Multi-scale Biophysical Principles
in Clinical Irreversible Electroporation
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3.1 Introduction

Irreversible electroporation (IRE) is a focal ablation methodology that involves gen-
erating brief, but intense, electric fields in a target tissue. These electric fields operate
on the cell level to electrically perforate—or permeabilize—the cell membrane while
maintaining the structural integrity of the extracellular components [12]. The devel-
opment of IRE technology significantly improved the outcomes of patients with late-
stage pancreatic cancer. A study investigating such outcomes found that the median
survival of stage III pancreatic cancer patients rose from 6—13 to 24.9 months in a
200-person study following IRE treatment [31], roughly doubling patient post-
treatment survival.

The movement of electrons and other charged moieties is central to the mecha-
nisms driving the clinical efficacy of IRE, which are motivated by an electrical
potential (voltage) gradient. Similar to heat conduction, such a gradient is usually
established using one electrode/s from which the electrons flow (source) and one or
more electrode that accept the flow of electrodes (sinks). The geometry of the source
and sink electrodes largely determine the distribution of electric field within a target
tissue during an IRE procedure. It is imperative that the clinician has a conceptual
understanding of how electric fields are distributed when treating a patient with IRE,
and we seek to provide the context and intuitive understanding of the phenomena
motiving IRE treatment in this chapter.

One of the central considerations inherent in any procedure involving the appli-
cation of electric fields is that they are difficult to visualize in real time. Visualization
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is difficult for any electric field distribution because it represents the force that can
be exerted on a unit electrical charge positioned at every point. For the case of the
electric fields generated in IRE procedures, these fields represent the force acting on
a charged particle, rather than the movement of the particle itself, and therefore may
only be evaluated indirectly. While monitoring electron flow [27] and the small
changes in temperature generated during IRE [5], clinicians have largely relied on
treatment planning algorithms and empirical or a priori knowledge of the tumor
anatomy and physiology to determine the order in which ablations should occur and
their positioning within the tissue to optimally destroy the target tissue while mini-
mizing collateral damage to healthy tissue.

Several mathematical techniques form the foundation for the clinically relevant
treatment planning for IRE procedures. Analytical techniques are useful for gaining
an intuitive understanding of the biophysical mechanisms associated with
IRE. These techniques, however, are not able to capture many of the geometric
complexities of biological tissue and have little clinical use outside of gaining a
clinical intuition about how electric fields behave in such materials. Analytical tech-
niques will be discussed at the cellular level, and, while not explicitly accurate for
every example, it is our hope that the conceptual lessons learned from these math-
ematical formulations will give the reader an intuitive understanding of why and
how IRE is performed the way it is.

The finite element method (FEM) is the workhorse of IRE treatment planning
and will be utilized to outline the tissue-level considerations in the second part of
this chapter. In IRE procedures, FEM modeling is especially useful because real,
patient-specific tumor, organ, and tissue geometries are used to plan individual- and
tumor-specific ablations. In a typical model, images from 3-D medical imaging
modalities—such as MRI or CT scans—are reconstructed into 3-D geometries and
then subdivided into smaller sections or finite elements. The governing physical
principles are then solved on each element. These elements are then used to recon-
struct piecewise functions that allow the relevant physical quantities to be deter-
mined at every point within the whole geometry. For example, in a typical IRE
procedure, a clinician might image a tumor and send the scans to an engineer who
will reconstruct the scans into their 3-D geometries. Once reconstructed, the engi-
neer will insert models of electrodes into the tissue and determine how the electric
field should be applied to which electrodes in which order for optimal tissue abla-
tion [16]. The engineer will send the reconstructed model back to the clinician prior
to treatment so that they are able to perform the treatment in the optimal manner.

3.2 Electric Fields

Electromagnetic fields appear ubiquitously throughout the biological realm; chemical
gradients directly give rise to electric fields, appearing in fields from developmental
biology to wound healing. Modern electrodynamic theory was developed by James
Clerk Maxwell in the mid-nineteenth century [32] and has subsequently been adapted
and developed to explain electrical phenomena observed in biological interactions.
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Within a tissue, the local electric field intensity is directly related to the ablation field
[12]. If modeled accurately, it can provide invaluable information to the medical opera-
tor toward the visualization of the expected final lesion volume and how it will change
in relation to adjusting ablation parameters (geometry, pulse number, length, voltage,
etc.). Therefore, the assumptions, considerations, and solutions critical to mathemati-
cally modeling electroporation are developed below with the goals of compiling and
reviewing the essential concepts that have driven the advancement of electroporation.

3.2.1 Pulse Characteristics

The electric fields generated for clinical use have included many different wave
shapes, including triangular, ramp, sinusoidal, and exponential, though typically
treatments are delivered using square pulses. However, typically square pulses are
used for IRE treatment, and it is important to discuss the terminology associated
with such waveforms before delving into the physical concepts relevant to
IRE. Figure 3.1 schematically demonstrates the terminology commonly used to
refer to an IRE pulse waveform. The polarity of a waveform (e.g., monopolar or
bipolar) refers to whether its amplitude varies only in the positive direction or both
in the positive and negative directions. The pulse width refers to the total “on-time,”
or time where the pulse is nonzero, and may be used to describe portions of the
waveform in either the positive or negative direction, or both, depending on the
context. The intra-pulse delay describes how much time passes before the comple-
tion of one pulse and the beginning of another, though it typically is used to describe
the delay between pulses of opposite polarity in bipolar pulses. IRE treatment gen-
erally involves delivering tens to hundreds of pulses with a set amount of time
between each pulse treatment repetition, and the inter-pulse delay is the amount of
time between each pulse. The amplitude describes the magnitude of the potential in
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Fig. 3.1 Anatomy of bipolar and monopolar square electrical pulses. Waveforms commonly used

in IRE are shown schematically to indicate terminology. A train of n bipolar pulses are shown fol-
lowed by a single monopolar pulse
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a single direction, measured from the sink electrode. These parameters may vary
from treatment to treatment, but typically 80 pulses with pulse widths of 100 ps and
repeated at once per second 1 Hz are used for an IRE treatment.

3.2.2 Ohm’s Law

The relationship between an electrical potential V and the flow of electrical current
I is frequently described as V = IR where R is the degree to which a given material
will resist the flow of current (resistance), which is the one-dimensional form of
Ohm’s law. Indeed, Ohm’s law must be generalized to accurately represent geome-
tries when considering complex tissue shape factors encountered when applying
Ohm’s law in more than one dimension. In multiple dimensions, the electrical field
E arises from a potential drop between two points connected by path 1. The potential
drop across that path provides the electric field along the orientation of 1 for every
point along the path on each electrode and through tissue as

AV = - [E-dl. 3.1)

The electrical current is defined as the density of electrons flowing through a
closed surface. Similar to the flow of a fluid driven by a pressure head, the flow of
electrons is driven by a potential difference. In the fluid analogy, the total pressure
head is equal to the integral of the pressure gradient at each point in the fluid flow.
Similarly, electrical current flow is described by Eq. 3.1 in much the same manner:
the total potential drop across a material is given by the electric field at every point
integrated between the beginning and ending points.

Further extending the idea of electrical current using the fluid analogy, if we define
the electrical current through a unit of volume, similar to a control volume in fluid
dynamics, we obtain a current density J. If J is defined at every point in a fluid flow, and
we integrate across the entire fluid volume Q (Fig. 3.2a), we can obtain a flow density J
that gives the density of fluid (or electrons) and in which direction it is flowing. In order
to measure such a density, we must define a surface in two-dimensional space through
which J is flowing (Fig. 3.2b). For a simple fluid flow, this surface might be the cross
section of a pipe. Abstracting this to an arbitrary unit surface\partial dQ, the flux
integral

1:<§J-dQ (3.2)

gives the current / as the integral of the current flow density J through an arbitrary
closed surface\partial Q). For a one-dimensional electron flow through a known cross
section, Ohm’s law is given as V = IR. However, visualizing two- and three-dimen-
sional current paths and electric field distributions between two surfaces is slightly
more complicated because the current does not travel homogeneously through the
material but rather as a distribution such that the current density is spread through-
out the entire ohmic material. Thus, the electrical current can be broken into its
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Fig. 3.2 Phenomenological relationship between electrical conductivity ¢; and electrical current
density J = < J,, J,, J, >. (a) Each component of the total electric current density vector J may
experience a different conductivity through each unit component d€2 within an ohmic material. (b)
A potential drop AV =V, — V, between conducting surfaces separated by an ohmic material with
conductivity o results in a current density J through that material and an electric field of uniform
intensity [El = AV/I

vector components J = < J,, J,, /> where J,, J,, and J, are magnitudes of electrical
current density flowing in each the x, y, and z directions.

3.2.2.1 Electrical Conductivity

For an arbitrary geometry in the domain Q, exposed to electric field E, a current
density J will develop in each of the x, y, and z directions. Thus, J, described as the
flow of electrons (electrical current) or ions (ionic current) per unit volume, is moti-
vated by the electric field distribution within a given material Q. For low-frequency
or DC electric fields, we can relate E to J through Ohm’s law on Q as

J=cE. (3.3)
where
Ex O-)cc ny o-xz Jx
E=E |,c=|o, o, o.|d=|J,
Ez sz zy Gzz Jz

Because the electrical potential drop as well as the current flow can occur in each
spatial dimension, the conductivity ¢ must be represented as a 3 x 3 matrix (also called
the conductivity tensor) that describes how the electric field in each direction can impact
the current flows, or is conducted, in each dimension. For current flowing as the result of
a potential drop within an arbitrary material in Cartesian coordinates, we can write

Jx O-xx O-)Cy O-XZ EX
Jy = O-yx o-yy o-yz Ey ’
JZ O-Z)C O-Zy GZZ EZ



46 D.C. Sweeney et al.

to show these interactions explicitly, where the subscripts on £ and J indicate the direc-
tion of that vector component (i.e., J, is the current density in the x direction) and the
subscripts on ¢ are the ratio of each electric field component to each current density
component (i.e., 6,, is the ratio of the electric field component E, divided by the current
density component J,). For a typical material, ¢ is generally symmetrical, meaning that

o, 0, O, . O 0
c=|o, o, o.|=|0 o, 0] (34)
sz Gzy Gzz O 0 Gzz

3.2.2.2 Permittivity
Rather than simply allowing electron flow, a material may become polarized in the
presence of an electric field at high frequencies. This behavior is known as permit-
tivity. A material’s permittivity describes its ability to become polarized in an elec-
tric field. This effect is due to the realignment of molecular dipoles motivated by the
applied electric field. Permittivity is generally expressed relative to the permittivity
of free space €,. Because it takes time for molecules to rearrange when the electric
field is applied and removed (Fig. 3.3), the permittivity of a material gives rise to the
transient response and may be thought of as the ability of a material to store electri-
cal energy. Such properties are ideal in electrical components such as capacitors that
are designed for this purpose. The capacitive current J. through a material in a
domain € with relative permittivity €, is given as
OE
J.=¢¢, P (3.5)

Similar to conductivity, €, is given by the permittivity tensor
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Fig. 3.3 Permittivity describes the extent to which a dielectric material composed of molecular
dipoles or polarizable molecules to reorganize exposed to an electric field. The dipoles that are
normally randomly distributed in a material (a) will realign with respect to the electric field E
within a material (b). This results in the production of a capacitive current J,
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Fig. 3.4 Conductivity and relative permittivity of common tissues treated using electroporation-
based therapies. The electrical conductivity o (left) and relative permittivity €, (right) of common
tissues are plotted for frequencies from 1 Hz to 1 MHz [17]
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which indicates how the capacitive current in each direction is generated through
how the electric field changes in each direction over time. A material that exhibits
such polarization properties is called a dielectric, and its relative permittivity €, may
also be referred to as its dielectric constant. Oftentimes, a material can be consid-
ered isotropic, or possessing uniform material properties in every direction. Even if
a material is not entirely isotropic on a molecular level, it may be considered such if
the bulk conductivity, permittivity, and permeability are presented on a scale at
which the material appears macroscopically homogeneous, such as in liver. In such
cases, the tissue conductivity and permittivity can be determined generally through-
out as a function of frequency, as depicted in Fig. 3.4. Introducing the capacitive
current’s dependence on angular frequency @ = 2zf (where fis given in Hz.) in a
uniform material as J. = €,eowE, we can write an equation stating that no current is
generated within any point within the bulk of the material. This is known as the cur-
rent continuity condition and can be written as [36]

(G + jereoa))V -E=0, 3.7

where j= J=1 is an imaginary number. By solving for E, we obtain a modified
expression similar to Ohm’s law that accounts for the time-dependent changes pres-
ent when the signal changes in time. This transient quantity, analogous to a tissue’s
ohmic resistance, is known as the tissue’s impedance Z. However, in the course of
integration, several spatial dependencies must be considered, though, if conductiv-
ity and permittivity are constant in space and time, the spatial component of the
material’s impedance may be represented by the shape function K. In this case, the
impedance of a tissue is given as
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1

=— 3.8
K (o + je€0) 68

Shape functions will be discussed further in the following section, though the
transient response of a material may be estimated using Eq. 3.8 to estimate the
impedance of a material with uniform, static conductivity and permittivity.
Because biological tissue’s properties change relatively slowly compared to the
duration of the applied electric field in a typical IRE procedure, the electrical
properties are considered quasi-static and are estimated at low frequencies
(DC-1 kHz).

3.2.2.3 Shape Functions

For a material with no transient response in more than one dimension, we adapt
Ohm’s law to multiple dimensions using a shape factor K such that the total resis-
tance of the material R is given by

R=-L.
Ko

Representing Ohm’s law in this manner greatly simplifies the estimation of tissue
properties from the electric field distribution using readily measurable quantities,
voltage V and current /. Shape factors calculated for several common electrode
geometries in an electrically homogenous material are given in Table 3.1. For exam-
ple, in the case of an ohmic material separated by two large conducting plates, the
shape factor given in Table 3.1 is K = A/, where A is the surface area of the plates
and [ is the distance between them. In this case, the resistance of the material is
given as R = l/(Ac), which corresponds to the general resistance of a short
cylinder.

This example illustrates two particularly useful concepts in developing an intu-
ition with regard to how electric fields behave. If the area of the electrodes in this
geometry is increased, the total effective resistance of the system is decreased,
meaning that more total current will flow through the material. However, the current
going through the system may be decreased if the distance separating the two plates
is increased. These relationships are intuitively true in a given geometry, and their
interplay is helpful in understanding a material’s response in the presence of an
electric field.

(3.9)

3.2.3 Laplace’s Equation

Given a homogenous material exposed to an electric field, the conductivity (and
permittivity, in the case of a dielectric) may be divided from both the right- and left-
hand sides of the continuity equation, leaving V-E = 0. Considering the definition of
an electric field E = —V ¢, the general form of an electrostatic field can be solved by
Laplace’s equation as
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Table 3.1 Shape functions for calculating the electrical resistance in a tissue for a given electrode

configuration

Electrode geometry

Shape factor (K)

Parallel plates of surface area
A separated by a material of
length /

P

A

l

Cylinder and plate for which
d>>randA>>r,dand dis
the cylinder length

(23

2nd
cosh™ (1/r)

Parallel cylinders of length d
in an infinite material for
which [ >>ry, r,

2rl

cosh™ (212 — 2 =2y j

nhhn

Two spheres in an infinite
material and for which r, > r,

Sphere and plate in a
semi-infinite material and for
which /> r

(2

4rr

1-r/(21)

Adapted from Bergman et al. [4]
To calculate resistance, use R = 1/(cK) where K is the shape function listed in the right column

Vip=0 (3.10)
where ¢ is the local electric potential field and the Laplacian operator is defined
for Cartesian coordinates as V*¢ = ¢,, + ¢,, + ¢... From a physical perspective,

Laplace’s equation indicates that no electric field source exists within the material
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Table 3.2 Typical electrical properties of cellular components of an isolated cell

Parameter Variable | Value Unit Reference
Permittivity of free space €o 8.854 x 10712 As/Vm

Extracellular (saline) relative €, 75 [6]
permittivity

Extracellular (saline) conductivity o, 1.25 S/m Measured
Cell membrane relative permittivity €n 7 [22]

Cell membrane conductivity [ 3x 1077 S/m [19]

Cell membrane thickness d, 4 nm [3]
Cytoplasm relative permittivity €; 60 [21]
Cytoplasm conductivity o; 0.5 S/m [22]

Cell radius r 10 pm

Adapted from Cemazar et al. [8]
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Fig. 3.5 The solution to Laplace’s equation for two infinitely long cylindrical electrodes. The
solution to Laplace’s equation is given for the case of 1.0 V applied across 0.1 cm (ID) cylindrical
electrodes spaced 2.0 cm apart. Contours are given for 10, 20, 30, 40, and 50 V/cm (Adapted from
Mahnic-Kalamiza et al. [28])

and can only exist at the boundaries. From here, modeling the electric field distri-
bution for a particular geometry is performed by solving Laplace’s equation in
each subdomain with a given material property using the isopotential and current
continuity boundary conditions giving an electric field distribution. For the case
of two cylindrical electrodes, the solution to Laplace’s equation is shown in
Fig. 3.5.

3.2.3.1 Parallel Plate Electrodes

The simplest geometry for which an electric field may be calculated is that of two
conductive parallel plates of surface area A separated by distance d (with the condi-
tion that A >>d). The electric field intensity within the material may then be approx-
imated along a single dimension as E = —V¢ ~ —AV/d. By scaling the total current
I for a unit surface area on the conducting electrode as I/A, Ohm’s law confirms the
shape factor given in Table 3.1, yielding
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AV:RI:LI,
Ao

after rearrangement. It is important to note that though the electric field is equivalent
to the voltage-to-distance ratio in the case of parallel plate electrodes, this is not
always the case, and the reader should exercise prudence when applying the prin-
ciples herein described for more complex geometries.

3.2.3.2 Two Cylindrical Electrodes

Electrode configurations consisting of two or more cylindrical, needle electrodes
are almost ubiquitously used in ECT, GET, and IRE. An analytical solution exists
for the electric field intensity as a function of position around the electrode inser-
tions in the plane perpendicular to the exposed conductors. The electric field due to
two long, cylindrical electrodes of equal radius r, = r, = p, placed at positions (x,,
y,) and (x;, y,) with their centers offset by distance d,, is given as

(pab
E(xoayo): :
2log d, +\/d:b —4p,
2p,
X, —x X, —x

(=) + (i =2) (5 =x) (5 -»)
@3.11)

Yo=Y ~ V=

e +0i—) o) +(n—)

for the general form of the analytical solution for two electrodes [9, 28] to Eq. 3.10,
with constants as

X, =X, +|e|-sin6,,6, = arctan 222
Xp =X,
' . Yo 7Y
X, = x, +|e|-sin6,,0, = arctan ——",
xa_xb

Y; =V +|e|'Sin9|’

, . d |(dY
ybzyb+|e|-s1n92,e:5— (Ej -pe.

From this calculation, several particularly important phenomena arise that may
not be obvious. From inspection of Eq. 3.11, we recognize that the electric field does
not decay linearly between the two electrodes—i.e., the voltage-to-distance ratio
does not provide a valid representation of the local electric field intensity,
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dramatically overestimating the treatment result. The electric field intensity distribu-
tion for this geometry is plotted in Fig. 3.5, and it quickly becomes clear that the
shape of the electric field in this configuration appears to resemble the two-dimen-
sional projection of a peanut or an infinity symbol: the electric field intensity is great-
est near the electrode and decays radially between them. Consequently, any electric
field-dependent phenomenon will occur first at the electrode-tissue interface first
before propagating throughout the remaining exposed tissue.

The two-needle electrode geometry may be extrapolated to an arbitrary number
of electrodes placed around a target tissue volume. For N electrodes positioned
around a tissue mass, the electric field distribution is given by the superposition of
the electric fields generated by each electrode, depending on the geometry and the
sequence in which the electric field is applied [14] (Fig. 3.12). However, there are
several important consequences of arranging electrodes in arrays and then energiz-
ing pairs of them in sequence. By energizing any pair electrodes following a differ-
ent pair, the total electric field experienced within the total tissue is a sum of the
electric fields generated by each of the electrode pairs. While this may not signifi-
cantly impact the electric field distribution in a tissue with static conductivity and
permittivity, the electrical properties of biological tissue change as a function of
electric field intensity, temperature, and time. In a realistic procedure, the electric
field distribution between any two sets of electrodes in an array will be dependent
on the electric field distribution generated between the previously energized elec-
trode pairs. This will effectively manifest as unequal resistances measured between
two otherwise geometrically similar electrode pairs. Though IRE schemes are
designed to largely account for these differences, they will nevertheless be present,
and similar resistance measurements should not be expected.

3.3 Cell-Level Phenomena

In general, biological tissue has a very hierarchical structure; a tissue’s smaller scale
components dictate its gross anatomical form. Specifically, in the case of
electroporation-based treatments and therapies, the biophysical action of the treat-
ment at a molecular level dictates the cellular effects which, in turn, dictate the tis-
sue and organ-level outcome of the treatment. It is because of this structure that
attaining a holistic understanding of electroporation processes at the cellular level
helps caregivers exploit the relevant physical mechanisms to attain more accurate
and clinically advantageous treatment plans and protocols.

3.3.1 Transmembrane Potential and the Schwan Equation

The cellular membrane functionally separates the interior of a cell from its external
environment, thereby establishing chemical gradients that the cell utilizes for gen-
erating action potentials, nutrient uptake, and waste export. These chemical gradi-
ents establish an osmotic gradient across the relatively impermeant membrane. Due
to the electrical charge distribution within many of these molecules, the chemical
gradient established across the cell membrane also establishes a large electric
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potential difference (~70 mV). When an electric field is applied across a cell, oppos-
ing charges gather at opposing sides of the membrane and generate an electrically
induced pressure across the membrane. When this pressure surpasses a threshold,
defects in the membrane are expanded and allow molecular transport into and out of
the cell. This is the mechanistic basis for electroporation.

In 1957, H. P. Schwan developed the expression now carrying his name for the
transmembrane potential induced by an exogenous electric field applied to a spher-
ical cell [41]. The Schwan equation is commonly employed to provide an intuitive,
analytical description of the mechanism giving rise to electroporation phenome-
non. The formulation of the Schwan equation considers concentric spherical
regions to represent a cell. The transmembrane potential is the difference in poten-
tial in the radial direction across the thin region separating the center region of the
concentric spheres defining the membrane boundaries; in other words, the mem-
brane is modeled as the dielectric shell. In such a case, the transmembrane poten-
tial is defined as

¢, (r,0)= f,ERcos(0), (3.12)
where

20, [3dmR2cr,. + (3diR -d )(O'm -0, )J

f.= .
2R’ (Gm +26i)(6m +;Gij_2(R_dm )3 (Ge —Gm)(O'i —Gm)

In this case, the cell membrane has a thickness of d,,, and the radius of the cell to
the internal surface of the membrane is R. The conductivity of the cytoplasm, mem-
brane, and extracellular medium are given as o;, 0,,, and o,, respectively. In reality,
there is a time dependence on the induced transmembrane potential ¢,,. This time
dependence can be approximated through further simplifications performed under
the conditions that the membrane diameter is much smaller than the radius of the
cell (d,, << R). Through substitution of ¢ + je, €y for ¢ in order to obtain the tran-
sient components of the transmembrane potential given by the Schwan equation and
if the permittivities of the internal and the external electrolytic media are negligible
(e; ® €, = 0), and the conductivities of the internal and external media are signifi-
cantly greater than that of the membrane (o,, << 0;,0,), the membrane charging time
constant 7 is given by

Re

m

2 [9% Vi ko
o, +20,

We may now rewrite the time-dependent Schwan equation as

T =

0, (r,@,t):fSErcos(O)(l—exp[—ij, (3.13)
T

which demonstrates how the transmembrane potential depends on the geometric
contributions of the cell shape f;, the exponential dependence on time ¢, and the polar
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Fig. 3.6 The surface area of the cell membrane experiencing a significantly increased transmem-
brane potential ¢,,(0) is increased for cell geometries perpendicular to the electric field. The trans-
membrane potentials induced on spherical and oblate and prolate spheroidal cells are plotted and
indicate that the greater the projection of the cell surface parallel to the electric field, the greater
the area on the cell membrane that experiences significantly increase transmembrane potentials
(Adapted from Kotnik and Miklavcic [26])

position . We must consider that cell geometry and orientation with respect to the
electric field affect the induced transmembrane potential. The transmembrane poten-
tials resulting from extending our analysis to prolate and oblate spheroidal geome-
tries with interior membranes (shells) are shown in Fig. 3.6 [25, 26]. The
transmembrane potential profiles shown in Fig. 3.6 highlight how the regions of the
cell surface perpendicular to the electric field experience the greatest transmembrane
potential, resulting in the greatest probability of electroporation in these areas. It is
important to note that the transmembrane potential expression is similar for prolate,
oblate, and spherical cells; the oblate geometry experiences a considerably larger
surface area of the membrane to larger transmembrane potentials than the prolate
geometry. In practical terms, this indicates that cells positioned with their long axes
perpendicular to the electric field (oblate) will exhibit a significantly greater average
membrane permeabilization than if their long axis is parallel to the electric field.

3.3.2 Pore Generation in Bilayer Lipid Membranes

In 1979, Abidor et al. were able to link the increased conductivity and molecular
transport observed post-exposure in bilayer membranes to membrane defects arising
from the colloidal nature of lipid bilayers [1], and in so doing, developed the bio-
physical explanation underpinning modern electroporation theory.

An intact bilayer membrane will form spontaneously in an aqueous material.
Once formed, a membrane is subject to thermodynamic fluctuations that govern its
structural properties at the molecular level; the distance between charged lipid head
groups fluctuates while maintaining the hydrophobic membrane core because of the
random thermodynamic motion of the lipid molecules [24]. Representing these
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Fig. 3.7 Energy of pore formation becomes favorable with increasing transmembrane potential.
A membrane defect that forms as a result of normal thermal fluctuations of the cell membrane
increase in radius is forced to expand in the presence of an increased transmembrane potential—a
hydrophilic pore—and eventually cause the lipid head groups to invert when the defect has reached
a critical radius r = r: to energetically stabilize the structure, forming a hydrophobic pore

random fluctuations as a statistical distribution, it becomes conceivable that there is
a small probability that the random motion of the lipid molecules in the bilayer
membrane will generate a defect in the membrane structure in which an intramo-
lecular space will form that is large enough to permit a molecule to penetrate the
hydrophobic core and emerge on the opposite side (Fig. 3.7). Though not explicitly
detailed here, the derivation of the following interfacial physics calculation is
detailed in [1, 20, 29, 30] for interested readers. In 1999, DeBruin et al. simplified
the explanation of the second type of defects that form as hydrophilic pores by
introducing a quadratic term to represent the energy of this enlarged defect—termed
a hydrophobic pore—rather than the modified Bessel functions used previously [13]
(Fig. 3.7).

Once the radius of a defect reaches a critical value, denoted r = ", the lipid head
groups invert and energetically stabilize the pore, bridging the two membrane leaf-
lets and creating a hydrophilic pore. This stabilization is reflected as a local mini-
mum in the energy function r,, > r" and indicates that, once hydrophilic pores are
formed, they tend to aggregate at r = r,, before collapsing back to an intact mem-
brane. Physically, these dynamics are captured by modeling a hydrophobic pore
using the quadratic term proposed by DeBruin et al. such that a global minimum
energy is achieved at r = 0, where the hydrophobic pore of radius is normalized to
the radius at which the hydrophilic-hydrophobic transition occurs r". The energy
associated with that transition is denoted as E(r«) = E.. The hydrophilic pore energy
is developed by considering a dielectric material separating two bulk phases of a
conducting material. The term 7a przgojl represents the electrical energy that moti-
vates the transition of a hydrophobic to hydrophilic pore, similar to a discrete capac-
itor. The inside of a hydrophilic pore is associated with a linear tension 2zry, and
whole membrane experiences a surface tension z7°[". An additional term is added
here as a quartic term to represent the steric interactions of the lipid head groups in
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the pore with C as the interaction constant. Together, with the introduction of an
exogenous electric field added to the energy function

7

*

E,,.(r)= \ : (3.14)
2nry —mr’T — n'aprz(pjl + (gj r<r<d,
r

2
r 2 2
E*[—J -ma,re, O<r<r,

where ¢,, is the transmembrane potential and g, accounts for the difference in
dielectric properties between an intact membrane and the surrounding aqueous
environment, estimated as [1, 38]

a = (ew _61)60 .

’ 2d

m

Figure 3.7 shows the altered pore energy function arising from increased trans-
membrane potentials. It is of note that dramatic deformation for r > r. occurs at
potentials ~200 mV and has been estimated experimentally to be between 0.2 and
1V [39].

34 Electric Field Distribution in Gross Tissue

Through our discussion of the effects of an electric field on a single cell, we can
expand the discussion to multicellular and tissue-level systems. With the understand-
ing that the electric field intensity, frequency, and waveform are the most easily
manipulated parameters to adjust for electrode arrays of a fixed geometry, and that the
transmembrane potential both directly depends on the magnitude of the applied elec-
tric field and drives electropore formation, a tissue-level perspective of the effect of
electric fields in vitro may be quickly developed. With the electric field intensity driv-
ing electroporative processes, such as IRE, it becomes critical to predict the electric
field distribution within a biological tissue. At frequencies <10 kHz, it is commonly
assumed that the electric field distribution may be approximated using the Laplace
equation. In this case, the tissue is only considered resistive, with no capacitive com-
ponent. While this assumption provides an incomplete model for tissue, it is nonethe-
less widely used and provides valuable information. The typical frequency content of
an electrical signal used in clinical applications of electroporation is below 10 kHz,
and, as such, our discussion will focus on the tissue response within this range.

3.4.1 Deviations in Electrode Geometry

Idealized plate electrodes are considered completely planar, while cylindrical elec-
trodes are considered perfectly cylindrical and parallel. However, in reality,
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scenarios present where it becomes necessary to account for slight variations in
intraoperative electrode placement and positioning. For example, electrodes may be
placed slightly skew, or a particularly dense tissue region may cause electrode
bowing or off-parallel insertion when using needle electrodes. Though these varia-
tions may appear slight, they may result in suboptimal, incomplete, or excessive
ablation.

3.4.1.1 Bowing and Angulation

Inserting and maintaining parallel two-needle electrodes into a highly structured
tissue, even with guides and sharpened ends, may prove challenging due to multiple
tissue layers, dense connective tissue, or soft tissue deformation during treatment.
This angulation results in an intensification of the electric field and current density
toward the conducting surfaces in closest proximity Fig. 3.8. Significant angulation
may result in the incomplete ablation of tissue regions where the conducting sur-
faces of the electrodes are farthest apart and, though complete ablation occurs
around the surfaces of electrodes in close proximity, unwanted heat may be gener-
ated in this region due to the increased current density driving increased Joule heat-
ing (discussed later). Though addressed individually, these aberrations may be

Skewness

+2 cm Ocm -2.cm

e e = 450
e e e 400

—5°

350
IS 300
gl |E|
0 S B & |0
C
< 200

- 150

- 100

+5°

& & &8 -

Fig. 3.8 Angulation and skewness of exposed electrode surfaces can significantly impact the elec-
tric field intensities driving electroporation within the target tissue region. In simulated, isotropic
liver tissue (6 = 0.1 S/m, €, = 80), cylindrical needle electrodes with radii of 1 mm and sharp conical
tips are inserted 10 cm into the simulated tissue mass. One centimeter of the conducting surface of
the electrodes, excluding the tip, was exposed on each electrode, and simulations are given at steady
state, without considering dynamic conductivity tissue responses to the electric field or temperature.
1.5 kV were applied to the two electrodes, which are spaced 1 cm apart in the central image
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compounded and result in over- and under-exposed tissue regions to be subopti-
mally or ineffectively treated.

When electrodes deform along their length during placement—called bowing—
regions of tissue may experience increased or decreased electric field intensities
because the electrodes are closer or further apart, respectively. Bowing, similar to
angulation, may cause regions of underexposed tissue to remain insufficiently per-
meabilized to effectively enhance molecular transport or to induce cell death.
Overexposed regions will experience increased Joule heating and may be more sus-
ceptible to unintended thermal damage.

3.4.1.2 Skewness

For an ideal placement, electrodes are often placed in the same plane and focally
ablate the tissue region between the exposed conductors. However, scenarios
present where electrodes may not be inserted to exactly the same depth because of
sensitive tissue structures or other such anatomical consideration. In this case, it
is imperative to consider the ratio of the characteristic length of the exposed con-
ducting surface on the electrodes to the distance between them. If not properly
handled, skew electrodes can either cause an underestimation of the tissue treat-
ment volume because a greater distance than expected separates the two electrode
surfaces. However, if well considered, a skewed electrode placement can confer
the benefit of being able to more elegantly deliver the electric field intensities
necessary for IRE to a tissue region with complexities such as vascularity or
anisotropy.

Generally, though, for an isotropic tissue, angulation will result in an overes-
timate of the ablation volume because the physical distance separating the two
electrodes will be greater. This greater distance may not matter for slightly skew
configurations of a few millimeters but will significantly impact the treatment
volume when the distance between electrode surfaces is more than about half of
their height of the electrode. However, if the two electrodes are placed in close
lateral proximity (i.e., the shaft of the two electrodes are close together) and
separated by roughly the distance similar to that of the exposed electrode sur-
face, the ablation volume will appear ellipsoidal along the axis of the electrode
shafts.

In general, the ratio of conductor surface areas to the distance separating them
indicates whether the electrodes generate an electric field with a conduction shape
function that will more closely resemble a point source and a semi-infinite plane or
a parallel electrode configuration. Small differences in exposed surface area will not
significantly impact the electric field, so long as the electrodes are approximately
symmetric around a central axis. It is important to recognize the distortions that may
be present under these circumstances.

3.4.1.3 Tissue Inhomogeneity

Tissue structure and orientation are complicated by the presence of multiple tissues
performing multiple tasks in close proximity; a tissue’s electrical properties are
derived from this structural organization. Therefore, a tissue’s physiology must be
carefully considered in pretreatment planning for IRE procedures.
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Fig. 3.9 A tissue exhibiting anisotropic conductivity will distort the expected electric field
depending on the electrode placement. Electrodes were inserted into simulated anisotropic tissue
(muscle; €, = 80; 0 =(0,.,0,,0_,)) at the points shown in (a), and the lesion geometries
around the electrodes are indicated by the surfaces around the electrode tips. The electric field
distortions generated in the xy-, yz-, and xz-planes as a result of different anisotropic conductivities
are shown in (b). The electric field was generated using an applied potential of 1.5 kV, and the
500 V/cm electromagnetic intensity isosurface of the resultant electromagnetic field distribution is
shown. The axis indicator refers to the electrode positioning of the images with the electric field
isosurfaces rather than the orientation in (a); this orientation is conserved in (b)

3.4.1.4 Anisotropic Tissue

Electrical anisotropies arise from asymmetric distributions and orientations of tis-
sue and its constituents that allow electrical current to flow in one direction more
easily than another Fig. 3.9. Physically, these anisotropies mean that the conductiv-
ity tensor o; is not equal in each coordinate direction (o,, # 0,, # 0.,) and that the
electric field distribution will be distorted because the electron flow will be directed
according to the particular anisotropy. For example, muscle tissue is highly aniso-
tropic as the muscle fibers stretch along the contractile axis of the tissue. This struc-
ture allows electrical current to flow more easily along the contractile axis with the
fiber alignment, rather than against it.

3.4.1.5 Vascularization and Perfused Tissue

During exposure to electric fields, fluid flow and the vascular structure itself gener-
ate inhomogeneities within the tissue that complicate the prediction of its response
Fig. 3.10. If the perfusate is an electrolyte, for example, blood flowing through the
portal vein in the liver, it may conduct electric current better than the surrounding
tissue and result in a large anisotropy along the axis of fluid flow at the local vessel
region. Conversely, the vascular walls produce a large capacitance that introduces a
nontrivial time dependence into the electric field distribution that might not be pres-
ent in relatively homogeneous bulk tissue, like the lobe of a liver.

3.4.2 Joule Heating

Thermal considerations are critical when planning and delivering IRE treatment to
a target tissue region. While delivering electric current to a tissue, it may be
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Fig. 3.10 The electric field surrounding tumor tissue embedded in normal vascularized tissue
(liver) will distort the electric field delivered to the target tissue. A simulated liver tissue with static
electrical properties (to emphasize the effect of inhomogeneous tissue) is shown with the gallblad-
der, hepatic ducts, liver lobule tissue, and falciform ligament each exhibiting different electrical
properties. The electric field surface shown for a potential ablation zone is shown from the (b) right
dorsal sagittal, (¢) left dorsal sagittal, and (d) superior transverse perspectives. Distortions in the
electric field occur at the tissue-tissue and tissue-air boundaries

important to deliver series of pulses, but it is critical to understand that thermal
energy is generated when electrical current travels through a resistive material.
When electrical energy is consumed by a material, the rate at which it is consumed
is given by the rate of energy conversion (power §2)

@=J-E=cl|E[.

In the case of biological tissue undergoing IRE treatment, this energy delivered
to the tissue is largely transformed into heat. It is desirable for the thermal damage
sustained by a tissue to remain minimal so that protein denaturation does not occur
and the structural integrity of the proteinaceous stromal components is not compro-
mised [11, 18, 35].

For a particular point in space, the heat generated in a unit volume of tissue Q is
given as Q = g, assuming perfect conversion from electrical energy to heat (i.e., Q
= olEP). Thus, the material conductivity ¢ directly impacts the heating of the tissue
as a result of the electrical energy. Generally, the temperature distribution and the
change in temperature for a region of tissue undergoing IRE treatment are calcu-
lated by Pennes bioheat Eq. 3.10 with an added term to account for Joule heating,
which is given by

or o
pcp§=v('<VT)+qm+qrp+0|E|2 (3.15)
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where p is the density of the material, ¢, is the heat capacity of the material, T is
temperature, ¢ ,, is the heat generated from metabolic processes within the tissue,
and ¢ , is the heat added to the tissue by a perfusate.

3.4.2.1 Dynamic Conductivity

The cell membrane serves as a barrier across which chemical and electrical poten-
tial gradients are established to drive cellular processes. When cells become electro-
porated, the membrane develops pores which permit the diffusive exchange of
normally impermanent molecules between the intracellular and extracellular envi-
ronment. This affects the electrical properties of a bulk tissue by both increasing the
conductivity of the extracellular material [23, 37] from the cytoplasm and opening
previously unavailable intracellular current pathways.

The bulk electrical conductivity of a tissue changes as a result of increased cel-
lular permeability during application of electric fields to a target tissue from empiri-
cally determined local electric field intensity as a function of the local electric field
intensity and temperature for a given point in space is given by

o, (ET)=(1+a(T- TO))[O'0 +(C e = )exp(—Aexp(—B|E|))}

where T is the temperature, T; is the initial temperature, « is the conductivity-
temperature coefficient (~ 1-3 %/°C) [34], o, is the initial electrical conductivity,
0,4 18 the electrical conductivity obtained when the tissue is maximally permeabi-
lized, E is the electric field intensity, and A and B are curve-fitting terms [34].

To illustrate the impact of intraoperative electrical conductivity changes arising
from temperature changes and exposure to electric fields, a simulated liver tissue is
shown in Fig. 3.11 to demonstrate the altered electric field and temperature

Conductivity Implant Radius

Static Dynamic 0.1 cm

[E|

: . o

NOTE: The same values were used for the contours arcross all images

Fig. 3.11 Dynamic conductivity and large conductive obstructions dramatically distort the elec-
tric field distribution. Biological tissues increase their conductivity in applied electric fields as cells
become electroporated. The electric field for the cases of static (¢) and dynamic conductivity
o(IEIT) are plotted in the right panel. The left shows the distortions in electric field created by the
presence of an electrically conductive object near the electrodes delivering IRE pulses with larger
obstructions affecting the electric field distribution more than small obstructions. Temperature
distributions are also given for each scenario and indicate that the temperature distribution is simi-
lar to the electric field distribution
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distributions. It is important to note that the tissue was considered without perfusion
and metabolic components to isolate the impact of the electric field, geometry, and
temperature on the conductivity distribution throughout the tissue. The left panel
shows a static homogenous conductivity (¢ = 0.15 S/m) and a dynamic conductivity
based on the dependence given by Sect. 4.2.1. While in the case of a static conduc-
tivity o, the electric field distribution closely mirrors that predicted by Eq. 3.11;
when a dynamic conductivity o(E, T) is used, the electric field is distorted, and the
electric field intensity becomes more evenly distributed across the tissue between
the electrodes because the current flowing between the electrodes is able to be dis-
tributed across a larger, more conductive region. The increased conductivity of this
region will necessarily permit more current under equipotential pulses and is
responsible for the change in resistance measured between the first pulse and the
last pulse in a train [15].

3.4.2.2 Pulse Number

IRE has typically been performed using a recommended 70-90x 100 ps pulse
delivered once every 1.0 s (1 Hz) at voltages that depend on the target tissue,
desired ablation volume, and electrode geometry [2, 42]. This setting was chosen
because it delivers the optimal number of pulses to achieve efficient cell death
throughout the tissue volume while mitigating thermal damage resulting from
Joule heating [10, 35]. Delivering more pulses will result in a growth of the abla-
tion zone due to the conductivity changes in the tissue and the greater probability
that cells within the ablation zone will be destroyed; though this could dramatically
impact the thermal damage to the tissue. With increasing pulse number, the abla-
tion zone size will initially make significant increases with pulse number during
the first ~70-90 but only marginally impact its size for the following pulses.
However, increasing pulse number, for equivalent-length pulses below the capacity
of the tissue to diffuse the heat generated by a single pulse, also increases the heat
generated in that tissue. Delivering a train of hundreds of pulses may not, effectu-
ally, impact the efficacy of IRE to kill cells but will certainly increase the heat
generated within and around the electrodes and ablation region [35]. For this rea-
son, it is critical to balance the pulse number with minimal thermal damage to the
tissue.

Several strategies to minimize tissue heating during IRE procedures have previ-
ously been employed. Simply adding inter-pulse delays between each pulse allows
some heat to diffuse away from the ablated tissue and results in less overall tem-
perature rise. In a similar vein, performing a train of pulses in rapid succession
followed by a longer delay achieves a similar effect, though with potentially larger
ablations generated within each cycle. Actively cooling the ablation region using a
heat sink would further mitigate IRE’s thermal effects by actively drawing excess
heat out of the tissue instead of allowing it to passively diffuse. Though the specific
details of these methodologies are not outlined here, increasing pulse number also
increases the concern for undesired thermal effects and spurs the need for effective
cooling.



3 Multi-scale Biophysical Principles in Clinical Irreversible Electroporation 63

3.4.2.3 Conductive Implants

Metallic surgical implants (stents, bone screws, etc.) or instruments (other elec-
trodes, hemostats, etc.) have become commonplace, and it must be understood that
introducing such a material to an electrical environment will distort the electric field
distribution at an extend proportional to its size and conductivity relative to the size
and conductivity of the affected tissue. For example, small objects (treatment seeds)
will have a trivial impact, whereas larger objects (stents) will have a greater effect.
The conducting metallic surface will result in the buildup of surface charge which
diverts the flow of electrons with respect to that obstruction. However, a conducting
obstruction on the order of the same diameter as the needle electrodes does not sig-
nificantly distort the final ablation volume, and it has been shown that such struc-
tures do not impede the safe and effective delivery of IRE treatment [33, 40].
Similarly, the temperature distribution in a tissue is relatively unchanged for small
conductive obstructions, with larger obstructions impacting the temperature distri-
bution more significantly, assuming they begin at the same temperature as the sur-
rounding tissue. However, if these obstructions begin at cooler temperatures, they
may serve as heat sinks for heat transfer and ultimately generate lower temperatures
throughout the ablation region, if heating becomes a concern.

3.4.2.4 Electrode Exposure Length

The exposed length of the conductive electrode surface can also impact the electric
field distribution in an ablation region. For example, if only a small portion of the
electrode is exposed, and the electrodes are far apart, the electric field will appear
similar to that of an electric field applied between two spherical electrodes. However,
for longer electrode exposure lengths, the area between the electrodes will begin to
more closely resemble Fig. 3.5 and have a larger ablation zone in the direction par-
allel to the length of the electrodes.

3.4.2.5 Electrode Arrays and Pulse Sequences

It is possible to use multiple electrodes positioned in an array to perform IRE focal
ablation [7]. By grounding one (or multiple) electrode, and energizing another, an
electric field is generated inside the target tissue, as in the case of two-needle elec-
trode. Electrical pulses are often applied between each adjacent electrode combi-
nation to ablate a larger volume of tissue, but it is important to consider the
consequences of these serial pulsing combinations, such as the one shown in
Fig. 3.12a. Realizing that the tissue conductivity is dynamic and dependent on the
local electric field intensity and temperature, it becomes clear that if a region of
tissue has been electroporated previously, it will not have the same electrical prop-
erties with additional exposure. Indeed, additional electrical pulses delivered to the
tissue will depend on the previous electrified state of the tissue. Figure 3.12b shows
a cross-section of the electric field intensity and temperature distributions in simu-
lated liver tissue with steady conductivity (¢ = 0.5 S/m) and dynamic conductivity
given by Sect. 4.2.1. Considering the more realistic case of dynamic conductivity,
the electric field is distorted from what is predicted from simple models, and the
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Fig.3.12 The electric field and temperature distributions generated within a tissue during electro-
poration change the tissue conductivity and therefore depend on the tissue’s pervious electric field
exposure and temperature. A pulsing scheme for a 7-electrode array (blue) generates electric fields
between every combination of two electrodes in the typical circular electrode array shown (1 cm
between electrodes). The electric field and temperature distributions are shown at the completion
of each serial pulsing step

temperature has risen dramatically beyond what the static model predicts. In order

to

induce minimal thermal damage during treatment, it is imperative that the

dynamic response of a tissue to an electric field be considered during treatment
planning and application.

Conclusion

An intuitive understanding of how electric fields behave in biological tissue
involves understanding how electric fields are distributed within a tissue, impact
the constituent cells within that tissue, and abstract that cellular impact back to
measurable tissue-level properties. An understanding of these properties results
in more accurate treatment planning prior to treatment and better clinical
response to any intraoperative complications. IRE treatment is a complex, multi-
scale, biophysical treatment modality that, when its biophysical mechanisms are
appreciated and it is implemented in a well-considered manner, has been shown
to provide clinically viable treatment options for patients that would otherwise
not exist.
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