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MR Imaging to Assess
Immediate Response to
Irreversible Electroporation
for Targeted Ablation of Liver
Tissues: Preclinical Feasibility
Studies in a Rodent Model'

Purpose: To test the hypothesis that magnetic resonance (MR) im-
aging measurements can be used to immediately detect
treated tissue regions after irreversible electroporation
(IRE) ablation procedures in rodent liver tissues.
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lectroporation involves the appli-
cation of a short-lived electric field
across the cell membrane to cre-
ate nanoscale pores, thereby increasing
membrane permeability (1). Typically,
these pores close shortly after applica-
tion of the electric field; this reversible
electroporation phenomenon has been
widely used to facilitate gene transfer
(2-4) and drug delivery (5,6). However,
when the electric field across the cell
membrane is sufficiently strong, the
pores do not reseal, leading to a loss
of homeostasis and eventual cell death;
this process has been described as irre-
versible electroporation (IRE) (7). IRE
has been applied as a tissue ablation
modality (7-10). IRE may offer multiple
potential advantages compared with
commonly used radiofrequency thermal
ablation approaches for the treatment
of hepatic lesions. Unlike radiofrequency
thermal ablation, IRE does not suffer
from heat-sink effects that can lead to
indistinct margins between treated and
untreated tissues (7,8), undertreatment
of targeted tissues, and potential dam-
age to adjacent blood vessels (10).
Finite element modeling (FEM) can
be used to anticipate IRE ablation vol-
umes on the basis of electrode positions
and the applied voltage (11). However,
these modeling procedures typically as-
sume homogenous tissue conductivity;
unknown anisotropic and/or heteroge-
neous tissue conductivities within fibrotic,
cirrhotic, and/or tumor-containing liver
tissues could conceivably lead to errone-
ous preprocedural approximation of the
anticipated ablation volume. Imaging
guidance may be important to enable
immediate visualization of IRE ablation
zones, thereby permitting patient-specific
intraprocedural adjustments to the
treatment protocol.
Magnetic resonance (MR) imaging
guidance methods have already been

Advance in Knowledge

B MR imaging measurements with
electrodes in place can be used
to immediately depict irreversible
electroporation (IRE) ablation
zones within targeted liver
tissues.

advocated for intraprocedural monitor-
ing of tumor ablation procedures owing
to excellent soft-tissue contrast and the
ability to noninvasively monitor temper-
ature changes during radiofrequency ther-
mal ablation and cryotherapy (12-14).
Previously, MR imaging has been used to
visualize electric shock trauma within
muscle tissues; during these studies,
muscle tissues subjected to high-voltage
electric shocks demonstrated significantly
increased signal intensity on T2-weighted
MR images (15-17). Hence, we antici-
pated that MR imaging may also prove
effective for immediate intraprocedural
monitoring of tissue response during
IRE procedures.

Our purpose was to test the hypoth-
esis that MR imaging measurements can
be used to immediately detect treated
tissue regions after IRE ablation proce-
dures in rodent liver tissues.

Materials and Methods

Experimental Overview

For this study, we performed in vivo
intrahepatic IRE procedures in a rat
model with multiple electrode voltage
levels to achieve a range of different abla-
tion zone sizes. Intraprocedural MR im-
aging measurements were performed
immediately before and after application
of the IRE pulses. MR imaging measure-
ments of IRE ablation zone sizes were
compared with histologically based
ablation zone measurements determind
at necropsy. We also simulated the an-
ticipated ablation zone size for each
applied voltage level with FEM methods.
For outcome measures, we examined
the correlation between MR imaging
and histologically based ablation zone
measurements and the correlation be-
tween MR imaging-based and FEM-
anticipated ablation zone measurements.

Implication for Patient Care

B MR imaging monitoring offers the
potential to permit intraproce-
dural optimization of IRE proce-
dures to ensure complete abla-
tion of targeted tissue volumes.

Animal Model

All experiments were approved by the
institutional animal care and use com-
mittee of Northwestern University.
Twenty-two male Sprague-Dawley rats
(Charles River, Wilmington, Mass),
weighing 300-350 g, were used for
these experiments. Four rats were used
mnitially to qualitatively determine the
feasibility of using intraprocedural MR
imaging to depict the IRE ablation
zones with 2500-V pulses applied to the
electrodes. These rats were immedi-
ately sacrificed after the MR imaging-
monitored IRE procedure. Another 18
rats were divided into three groups (six
rats per group). Each group underwent
IRE procedures with a different elec-
trode voltage (1000, 1500, or 2500 V).
These rats were kept alive for 24 hours
after the procedure to permit defini-
tive formation of IRE-induced necrotic
tissue regions (7,8). Prior to IRE and MR
imaging procedures, rats were anes-
thetized with a hind-limb injection of
ketamine (75-100 mg per kilogram
of body weight, Ketaset; Fort Dodge
Animal Health, Fort Dodge, Towa) and
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xylazine (2-6 mg/kg, Tsothesia; Abbott
Laboratories, North Chicago, IlI). Rats
were restrained in the supine position,
and the left lateral lobe of the liver was
exposed with a midline incision. Two
parallel electrodes (platinum-iridium nee-
dles; length, 35 mm; diameter, 0.4 mm
[1 French]; 10-mm spacing maintained
by insertion of the needles through
holes drilled in a 15-mm-thick plastic
spacing block) were inserted into the
center of the left lateral lobe to a depth
of approximately 12 mm.

MR Imaging Measurements

All studies were performed by using a 3-T
clinical imager (Magnetom Trio; Siemens
Medical Solutions, Erlangen, Germany)
with four-element carotid array coils used
for signal reception. Electrodes remained
positioned within the liver throughout the
procedure but were disconnected from
the function generator during the MR
imaging. Prior to application of the IRE
pulses, localization imaging was per-
formed to identify separate imaging planes
perpendicular to and parallel to the elec-
trodes. Next, we acquired pre-IRE T1-
weighted gradient-recalled echo (GRE)
images (repetition time msec/echo time
msec, 200/2.5; flip angle, 90°; section
thickness, 2 mm; field of view, 65 X 150
mm; matrix, 84 X 192; bandwidth, 500 Hz
per pixel) and T2-weighted (3500/60),
proton-density-weighted (3500/8), and
T1-weighted (200/8) turbo spin-echo
(TSE) images (section thickness, 2 mm;
field of view, 65 X 150 mm; matrix,
84 X 192; bandwidth, 500 Hz per pixel).
Images were acquired along orienta-
tions both parallel and perpendicular to
the electrodes. Immediately following ap-
plication of the IRE pulses, MR imaging
measurements were repeated.

IRE Procedures

After pre-IRE MR imaging, rats were
removed from the imaging bore but
remained fixed in the supine position
within restraint apparatus (strapped to
form-fitting backboard). Electrodes were
connected to an IRE function generator
(Electroporator ECM830; BTX Division
of Harvard Apparatus, Holliston, Mass).
For IRE procedures, 1000-2500-V square
wave pulses were applied to the two

parallel electrodes (total number of
pulses, 8; duration of each, 100 micro-
seconds; interval between pulses, 100
milliseconds). Immediately after applica-
tion of the IRE pulses, electrodes were
disconnected and animals were returned
to the bore for follow-up imaging mea-
surements. For the rats electroporated
with 1000-V pulses, the electrodes were
removed prior to follow-up T1- and T2-
weighted imaging to permit visualization
of IRE ablation zones that smaller than
the induced magnetic susceptibility—
based electrode artifacts.

FEM Simulations

For FEM simulations, we used Comsol
Multiphysics software package (Com-
sol, Burlington, Mass), which imple-
ments the finite element method to
solve partial differential equations.
The anticipated electric field potentials
resulting from application of the IRE
pulses were determined by solving the
Laplace equation: V(oVd) =0, where
¢ is the electric potential and o is the
electric conductivity of surrounding tis-
sues. Our simulations closely followed
those described in previous IRE studies
(7,9,18). Briefly, the liver was approxi-
mated as a cylindrically symmetric disk
with a 30-mm diameter and isotropic
and homogeneous tissue conductivity
of 0.125 S/m (19). For simplicity, this
approximation did not include spatially
heterogeneous conductivity properties
that could be expected in clinical pa-
tients owing to the presence of fibrotic
and tumor tissues. The parallel two-
needle electrode array was positioned at
the center of this simulated liver volume.
The specified IRE electrode voltage was
applied to one of the electrodes while
the other electrode was treated as the
ground. Liver surfaces were assumed to
be electrically insulating. Previous rabbit
model studies demonstrated that IRE
electric field potentials greater than
63.7 V/mm = 4.3 (standard deviation)
are lethal within hepatic parenchyma
(20). Therefore, for our IRE FEM simula-
tions, we assumed that electric field po-
tentials greater than 68.0 V/mm would
be sufficient for tissue ablation; for ap-
plied electrode voltages of 1000, 1500,
and 2500 V, we measured the area (in

square millimeters) within a plane per-
pendicular to the electrodes that was
anticipated to achieve this lethal electric
field threshold (ie, ablation zone based
upon these FEM simulations).

Histologic Evaluation

The initial four animals were euthanized
immediately after post-IRE MR imaging.
An additional 18 animals were eutha-
nized 24 hours after electroporation.
After euthanasia, the livers were har-
vested for necropsy. Livers were fixed in
a 10% buffered formaldehyde solution,
sliced at 3-mm intervals, and embedded
in paraffin for histologic examination.
Liver sections were sliced in 4-pm-thick
sections and stained with hematoxylin-
eosin (H-E). Histologic slides were digi-
tized with an optical magnification im-
age acquisition system (TissueGnostics,
Vienna, Austria). These specimens were
evaluated by an attending surgical pa-
thologist (G.Y.Y., with more than 10
years experience in gastrointestinal
oncology). Software (ImagelJ; National
Institutes of Health, Bethesda, Md) was
used to manually draw a region of inter-
est that circumscribed areas of cellular
necrosis on each image to measure the
resulting IRE ablation zone for each
animal. The areas of these regions of
interest (in square millimeters) were
measured for comparison.

Data Analysis

For rats euthanized 24 hours after elec-
troporation, regions of interest were
drawn to measure the MR imaging-
monitored ablation zones separately on
T2-weighted TSE and T1-weighted GRE
images in an orientation perpendicular
to the IRE electrodes. These regions of
interest were drawn with the reviewer
blinded to the applied IRE electrode
voltage used. The reviewer, a Certificate
of Added Qualification—certified attend-
ing interventional radiologist (R.J.L.,
with more than 10 years experience in
liver-directed interventional oncology
procedures), qualitatively selected hy-
pointense regions on the T1-weighted
images and hyperintense regions on
the T2-weighted images with visual
reference to the corresponding pre-
IRE images. The areas of these regions
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Figure 1:

Post-IRE

Representative MR images acquired perpendicular to the electrodes before

(Pre-IRE) and immediately after (Post-IRE) IRE with 2500-V pulses. A, B, T1-weighted (T71V)
GRE images; C, D, T1-weighted TSE images; E, F, T2-weighted (T2W) TSE images; G, H,
proton-density-weighted (PDWW) TSE images. Bipolar electrode positions are depicted as signal
voids. Ablation zones are hypointense on T1-weighted images and hyperintense on both T2-

and proton-density-weighted images.

of interest were measured for com-
parisons. MR imaging-based ablation
zone measurements were evaluated with
respect to both ablation zones antici-
pated with FEM simulations and those
measured on corresponding histologic
slides.

We also measured the diameter
of the electrode artifacts on GRE T1-

weighted images and TSE T2-weighted
images by using images aligned perpen-
dicular to the electrodes.

Statistical Analysis

Analysis of variance methods were used
to evaluate between-group differences
in MR imaging ablation zone mea-
surements (ie, T1- and T2-weighted)

for the different IRE voltage groups.
Independent t tests were used to com-
pare T1- and T2-weighted MR imaging—
measured IRE ablation zones at each
voltage level. Intraclass correlation was
used to evaluate the consistency be-
tween intraprocedural MR imaging
measurements and FEM-anticipated ab-
lation zones for the three voltage levels.
Spearman correlation coefficients were
used to determine the relationship be-
tween MR imaging measurements and
histologically confirmed ablation zone
measurements (both continuous vari-
ables). These analyses were implemented
with software (SPSS, version 17; SPSS,
Chicago, lll). P values less than .05 were
considered to indicate a significant
difference.

MR Imaging Measurements

Figures 1 and 2 show representative
T1-weighted GRE images and T1-, T2-,
and proton-density-weighted TSE images
before and immediately after applica-
tion of 2500-V IRE, obtained perpen-
dicular (Fig 1) and parallel (Fig 2) to
the electrodes. Tissues affected by IRE
were clearly demarcated from surround-
ing normal hepatic parenchyma; elec-
troporated tissues were hypointense
on T1-weighted GRE and TSE images
but were consistently hyperintense on
both proton-density- and T2-weighted
TSE images. The mean diameter of the
electrode artifacts was 3.5 mm * 0.3
(standard deviation) on T1-weighted GRE
images and 1.5 mm * 0.2 on T2-weighted
TSE images.

Histologic Evaluation

For rats euthanized immediately after
IRE, H-E slides prepared from corre-
sponding liver specimens showed eosino-
philic cytoplasmic changes within the
electroporated regions adjacent to the
electrode positions; however, no other
substantial histologic alterations were
observed at this early post-IRE interval.
For rats euthanized 24 hours after IRE
procedures, histologic slides demon-
strated eosinophilic cytoplasmic changes
and central necrosis within IRE ablation
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zones, with congestion in interstitial
spaces and a well-delineated boundary
between untreated and ablated tissues
(Fig 3).

Relationship between FEM-predicted,
MR-measured, and Histology-confirmed
Ablation Zones

FEM-predicted ablation zones (with
anticipated 68.0 V/mm lethal electric
field potential) for electrode voltages
of 1000, 1500, and 2500 V, along with
corresponding post-IRE  T1-weighted
GRE images and H-E histology images
for three different animals are shown in
Figure 4. As illustrated in Figure 4, the
MR imaging measurements and corre-
sponding histologic slides similarly de-
picted an increased ablation zone with
increasing voltage and well-delineated
boundaries between untreated and ab-
lated tissues.

Analysis of variance indicated signif-
icant differences in MR imaging-based
ablation zone measurements for the
three different IRE electrode voltages
(P = .001 for both T1- and T2-weighted
measurements). For T1- and T2-weighted
images, mean areas significantly in-
creased with IRE voltage level, as indi-
cated by significant linear trends (P <
.001). For both T1- and T2-weighted
measurements, ablation zones were pro-
gressively and significantly larger at
higher voltage (P < .001, Table).

FEM simulations predicted IRE abla-
tion zones of 26.51, 94.48, and 183.54
mm? for electrode voltages of 1000,
1500, and 2500 V, respectively. Exami-
nation of the consistency between ab-
lation zone measurements determined
in vivo with MR imaging and those an-
ticipated with FEM indicated intraclass
correlation coefficients of 0.96 (P <
.001) for measurements on T1-weighted
images and 0.98 (P < .001) for those on
T2-weighted images (Fig 5). As shown
in Figure 6, MR imaging measurements
of the IRE ablation zones were also
highly correlated with histologically
determined ablation zone measurements
by using Spearman correlation coefficients
(T1-weighted MR images: p = 0.90,
P < .001; T2-weighted MR images:
p =0.91, P < .001). On H-E-stained
slides, coagulative necrosis was clearly

Post-IRE

T1W GRE

T1W TSE

L
(]
-
=
o
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Figure 2: Representative MR images acquired parallel to the electrodes
before (Pre-IRE) and immediately after (Post-IRE) IRE with 2500-V pulses.

A, B, T1-weighted (T71W) GRE images; C, D, T1-weighted TSE images; E, F,
T2-weighted (T2WW) TSE images; G, H, proton-density-weighted (PDW) TSE
images. Bipolar electrode positions are depicted as signal voids. Ablation zones
are hypointense on T1-weighted images and hyperintense on both T2- and
proton-density-weighted images.

visualized in the ablation regions. The In the regions of IRE ablation, hepato-
ablated zones were well demarcated cytes had markedly eosinophilic cyto-
from surrounding hepatic parenchyma. plasms, and sinusoids were congested.
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Figure 3

IRE is a potentially highly effective
tissue ablation technique. However,
intraprocedural imaging guidance may
be critical to optimize IRE approaches,
particularly for visceral ablation proce-
dures targeting liver tumors of primary
or metastatic origin. Our initial feasi-
bility studies successfully demonstrated
the potential for using MR imaging
measurements to monitor IRE ablation
zones in rat livers. Ablation zones were
immediately visible on MR images as
hypointense regions on T1-weighted im-
ages and as hyperintense regions on T2-
and proton-density-weighted images. IRE
ablation zones increased in size on MR
images with increasing electrode voltage.
MR imaging-based ablation zone mea-
surements showed good consistency with
FEM-anticipated ablation zones and
were highly correlated with follow-up
measurements on histologic slides (p >
0.90 and P < .001 for both T1- and T2-
weighted measurements).

IRE electrodes were visualized as
signal voids on GRE images, resulting

Normal Parenchyma

IRE Treated Tissue

L}

Figure 3: Representative H-E—stained histology
slides for rats sacrificed (a, b) immediately and (c)
24 hours after 2500-V IRE procedures. (a) A low
magnification image with a large field of view and (b)
inset (white box in &) both show no clear morphologic
changes but eosinophilic cytoplasmic changes in

IRE ablation zone. Image ¢ shows a well-delineated
boundary between untreated and ablated tissues,
with cellular necrosis in ablation zone. (Original
magnification in a, X2.5; in b and ¢, X25.)

in larger signal voids than those de-
picted on TSE images. The diameters
of these signal voids were much larger
than the diameter of the electrodes
themselves. Owing to the presence of
these signal voids, the effect of the IRE
ablation pulses could not be readily vi-
sualized immediately adjacent to the
electrodes. However, in practice, we do
not anticipate this limitation to be prob-
lematic for intraprocedural monitoring,
given that tissues immediately adjacent
to the electrode should experience elec-
tric field potentials orders of magni-
tude greater than those produced in
tissues located at increasing distances
from the electrodes (11). We would
anticipate that, relatively independent
of the applied electrode voltage, tissues
immediately adjacent to the electrode
should be sufficiently treated. However,
the size of each electrode-induced signal
void is dependent on the material used
to construct the electrodes (essentially
the prime determinant is the magnetic
susceptibility of the electrode relative
to the adjacent tissues), main magnetic

field strength, electrode orientation rel-
ative to the main field, pulse sequence
used for visualization, and associated
sequence parameters. As would be ex-
pected, the diameter of the electrode-
induced signal voids were much larger
on GRE images than on TSE images (ap-
proximately 3.5 mm vs 1.5 mm in diam-
eter). For translation to clinical practice,
larger diameter electrodes will likely
be required, thus increasing the size
of anticipated signal voids. Additional
studies are clearly warranted to fur-
ther investigate the size of the induced
signal voids relative to ablation zone
sizes, particularly for larger clinically
relevant [RE electrodes and electrodes
constructed of different materials. Ultra-
short echo-time sequences (21), gradient-
echo section excitation profile imaging
techniques (22), and view-angle tilting
methods (23) have previously been used
to reduce the size of signal voids pro-
duced during the placement of percuta-
neous needles and/or ablation probes
during MR imaging-guided biopsy and
ablation procedures; these methods
should each be similarly applicable in
the setting of MR imaging—guided IRE.
While further studies are clearly
necessary to fully investigate the con-
trast mechanisms that produce immedi-
ate IRE-induced proton-density-, T2-,
and T1-weighted signal changes, we
speculate that these may be the re-
sult of local fluid accumulation owing to
transient permeablization of blood ves-
sels, with subsequent fluid build-up af-
ter rapid extravasation into the treated
tissue zones. These IRE-induced sig-
nal alterations (ie, hyperintense zones
on proton-density- and T2-weighted
images and hypointense zones on T1-
weighted images) were consistent with
classic proton-density, T1, and T2 re-
laxation increases typically observed
during acute episodes of tissue edema
(24-27). In a prior in vivo electroper-
meabilized skeletal muscle study, the
formation of edema was qualitatively
confirmed by phase contrast photomi-
crographs of H-E-stained samples (28).
Our findings are consistent with previ-
ous gene therapy electrotransfer stud-
ies, which similarly apply high-voltage
electric pulses to permeabilize cell
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Figure 4: A-C, FEM-anticipated IRE ablation zones; D, post-IRE T1-weighted GRE images; and G-/, corresponding H-E histology slides

from livers harvested 24 hours after IRE. (Original magnification, X2.5.) Top row: 1000 V. Middle row: 1500 V. Bottom row: 2500 V. MR images
were acquired perpendicular to IRE electrodes, which were removed prior to (D) post-IRE MR imaging for 1000-V procedure. Note that
increasing FEM-anticipated and T1-weighted ablation zone sizes parallel increasing ablation zone sizes (arrows on G—/) on corresponding

histology slides.

membranes, during which muscle tissue
edema was visualized as hyperintense
regions on T2-weighted images (4,29).
MR imaging measurements of abla-
tion zone sizes at 1500 V were some-
what larger for T1-weighted images than
for corresponding T2-weighted images.
The reason for this discrepancy is cur-
rently unclear. One possible source of
error may have simply been misregis-
tration of section positions between
the separate measurements on T1-
and T2-weighted images during these
free-breathing in vivo studies. Another
possibility is that the T1-weighted sig-
nal changes at this particular applied
voltage level occurred both within the
irreversibly electroporated central abla-
tion zone and in an outer surrounding
region of reversibly electroporated tis-
sue. Further studies are necessary to

MR Imaging and Histologic Measurements of IRE Ablation Zone
Mean Measured IRE Ablation Zone (mm?)*
T1-weighted MR T2-weighted MR

FEM-Anticipated IRE

IRE Voltage Ablation Zone (mm?) imaging Imaging H-E Histology
1000V 26.51 30.46 * 7.56 29.46 + 7.957 22.54 = 8.25
1500V 94.48 125.75 = 16.90 90.16 + 13.06 105.24 + 20.78
2500V 183.54 186.61 = 17.91 183.26 = 18.508 226.94 = 62.85

*Data are means = standard deviations. Within each measurement modality (ie, T1-weighted MR imaging, T2-weighted MR
imaging, or histologic evaluation), significant differences in ablation zone size existed between the three voltages (all P <
.001).

TP =272 vs T1-weighted MR imaging at this voltage.
#P=.061 vs T1-weighted MR imaging at this voltage.
§ P =120 vs T1-weighted MR imaging at this voltage.

rigorously investigate the mechanism
or mechanisms that may have lead to
these aforementioned differences.

Our study had several limitations.
While histologic measurements were
highly correlated with intraprocedural
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Figure 5:  Scatterplots show relationship between (a) T1-weighted (77/) and (b) T2-weighted (T2I#) MR
imaging—based IRE ablation zone measurements and FEM-anticipated ablation zone sizes. Measures on MR
images were highly consistent with FEM-anticipated ablation zones.
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Figure 6:  Scatterplots show relationship between (a) T1-weighted (77W) and (b) T2-weighted
(T2W) MR imaging—based IRE ablation zone measurements and histology-confirmed IRE ablation zone
measurements. Measures on MR images were highly correlated with histologic measurements of the

IRE ablation zone.

MR imaging measurements of the IRE
ablation zones, a variable level of dis-
crepancy between these measurements
was clearly evident. However, these dis-
crepancies were not entirely unexpected
given the difficulties associated with corre-
lating in vivo imaging results to histologic
measurements at delayed intervals after
therapy. Coregistration of these measure-
ments was quite difficult given that the
IRE electrodes, which served as our fi-
ducial markers during the MR imaging,

were removed and the surgical incisions
were closed to allow the animals to sur-
vive 24 hours prior to necropsy. These
delays between imaging and histologic
measurements were critically necessary
given that IRE-induced tissue necrosis
does not occur until roughly 12-24 hours
after therapy. Future preclinical correla-
tion studies in the setting of IRE therapy
may benefit from the use of surgically-
implanted permanent fiducial markers to
avoid such complications.

An additional limitation of our study
was that IRE procedures were per-
formed in normal liver parenchyma as
opposed to hepatic tumor tissues. Fu-
ture studies will be critical to confirm
similar findings in hepatic tumor tissues
and compare long-term IRE treatment
outcomes with intraprocedural MR imag-
ing measurements. Alternative functional
imaging methods, such as diffusion-
weighted MR imaging (30) or dynamic
contrast-enhanced MR imaging (31,32),
may also prove effective for in vivo
quantification of the IRE ablation zones.
However, owing to the strong magnetic
susceptibility differences between elec-
trodes and surrounding tissues, con-
ventional single-shot diffusion-weighted
sequences may be ineffective, and
owing to requisite limits on contrast
agent dose, contrast-enhanced methods
may be more effective for follow-up
studies than for intraprocedural moni-
toring that requires repeated measure-
ments. Additional functional and quan-
titative MR imaging studies are clearly
warranted to further investigate the
potential for more accurate discrimina-
tion between treated and untreated IRE
ablation zones.

Practical application: We have
demonstrated that MR imaging mea-
surements can be used to immedi-
ately depict IRE ablation zones within
the liver. MR imaging has the poten-
tial to serve as both a real-time guid-
ance tool for selective placement of
IRE electrodes and an intraprocedural
monitoring tool to immediately assess
tissue response to IRE pulses. These
intraprocedural measurements could
be used to elicit repeat application of
the IRE pulses or adjustments to elec-
trode position, as needed, to ensure
complete treatment of targeted lesion
or lesions.
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