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IRE and H-FIRE for the Eradication of GBM

therefore, alternate treatments are needed. Tumor chemoresistance and its proximity
to critical structures make GBM a prime theoretical candidate for nonthermal abla-
tion with irreversible electroporation (IRE) and high-frequency IRE (H-FIRE). IRE
and H-FIRE are treatment modalities that utilize pulsed electric fields to permeabi-
lize the cell membrane. Once the electric field magnitude exceeds a tissue-specific
lethal threshold, cell death occurs. Benefits of IRE and H-FIRE therapy include, but
are not limited to, the elimination of cytotoxic effects, sharp delineation from treated
tissue and spared tissue, a nonthermal mechanism of ablation, and sparing of nerves
and major blood vessels. Preclinical studies have confirmed the safety and efficacy
of IRE and H-FIRE within their experimental scope. In this chapter, studies will be
collected and information extrapolated to provide possible treatment regimens for
use in high-grade gliomas, specifically in GBM.

Keywords: Blood-brain barrier disruption; Glioblastoma; High-frequency irre-
versible electroporation; Irreversible electroporation; Treatment planning

| Introduction

Glioblastoma (GBM) is the most recurrent, aggressive brain tumor representing
~50% of all primary brain gliomas. Ninety percent of GBM tumors are diagnosed
de novo as primary tumors, and 10% are diagnosed as secondary tumors, where
primary tumors correlate to lower survival rates (1). Approximately 9180 primary
GBM tumors are diagnosed in the United States each year, in which median sur-
vival is up to 16 months. Current standard of care for malignant gliomas (MGs)
include, if feasible, tumor resection followed by radiotherapy (RT) and chemo-
therapy (CT). Difficulties in treatment of GBM are due to infiltrative cells beyond
the solid tumor margin, heterogeneity within tumor microenvironment, and pro-
tection from the blood-brain barrier (BBB) (1). Due to dismal prognosis of patients
with GBM, quality of life (QoF) post-treatment is an important factor when con-
sidering treatment options. Aside from temozolomide (TMZ), cytotoxic chemo-
therapeutic agents do not significantly alter prognosis outcomes (2). Therefore,
new aims in therapy for MGs include reducing morbidity, maintaining and
improving QoF, and preserving neurologic function.

Recent advancements in the treatment of GBM have marginally extended
median survival rates. These improvements seem to be dependent on GBM cel-
lular morphology rather than improvement of holistic treatment regimes. In a
study conducted by Glas et al., the overall 5-year survival rate in a cohort of 39
patients was reported to be 15.8%, which is much higher than the usually
reported rate between 4 and 5% (3). This study utilized a combination of
tumor resection and RT, followed by delivery of CT agents, lomustine (CCNU)
and TMZ. Significant findings include increased dosage of CCNU and TMZ
resulted in greater survival rates with comparable toxicities among standard
doses, as well as a link between long-term survival and the O-methylguanine-
DNA methyltransferase (MGMT) gene (3). Nonetheless, GBM remains a lethal
and aggressive tumor that evades standard treatment; therefore, alternative
approaches are discussed.
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Irreversible Electroporation and High-Frequency Irreversible
Electroporation for the Eradication of GBM

REVERSIBLE ELECTROPORATION

The cell membrane acts as a selectively permeable barrier that regulates the trans-
port of ions and molecules. It is composed of a phospholipid bilayer and protein
channels that together maintain homeostasis. Therapies dependent on the trans-
port of molecules across the membrane rely heavily on cell permeabilization with-
out causing damage to the cell, which can be achieved, for example, with focused
ultrasound (4-6). In this chapter, we present the use of electroporation as a means
of accomplishing cell permeabilization. Electroporation is a phenomenon in
which the cell membrane undergoes a physiological transformation caused by
pulsed electric fields (PEFs). Following the application of PEFs, naturally occur-
ring hydrophobic pores, or defects, in the membrane transition to lipid-lined
hydrophilic pores through which polar molecules can pass (7). This transition
occurs as an energy minimization with pore radius, and increasing the transmem-
brane potential (TMP) by applying PEFs further decreases pore energy and
increases hydrophilic pore creation rate. Once created, the hydrophilic pores can
expand or reseal depending on the pulse parameters. The net effect of PEFs on
tissue is transient permeabilization of the phospholipid bilayers of individual
cells, as well as heat generation. Generally, a TMP of ~0.5 V is needed to induce
reversible electroporation (RE), a process marked by rapid depolarization of
the cell membrane and delayed resealing of transient, nanoscale defects (8, 9).
Figure 1 depicts pore formation using molecular dynamics simulations after 50 ns
as performed by Bochman et al. (10).

During RE, the cell membrane exhibits a tremendous increase in molecular
transport. This phenomenon has been exploited in electrochemotherapy (ECT) to
improve cellular uptake of cytotoxic drugs, such as bleomycin or cisplatin, and
increase drug cytotoxicity (11). It has also been used to deliver genetic material,
plasmid DNA, into cells to correct genetic disorders, in a process known as DNA
electrotransfer or electrogene therapy (12).

Clinically, RE is administered through two or more electrodes placed into or
around the target tissue, as depicted in Figure 2A. Using custom electrodes,
Gehl et al. inoculated mice with N32 glioma-derived cells and treated them with
ECT using bleomycin as the chemotherapeutic agent. Nine of 13 mice showed
tumor regression and elimination, while 4 mice showed tumor progression. Of
the four mice that showed tumor progression, three mice were identified to
have the largest tumor volumes of the study. Lack of eradication was attributed
to incomplete electroporation and envelopment of the tumor within electric
field thresholds needed to induce RE and increase cytotoxicity (13). ECT has
also been used in the treatment of metastases from melanoma, breast, and head
and neck cancer (14). Recently, Gehl et al. performed ECT using calcium as a
substitute for cytotoxic drugs. This process, known as calcium electroporation,
demonstrated its ability to induce ATP depletion-associated cellular death with
NaCl and CaCl, (15, 16).
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Figure 1 Pore formation as modeled by Bockmann et al. Molecular dynamics simulation of
pore formation after 50 ns shown as a section through the lipid bilayer membrane. The
outline of the hydrophilic pore is shown by the white dashed lines. The pore starts off in an

impermeable hydrophobic state, transitions into a hydrophobic pore intermediate, and
finishes off as a stable hydrophilic pore. (Adapted from Biophys J 2008;95(4):1837-1850.)
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Figure 2 Monopolar probe and bipolar probe insertion. Clinical application of electroporation
is achieved by inserting either (A) two monopolar probes or (B) a single bipolar probe. One
electrode is set to ground while the other is energized and pulsed to produce PEFs. Three
zones of interest include the ablation zone, the RE (reversible) zone, as well as the BBB
disruption zone. It is debatable whether the BBB disruption zone and the RE zone are
separate regions; for illustrative purposes they are modeled individually.
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IRREVERSIBLE ELECTROPORATION

More recently, IRE has been developed to directly ablate unwanted tissue by fur-
ther increasing the TMP through higher electric field magnitudes or by applying
additional sets of pulses to prolong pore lifetime. Davalos et al. demonstrated
that electric pulses could be applied to raise the TMP past a threshold associated
with permanent cell damage, without causing significant thermal damage (17). Tt
is considered that IRE effects occur when the TMP reaches ~1.0V (18). On a cel-
lular level, this increase in TMP also induces nanoscale defects on the cell mem-
brane, resulting in irrevocable disruption in homeostasis ultimately leading to
cell death. A typical IRE pulse is presented in Figure 3A, in which the energized
electrode would experience an applied voltage 100 ps in duration, repeating
once every second.

Unlike thermal ablation techniques, such as radiofrequency ablation and
cryoablation, IRE is not thermally driven. As will be discussed later in this chap-
ter, numerical models are used for treatment planning purposes, in which IRE
volumes and temperature changes are calculated. A study conducted by Garcia
et al. demonstrated numerically that applying ninety 100 ps pulses produces
minimal thermal damage. In this study, a statistical model that incorporated
dynamic electrical conductivity was used to simulate cell kill due to IRE as well
as thermal damage. Results suggested that for tissues with lower electrical con-
ductivities, ranging between 0.067 and 0.241 S/m, necrotic tissue volume pro-
duced via Joule heating was only 1.3% of the total ablation volume produced by
IRE. Using higher electrical conductivity values, 1.75 times greater, resulted in a
percentage of 6.1%, in which the thermally induced necrotic tissue was located
at the electrode/tissue interface (19, 20).

In addition to the treatment of brain tumors, IRE has been implemented to
treat human patients with prostate (21, 22), pancreatic (23-25), liver (26-28),
and kidney (29, 30) tumors. Benefits of IRE therapy include elimination of cyto-
toxic effects, sharp delineation between treated and spared tissue, a nonthermal
mechanism of ablation, treatment planning abilities, sparing of nerves and major
blood vessels (31, 32), and, if desired, it can be used as a combinatorial treat-
ment with CT and/or RT. Although effective, RE and IRE are known to cause

A IRE Pulse B HFIRE 2-5-2 Burst
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Figure 3 IRE and H-FIRE pulse waveforms. (A) IRE and RE treatments typically utilize 100 ps
pulses to achieve cell permeabilization while maintaining relatively low thermal damage.
(B) H-FIRE waveforms are given in positive-rest-negative burst schemes and achieve similar
effects to IRE. Comparison between IRE and H-FIRE waveforms is usually done by counting
the on-time per pulse period. In this case, the 2-5-2 burst would be repeated until 100 ps of
on-time has elapsed.
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muscle contractions during treatment, necessitating the use of neuroparalytic
agents (33). This poses additional concerns for anesthesiologists, as the dosage
of neuroparalytics must be continually monitored to ensure adequate muscle
relaxation and proper respiratory function (34). Also, due to changes in electri-
cal conductivity of the tissue during IRE and the heterogeneous nature of tissue
on a microscale, treatment planning for IRE can be challenging. Studies have
confirmed possible “electric field sink” effects which distort electric field distri-
butions near blood vessels and may lead to undertreatment of tumor tissue
(35, 36). Infusing the blood vessels with lower conductivity fluids helps to alle-
viate the sharp transition from lower conductivity to higher conductivity tissues,
but this may be cumbersome and impractical in a clinical setting. To address
these challenges associated with RE and IRE, our group developed a novel
method of electroporation that utilizes high-frequency bursts to induce electro-
poration effects.

HIGH-FREQUENCY IRREVERSIBLE ELECTROPORATION

Pulse generators capable of delivering new IRE waveforms have been developed
to alleviate the concerns associated with neuroparalytic agents and to simplify
treatment planning (37). Namely, these high-frequency IRE (H-FIRE) systems
split the ~100 ps unipolar pulse into a series of shorter duration ~1 ps pulses of
alternating polarity (Figure 3B). According to classic literature on electrical stimu-
lation, a bipolar pulse has a higher current threshold for action potential excita-
tion as compared to a unipolar pulse of equivalent phase duration (38). This effect
is enhanced as pulse duration is reduced. When a microsecond order pulse is
applied, there is a latency period between the offset of the pulse and the rising
phase of the action potential. A rapid reversal of polarity falling within this latency
period can accelerate passive repolarization and inhibit action potential genera-
tion (39). An example of this phenomenon is shown in Figure 4, which was
derived based on the Hodgkin—-Huxley set of partial differential equations for
modeling nerve stimulation (40).

A B
® (mV) @ (mV)
400 Action potential 400 F
200 200
0 t(ms) ok 1 1 1 ) t(ms)
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
~200F '~ —200F
Latency period
—400 —400F

Figure 4 lllustration of action potential inhibition by polarity reversal. (A) Unipolar pulse with
an amplitude of 500 mV and duration of 75 ps. (B) Bipolar pulse with an amplitude of 500 mV
and duration of single polarity of 75 ps. This simulation of the Hodgkin-Huxley model was
performed in Mathematica 9.0 using parameter values. (Adapted from Bull Math Biol
1952;52(1-2):25-71.)
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Following membrane charging, pore formation occurs in the order of ~10 ns
(10) and with no latency period. Therefore, it is possible to first induce electro-
poration and subsequently inhibit muscle contractions by reversing pulse polarity.
The first in vivo study on H-FIRE was conducted in healthy rat brain (37). Muscle
contractions were monitored by placing an accelerometer at the cervicothoracic
junction and inserting electrodes into the center of the forelimb area of the senso-
rimotor cortex. A total of 180 bursts with a total on-time of 200 us were delivered,
and the individual pulse duration comprising each burst varied between 1, 2, and
200 ps for the IRE control. No visual or tactile evidence of muscle contraction was
seen during H-FIRE with 1 ps or 2 us pulses, while the IRE protocol resulted in
detectable movement. In addition, H-FIRE produced ablative lesions in brain tis-
sue that were characteristic of IRE treatments, with complete uniformity of tissue
death and a sharp transition zone between lesioned and normal brain.

The cell-killing effects of H-FIRE were later explored using 3D in vitro tumor
constructs and in vivo subcutaneous murine tumors over a wide range of pulse
durations (250 ns—100 ps) (41). The in vitro tumor constructs were assembled by
mixing murine pancreatic tumor cells with collagen 1 hydrogel, injecting into
cylindrical molds, and polymerizing at 37°C (42); the in vivo subcutaneous tumors
were produced by injecting human GBM cells (DBTRG-05MG) into the dorsolat-
eral flank region of athymic nude-Foxn1™ mice. The in vitro tests revealed electric
field thresholds for cell death of 2022, 1687, 1070, 755, 640, 629, and 531 V/cm
for 80 bursts containing 0.25, 0.5, 1, 2, 5, 10, and 50 ps pulses, respectively. In
vivo, tumor growth was significantly inhibited and all protocols tested (1, 2, and
5 ps pulses) were able to achieve complete regressions. Localized muscle twitch-
ing in the treated limb was evident in mice, due to their relatively small size and
mass. When similar treatments (5 ps pulses) were applied to spontaneous tumors
in equine patients, no movement was observed.

As compared to IRE, H-FIRE waveforms are capable of producing more
predictable ablation volumes. The theoretical basis for this argument is twofold.
First, the electrical properties of various tissue types converge at high frequencies,
and H-FIRE waveforms are comprised of predominately high-frequency components.
For example, in a skin-fold geometry, the ratio between the electrical conductivity
of fat and skin is 2.25 at 1 MHz (0.027 S/m divided by 0.012 S/m) and 83 at 100 Hz
(0.015 S/m divided by 0.00018 S/m) (43). Numerical models have shown that an
H-FIRE burst with 500 ns pulses (1 MHz carrier frequency) produces a nearly
homogenous electric field distribution across a skin fold (44). This logic can be
extended to other heterogeneous tissues, such as the pancreas and brain. Second,
electroporation is an active process and the electric conductivity of the tissue
increases as pores form and expand. When performing IRE treatments, this step-
like change in conductivity must be known a priori (45), or measured in real time
(46), in order to accurately predict the ablation volume. For H-FIRE waveforms,
there is a smaller difference between the pre-treatment and post-treatment conduc-
tivities due to capacitive coupling. Bhonsle et al. has shown that the electric field
distribution during H-FIRE resembles a theoretical approximation based on the
Laplace equation, and the ablation volume can be predicated without addi-
tional knowledge of dynamic tissue properties. To demonstrate this phenomenon,
IRE and H-FIRE ablations were induced in potato tuber, a proven alternate
for studying bioelectric effects of electroporation, and results are shown in Figure 5
(47,48).
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Figure 5 IRE versus H-FIRE ablations in potato tuber. A qualitative comparison between an IRE
ablation and an H-FIRE ablation created using a single bipolar probe. (A) IRE was induced
with 80 pulses energized for 100 ps at 1000 V. (B) Laplace solution for the electric field
distribution at an arbitrary electric field magnitude, assuming static electrical conductivity.
(C) H-FIRE was induced with 140 bursts, using a burst scheme of 2-5-2 ps at 1300 V. Typical
H-FIRE protocols require higher voltages and more bursts to produce lesion volumes
comparable to IRE.

While studying the time course of membrane charging during H-FIRE,
Sano et al. recognized that the inter-pulse delay can be tuned to maximize the
TMP across the nuclear envelope. Specifically, a delay of 140 ns or less causes the
nuclear TMP to double due to compounding effects from pulse falling edges and
rising edges (49). In addition, metastatic cells with a larger nucleus-to-cytoplasm
ratio can achieve even greater nuclear TMP In terms of overall cell killing,
Pakhomov et al. demonstrated that using bipolar nanosecond electric pulses with
sub-microsecond inter-pulse delays induces somewhat of a cancellation effect,
resulting in higher lethal thresholds (50). However, a greater inter-pulse delay can
lower the threshold for cell death. At 3.7 kV/cm, cell viability was similar when
comparing a 300 ns monopulse and a 300-300 ns bipolar pulse with a 10 us
interpulse delay. This illustrates a trade-off between potential selectivity and the
overall field threshold required for cell death.

Using the 3D in vitro tumor constructs, Ivey and Latouche et al. experimentally
validated the selectivity claim (51). In this study, U-87 human GBM cells, DBTRG
human GBM cells, C6 rat GBM cells, normal human astrocytes (NHA), normal
rat astrocytes DITNCI, and undifferentiated rat neurons PC12 were cultured in
collagen hydrogels and H-FIRE therapy was delivered using a 1-5-1 ps burst
scheme. Using numerical models, individual lethal thresholds were determined
by overlaying appropriate contours over the lesion. Experimental results showed
statistically lower lethal threshold for malignant cells as opposed to healthy
cells. Lethal thresholds for U-87, DBTRG, C6, NHA, DITNCI1, and PC 12 were
601, 720, 752, 1006, 1107, and 1076 V/cm, respectively. H-FIRE treatment on
hydrogel cocultures of healthy and malignant cells also demonstrated selectivity
through partial sparing of healthy tissue. Upon clinical translation, H-FIRE has
the potential to kill infiltrative cells beyond the tumor margin while minimizing
damage to healthy cells.

BLOOD-BRAIN BARRIER DISRUPTION WITH IRE AND H-FIRE

Difficulties arising from treating MGs with conventional chemotherapy are partly
due to protection from the BBB, where the BBB prevents the delivery of these
drugs. The BBB is a network of tight junctions that mitigates the transport of large
molecules, thereby not only protecting the brain from infections but also hinder-
ing the efficacy of chemotherapeutic drugs (52). Garcia et al. demonstrated that
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IRE can be applied to the brain not only to ablate tissue but also to cause a tran-
sient focal disruption of the BBB, thereby providing a pathway for chemothera-
peutics to penetrate (53). For this study, 21 mice received IRE therapy from two
monopolar caliper electrodes, measuring 0.45 mm in diameter and 1 mm in
exposure with spacing of 4 mm. BBB permeabilization was visualized using
Evan’s Blue (EB) dye for histological examinations and Gadolinium (Gd) for MR
imaging, where EB would represent increased uptake of higher molecular weight
compounds, such as proteins, and Gd would represent increased uptake of ions.
Results demonstrated that permeability of EB and Gd increased linearly as a
function of electric field magnitude, in which 400 V/cm served as a lower
threshold, signifying a difference between inducing BBB disruption and IRE
ablation. This difference in threshold manifests as having a larger volume of
BBB disruption than IRE ablation, as depicted in Figure 2. It was also concluded
that BBB disruption is transient due to decreased uptake of both EB and GD if
these agents are administered 30 min after IRE treatment, as opposed to adminis-
tration within 5 min of treatment.

Alternatively, Arena et al. investigated BBB disruption using H-FIRE wave-
forms (54). The experimental methods, in terms of electrode design and detection
of BBB disruption using EB and Gd, were similar to the study mentioned above.
High-frequency PEFs were applied to the superficial cerebral cortex of 18 male
rats outfitted with a 3-axis accelerometer, as shown in Figure 6. It was discovered
that electric field magnitudes of 250 and 2000 V/cm did not induce any muscle

Figure 6 BBB disruption using H-FIRE waveforms. Schematic of BBB disruption using high-
frequency PEFs (left), and pathology and MRI evidence of BBB disruption (right). The results
are shown for 300 bursts of 0.5 ps bipolar pulses at an applied field of 250 V/cm. The dashed
lines depict the limits of BBB disruption. (Adapted from Technology 2014;2(3):206.)
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contractions for pulse widths of 0.5 and 2 ps, although visual inspections deter-
mined lack of muscle contraction for the 2000 V/cm group because of electrical
interference with the accelerometer. Using the lowest energy setting, consisting
of 300 bursts and an electric magnitude of 250 V/cm, a BBB disruption zone of
0.51 cm? was induced. More importantly, there was no evidence of tissue damage
from the high-frequency PEFs, except the physical damage due to electrode inser-
tion. However, if the number of bursts is increased to 600, there is significant cell
death with no increase in BBB disruption zone, indicating a maximum energy
threshold to disrupting BBB while not sustaining damage by high-frequency PEFs.
The total charge delivered with IRE pulses and H-FIRE bursts is typically com-
pared to the charge delivered during electroconvulsive therapy (33) due to the
ultrashort duration of these pulses/bursts.

The data presented indicate that both IRE and H-FIRE can be optimized to
promote cell death via ablation mechanism and simultaneously disrupt the BBB,
allowing adjuvant therapies to reach the infiltrative cell region in GBM. Most nota-
bly, H-FIRE has been shown to extend BBB disruption without causing cell death.
Additional benefits of H-FIRE include no induced muscle contractions, targeted
malignant cellular ablation, and more predictable ablation geometries. Although
not discussed, investigations for permeabilization of the BBB have also been per-
formed in vitro (55).

IRE AND H-FIRE TREATMENT PLANNING

Treatment planning for IRE and H-FIRE can be accomplished using a finite
element package, for example, COMSOL Multiphysics 5.2a (Stockholm,
Sweden). The degree of electroporation is dependent on the electrical imped-
ance distribution, electric field distribution, electrode and tissue geometries,
and pulsing parameters such as pulse width, number of pulses, and inter-pulse
delay. Maxwell’s equations are a set of partial differential equations that form
the foundation of electromagnetism. The fundamental equations for solving
the electric field distribution of IRE and H-FIRE include Faraday’s Law and
Ampere’s Law:

_ OB

VXE=- 1
X m (1]
_ . dD

VxH=]+— 2
XH=]+— (2]

where E is the electric field, B is the magnetic field, H is the auxiliary magnetic
field, J is the total current density, and D is the dlsplacement current density.
By takmg the divergence of Ampere’s Law, equation 2, and substituting constitu-
tive equations, we obtain the following:

V.(0F)+ 2(V-(eE)) =0 3]
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where o is the electrical conductivity and & is the dielectric permittivity. Using
the electroquasistatic approximation for Faraday’s Law, equation 1, in which the
magnetic field can be considered negligible in contributing to the displace-
ment of electrical charge, we can describe the electric field in terms of an electric
potential, @:

VXE=0 (4]
E=-Vo (5]

Thus, by combining equations 3 and 4 and assuming steady state, we can
rewrite this equation as:

V. (6-Vp) =0 (6]
o=f(E) (7]

For IRE, boundary conditions are applied to the electrode/tissue interface in
which one electrode is energized at a voltage V, and the other is grounded, while
in the case of H-FIRE, the boundary conditions would need to be alternated
between each electrode due to the rapid reversal of polarity. The remaining bound-
aries are treated as electrically insulating. For the thermal boundary and initial
conditions, we assume an adiabatic boundary to calculate the maximum possible
temperature increase and an initial temperature of T,

Using these equations, it is possible to map the electric field distribution and
predict volumes of electroporated heterogeneous dynamic tissue for use in clinical
application. It has been largely accepted that changes in electrical conductivity
due to electroporation is a dynamic phenomenon (18-20, 25, 56). Accounting for
dynamic conductivity allows for more accurate representation of lesions created
by IRE (57), and potentially H-FIRE. Incorporating changes in tissue conductivity
can be achieved using a fitted Gompertz function (58). Alternatively, a sigmoid
function can mimic changes in electrical conductivity due to electric field magni-
tude as well as temperature. Garcia et al. incorporated the following equation for
analysis of IRE ablations in intracranial tissue (20):

0 (E,T(6) = 0y [ 142+ fIc2hs(Eyup — Enus Ernge )+ (T(O-T,) | 181

where 0, represents the initial electrical conductivity, flc2hs is a Heaviside
function, ais the temperature coefficient, E,,,,, represents the norm of the elec-
tric ﬁeld and Egy and E,g, are coefficients pertaining to the electric field
thresholds required for conductivity changes.

Temperature changes due to resistive heating from pulsing, Joule heating, can
also be incorporated into numerical models. Joule heating and blood perfusion
are modeled through a modified Pennes’ Bioheat equation:

aT
V-(VT)=0,Cop, (T=T,)+q" +0|Vel = pC, = [
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where o [Vg@|? is the Joule heating term, k is the thermal conductivity, @, is the
blood perfusion rate, C, is the blood-specific heat capacity, p, is the density of
blood, T, is the arterial blood temperature, ¢q” is the metabolic heat generation,
pis the density of the tissue, and C, is the specific heat capacity of the tissue. Rather
than simulating hundreds of IRE or H-FIRE pulses, a modified duty cycle approach
is applied to ease the computational burden (20). We can rewrite this modified
Bioheat equation as:

=2
t(o|E
V~(kVT)—a)bepb(T—Ta)+q”’+@=pCpaa—f [10]

where 7 represents the on-time per pulse and P is the period per pulse. For exam-
ple, if a 50 us pulse was repeated every 0.5 s, the ratio would equal to 100 ps. This
simplification has proven effective in representing the energy associated with
intra-pulse heating, as a constant heat source acting over the period of one pulse.

In addition, thermal damage analysis can be incorporated by adding a thermal
damage equation:

T __E
(1)= jge RT0) gy [11]
0

where ¢ represents the frequency factor, E, the activation energy, R the universal
gas constant, and 7the total time of heating (59). For the values in Table 1, an Q
value of 1 correlates to tissue coagulation.

As an example, the results of Garcia et al. were replicated using monopolar
electrodes inserted into a homogeneous medium. A human brain and tumor were
segmented using 3D Slicer 4.6 (Boston, United States) (60-64), and imported into
COMSOL. The dynamic conductivity function was applied in COMSOL with
0 = 0.256 S/m, Gy = 0.768 S/m, Eypy = 580 V/em, and E,,, = £ 120 V/em,
However, in the thermal damage calculations, a zeta of 7.39 x 10%? was used for
protein coagulation. The value of & was set to zero because of the relatively low
increase in temperature. The spacing and electrode exposure were set to 2.5 cm
and a voltage of 2500 V was applied to maintain a 1000 V/cm electric field
magnitude. It is important to note that more accurate models will incorporate the
separation of white and gray matter, as well as account for the anisotropy in white
matter. Nonetheless, even simple numerical models such as this one can provide
clinicians with valuable information regarding heat generation during pulsing as
well as estimates for ablation volumes before performing the procedure in vivo.
The results show the tumor mostly engulfed within lethal IRE thresholds, while
causing minimum temperature changes at the midpoint between the electrodes
(Table 2). Due to the abnormally large tumor size, 18.81 cm?, two sets of pulses
were simulated in which the electrode depth was moved vertically 2 cm to allow
sufficient treatment. Although the entire tumor is not within the ablation zone,
adjuvant chemotherapy can be utilized in the BBB disruption zone as discussed
previously. For large, irregular tumors, it is not unusual to use more than two elec-
trode pairs, while for smaller tumors, the bipolar probe, as shown in Figure 2B,
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TABLE 1 Material Properties and Parameters

Material Property Symbol Value Units Reference

Brain Thermal conductivity k 0.565 W.-mt. K! (70)
Heat capacity C, 3680 J kgt K! (70)
Density P 1039 kg - m~ (70)
Temperature coefficient o 0.032 “c (70)
Metabolic heat generation q’ 10,437 W.m> (20)

Blood Heat capacity Gy 3840 J - kg!- K (20)
Density P 1060 kg - m™ 0)
Blood perfusion rate w, 7.15x 107 st (20)

Insulation Electrical conductivity o 1.0 X107 S-m! 71
Thermal conductivity k 0.01 W.ml. K! (71)
Heat capacity €, 3400 J- kgt Kt (71)
Density P 800 kg - m~ 71

Stainless steel  Electrical conductivity o 2.22 x 10° S-m! (20)
Thermal conductivity k 15 W ml. Kt (71)
Heat capacity C; 500 J kgl Kt (71)
Density P 7900 kg - m> 7D

TABLE 2

Temperature Profile at Various Time Points

Time [s] Tria [K] Tetectrode [K]
0 310.15 310.15
10 310.53 315.23
20 310.87 317.51
30 311.18 319.08
40 311.47 320.15
50 311.73 320.99
60 311.97 321.66
70 312.19 322.18
80 312.40 322.60
90 312.59 322.95
100 312.42 318.31
130 312.01 314.15
160 311.70 312.58
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Figure 7 Results of IRE therapy in 3D reconstruction of a human brain. Results from IRE therapy
with monopolar electrodes (1 mm diameter, 2.5 cm exposure, 2.5 cm spacing) in a segmented
brain and tumor (A, B) showing the electric field (C, D), temperature (E, F), and the effective
electrical conductivity distribution (G), as well as the thermal damage (H). Ninety 50 ps
pulses were delivered at voltage-to-distance ratio of 1000 V/cm (applied voltage of 2500 V).

A damage integral of Q (t)=1 corresponds to a 63% probability of cell death. The simulation
parameters were identical to those used by Garcia et al. (20), except that the frequency factor
of 7.39 x 1039 S~" was used for thermal damage associated with protein coagulation.
Maximum temperature during treatment was 322.95 K.

has proven to be effective (24). The results of this simulation, Figure 7, demon-
strate a maximum temperature change of about 12°C at the electrode surface, and
2°C in between the electrodes.

Treatment planning for both IRE and H-FIRE can be accomplished using the
method described previously. Adapting to either IRE or H-FIRE would mean that
the conductivity values would change depending on which method is being
employed. As mentioned earlier, the ratio of conductivities between different
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tissues converges when using higher frequency waveforms; thus, H-FIRE will pro-
duce lesions that are more closely approximated by electric fields in static conduc-
tivity mediums.

IRE/H-FIRE PRECLINICAL ANIMAL TRIALS

When applying IRE to the liver, kidney, prostate, and pancreas, it is important to
maintain a high IRE to thermal ablation ratio. For example, a temperature increase
between 10°C and 15°C at the electrode/tissue interface is considered not to cause
significant thermal damage to the surrounding tissue. As calculated previously, a
12°C increase at the electrode/tissue interface correlated to a 2°C increase at the
midpoint of the electrodes, indicating the tissue exposed to higher temperatures
is localized at this interface. Like other organs, the brain is also susceptible to
fluctuations in temperature, thus preliminary studies aimed to numerically vali-
date the use of nonthermal IRE (N-TIRE), where pulse parameters are tuned to
eliminate most thermal effects.

Studies were conducted to elucidate the lethal threshold for dog GBM cell line
J3T (65). As opposed to using 100 ps pulses, Neal et al. utilized 50 ps pulses to
minimize the energy delivered while still maintaining electroporation effects.
96-well electroporation plates seeded with J3T cells were electroporated using
combinations of 1000 and 1500 V/cm electric fields and 10, 30, 50, and 70 pulses.
A WST-1 reagent was used to quantify cell viability, where an absorbance of 0.2
would indicate 100% cell death. It was concluded that IRE can be achieved by
applying 50 pulses at 1000 V/cm, absorbance of 0.229, without incurring signifi-
cant thermal damage.

Rossmeisl and Garcia et al. aimed to verify in vitro studies by performing IRE
therapy in seven canines with spontaneous brain tumors (66). Canines are pre-
ferred translational models because they develop brain cancers three times more
often than their human counterparts. Canine gliomas also show similar biologic,
pathologic, and molecular properties as human gliomas do, thus making them an
acceptable translational model (see Part V, page xxx) (67). Prior to the application
of IRE, pre-treatment planning models were developed and used to determine
pulse parameters and electrode configurations. From these models, total ablation
protocols were created for tumors smaller than 2.5 ¢cm® and volume reduction
protocols were created for those larger than 2.5 cm®. A craniectomy defect is
introduced to allow placement of blunt tip electrodes into the gray matter. Prior
to procedure, atracurium, a neuromuscular blockade, is administered to suppress
muscle contraction during the onset of pulses. A range of pulses between 90 and
270 were delivered at electric field magnitudes ranging between 1000 and 2000
V/cm in sets consisting of 10 and 20 pulses. After each set of pulses, the polarity
was reversed to minimize charge build up, which has become customary when
doing these procedures. Brain edema was noticed in one dog during IRE treat-
ment but was resolved by administering corticosteroids and diuretics. MRI con-
firmed a sharp delineation between treated and healthy tissue, as well as signs of
BBB disruption. Common adverse events occurring after IRE treatment included
seizure, vomiting, and diarrhea, although one dog developed fatal aspiration
pneumonia. In the six canines that survived, the median Karnofsky Performance
Scale score increased from 70 to 80, 14 days post-IRE treatment.
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Ellis et al. performed IRE in four canines, of which one dog served to find an
upper safety limit when applying higher voltages (68). Nine sets of ten 50 ps
pulses were delivered at a rate of 4 Hz. Like before, polarities were alternated
after the completion of each set which were delivered at electric field magni-
tudes of 1000 and 2000 V/cm. Similar results were achieved as in the previous
study, except in the case of the canine undergoing higher voltage treatment.
Higher voltage pulses resulted in coagulative necrosis of tissue located within
the treatment zone, which led to arterial thrombosis and lacunar infarction.
Canines that received treatment at 1600 V produced lesion volumes of ~1.655
cm’ while maintaining a thermal isoeffective dose of 5.6 min. The canine that
received higher voltage treatment experienced an isothermal dose over 60 min,
where doses over 60 min correlate to neuronal damage. Based on in vivo data
from this study, Garcia et al. backed out lethal thresholds using numerical mod-
els which incorporated dynamic electrical conductivity dependent on electro-
poration and temperature effects (33). It was concluded that lethal thresholds
for healthy canine brain tissue are 495 and 510 V/cm for applied voltages of 500
and 1000 V, respectively.

Studies have also confirmed nonthermal ablation in deep-seated tumors (33).
This ablation was performed primarily in white matter, which, using in vivo mea-
surements, was calculated to have higher conductivity, o = 0.35 S/m, than what
has been determined for gray matter. Numerical simulations which incorpo-
rated dynamic conductivity predicted lethal thresholds for white matter to be
630-875 V/cm. In the clinic, this translates to having to apply slightly higher
voltages to treat deep-seated tumors.

Combinatorial IRE treatments have also been studied. Garcia et al. applied
IRE therapy and adjuvant RT to a 12-year-old mixed breed dog with an 8-week
history of partial seizures and behavioral changes (69). Numerical treatment
planning for IRE incorporated dynamic conductivity changes, and from these
simulations, it was determined that two groups of pulses would be delivered.
The first group consisted of four sets of twenty 50 ps pulses and the second
group of two sets of twenty 50 ps pulses, with an applied voltage of 650 and
500 V, respectively. No adverse clinical effects were observed, and 48 h after
treatment, the size of the neoplasm was reduced 75% in size. It was con-
cluded that the lethal threshold for malignant tissue is much lower than that of
healthy tissue, implying some sort of selectivity in the brain. Five days after
N-TIRE treatment, the patient’s neurologic status improved and the previously
noted aggression improved. Sixteen days postoperation, the canine received 50
Gy of fractionated RT delivered in 20 treatment sessions, each consisting of 2.5
Gy. Upon completion of radiotherapy, the patient showed evidence of cognitive
dysfunction, disturbed sleep—wake cycle, and lack of awareness of familiar peo-
ple. At 4.5 months post-IRE, the patient showed acute deterioration in menta-
tion and circling to the left. Clinical and MRI results suggested early delayed
radiation encephalopathy. At the owner’s request, the patient was euthanized.
The patient had an overall survival of 149 days after N-TIRE therapy. Postmortem
exam showed no evidence of recurrent MG. H-FIRE was also shown to be safe
when applied without the use of neuroparalytics and was capable of destroying
brain tumors, although these exploratory treat and resect studies are currently
ongoing.
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I Conclusion

The use of IRE and H-FIRE in treating unresectable tumors has been supported by
in vivo, ex vivo, and in vitro studies. These therapies have demonstrated their effec-
tiveness in eradicating tumors of the kidney, prostate, pancreas, liver, and, most
importantly, the brain in animal models. Benefits of utilizing H-FIRE for treating
GBM include sparing of major blood vessels and nerves, focal BBB disruption,
selectivity toward malignant cells, more predictable ablation geometries due to
mitigation of impedance changes, lack of muscle contractions, and nonthermal
ablation.
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