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Abstract Nonthermal irreversible electroporation (NTIRE)
is a new minimally invasive technique to treat cancer. It is
unique because of its nonthermal mechanism of tumor
ablation. Intracranial NTIRE procedures involve placing
electrodes into the targeted area of the brain and delivering a
series of short but intense electric pulses. The electric pulses
induce irreversible structural changes in cell membranes,
leading to cell death. We correlated NTIRE lesion volumes in
normal brain tissue with electric field distributions from
comprehensive numerical models. The electrical conductivity
of brain tissue was extrapolated from the measured in vivo
data and the numerical models. Using this, we present results
on the electric field threshold necessary to induce NTIRE
lesions (495-510 V/cm) in canine brain tissue using 90 50-ps
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pulses at 4 Hz. Furthermore, this preliminary study provides
some of the necessary numerical tools for using NTIRE as a
brain cancer treatment. We also computed the electrical
conductivity of brain tissue from the in vivo data
(0.12-0.30 S/m) and provide guidelines for treatment plan-
ning and execution. Knowledge of the dynamic electrical
conductivity of the tissue and electric field that correlates to
lesion volume is crucial to ensure predictable complete
NTIRE treatment while minimizing damage to surrounding
healthy tissue.
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Introduction

Nonthermal irreversible electroporation (NTIRE) is a prom-
ising new technique for the ablation of tissue and tumors
(Davalos et al. 2005; Edd et al. 2006; Al-Sakere et al.
2007a, b; Rubinsky 2007). This minimally invasive proce-
dure involves placing electrodes into or around a targeted
area and delivering a series of short and intense electric
pulses to induce irrecoverable structural changes in cell
membranes, ultimately resulting in the death of the cell
(Rubinsky et al. 2007). To achieve NTIRE, the electric field
in the targeted region needs to be above a critical value,
which is dependent on a variety of conditions such as tissue
properties, electrode configuration and pulse parameters;
including strength, shape, duration, number and repetition
rate (Macek-Lebar and Miklavcic 2001; Davalos et al.
2005; Edd and Davalos 2007). However, for a specific tis-
sue type and set of pulse conditions, the primary parameter
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determining the extent of electroporation is the local elec-
tric field to which the tissue is exposed (Miklavcic et al.
2000). Davalos et al. (2005) demonstrated that NTIRE can
be used to destroy substantial volumes of tissue in vivo.
Following this, several researchers have confirmed the use
of NTIRE in small and large animal models in the liver (Edd
et al. 2006; Lee et al. 2007) and prostate (Onik et al. 2007),
and in implanted mouse sarcomas (Al-Sakere et al. 2007a,
b) using a variety of pulse parameters.

One advantage of NTIRE over other focal ablation
techniques is the ability to destroy tissue through a non-
thermal mechanism. As a result, it is possible at certain
electric field intensities to kill the cells while preserving the
extracellular matrix, axons, major blood vessels and other
sensitive tissues, enhancing treatment outcome (Onik et al.
2007; Rubinsky 2007). The ablated volume can be predicted
using numerical modeling for accurate treatment planning
(Miklavcic et al. 2000; Pavselj et al. 2005). Researchers have
shown that conductivity changes due to electroporation and
joule heating can be incorporated in numerical models to
produce more accurate predictions of treatment outcome
(Davalos et al. 2004; Pavselj et al. 2005; Sel et al. 2005,
2007; Ivorra and Rubinsky 2007; Ivorra et al. 2009). Fur-
thermore, the procedure can be monitored in real time using
ultrasound and treatment outcome can be confirmed with
ultrasound, CT and MRI (Lee et al. 2000, 2007; Garcia et al.
2009). Previous NTIRE studies outside the central nervous
system (CNS) have shown that ablation is rapid in onset and
resolution, allowing early repopulation of the ablated region
with healthy cells (Onik et al. 2007; Rubinsky et al. 2007).
Although treatment success is not dependent upon the
immune system (Al-Sakere et al. 2007a, b), a tumor-specific
immune response may be invoked (Onik et al. 2007).

Due to the aforementioned advantages, in conjunction
with its short treatment time and minimally invasive nature,
we hypothesize that NTIRE can be an effective brain cancer
treatment. In order to allow for predictable and effective
therapy, planning future brain cancer NTIRE treatments
requires accurate knowledge of the electrical conductivity
of the tissue and the electric field intensity needed for brain
tissue ablation. In this study, we used numerical models to
correlate a reconstructed NTIRE lesion volume in gray
matter to an electric field distribution. Finite element soft-
ware was used to develop a model capable of accounting for
temperature and electroporation effects on brain tissue
conductivity. This model was solved for the electric field
distribution, which was used to correlate an electric field
threshold for NTIRE lesions. Incorporating the conductivity
dependence from electroporation and thermal effects pro-
vides a more accurate electric field—lesion correlation.

NTIRE lesions were generated within the ectosylvian
gyral surface region of the brain in two canine subjects. The
resulting lesion volumes were reconstructed from 0.2 and
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7.0 T MRIs. These volumes were used with our revised
numerical model to determine NTIRE electric field thresh-
olds. In addition, the current and voltage data from the
procedure were used to determine the bulk tissue baseline
conductivity, g, of gray matter for NTIRE-relevant proce-
dures. The electrical conductivity determines the electric
field distribution, current and thermal effects from an
NTIRE procedure. The results of this study can be used to
improve treatment planning for patients using NTIRE for the
ablation of brain tumors.

Materials and Methods

This pilot study was approved by the Institutional Animal
Care and Use Committee and performed in a good labo-
ratory practices—compliant facility at the Virginia—Mary-
land Regional College of Veterinary Medicine. Following
the creation of a rostrotentorial craniectomy defect in two
canine subjects, focal ablative NTIRE lesions were created
in the cerebral cortex using the NanoKnife® generator
(Angiodynamics, Queensbury, NY) with blunt tip probes
(Ellis et al. 2010). The probes were 1 mm in diameter and
surrounded by an insulating sheath, where 0.5-cm-long
exposed tips were in contact with the tissue. These
dimensions are smaller than the typical 1.27-mm-diameter
commercial electrodes used in deep brain stimulation. Two
probes (one energized and one set to ground) were used at a
depth of 7 mm below the ectosylvian gyral surface, a
noneloquent region of the brain. NTIRE lesions were cre-
ated using the delivery criteria programmed into the
NanoKnife®, where nine sets of ten pulses at a frequency
of 4 Hz were administered. Due to the recharging demands
of the capacitors, the sets were separated by 1.0 s. The
pulses were each 50 ps in duration and were configured
with alternating polarity between each set to minimize
charge buildup on the electrode surface. The pulse
parameters are given in Table 1. These pulses are in the
lowest spectrum of the charge delivered to humans during
electroconvulsive therapy, which typically varies between
0.5 and 512 mC (Jaffe 2002).

After administration of the NTIRE pulse train, intraop-
erative ultrasonography was used to assess the position and
extent of the lesion created. Postoperatively, the canines
underwent immediate MRI evaluation with and without
contrast and then were recovered from anesthesia. Open
source image analysis software (OsiriX, Geneva, Switzer-
land) was used to calculate the NTIRE focal ablation vol-
umes. The lesions were traced in each of the 2-D
postoperative MRI scans, and a solid 3-D representation of
the NTIRE lesion volume was generated as in Garcia et al.
(2009). A high-resolution (7.0 T) ex vivo MRI, which
scans every 300 um, was also used for the second subject
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Table 1 Pulse parameters used
in NTIRE brain treatment of
canine subjects

Electrode
exposure (mm)

Subject

Separation
distance (mm)

Volt-to-dist
ratio (V/cm)

Total Pulse duration
pulses (us)

Voltage (V)

1,000 2,000
500 1,000

9x10 50
9x10 50

in order to attain a more accurate NTIRE lesion recon-
struction for the same NTIRE procedure.

Numerical modeling can be used to predict the electric
field distribution and, thus, NTIRE treatment regions in
tissue (Miklavcic et al. 2000; Pavselj et al. 2005; Edd et al.
2006). This has been chosen as the method to correlate
lesion volume with an effective electric field threshold for
NTIRE in brain. The methods for predicting NTIRE areas
are similar to the ones described by Edd and Davalos
(2007). The mathematical models were solved using a
commercial finite element package (Comsol Multiphysics,
v.3.5a; Stockholm, Sweden). The brain was modeled as a
7.0 x 5.0 x 5.0 cm ellipsoid with the electrodes inserted
to a maximum depth of 0.7 cm. The electric field distri-
bution is given by solving the Laplace equation:

V- (V) =0 (1)

where ¢ is the electric conductivity of the tissue and ¢ is
the potential. Because electrode placement resulted in the
electrodes being surrounded mainly by gray matter,
homogeneous physical properties were set to those of gray
matter (Table 2). The electrodes were modeled as an
insulating body with an extension of stainless steel. The
electrical boundary condition along the tissue that is in
contact with the energized electrode is ¢ = V,. The elec-
trical boundary condition at the interface of the other

electrode is @ = 0. The boundaries where the analyzed
domain is not in contact with an electrode are treated as
electrically insulative.

The numerical model incorporates the change in con-
ductivity during a pulse resulting from the increased per-
meabilization to ions presumably associated with the
creation of pores in the cell membrane (Ivorra 2010).
Conductivity changes due to electroporation and tempera-
ture have been modeled to calculate the dynamic conduc-
tivity according to the following equation:

O dynamic(NOrmE_dc, T) = oy [1 + ﬂc2hs(normE_dc
—Eqgelta, Erange) + OC(T — To)]
(2)

where o is the baseline conductivity, o the temperature
coefficient, T the temperature, and 7, the physiological
temperature (37°C). The flc2hs is a smoothed heavy-side
function with a continuous second derivative that ensures
convergence of the numerical solution. This function is
defined in our numerical software (Multiphysics, v.3.5a), and
it changes from O to 1 (over the range Ey,,.) when nor-
mE_dc-Ege, = 0. In the function, normE_dc is the magni-
tude of the electric field and Ege, is the magnitude of the
electric field at which the transition occurs. In the simula-
tions, we used Ege, = 580 V/em and Epynee = £120 V/em

Table 2 Physical properties

used in the numerical Material Quantity Units Value Reference
simulations Brain o, Temperature coefficient oc! 0.032 (Duck 1990)
k, Thermal conductivity Wm K 0565 (Duck 1990)
cp, Heat capacity J kg” K! 3,680 (Duck 1990)
p, Density kg m™ 1,039 (Duck 1990)
q", Metabolic heat generation ~ W m~3 10,437 (Werner and Buse 1988)
Blood ¢y, Heat capacity Jkg7'K™! 3,840 (Werner and Buse 1988)
Db, Density kg m 1,060 (Uzuka et al. 2001)
wy, Perfusion rate g7 ! 7.15E-3 (Uzuka et al. 2001)
Insulation o, Electrical conductivity Sm™! 1.0E-5 (Cosman and Cosman 2005)
k, Thermal conductivity Wm ! K™ 0.01 (Cosman and Cosman 2005)
cp, Heat capacity Jkeg ' K 3,400 (Cosman and Cosman 2005)
p, Density kg m~? 800 (Cosman and Cosman 2005)
Stainless g, Electrical conductivity Sm™! 2.22E6 (Al-Sakere et al. 2007a, b)
Steel k, Thermal conductivity Wm ! K 15 (Cosman and Cosman 2005)
¢p» Heat capacity TkeT" K" 500 (Cosman and Cosman 2005)
p, Density kg m™ 7,900 (Cosman and Cosman 2005)
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in order to match the average brain tissue parameters used by
others (Pavselj et al. 2005; Sel et al. 2005, 2007), where
conductivity doubled due to electroporative effects between
460 and 700 V/cm. We assumed that once the conductivity
increased due to electroporation it would not revert back.
This process was repeated iteratively for each of the 90
pulses that were delivered in the experimental procedures. It
should be noted that the thermal effect on conductivity was
only taken into consideration when the electric field was
below 460 V/cm since we assumed that the conductivity
change due to electroporation already incorporates this
dependence. Future research is needed to determine the brain
tissue conductivity as a function of applied electric field and
temperature changes for a more refined NTIRE treatment
model.

To determine baseline conductivities for the two subjects
used in this study, we matched the in vivo current measured
by the NanoKnife® (resolution £ 0.2 A) during a typical
pulse to the current of the numerically modeled NTIRE
treatments. We used the current measured after the transient
membrane charging effects had settled within the pulse.
These conductivity values (Table 3) were determined by
integrating the current density over the electrode surfaces
and are within the expected ranges found in the literature
(Latikka et al. 2001; Sel et al. 2007). The baseline con-
ductivities were used with the dynamic conductivity func-
tion to simulate the complete 90-pulse NTIRE treatments.

Heating of the tissue resulting from the procedures was
done by modifying the Pennes bioheat equation with the
addition of a joule heating term o|V|*(Davalos et al.
2003; Davalos and Rubinsky 2008). The modified equation
is then

" aT
V- (kVT) + pywyco(To —T) + 4 + o|Vo|*'= Pers,
(3)

where k is the thermal conductivity of the tissue, T is the
temperature, p;, is the blood density, w;, is the blood per-
fusion rate, ¢, is the heat capacity of the blood, 7, is the
arterial temperature, q"”’ is the metabolic heat generation, p
is the tissue density and ¢, is the heat capacity of the tissue.
The joule heating term was set to O when the pulses were
off and only heat diffusion, perfusion and metabolic heat
generation were involved in the heat transfer. Table 2
describes the physical parameters used in this study. The
entire tissue is set to the initial physiological temperature

Table 3 Computed ¢ using in vivo intracranial NTIRE data

Subject Voltage (V) Current (A) Total charge (mC) o (S/m)
1 1,000 1.951 £ 0.2 9.89 0.30
2 500 0.361 £ 0.2 1.47 0.12
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of the subjects measured prior to pulse administration: T(X,
y, z, 0) = 36.1 and 36.8°C for the 500 and 1,000 V treat-
ments, respectively. The electrode—tissue interface is set to
continuity. The outer surface of the analyzed brain domain
is mathematically considered to be thermally insulative and
a proportional loss due to convective heat transfer,
h = 10 W/(m* K), was set at the boundary of the electrodes
exposed to air, as in Lackovic et al. (2009), with
T., = 23°C. The initial temperature distribution of the
brain and electrodes was allowed to reach equilibrium
before the onset of the treatment to provide an accurate
temperature distribution from the NTIRE pulses (Table 2)
(Werner and Buse 1988; Duck 1990; Uzuka et al. 2001;
Cosman and Cosman 2005; Al-Sakere et al. 2007a, b).

After modeling the entire treatment protocol with all
aforementioned effects taken into account, the final electric
field distribution at the end of the 90th pulse was used to
correlate an electric field threshold with the experimental
lesion volume. The volume of modeled tissue domain
exposed to varying electric fields was integrated until the
calculated volume was equal to the volume computed from
the NTIRE lesion reconstruction.

In order to assess the thermal effects associated with the
procedures, a “thermal isoeffective dose” analysis was
used (Sapareto and Dewey 1984). Thermal isoeffective
dose calculations are typically used for procedures
involving complex variations in temperature as a function
of time. Such calculations determine the amount of time it
would take to equivalently damage the tissue as if it was
held at a constant temperature. Although thermal damage
can occur at lower temperatures for prolonged exposures,
typically 43°C is chosen due to the abundant experimental
data at this temperature (Sapareto and Dewey 1984;
Dewhirst et al. 2003; Becker and Kuznetsov 2006). It has
been shown that neuronal damage occurs if temperature is
elevated to 43°C for 60 min (t,3 = 60 min) (Matsumi et al.
1994). The following expression is the duration necessary
to hold the tissue at 43°C to result in thermal isoeffective
dose:

t=final

f43 = R(437T’>dt (4)

t=0

where T, is the average temperature during the time
interval dt, R is the number of minutes needed to com-
pensate for a 1°C temperature change either above or
below a breakpoint of 43°C and R is 0.25 when T, <43°C
and 0.5 when T, > 43°C (Sapareto and Dewey 1984;
Matsumi et al. 1994). The thermal dose was integrated
from the onset of pulses to 5 min after the conclusion of
treatment, allowing heat dissipation to return the tissue to
physiological temperature, thus incorporating all thermal
effects from the procedure.
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Results

Postoperatively, no adverse clinical effects were observed
in the animals. The canine subjects did not demonstrate any
adverse clinical effects after the procedure and were able to
resume normal activities, such as eating, within 10 h of
surgery. MRIs used to confirm the NTIRE lesion location
and focality were performed within 60 min after comple-
tion of pulse delivery, and a high-resolution ex vivo scan is
shown in Fig. 1. These 7.0 T MRIs were chosen since only
the NTIRE lesion is visible and they include a superim-
posed schematic of the dual probes in order to guide the
reader as to the placement of the electrodes.

From the in vivo MRIs, the acute intracranial lesions
created with NTIRE procedures have classic MRI features
of edema, inflammation and disruption of the blood-brain
barrier (Thomas et al. 1996; Cherubini et al. 2005; Cha
2009). These MRI features have been correlated and con-
firmed with the presence of these pathological processes in
postmortem pathological investigations, as previously
reported (Garcia et al. 2009). Therefore, when measuring
the treated area for the volume reconstructions, the
hyperintense T2 W MRI scans were traced.

The 3-D reconstructed volumes corresponding to the
NTIRE lesions from the treatments are shown in Fig. 2,
where the dual probes were inserted perpendicular to the
reconstructed lesion. The reconstructions of 1,000 and
500 V in Fig. 2 contain five and three white rings,
respectively, corresponding to the number of traced slices.
The varying voltages generated treatment areas that were
approximately 10 (1,000) and 5 mm (500 V) along the
major axis across the electrodes.

The computed baseline electrical conductivities, o, were
found to be 0.30 and 0.12 S/m for the 1,000 and 500 V
treatments, respectively (Table 3). These conductivity val-
ues are consistent with those typical in the literature

Fig. 1 Ex vivo high-resolution
7.0 T MRI of NTIRE-treated
brain in the second subject
(500 V at an electrode
separation of 5 mm). The
exposed portions of the
electrodes are depicted in black
and their insulation in white to
represent electrode placement

(Latikka et al. 2001; Sel et al. 2007) and were used to
generate the electric field distributions. Figure 3 shows the
conductivity map for the 1,000 V treatment after a 90-pulse
NTIRE treatment, and it shows three main regions. The
center area is the tissue that has been exposed to an electric
field intensity greater than the threshold in our simulations
(700 V/cm). There is also a transition region in which the
conductivity varies between ~0.6 and ~0.3 S/m for
electric field exposures between 460 and 700 V/cm. Finally,
the regions that are below 460 V/cm only represent changes
in conductivity due to thermal effects.

The electric fields found to correlate with the recon-
structed lesion volumes in our experiments are shown in
Table 4. For 90 50-ps pulses delivered at 4 Hz it was found
that 495 and 510 V/cm were the NTIRE thresholds for the
500 and 1,000 V experimental subjects, respectively. The
electric field distributions for these thresholds at comple-
tion of the modeled treatment pulse application are shown
in Fig. 4 in three Cartesian planes. The superimposed
electric field isosurface plots represent the NTIRE-treated
areas with 500 V (dark gray) and 1,000 V (light gray),
respectively. One thing to note is that the dimensions of the
NTIRE lesion are clearer in the x—y and x—z planes (Fig. 4a,
c) compared to the y—z plane (Fig. 4b). In addition, the
modeled lesion from 1,000 V extends several millimeters
beyond the margin of the lower voltage treatment.

Figure 5 shows the temperature and thermal dose dis-
tributions generated during the NTIRE treatment of subject
1, which received the highest voltage used in the study. The
maximum 743 values were calculated around the electrode—
tissue interface, where the highest electric field intensity is
generated, and thus, the greatest thermal effects due to
joule heating from pulse administration. A maximum
thermal isoeffective dose, 243, of 40 min was calculated for
subject 1, which was only in a small fraction of the treated
tissue. This dose is insufficient to generate significant
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Fig. 2 MRIs (0.2 T) and 3-D
reconstructions of the lesions in
the canine brains showing in
vivo axial slices for subjects
treated with a 1,000 V (first
subject) and b 500 V (second
subject). The sets of slices from
these MRIs were used to create
the 3-D reconstructions of the
lesions for the subjects treated
with ¢ 1,000 V and d 500 V.
White rings correspond to the
boundary between the area of
lesion and normal brain from
the postoperative 0.2 T axial
MRI (figure not to scale)

Max: 0.600

0.55 'E‘
4
0.5 2
2
=
3
045 3
c
=]
o
0.4
2
| -
=]
(%)
035 @
w
0.3
Min: 0.290

Fig. 3 Planar conductivity map of the tissue on the plane along the
midline of the electrodes as a function of electric field and temperature.
Conductivity is seen to be the highest near the electrodes and decreases
as it moves farther away for parameters used in Subject 1 (Table 1)
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Table 4 Computed lesion volume with corresponding electric field
correlation

Subject Voltage (V)  Volume (cm3) Electric field
correlation (V/cm)

1-0.2 T MRI 1,000 0.599 510

2-0.2 T MRI 500 0.258 495

2-7.0 T MRI 500 0.250 501

neuronal thermal damage (Matsumi et al. 1994). These
results indicate that thermal effects did not play a signifi-
cant role in the ablation of canine brain tissue.

Discussion

We describe the electric conductivities, lesion volumes and
electric field thresholds from the first systematic in vivo
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1000 V applied across electrodes 5 mm apart (Subject 1)
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of drug delivery in reversibly electroporated regions of
Xz tissue (Davalos et al. 2005). Treatment application can be

Fig. 4 Numerically modeled electric field results showing the lesion
threshold outputs for the 500 V (dark gray) and 1,000 V (light gray)
applied voltages. These volumes match the reconstructed lesions in
Fig. 2

study of NTIRE for intracranial surgery (Ellis et al. 2010).
Focal lesions were created in the right parietotemporal lobe
of canine subjects using small, blunt-tip probes to minimize
damage during insertion. The advantages of NTIRE
include its ability to achieve ablation nonthermally com-
pared to the mechanisms involved in cryoablation or radio
frequency lesioning. This presents advantages over thermal
focal ablation techniques because of its ability to spare
major vasculature and the theoretical enhanced facilitation

readily adapted for use with existing surgical and stereo-
tactic guidance systems and technologies, and performed
rapidly and minimally invasively. Furthermore, NTIRE has
demonstrated vascular sparing effects and can be moni-
tored in real time using ultrasound, CT or MRI. Current
limitations of the technology appear to be primarily related
to protocols with complex electrode design and placement
logistics for ablating complex geometries, as well as
treatment planning obstacles.

This study presents some of the important properties and
responses of brain tissue undergoing NTIRE therapeutic
electric pulses, with strong implications for treatment
planning. The lesion volume reconstructions show affected
regions of 0.258 and 0.599 cm® for the protocol used with
applied voltages of 500 and 1,000 V, respectively. When
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these volumes were calibrated to numerical models that
incorporate conductivity changes due to electroporation
and temperature changes, it was found that an effective
NTIRE electric field threshold of ~500 V/cm may be used
to predict NTIRE ablation volumes in brain tissue using
90 50-ps pulses delivered at a frequency of 4 Hz. It is
important to note that when applying this threshold to lesion
prediction during treatment planning, the numerical simu-
lation should also incorporate the conductivity changes
addressed in this model for the protocol being used to
ensure accurate pairing with the calibrated NTIRE
threshold.

In order to accurately predict the electric field distribu-
tion of an NTIRE procedure, the bulk conductivity and its
changes due to electroporation and temperature play a
major role. For the two protocols investigated, the current
during a typical pulse was 0.361 £ 0.2 and 1.95 + 0.2 A
for applied voltages of 500 and 1,000 V, respectively,
corresponding to baseline modeled bulk conductivities of
0.12 and 0.30 S/m. The difference between these baseline
conductivities results from the nonlinear electric field
dependence on conductivity that occurs due to tissue
electrical changes during electroporation (Davalos and
Rubinsky 2004; Lackovic et al. 2009).

It is important to note that the volumes of the lesions
were reconstructed from MRIs taken within 60 min after
pulse administration, so the observed ablation volume is
likely to be that resulting from immediate NTIRE-induced
cellular necrosis. This means that any additional cellular
death resulting from late-onset apoptosis may not be taken
into account in the electric field correlation. However, we
have extensive pathological, immunohistochemical and
ultrastructural data obtained 72 h postintracranial NTIRE
from three canine subjects (data not shown) which clearly
demonstrate that by this time point necrotic cell death is
present. Furthermore, no significant differences in immu-
noreactivity to bcl-2, caspase-3 or caspase-9 were observed
relative to untreated control brain tissue. These data sug-
gest that the primary mechanism for cell death in these
brain lesions was necrosis, and that later-onset apoptotic
regions should not significantly alter the lesion volumes
measured immediately after treatment.

Our studies have confirmed that in the brain the ablated
volume is usually underestimated by MRI scans because of
the coincidence of transient, NTIRE-induced perilesional
vasogenic brain edema resulting from disruption of the
blood-brain barrier. We have examined this with serial
MRI examinations in canine subjects and confirmed it with
pathological studies.

For reconstruction, the accuracy of the volumes was
limited to the interval between the MRI scans (2.5 mm).
Therefore, the high-resolution (7.0 T) scans of the ex vivo
brain from subject 2, which used 300-pm slices, may provide
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a better representation of the lesion and were thus used for
matching the NTIRE threshold. The high-resolution ex vivo
7.0 T MRI from the second subject resulted in a measured
volume of 0.25 cm®. This corresponds to an electric field
intensity of 501 V/cm, which is similar to that found from
the 0.2 T MRI reconstructions. However, this lesion may be
limited in accuracy due to shrinkage from fixation.

To the best of our knowledge, our NTIRE investigations
in the brain are the first to use NTIRE pulse durations that
are 50 ps. This is considerably shorter than those described
in previous studies (100 ps—20 ms) (Edd et al. 2006; Al-
Sakere et al. 2007a, b; Lee et al. 2007; Onik et al. 2007). It
should be noted that the degree of electroporation is
dependent on a variety of conditions such as tissue type,
cell size and pulse parameters; including pulse shape,
duration, number and repetition rate (Macek-Lebar and
Miklavcic 2001; Mir 2001). The shorter pulse durations
allow for a reduced charge delivered to the tissue and
minimize the heating generated by the procedure. This
reduction in heating allows for larger voltages to be used,
and thus larger lesions, while retaining the positive char-
acteristics associated with NTIRE therapy. Alternatively,
smaller and more targeted lesions can be achieved by
decreasing the voltages between the NTIRE treatments.
Doing so in combination with customized electrode
geometries and pulse parameters should allow for precise
ablation of volumes with varying sizes and shapes.

The temperature generated by the electric pulses was
calculated, and it was confirmed that the energy generated
by the procedures was insufficient to induce thermal dam-
age, even at the regions experiencing the greatest thermal
effects, reinforcing the notion that NTIRE is an independent
tissue ablation modality. Since thermal damage is a function
of temperature and length of exposure, the negligible ther-
mal damage associated with this procedure can be explained
by the fact that an electroporation pulse is typically a
fraction of a second in duration (Al-Sakere et al. 2007a, b;
Edd et al. 2006). Furthermore, pulses were delivered at a
frequency of 4 Hz, which is significantly faster than current
typical procedures using ECG synchronization rates to
avoid cardiac arrhythmias (Ball et al. 2010; Thomson
2010). Slowing the repetition rate with ECG synchroniza-
tion will allow more time for heat dissipation by the vas-
culature, further reducing thermal effects. It should be noted
that thermal dose analysis is generally used for long-term
exposures of tissues to elevated temperatures. Therefore,
the analysis used may not be ideal for electroporation
investigations due to the burst of energy during the pulses.
Nevertheless, it provides insight into the assessment of
thermal damage in the regions of highest electric field.

An important limitation to the accuracy of this study is
the relatively sparse amount of literature related to the
conductivity of brain tissue and the inherent changes
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resulting from electroporation. Although the change in
conductivity due to electroporation values was taken from
previous investigations (Sel et al. 2007), these data were
based on hypothetical values that corresponded to known
thresholds for rabbit liver tissue (Sel et al. 2005). There-
fore, they do not fully account for the thermally dependent
conductivity changes that occur due to cumulative joule
heating associated with complete NTIRE treatment.
Despite this, it was found that varying the degree of ther-
mal changes in conductivity did not significantly alter the
correlated NTIRE electric field threshold. However, in
order to develop a greater understanding of these phe-
nomena, future studies on the brain should experimentally
measure the changes in temperature and conductivity of the
tissue due to NTIRE.

In order to obtain an even greater degree of accuracy
when correlating lesion volumes with numerically modeled
electric fields, future modeling studies should incorporate
tissue heterogeneities in order to understand their influence
on the resulting electric field and temperature distributions.
It has been previously shown that the heterogeneous rela-
tions between different tissue types, such as gray vs. white
matter brain tissue, play a significant role in the electric
field distribution, and thus in the NTIRE ablation zone
(Neal and Davalos 2009). Knowledge of the heterogeneous
properties of these tissues may improve the outcome of an
NTIRE procedure by allowing for planning of electric field
distributions that will enhance tissue selectivity. In addi-
tion, these studies would allow even more precise corre-
lation between numerically modeled volumes and those
seen on postprocedure MRI. This will be necessary in order
to develop image-based treatment planning algorithms and
the software necessary for their implementation.

This study presented a method of computing the base-
line electric conductivity based on measured current during
a typical pulse and numerical methods. To keep experi-
mental invasiveness low, the conductivity was backed out
from the current measured by the pulse generator. More
precise current readings would help to provide a more
accurate initial conductivity. However, because the NTIRE
electric field distribution is determined by the conductivity
map rather than the absolute conductivity (which will
change with the baseline), this should not greatly affect the
thresholds determined here. Previous electroporation
investigations in other tissues have reported significant
increases in conductivity during pulses compared to when
the pulses are off. The conductivity increase is higher
during the pulse, presumably due to the contributions of
short- and long-lived pores (Ivorra 2010). However, in our
typical pulses we did not observe this phenomenon, likely
due to the limitations of the equipment. In order to allow
for more accurate treatment planning and outcome pre-
diction, the dependence of the electrical conductivity on

individual subjects and treatment location should be mon-
itored before, during and after an NTIRE procedure using
similar methods to the ones proposed by Cukjati et al.
(2007). By comparing the behavior of conductivity during
pulse application with that predicted by numerical models,
one may monitor treatment progress and prevent damage
beyond the volume of intended ablation. Furthermore,
conductivity measurements could be taken immediately
prior to pulse administration using a low-strength pulse,
insufficient to induce electroporation, which would be
applied in finalizing treatment planning.

Conclusion

This study examined the effects of NTIRE on brain tissue
in vivo and used them to derive some of the properties and
behaviors of brain tissue essential for effective treatment
planning. Techniques were developed to use voltage and
current data during a typical pulse to determine appropriate
bulk baseline conductivities to be used in numerical simu-
lations. Postoperative MRI scans were used to create 3-D
lesion reconstructions for two treatment protocols.
Numerical models incorporating conductivity changes as a
function of electroporation and temperature were used to
coordinate the lesion reconstructions with an electric field
threshold. The findings presented in this study may be used
to aid in planning for the application of NTIRE therapies in
the treatment of brain cancer and other neuropathological
disorders.
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