N2
G(x.zt:x.7.7) = ).exp<_(x—x) +(z2-2) )

T Ama(t-1) 4o (t —7)
(12)

When the initial temperature is uniform and equal to Ty, the
temperature field is given by

t X 2z O'E(X/, Z/)z
T(xzt)-To=[dt jdX [dZ ———G(x.z,t;X, Z, T) (13)
0 X1 21 pc

where the boundaries of the integral have been chosen sufficiently
large and of the order of L = 4 cm to make the values of either the
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P

Xx-axis

rr

+0 i
z]

z-axis

Fig. 1. Coordinates without a stent. Definition of polar angle 6 and radial distances
r, 11 and ry; the spherical needles with diameter D are represented by point charges
Q and -Q.

field E or the Green’s function G negligibly small at these bound-
aries. The heat generated at each location (x’z’) is in (13) seen to
possibly contribute to the temperature increase at the arbitrarily
chosen point (x,z). The double spatial integral in (13) expresses the
additivity of the solutions of the energy Eq. (11) and simply sums
the temperature contributions from all other places after the time
the heat generation started (t=0).

The method of time partitioning is applied [19, page 167],
which introduces a time ¢, that satisfies ¢, < 0.025 [? / «, with
length L equal to the smallest characteristic length of the problem
at hand [19, page 176]. The Green’s function (13) in the limit for
(t - ) to zero, ie. for T in the range (t-tp, t] with &, very small,
becomes a product of two delta functions: §(x - x’).8(z - Z’). As a
consequence,
otE(x.2)? b % al:"(x’,z’)2
—= % 4 ydrjdx jdd —— L

0

X1 Z

Tx,z,t) - Ty =

xG(x.z. t:x, 7, 7). (14)

Physically, Eq. (14) means that the contribution to the temper-
ature rise on location (x,z) from the electric pulse from another
place, x’, takes at least t, s to diffuse towards the location (xz).
The electric pulses from all places with a nonzero electric field dur-
ing time interval [0, t,) contribute via the integral on the RHS of
Eq. (14) to the temperature rise at time t at location (x,z).

Both the number of mesh points in the integration and the
time t, have been varied for typical electric fields generated by
two needles (diameter, D, 1 mm) and a heat diffusivity, «, of 1.4
- 1077 m?[s. A first estimate based on the criterion t, < 0.025
[? / «, with L = 0.1D, yields a t, of about 1 ms. A comparison
is made with results obtained without time partitioning and in all
cases a value of t, of 0.3 ms gave excellent agreement. In compu-
tations below, an electric field will be considered that is constant
and nonzero during 0.1 ms and zero afterwards. Such very short
electric pulses with a duration At, of 0.1 ms, are typical for cur-
rent clinical IRE procedures At times exceeding the pulse duration
of 0.1 ms the temperature increase at location (x,z) is well approx-
imated by 0.00010 E(x,zt=0.1 ms)? /(o c) in that case.

Eq. (14) makes it clear that electric field histories must be
computed, at first for quasi-steady conditions. This is done in
Section 2.2.

2.2. IRE electric field distribution in tissue with and without a stent

It is quite convenient and straightforward to predict the electric
field produced between electrodes in IRE applications by means
of local charges and mirror-charges to satisfy the boundary con-
ditions. The case without a stent is treated first.
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P _— X-axis

r3 ry4

ry

+0 -0
-aQlz;  +aQ/z;

Fig. 2. Coordinates with a spherical stent. Definition of image point charge sources
+ aQ/z; at distances + a?/z; from the center and distances r3 and r, from the
selected point P. The circle around the center indicates a spherical stent that has
radius a. The potential of the stent surface is homogeneous with value zero.

2.2.1. Without stent

The electric field vector distribution in tissue, E(r, 6), at point
P(r,0), defined at radial coordinate r and angle 6 with the hori-
zontal z-axis (Fig. 1), caused by 2 electric point charges, +Q at the
left and — — Q at the right, both at distance z; from the origin, is
given by

Q| R
E(r,@)—47_[80 [T‘%_l‘%:| (15)

where 7,7, are the unit vectors in the directions between P and
Q and P and —Q respectively (Fig. 1). The temperature increase
distribution relates to the energy dissipation rate density, in W/m?3,
that is given by the product of the electrical conductivity, o, and
the electric field squared:

N ~ 12
GQz[ﬁ_rz}
2 2 2
(4meo) [T 13

0\ [1 1 -7y
O<47180) . E—i_%_zrfrz ' (16)

2

oE(r,0)°

The vector product 7; -, = cosp, with ¢ the angle between 7;
and 7,. Simple expressions for this angle and for the volumetric
heat production rate, P(r,0) = oE(r,0)2, are derived in Appendix
A. This heat production will be needed to compute temperature
histories.

Factor Q/(4meg) follows from the voltage potential, ®, at arbi-
trary point P. For the above configuration of two point charges it

is given by
Q [l _ 1], (17)

@(T,9)= 47T€0 51 )

expressing that —V® = E. Ways to determine Q/(4mwe&y) when a
given voltage V is put over the two electrodes will be presented for
the 2D case in Section 2.2.2. Note that the needles in the present
section have a 3D, spherical, shape. Because of the external charge
of the other needle the voltage at the surface of a needle is in-
homogeneous, whereas it should be constant as the electric field
inside a conductor is zero. This can be solved by image charges in
a way presented in Section 2.2.2 for the 2D case.

2.2.2. With stent

When a hypothetical stent would be a metal wire mesh with a
spherical shape and radius a it could be placed in between point
charges Q and —Q on the z-axis (Fig. 2). There are two image
charges needed inside the metal to keep the potential of the stent
zero, see e.g. the classic text on electrodynamics by Jackson [20],
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A
P _— X-axis

ry

\JQ -0
+0

O1n(1 -z /a)/n(a) - Q In(|1 — a /z; [n(a))

Fig. 3. Coordinates with a cylindrical stent. Definition of image line charge sources
at the origin and at distance a?/z; (z1/2 is the distance of charge -Q to the origin)
from the center and distances r and r4 from the selected point P. The circle around
the center indicates a cylindrical stent that has radius a. The potential of the stent
surface is homogeneous with value zero.

Section 2.5, Fig. 6.6. These image charges are valued —aQ/z; and
aQ/z; and are positioned at distances z = +a2/z; from the origin,
see Fig. 2.

For the case depicted in Fig. 2 the electric field is composed
of four contributions that can be added because the governing
Laplace equation, A® = 0, is linear in the potential:
Q |:f1 fz a f3 a f4i|

dreo| 2 2 7 12

E(r0)= (18)

1

For all points P outside of the spherical metal stent, the heat
production is given by

2
2 0Q2 1 ) a 3 a s 502
oE(r.0)" = I e i

(4me0)? | 14 22T 2| T (aneg)?
|:L4+L4,2F21';2 N (i)z{i L1 Mafy iy 2y dpiy 2y H
oy s 7 #31 rﬁ r%r?1 r%r% r%r?1 r%r% r%r?1
(19)

Simple expressions for the RHS of the above equation are
obtained with the aid of expressions such as (A3) derived in
Appendix A.

A similar approach is followed for the case of two infinitely long
cylindrical needle electrodes and an infinitely long cylindrical stent
in between these two needles. The integral of Eq. (17) in the y-
direction yields the 2D- equivalent of (17) in the form

O, 0) = ng[ln(rl) —In(rp)]. (20)

47
However, because of the 3D spherical shape of the stent of
Fig. 2 the image charges in the stent cannot be integrated. The so-
lution for the 2D case of Fig. 3, with a single charge —Q on the
z-axis at point z = z;, is the following potential:
D(z,x,2z1) /V=1In(rg) —In(ry) +
[In(|1—zy/a]) — In(|1 —a/z; )] In(r), (21)
where V = ﬁ, r=(24x2)%5 14 = ((z — )21 P+x2)% 15 = (2 —
z1)?+x2)"”. The potential for the case of two charges, — Q at point

z = z; and Q at point z = — z;, that has zero value at the surface
of the stent is given by
D(z,x) = P(z,x,21) + P(z,X,—71) . (22)

The last term on the RHS of (21) is a source term at the origin
(0,0) needed to make the value of the potential at surface of the
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Diameters /[mm]: needle 2, stent 5; 3 kV

< Analytical
o Comsol |°

<

q

o

<

k) S 9
wqq q

o
©

o
o

S 84 ,

Magnitude electric field (in MV/m)
o o
N IS

o

* i ©-000-00060 ©0-000 * 4
-6 -4 -2 0 2 4 6
Coordinate x (in mm)

Fig. 4. Electric field strength, in unit MV/m, created in between stent and nee-
dles along the axis through the center (y=0). Needle diameter D = 2 mm; needle
distance 12.5 mm, a = 2.5 mm, V, = 1500 V. The analytical solution is given by
Eq. (21).

stent equal to zero. The second term on the RHS of (21), —In(ry),
gives the needle at z = z; the desired potential, Vy, if V is appro-
priately chosen:

V=V/[In(z; - § —a*/z1) = In(3) - 5]
withs = [In(|1-2|) - In(|1- £])]In(z - 3)/In(a)

where D is the needle diameter. With this choice, the voltage at
the needle has the desired value at only one point on the nee-
dle surface, namely at the point facing the other needle. At other
points on the surface the voltage will be slightly off because of
the presence of the other needle. This can be compensated with
an image charge in the needle in a way described below. Because
of symmetry two image charges are needed, for each needle one.
With these two image charges, the voltage at a needle surface is
made inhomogeneous by the image charge at the other needle.
Consequently, new image charges are needed to make the poten-
tial homogeneous despite the image charge, etc. An infinite array
of image charges is thus created if two needles are in proxim-
ity. In practice, needle distance is that large that only one image
charge suffices to get an accurate representation of the electric
field in between two needles, as will be shown below. Alterna-
tively, the shape of the needle corresponding to one image charge
can be taken not to be circular but given by the equipotential plane
through the point facing the other needle. This shape will be close
to being spherical with deviations negligible for all practical pur-
poses, while the boundary conditions are now satisfied at the stent
and at both needles.

The strength of the image source of the needle in the stent, the
first term on the RHS of (21), In(ry4), is also V whereas in the above
spherical case the strength of the images source was reduced by a
factor a/zy, Eq. (18).

The potential ®(z,x) is anti-symmetrical with respect to the
x,z-plane given by points where y = 0 since one needle has volt-
age V, while the other has voltage —Vj,. The potential at the stent
surface is constant and this constant must be zero since ®(a,0) =
— ®(—a, 0). This means that the potential is given by

®(z,x) /V=In(r4) —In(ry) —In(r3) FIn (1), (24)

(23)

with V given by Eq. (23) with s = 0. The monopoles at the
origin, corresponding to the last term on the RHS of (21),
[In(|]1 —zy/a]) — In(|]1 —a/z;|)] In(r), are compensating one an-
other.

The analytical solution of (21) is compared with the solution of
Comsol™ in Fig. 4 for a distance of only 4 mm between a nee-
dle with a diameter of D = 2 mm and a stent with a diameter
of 5 mm. A good agreement is found, considering the fact that
the Comsol solution is clearly asymmetrical and with some scat-
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Fig. 5. Contour lines of the electric potential computed in Comsol™ for two needles and a stent in between. The unit at the equipotential lines is V; the unit on each axis

is m.

ter. The default settings of Comsol have been used as detailed in
Appendix B. A finer grid would probably result in reduced scat-
ter and better agreement with the analytical that exactly satisfies
the boundary condition at the stent. The electric potential field as
computed with Comsol™ for this case is shown in Fig. 5. More
numerical results with Comsol™ are given in Appendix B.

The boundary condition at the needles is not exactly satis-
fied by the choice V of (23) because of the thickness of the
needles in this case, as discussed above directly under (23).
This was further investigated by reflecting the monopoles at z =
+a2/z; into the needles. Similar to the solution (21), this yields
a monopole with reduced strength at the center of the needle,
where z = z;, corresponding the last term on the RHS of (21),
[In(|1 —zy/a]) — In(|1 —a/z;|)] In(r), and a monopole at z =z; —
(D/2)2/(z; — a/z;). Because of the asymmetry, the monopole cor-
responding to the last term of the RHS of (21) is contributing and
has a counterpart in the center of the needle at z = -z;. With these
reflection monopoles, the voltage at the needle surface is homoge-
neous to within 1 % for the case of Fig. 4.

The electric field near the stent is hardly affected by these re-
flection monopoles, whereas that near the needle is only slightly
modified. The mean difference in the electric field at the points
shown in Fig. 4, because of the reflection monopoles, is 4 %. How-
ever, for the much more realistic geometry of a needle diameter
of 1 mm, a stent diameter of 5 mm and a z;-value of 15 mm, the
mean difference is only 0.5 %. The latter geometry will be used in
the remainder of this study and since the points near the stent will
be shown to be of main interest, the computations for the electric
potential will be made without the reflection monopoles, i.e. with
Eq. (24). The resulting inaccuracy is less than 0.5 % anywhere.

2.3. Heat production in a stent

During a pulse of arbitrary duration At, a quasi-steady situa-
tion occurs with electric current flowing through the tissue. The
on and off switching of this current creates electromagnetic waves
of various frequencies which may partly penetrate metals in the

so-called skin depth. When a metal stent is positioned in between
two pulsed electrodes, heat can therefore in principle be gener-
ated both in the tissue inside the stent and in the material of the
stent itself. The heat generation will be quantified in this section,
first for quasi-steady currents inside a fully metal stent, then for
on and off switched currents in the stent itself and lastly for the
tissue inside an open-structured stent.

2.3.1. Heat production in tissue inside a fully metal stent:
quasi-steady currents

In Section 2.1 it was concluded that during typical IRE pulses,
electric currents can be considered as stationary. This situation is
considered below.

In electrostatics, the electric field can be derived from a poten-
tial, i.e. E = -V ®. At an interface between arbitrary volumes 1 and
2, ny x (E; - E;) = 0 (Jackson [20], pg. 146) and n, . (D; - D;) = q,
where q is a localized charge distribution that comprises both real
charges and macroscopic excess charges (Jackson, [20], pg. 148).
The boundary conditions at an interface between volumes 1 and
2 that do not contain charges, satisfying V.eE = 0, then read: the
normal component n, . ¢ E is continuous and the components par-
allel to the interface, n, x E, are also continuous.

The equations are similar for stationary electric currents in two
media with homogeneous conductivities, o; and o,: V.o; E; = 0
(i=1or2),mny -0; Ef =n, - 05 E; and parallel components
n, x E must be continuous as well. Solutions from electrostatics
hold for stationary currents provided conductivity, o, replaces elec-
tric permittivity, €.

The equations in magnetostatics are also similar for volumes
with homogeneous permeability, . The magnetic field, H, is deriv-
able from a scalar potential then: H = -V® and magnetic induc-
tion, B, is given by B = u H. Since

n, - (B; —By)=0 (25)

and, provided there are no currents, n, x (H; - Hy) = 0 [20, pg.
190], solutions from magnetostatics also hold for stationary cur-
rents provided conductivity, o, replaces permeability, u.
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Fig. 6. Free after Fig. 3.14 of Sengupta and Liepa [23]. Points with y<O0, to the left
of the x-axis drawn, are in human tissue. Those with y>0 are inside a stent.

The latter similarity allows transferring the magnetostatics so-
lution given by Jackson ([20], paragraph 5.12, pg. 199) for a spher-
ical shell in a uniform field to that of a spherical shell with con-
ductivity o in a uniform electric field as created by two parallel
flat plate electrodes. The reduction of the electric current inside
the cavity in the shell is significant if the conductivity exceeds 103
S/m (Jackson, [20], pg. 201). More importantly, also the currents
and heat production inside the shell itself can be computed. For
stent radius a = 2.5 mm and stent thickness b = 0.5 mm, it is eas-
ily shown that the maximum heat production density in the shell
itself is less than 1%. of the heat production density in the uniform
field imposed. This means that for all practical purposes the heat
generation inside each shell during an electromagnetic pulse, so for
quasi-steady currents, is negligible as compared to that outside the
shell.

For points P inside a fully metal stent in these conditions we
thus have no heat generation:

oE(r,0)> =0 (26)

2.3.2. Heat production in the metal of a stent: on and off switched
currents

Consider a tissue-metal interface, the x,z plane at y = 0, per-
pendicularly irradiated by an electromagnetic (EM) wave of radial
frequency w (Fig. 6). During the switching off and on of currents,
electromagnetic waves penetrate the solid material of the stent in
the so-called skin depth. This penetration is quantified below.

The incident, the reflected and the transmitted EM-fields are
characterized by E;, H; (E oscillating in the x-direction, H in the
direction normal to the plane of x and y directions), E;, Hr and
E;, H;, respectively. Using the notation that o;, 0, are the electric
conductances of the tissue and the metal (oq = 0.1-2 [21] versus
o0, = 106 S/m, the latter for nitinol [22], an alloy of Nikkel and Ti-
tanium, often used for metal stents), g, i1, 4 the magnetic per-
meability of vacuum (g = 4710~7 Henry/m), and of tissue and
metal, both about 1, &g, €1, &, the dielectric permittivity of vac-
uum (go = 8.854-10~'2 farad/m), and of tissue and metal, about
80 farad/m and several thousand farad/m, respectively. Maxwell’s
equations then give (e.g. Sengupta and Liepa, [23] pages 95, 96),

with j2 = —1 and omitting everywhere the factor exp(jwt),
E; = XE;e "VE, = XEe"VE; = XE;e™ " (27)
E.e~7ny E.eVy E.e—72y
H=y" —Ho=-y " — H=y" (28)
m m 2

Y1 = Voo (01 + jogeer) ~ \/jouomion (29)
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= JViopop (02 + jweoes) ~ \/ jwpopz0; (30)

m = \/ jw/{-Oll-l
01 + JwéEpé

The exceedingly small value of gy causes that weper 2 < 012
for tissue and nitinol for all radial frequencies relevant to a
0.1 ms IRE pulse, based on Fourier analysis of the pulse shape
and on the amplitude. For example, requiring that wege; « o1
implies that frequencies have to be much smaller than about
0.1/(8.85 x 1072 x 80 x 2m)~ 2.2 x 107 Hz, well obeyed by a
0.1 ms pulse, ie., frequencies <2.5-10° Hz. For nitinol this is a
factor of about 107 larger (o, = 10% S/m versus o; ~ 0.1 S/m), or
<2.5 x 10'2, thus much smaller than about 2.2 x 10 Hz!

At the boundary (at y = 0), just inside the metal, continuity
of the tangential components of E and H require boundary condi-
tions

07 + JwEpEy [ep)

\/quom77 _\/ jopops Q\/jwuouz (31)

Ei+Er :EtHi+Hr :Ht (32)
or, from Eqs. 27-31,

E_E_E (33)
m Ny’

which give straightforwardly the following expression for E;/E;
(Sengupta and Liepa [23], Eq. 3.252)

E_ 2m; o2 _, [01
E m+n Ml /Mz o \Noa
02

(0.6 — 2.8) 1073 (34)

Thus, the transmitted electric field into the nitinol metal is at
most a few parts per 1000 of the incident field.

A 0.1 ms IRE pulse, for convenience considered having a top-
hat shape, has a frequency spectrum from straightforward Fourier
analysis of

2-sin(w-5-107%)
.

E(w)=E -

el®t y/m. (35)

The temperature increase at the end of the IRE pulse with elec-
tric field E;, at t = At, just inside the metal at the tissue-metal in-
terface with metal mass density p,, heat capacity c, and electrical
conductivity o5, then becomes

0o oE? (w)At

AT = fdw
0 P2C2

This equation will be utilized in Section 3.3.

(36)

2.3.3. Electric field shielding by an open structure metal stent

The considerations of Section 2.3.1 were for fully closed metal
stents. In addition, the electric field of open structured stent needs
to be considered since it not necessarily needs to be zero inside
the stent. The induced heating of the inside cavity of an open
structured stent is therefore considered below.

Casey [24] analyzed the electromagnetic shielding of a metal
wire mesh. For convenience, we use the geometry of a 2-
dimensional metal wire mesh screen of wire diameter of 2ry, =
0.2 mm, mesh width 2 mm and a metal electrical conductance of
o = 10% S/m, the value for nitinol often used for metal stents [22].
The solution of the screening efficacy (named SE, in dB), defined as
SE = -20 logqg(transmission), is given for a finite electric conduct-
ing metal in Casey’s Fig. 6 as a function of the parameter 2Rs/Z,,
with [24]
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(37)

for a; = 2 mm mesh separation, r, = 0.1 mm radius of the wires,
and o, = 10% S/m. Thus, from Casey’s Fig. 6, SE ~ 70 dB, or from
SE ~ 70 = — 20-log,o(transmission) gives

transmission ~ 1073 ~ 3.2. 1074, (38)

even smaller than the amplitude ratio E;/E; of a full nitinol metal
stent, Eq. (35). Note that the amplitude of the electric field at the
inside of a full metal stent is less than E; because of the damp-
ing by the exponential containing distance y in Eq. (27). In other
words, nitinol metal stents reduce the incoming electric field by a
factor of about a few times 10~% and thus act as an effective Fara-
day cage. The inside of a hollow stent consisting of a wire mesh is
therefore without noticeable heat production.

3. Results
3.1. Electric fields in tissue between two infinitely long electrodes

Typical electric field spatial distributions are shown in
Fig. 4 and yield an E; at the stent position of about E; ~ 0.4 - 106
V/m for 2 mm diameter electrodes, 1.25 cm inter-electrode dis-
tance and 3 kV power between the electrodes. For 1 mm electrode
diameters, 3 cm distance and 3 kV, we find E; ~ 0.15 - 106 V/m.
Thus, according to Egs. (34), (38) the electric field transmitted to
the nitinol metal surface, E;, can vary between about

E. ~ 50— 1,100V/m. (39)

Further details about the electric field are provided by Fig.’s 4
and 5 and the figures in Appendix B.

3.2. IRE temperature field histories with and without a metal stent

Fig. 7 shows the labelling of points where temperatures will be
considered. The dashed line centred at the origin represents the
metal stent with radius a = 2.5 mm; computations both with and
without the stent will be performed and discussed in this section.
The stent is filled with similar tissue as the environment.
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Fig. 8. Temperature increase histories at various distances from the origin (Fig. 7)
without stent. Conductivity o is a function of the number of pulses, Eq. (40); length
z; = 15 mm; stent radius is 2.5 mm, 1500 V/cm; D = 1 mm; pulse duration = 0.1
ms; frequency fis 1 Hz.

The bioheat Eq. (11) is linear in AT so AT-responses to mul-
tiple pulses can be added as presented previously [10]. The com-
putations are performed with the electrical conductivity depending
on the number of IRE pulses, and hence on time, in the way found
in [25] and applied to temperature calculations in [10]. First, we
use that the electric conductance of the medium before the elec-
tric pulse, og S/m, increases during each IRE pulse, as shown by
Ivorra et al. [25], approximately according to

on/00 ~ 1.29/0.36/n + 1 (40)

where n denotes the nth pulse. Then, we use that the first pulse, at
t =0, yields ATI(r,t = At = 0) = ATO(r, 0)oq /0 with ATO(r,0) =
0oE(r)2 At/ pc, oy the electric conductance before the electric pulse
of duration At, and o; the conductivity at the end of the first
pulse. Just after the second pulse, say 1 s later, the first pulse
reduces to AT!(r,1)oy/0o. The second pulse gives AT2(r,0) =
ATO(r,0)0, /00, thus proportional to the response of the first
pulse at t=0. Two pulses, at t =1 s, thus cause AT(r,1)=
ATO(r,0)0y /0 + AT (r, 1)o7 /0y, i.e., including the two responses
to the first pulse at the two pulse events. Similarly, three pulses,
at t=2 s, give AT(r,2) = ATO(r,0) 03/0¢ + AT(r, 1)0y /00 +

3-1

AT?(r,2)01/0¢. Writing this as AT(r,2) = 3 AT™(r,n)o3_,/00,
n=0

gives with (14) after N consecutive pulses, frequency f, at time

t=(N-1)f"1s:

N-1
AT(r.(N-1)f ") =Y AT"(r.n)- (1.29,/0.36\/M+ 1)
n=0

(41)

The accumulated temperature increase computed with (41) at
the locations shown in Fig. 7 is shown in Fig. 8 and subsequent
figures in this section. The heat diffusivity is & = 1.4 - 10~7 m?/s
and the thermal conductivity is initially A = 0.547 W/(m. °C). Close
to a needle the electric potential changes rapidly over small dis-
tances and the electric field is strong. At point 1 the temperature
change after 100 pulses is therefore exceeding 120°C, see Fig. 8. It
is the only location of the 5 shown where already after one sin-
gle pulse the temperature change is notable. Halfway the two nee-
dles, at point 5, the electric field and hence the dissipation rate
and temperature rise are smallest after 100 pulses. This is the sit-
uation where a stent is absent (Fig. 8).

The effect of the stent with a diameter five times as big as that
of the needle is shown in Fig. 9 that zooms in at the points 2-
5, see Fig. 7. The LHS of Fig. 9 contains the same data as shown
in Fig. 8. With a stent, the RHS, the origin (point 5) only starts
warming up after about 10 s since no electric field is generated
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Fig. 9. Temperature increase histories at locations 2 - 5 without stent (left) and with stent (right). Legend is the same as in Fig. 8. Conductivity o is a function of the

number of pulses, Eq. (40), and other data are the same as in Fig. 8.
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Fig. 10. Temperature profiles after one pulse (lowest line) and at times 5, 10, 15,
..., 100 s, after respectively 5, 10, 15, and ..., 100 pulses at 1 Hz. The line at x = 2.5
mm is to guide the eye and indicates where the stent edge would be if the stent
were present. Locations correspond to the diamonds of Fig. 7.

inside the stent. Heat must diffuse from outside the stent to the
inside. The typical diffusion time, t, is easily estimated by putting
the Fourier number, Fo = o t2/(2a)?> equal to 1, with « the heat
diffusivity 1.4 - 10~7 m2/s and a the radius of the stent, 2.5 mm;
the result is 10 s indeed. Our experimental finding [12, page 4] that
similar maximum temperatures were reached in no-stent-IRE as in
stent-IRE concerned a location at a stent with a diameter of 5 mm
and a time delay of 10 to 20 s. This agrees with the above finding
and the Fourier criterion estimation.

Points 3 and 4 correspond to the lines of crosses and circles and
exhibit a faster temperature rise than without a stent, see Fig. 9.
The electric field at these points is increased by the introduction
of the stent because the field line through points 3 and 4 stands
perpendicular to both stent and needle and is considerably shorter
with stent than without stent. This explains the faster rise in tem-
perature with stent at these places.

The points indicated by diamonds on the x-axis in Fig. 7 ex-
hibit temperature histories shown in Fig. 10. Point 5 at the origin
has the highest increase in temperature after 100 pulses at 1 Hz.
The farther away from the origin, the weaker the electric field and
the smaller the temperature increase are, but differences remain
within 1 0C after 100 s.

This is drastically changed by the introduction of a stent, see
Fig. 11. At times until about 40 s, 40 pulses, temperature differ-
ences generated outside the stent exceed those at the inside, see
e.g the line at 15 s. At later times, the origin inside the stent ex-
periences the highest temperature increase because of diffusion of
heat from the two sides that face a needle; at one side point 4 in

00y = 0.5 S/m; radius stent = 2.5 mm
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Fig. 11. As Fig. 10 but with stent present. The profile after one pulse is barely no-
table near x = 3.5 mm.
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6 | * Origin
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Fig. 12. Time histories of the temperature increase at the locations used in Fig. 11,
indicated by diamonds in Fig. 7; the origin is starred, the top location with x-
coordinate 3.5 mm has an open circle. Same conditions as in Fig. 11.

Fig. 7 is located, for example. The change of trend at about 40 s is
more clearly shown in Fig. 12. Initially, the origin does not rise in
temperature, but this changes after about 10 s for thermal diffu-
sion reasons discussed above, Fig. 9B. At times exceeding 60 s, on
the contrary, the temperature at the origin is clearly highest of all
for a reason that is discussed below.

The explanation for the above change of trend at about 40 s is
the fact that more heat is generated at the sides of the stent facing
the needles than at the top of the stent. This is further examined
by studying the history of the temperature profile at the circum-
ference of the stent, see Fig. 13. At 35 s and 55 s the temperature
increase at x=0, which is near point 4 in Fig. 7, is clearly seen to
be higher with stent (figure on the right) than without (left fig-
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Fig. 13. Temperature profiles at the circumference of the stent, the locations indicated by squares in Fig. 7. Profiles are drawn at subsequent times with stent (figure on the

right) and without stent (left figure).
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Fig. 14. Computational mesh applied for 2D computations in Comsol™. The unit on both axes is m.

ure). The surplus of heat generated near point 4 diffuses away to
the inside of the stent, which reduces the difference in tempera-
ture between with and without stent at later times at x=0. At the
top of the stent, the point where x=2.5 mm and that is farthest
away from the needles, the heat generation with stent is clearly
less than that without stent, always. The electric field lines must
stand perpendicular to the stent surface, which creates long field
lines to the needles at this point of the stent. Consequently, the
electric field and the energy dissipation rate are smaller on top of
the stent than at the sides of the stent that are facing the needles.
The stent creates cold spots on the sides of the stent that are far-
thest away from the needles by lengthening the electric field lines
there.

10

In addition, the stent acts as a heat sink. The heat sink action
is the fact that the energy dissipated near the stent during a pulse
diffuses away during the time in between two pulses to the vol-
ume inside the stent. The heat sink action of the stent and the cre-
ation of cold spots at the sides not facing the needles are precisely
the reason why a viable rim around the stent has been observed
in pig experiments [13]. The temperature spot II in this reference
[13] has the lowest temperatures measured and corresponds to the
location (z=0, x=2.5) where the lowest temperatures are computed
(Fig. 13). Although in the experiment the gel was shaped as a slab
with limited thickness, whereas in the computations the fluid out-
side the stent is unlimited, the mechanisms of heat sink action and
diffusion of heat are the same.
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3.3. Temperature calculation in the metal at a tissue-metal junction

Using the electric fields generated by a short At =0.1ms IRE
pulse, we estimate the temperature effects in a metal block with
the electrothermal physical properties of nitinol to represent the
stent and applying that temperature rise AT (w) = 0,E?(w)At/pc

1

for a short (0.1 ms) electric field pulse of strength E;(w), Eq. (27).
We have to integrate this equation over all frequencies and their
Fourier amplitudes, Eq. (36). We used average values for density
(6.7 -103 kg/m3) and heat capacity (0.5 - 103 J/kg/°C) found for Ni
and Ti, because we could not find these data for nitinol. By using
the maximum E-field of 1,100 V/m, i.e. the maximum field at the
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inside metal boundary, Eq. (28), we estimate the maximum tem-
perature effect here as

2
Etz(w)7106~(1.1-103 104 oo
E20)  (6.7.103 .(0.5.103) 0
4.106.(1.2)-106.104.(5.1075 ) o 5 sin2<w-5-10‘5)
fd(@-5-1077) ———~
(6.7-103)-(0.5-103) 0 (w.5'10*5)

4:in2 (w-S-lO_S)

09E2(0)AL %0
_ 0E© dw - >
w

X o Ez(w)A[
— 2%t
ATfédw 55 =<5 'é w

=72.107%. 2 ~107%°C.

(42)

Thus, even for a 1 cm electrode distance and 3 kV, the tem-
perature effect of a 0.1 ms IRE pulse in a block of metal with a
position-independent maximal electric field is negligible. For the
1.5 cm electrode distance, the maximum temperature increase is
about 0.0016 °C. In other words, the electric field calculated at the
position of a 5 mm diameter metal stent, caused by an IRE pulse of
0.1 ms, 3 kV and 1 - 1.5 cm electrode distance, does not noticeably
heat up a metal block with the electrothermal physical properties
of nitinol. Thus, 100 such IRE pulses will not significantly influence
the temperature distribution inside the stent either.

4. Conclusions

We have shown that a metal stent will not be noticeably heated
up by pulses applied in clinical irreversible electroporation, a coun-
terintuitive result that required application of Maxwell’s equations
to the tissue-stent configuration. The Faraday cage functions well,
and heating of the stent is merely by conduction from the ambi-
ent tissue, as high-frequency heat production close to the stent by
Fourier frequencies and their amplitudes of the pulse shape is very
small. This conclusion is of major significance because (i) it shows
that it is safe to apply IRE therapy in the presence of a metal stent,
and (ii) it prevents stent removal and thus also surgical complica-
tions.

Major trends of temperature field histories found in thermal
camera experiments [12,13] have been explained with straightfor-
ward simplifications of the electric field generated by two needles
in tissue surrounding a stent and by subsequent modeling of the
heat generation and transport of heat with the bio-heat equation.
Close to the needles, gradients in the electric field and hence en-
ergy dissipation rate and temperature rise are highest. However,
during the time with zero electric field after each pulse this heat
mostly diffuses away, by conduction, to other places. At the sides
of a stent, positioned in between two needles, that are not facing
the needles, temperatures in a typical run of 100 s remain lower as
compared to the situation without stent. This creation of cold spots
in combination with the action of a stent as a heat sink explains
the low temperature rim around the stent found experimentally in
pig experiments [12,13].
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Appendix A
Expression of the heat production by two point-charges

Angle ¢ is defined as the angle between 7; and 7, (Fig. 1).
With the cosine rule for ¢, ie, cosp = [r% + r% - (221)2]/(2r1r2),
and with the cosine rules of position angle 6 (Fig. 1) and of com-
plementary angle (w —6), and with cosf = —cos(r — 0), the fol-
lowing equation is derived:

2412 —1?
2z1r

2 +12—r1?

cosf =
2zir

=—cos(mr —60)=— (A1)
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With some algebra (A1) directly yields (12 +12) = 2(z;2 +12).
So, for angle ¢
s = [2(z1% +1%) — (221)%]/@2rir2) = [1* = 21%]/ (1112)
and energy dissipation rate can be expresses as follows:

0@ [f z_a( Q )2, 11 2(P-z?)
(4rmeo)’ i 3] \dmeo/ i3 '

33
nr

(A2)

<7E(r,6)2 =

(A3)

Eq. (A3) expresses the volumetric heat production at P(r,6)
caused by 2 electric point charges +Q and —Q, at distances —z;
and z; from the origin (Fig. 1), at arbitrary location (r, #) in polar
coordinates.

Appendix B
Computation settings in Comsol™

This appendix summarizes the governing equations, initial and
boundary conditions used for the finite element computations with
Comsol Multiphysics™ 5.2.1.152 and gives typical results and val-
ues of physical constants used. Fig. 14 shows the geometry of three
cylinders with parallel axis perpendicular to the plane as well as
the mesh applied.

The specific electric conductivity, o, and the relative permittiv-
ity, &, are material properties. Their values are 0.1 S/m and 80,
respectively, for the fluid (representing human body tissue) that
occupies the entire region outside of the needles. In the computa-
tions presented in this paper the interior of the stent, represented
by the cylinder at the centre of Fig. 14, was also filled with this
fluid. In other computations the stent was taken to be solid steel
with ¢ = 4,032.10° S/m and &, = 1 and with a mass density, p, of
7850 kg/m?3, a heat capacity, c, of 475 J/(kg.°C) and a heat conduc-
tivity coefficient, A, of 44,5 W/(m.CC). This is the material that the
stent and the needles are typically made of. The mass density of
the fluid is 1000 kg/m?3, while its ¢ = 4100 J/(kg.°C) and A = 0,5908
W/(m.9C). For the computation of the electric field the interior of
the stent is inessential as the boundary condition on the stent is
that the tangential component of the electric field is zero, i.e. that
the stent surface has a constant electric potential, ®. This value
is zero in the computations with Comsol™. The imposed voltages
at the surfaces of the needles, where also the boundary condition
of a constant potential had to be satisfied, were in most computa-
tions taken to be + 1500 V and -1500 V. The electric field at the
outer boundary of the computation domain in Fig. 14 satisfies the
boundary condition that the normal component of the electric field
is zero. Since in the analytical solution this condition is only sat-
isfied at infinity, a comparison with predictions of Comsol™ can
only be made for the central region at relatively large distance
from the outer boundaries. For this reason, the comparison with
the analytical solution is only applied to the area in between the
needles and the stent (Fig. 4). The results below will show that
the electric field there is only marginally affected by the bound-
ary condition at the outer boundary of the computational domain.
Doubling the domain gave changes in the electric field in between
the needles and the stent that were far less than the scatter in the
computed points of Fig. 4.

There are no remnant displacements of currents and therefore
the total electric field including polarization D, is given by D = ¢
&r E, with g, the permittivity in vacuum, equal to 8.854 10~12
farad/m and E the electric field vector without polarization. There
are no externally generated currents and the electric current J,
therefore satisfies the following equation:

J=o0E+0D/at. (B1)
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In quasi-steady conditions the following equations hold

J=0E (B2)

VJj=0 (B3)

The applicability of quasi-steady conditions to the conditions
that determine the electric field is proven in the main text, in
Sections 2.1.1, 2.3.2 and 3.3. Because the conditions are quasi-
steady, there was no need to solve for the magnetic field.

For a homogeneous electric conductivity, the last equation of a
divergence-free current in combination with the defining equation
of the electric potential, ® :

E=-Vo (B4)
yield the Laplace equation for the potential ®:
VVd =0 (B5)

The electromagnetic heat source, o E 2, which is energy dissipa-
tion rate density in W/m?, couples the electric field to the energy
equation:

0cdT/t +ocuVT=0E2+VAVT (B6)

The fluid velocity, u, is zero in all cases of this study and A is
taken to be homogeneous. The initial temperature condition pre-
scribes a constant temperature everywhere. At the outer boundary
of the computation domain, the temperature gradient is assumed
to have a zero-component normal to the boundary. This implies
that there are no energy losses from the computational domain.
This boundary condition is of course only relevant for the compu-
tation of the temperature by Comsol™ and such computations are
not presented in this paper.

Computations have been performed in Comsol™ with 7128 de-
grees of freedom. A computation time of 5 s and a virtual memory
of 1.71 GB sufficed to solve for the electric field and the tempera-
ture field simultaneously during 0.1 ms. Computations of temper-
ature histories, not shown in this paper, were obtained with the
aid of a variable-order, variable-step-size backward Euler time dif-
ferentiation with order varying between 1 and 2 and with 0.001
fraction of the initial step for the backward Euler computation. The
absolute tolerance was 0.001 and the variables, the electric poten-
tial and the temperature, were scaled. During the physical time 0.1
ms the electric potential remained as shown in Fig. 5.

Fig. 5 shows that the boundary conditions of the electric field
are satisfied. Fig. 15 gives the corresponding electric field.

For comparison with Fig. 5, Fig. 16 gives the electric potential
in the absence of a stent.
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