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To compare changes on ultrasonographic (US), computed
tomographic (CT), and magnetic resonance (MR) images
after irreversible electroporation (IRE) ablation of liver
and tumor tissues in a rodent hepatoma model.

Studies received approval from the institutional animal
care and use committee. Forty-eight rats were used, and
N1-S1 tumors were implanted in 24. Rats were divided
into groups and allocated for studies with each modality.
Imaging was performed in normal liver tissues and tu-
mors before and after IRE. MR imaging was performed
in one group before and after IRE after hepatic vessel
ligation. US images were graded to determine echogenici-
ty changes, CT attenuation was measured (in Hounsfield
units), and MR imaging signal-to-noise ratio (SNR) was
measured before and after IRE. Student ¢ test was used
to compare attenuation and SNR measurements before
and after IRE (P < .05 indicated a significant difference).

IRE ablation produced greater alterations to echogenicity
in normal tissues than in tumors. Attenuation in ablated
liver tissues was reduced compared with that in control
tissues (P < .001), while small attenuation differences be-
tween ablated (42.11 HU £ 2.11) and control (45.14 HU
+ 2.64) tumors trended toward significance (P = .052).
SNR in ablated normal tissues was significantly altered
after IRE (T1-weighted images: pre-IRE, 145.95 = 24.32;
post-IRE, 97.80 = 18.03; P = .004; T2-weighted images,
pre-IRE, 47.37 = 18.31; post-IRE, 90.88 * 37.15; P =
.023). In tumors, SNR differences before and after IRE
were not significant. No post-IRE signal changes were ob-
served after hepatic vessel ligation.

IRE induces rapid changes on gray-scale US, unenhanced
CT, and MR images. These changes are readily visible and
may assist a performing physician to delineate ablation

zones from the unablated surrounding parenchyma.

©RSNA, 2014

Online supplemental material is available for this article.
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rreversible electroporation (IRE)

has been studied as a tissue ab-

lation modality (1,2). Permanent
nanoscale pores are created with ap-
plication of strong short-lived elec-
trical fields across cell membranes;
this leads to a loss of homeostasis
and eventual cell death (3). IRE of-
fers several potential advantages over
thermal ablation approaches (4,5),
specifically, a relatively short ablation
procedure and the ability to ablate ad-
jacent large blood vessels (6-8); thus,
IRE may be well suited for ablation of
solid organ tumors, such as primary
or metastatic lesions in the liver. In
preclinical settings, IRE was shown to
be effective for targeted ablation of
liver tumors in an N1-S1 rat model (9)
and a VX2 rabbit model (10).

During ablation procedures, im-
aging is used to locate targeted le-
sions (11-13), monitor tissue abla-
tion (14-16), and evaluate treatment
effectiveness (17-19). Because of its
ease of use and broad availability, ul-
trasonography (US) is most routinely
used during ablation procedures in
clinical settings (20-22). Computed
tomography (CT) has been used for
tumor targeting and in outcome eval-
uation after IRE ablation procedures
(23,24). Magnetic resonance (MR)
imaging can be useful for tumor tar-
geting and in the assessment of im-
mediate response after IRE (25-27).
Echogenecity changes are observed
during US of normal liver tissues af-
ter IRE ablation (28,29); both CT and
MR imaging have been used to char-
acterize tumors 24 hours after IRE
(9,10).

During this preclinical study, we
performed IRE procedures in both nor-
mal liver tissue and hepatic tumors.
The purpose of the study was to com-
pare induced changes on US, CT, and
MR images shortly after IRE ablation

Advance in Knowledge

B Multimodality imaging potentially
can be used to immediately
depict irreversible electropora-
tion (IRE) ablation zones within
targeted liver tissues.

of both normal liver parenchyma and
hepatic tumors in a rodent hepatic car-
cinoma model.

Materials and Methods

Experimental Overview

In vivo IRE procedures were per-
formed in both normal liver paren-
chyma and hepatic tumors. Imag-
ing (US, CT, and MR imaging) was
performed before and immediately
after application of IRE pulses. On
delivery, the 48 animals were ran-
domly divided into eight groups (six
rats per group): US was performed
in two groups (USg, normal tissue
ablation; US,, tumor ablation), CT
was performed in three groups (CT,
normal tissue ablation; CT,, tumor
ablation; CT, control tumor without
ablation), and MR imaging was per-
formed in three groups (MR, normal
tissue ablation; MR, tumor ablation;
MR, , hepatic vessels ligated prior to
IRE). In the US_, US,, MR, and MR,
groups, each rat underwent IRE pro-
cedures and survived for 24 hours
to allow for definitive formation of
IRE-induced necrotic tissue regions
(1,30). Rats in the CT or CT group
were euthanized 30 minutes after IRE
for follow-up CT. CT of live rats was
not possible given the institutional
restrictions regarding use of CT in-
strumentation; this limitation ne-
cessitated the inclusion of a control
group (CT.) to obtain baseline CT
measurements in tumors and normal
liver parenchyma given that baseline
and post-IRE CT was not possible in
the same animals. CT was performed
in the CT_ rats without IRE. Rats in
the MR, group underwent pre- and
post-IRE MR imaging, with IRE per-
formed immediately after portal
vein and hepatic artery ligation to

Implication for Patient Care

m US, CT, and MR imaging poten-
tially can be used intraprocedur-
ally to optimize IRE to ensure
successful and effective ablation
of targeted lesions.

investigate the effect of perfusion on
IRE-induced signal changes.

Animal Model

Experiments were approved by the in-
stitutional animal care and use com-
mittee of Northwestern University. The
48 male Sprague-Dawley rats (weight
range, 300-350 g) used for these ex-
periments were randomly assigned to
a group. Twenty-four of the animals
were divided among four groups: US,,
CT,, CT,, and MR,. A total of 5 X 10°
N1-S1 cells (CRL-1603; American Type
Culture Collection, Manassas, Va) were
implanted in the left lateral lobe of each
rat after median laparotomy, and 7-10
days were allowed for tumor growth
prior to IRE.

IRE Procedures

After pre-IRE imaging, rats from MR
groups were removed from the imager.
Rats from all groups were kept in the
supine position during the subsequent
IRE procedures and during the follow-up
postprocedural imaging studies. The left
lateral lobe of the liver was exposed af-
ter median laparotomy. For normal he-
patic parenchyma ablation (US,, CT,
MR,, and MR, groups), two parallel

Published online before print
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needle electrodes with 1-cm spacing
were inserted into the center of the left
lateral lobe. For tumor ablation (UST,
CT,, and MR, groups), tumors were
located visually and were palpated dig-
itally between the thumb and forefin-
ger to approximate the configuration
of the tumor mass. Next, needle elec-
trodes were positioned such that the
needles were aligned along the axis of
the largest tumor dimension. A 1-cm
electrode separation was maintained, as
the needles had previously been secured
in a 15-mm-thick plastic spacing block.
Next, the electrodes were connected to
the IRE generator (ECM830; Harvard
Apparatus, Holliston, Mass) such that
2500-V square wave pulses were applied
to the two parallel electrodes with the
following protocol: number of pulses,
eight; duration of each pulse, 100 psec;
and interval between pulses, 100 msec
(9,25). After IRE, the electrodes were
disconnected. The IRE procedures were
performed by one author (Y.Z., 5 years
of experience). For all modalities, post-
IRE imaging was performed 30 minutes
after the ablation procedures.

US Studies

For US studies, imaging was performed
by wusing a 12-MHz transducer US
probe (M7; MindRay, Shenzhen, China)
placed on the exposed liver, with an
acoustic window created with US gel.
In the US, group, US was performed to
examine normal hepatic parenchyma;
in the US, group, US was performed
to examine the tumor. Thirty minutes
after IRE, US was repeated to acquire
post-IRE images. Two certified attend-
ing interventional radiologists (S.B.W.,
D.L.W.; 3 and 9 years of experience,
respectively) performed the US proce-
dures. Selected focal zone depth, gain,
and tissue harmonic settings were in-
dividually optimized by the operator
(S.B.W. or D.L.W.) on a case-by-case
basis during acquisition of the initial
pre-IRE images, and these parameters
were unchanged during acquisition of
post-IRE images.

CT Studies

Unenhanced CT was performed
(A.L.G., 28 years experience) in CTy,

CT,, and CT, groups by using a 64-sec-
tion helical clinical system (Sensation;
Siemens Healthcare, Malvern, Pa). For
animals in the CT and CT,. groups, rats
were euthanized 30 minutes after IRE
for follow-up CT; CT was performed in
CT,, rats without IRE. The CT parame-
ters were 120 kVp and 250 mA, with
images reconstructed by using a 1-mm
section thickness.

MR Imaging

MR imaging was performed (Y.Z., 5
years experience) in the MR, MR, and
MR, groups by using a 7-T animal im-
ager (ClinScan; Bruker BioSpin, Ettlin-
gen, Germany). Pre- and post-IRE MR
imaging was performed by using T1-
weighted gradient-echo (GRE) and T2-
weighted fast spin-echo sequences. The
general parameters for these sequences
were as follows: section thickness, 1
mm; field of view, 64 X 128 mm; matrix,
96 X 192; and bandwidth, 500 Hz/
pixel. For the T1-weighted sequence,
the specific parameters were as fol-
lows: repetition time msec/echo time
msec, 200/2.68; flip angle, 90°; and six
averages acquired. For the T2-weight-
ed sequence, the specific parameters
were as follows: ~2634/44.1; flip angle,
180°; and three averages acquired.
To reduce motion artifacts, a small-
animal monitoring and gating system
(SA Instruments, Stony Brook, NY)
was used during the acquisition of T2-
weighted fast spin-echo images.

Histologic Evaluation

Rats in the CT and CT, groups were
euthanized 30 minutes after IRE. Rats
in the MR, group were euthanized 30
minutes after post-IRE imaging. Rats in
the CT, group were euthanized with-
out undergoing IRE. Animals in the
US,, US,, MR, and MR, groups were
euthanized 24 hours after IRE. At nec-
ropsy, livers were harvested and fixed
in 10% buffered formaldehyde solution,
sliced at 3-mm intervals, and embedded
in paraffin. Liver samples were cut in
4-pm-thick slices and stained with he-
matoxylin-eosin. Histologic slides were
digitized with an optical magnification
image acquisition system (TissueG-
nostics Cell Analyzer; TissueGnostics,

Vienna, Austria) that permitted exami-
nation of entire slides with a low mag-
nification (X10), as well as examination
of regional details at a higher magni-
fication (X40) (Zeiss Axioskop upright
fluorescence microscope with CRi NU-
ANCE spectral camera; Carl Zeiss,
Jena, Germany).

In control rats and those that un-
derwent IRE procedures, separate
samples from normal hepatic paren-
chyma and tumor tissues were col-
lected at necropsy and prepared for
transmission electron microscopy. The
post-IRE samples were obtained in rats
euthanized 30 minutes after post-IRE
imaging. These tissue samples were
sliced into 1-mm cubes and placed
in Karnovsky fixative for 2 weeks to
preserve structures. Samples were
then stained with osmium tetraoxide
(0s0,), dehydrated, and embedded in
resin. Samples were then sliced with
an ultramicrotome to a thickness of 70
nm for transmission electronic micros-
copy (FEI Tecnai Spirit G2; FEI, Hills-
boro, Ore).

Data Analysis

ImageJ software package (National
Institutes of Health, Bethesda, Md)
was used for image analysis. Pre- and
post-IRE US images were individually
reviewed by two radiologists (S.B.W.,
D.L.W.) to determine echogenicity
prior to and immediately after IRE by
using a four-point grading scale: O in-
dicated no change; 1, slight change; 2,
clear change; and 3, dramatic change
(only the tumor echogenicity change
was considered for scoring in the US,
group). Images with discordant scores
were reviewed by a third radiologist
(Z.Z., more than 10 years experience
in diagnostic radiology). CT images ini-
tially were reviewed with a window level
and width of 50 and 150 HU, respec-
tively. To improve subjective conspicu-
ity of the findings, the observer was
free to adjust the window width and
level at will. Regions of interest were
drawn to measure attenuation in differ-
ent regions; these regions were the nor-
mal liver after IRE and the adjacent un-
treated normal liver in the CT group,
the tumor region after IRE in the CT,
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group, and the tumor region without
IRE in the CT group. On pre- and post-
IRE T1- and T2-weighted MR images,
signal-to-noise ratio (SNR) was mea-
sured in both the MR and MR, groups.

Statistical Analysis

Independent t tests were used to com-
pare CT attenuation measurements ob-
tained before and after IRE. Paired t
tests were performed to compare SNR
measurements from pre- and post-IRE
T1- and T2-weighted images. These
analyses were performed with a soft-
ware package (SPSS, version 12; SPSS,
Chicago, IlI), with P values less than
.05 considered to indicate a significant
difference.

Multimodality Imaging

Multimodality imaging of IRE in liver
parenchyma.—On US images, ablated
tissues appeared as a hypoechoic re-
gion adjacent to the IRE probes, and in
most cases, a hyperechoic (when com-
pared with normal surrounding hepatic
parenchyma) rim also was seen (Fig 1, A
and B). On CT images, ablated normal
tissues appeared as hypoattenuating
foci when compared with surrounding
unablated tissues (Fig 1, C and D).
Representative MR images obtained in
the normal liver prior to and immedi-
ately after IRE are also shown. IRE-af-
fected tissues were clearly demarcated
from surrounding normal hepatic pa-
renchyma; electroporated tissues were
hypointense on T1-weighted images
(Fig 1, F) but were consistently hyper-
intense on T2-weighted images (Fig 1,
H).
Multimodality imaging of IRE in
liver tumors.—Tumors appeared het-
eroechoic (hyperechoic peripherally
and isoechoic centrally) on pre-IRE
US images (Fig 2, A). On post-IRE
US images (Fig 2, B), all tissues ad-

jacent to the IRE probe (both nor-

mal parenchyma and tumor) became
more hypoechoic, and a hyperechoic
rim developed along the periphery of
the ablation zone; the site of the elec-
trodes was also noted and appeared as

a linear focus of hyperechogenicity due
to air introduced during initial probe
placement. On CT images, control tu-
mors appeared as hypoattenuating foci
(Fig 2, C); after tumor IRE, a large
hypoattenuating focus appeared, and
the tumor margin could no longer be
seen clearly (Fig 2, D). Representative
MR images from tumor ablation proce-
dures before and after IRE are shown.
Pre-IRE tumors appeared hypointense
on T1-weighted images (Fig 2, E) and
hyperintense on T2-weighted images
(Fig 2, G). After IRE, a large hypoin-
tense region was observed correspond-
ing to the ablated tissue zones within
T1-weighted images (Fig 2, F). After
IRE, a hyperintense region of ablated
normal tissues appeared surrounding
the central hyperintense tumor on T2-
weighted images (Fig 2, H).

Hepatic Ligation

In the animals that underwent portal
vein and hepatic artery ligation prior
to MR imaging-monitored IRE pro-
cedures, no post-IRE-induced signal
changes were observed; representative
images for one animal in this group are
shown in Figure E1 (online).

Histologic Evaluation

Within hemotoxylin-eosin slides from
tissues collected 30 minutes after IRE
(Fig E2, A J|online]), ablated zones
within normal hepatic parenchyma
were pale relative to adjacent nonab-
lated tissue regions, indicating de-
generation of eosinophilic structures
(cytoplasm and extracellular spaces);
however, nuclei structure was main-
tained at this early follow-up interval.
At 24 hours after IRE (Fig E2, B and
E [online|), ablated regions were in-
creasingly pale compared with periph-
eral nonablated liver tissues. At this
follow-up interval, some of the nuclei
decreased in size, indicating presence
of coagulation necrosis; furthermore,
an influx of red blood cells was ob-
served in the extracellular spaces (Fig
E2, E). For hemotoxylin-eosin-stained
specimens, ablation
were observed to encompass the en-
tire tumor within samples collected
both immediately after IRE (Fig 3, C

tumor zones

and D) and 24 hours after IRE (Fig
3, E and F). Tumor cell nuclei agglu-
tinations were observed 30 minutes
after IRE. Tumor cells became more
loosely arranged within the specimens
collected 24 hours after IRE compared
with tumor cells collected prior to IRE
procedures. The nuclear cytoplasm
ratio for these tumor cells tended to
increase 24 hours after IRE.

When transmission electron mi-
croscopy images of untreated tumor
cells (Fig E4, A and B [online]) were
compared with images of normal he-
patocytes (Fig E3, A and B [online]),
the untreated tumor cells had a larger
Thirty minutes after IRE,
(a) small pores appeared within the
nuclear membrane; (b) a completely
intact cell membrane was no longer
observed; (¢) chromatin condensation
was observed, with chromatin abutted
to the nuclear membrane; and (d) most
organelles maintained their structures,
although some vacuoles were present
(Fig E4, C and D [online]). At 24
hours after IRE, small pores could still
be seen along the nuclear membrane,
and the basal layer was thinner com-
pared with tissue samples obtained im-
mediately after IRE. Electron density
of the nucleus decreased 24 hours af-
ter IRE relative to the sample collected
immediately after ablation, indicating
degeneration, migration, or both, of
the chromatin. Most organelles lost
their structure, and more vacuolar
degenerations were noted in the cy-
toplasm (Fig E4, E and F [online]).
Similar changes were observed on
transmission electron microscopy im-
ages of both normal and tumor tissues,
with the primary difference being the
smaller size of the cell nucleus and the
larger nuclear cytoplasm ratio.

nucleus.

Statistical Analysis

For US images, the average grade for
echogenicity change was 2.0 for the
ablated liver and 1.3 for ablated tumor
tissues. For CT, attenuation in the ab-
lated liver (62.53 HU * 2.24) was sig-
nificantly different (P < .001) from that
in the unablated normal parenchyma
(46.99 HU = 5.259). While small, the
attenuation difference between the
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Figure 1
N

Figure 1:

Representative images acquired before and after IRE in normal hepatic parenchyma. A, Pre-IRE US image shows normal liver

parenchyma. B, Post-IRE US image shows a hypoechoic region (X) in the liver parenchyma and represents the ablation zone. Arrow = IRE

probe position (hyperechogenicity related to introduction of air at probe placement). C, Pre-IRE CT image shows normal liver parenchyma. D,
Post-IRE CT image shows ablation zones as areas of hypoattenuation (X). £, Pre-IRE T1-weighted MR image shows normal liver parenchyma. F,
T1-weighted MR image shows ablation zone as a hypointense region (X). G, Pre-IRE T2-weighted MR image shows normal liver parenchyma. H,
T2-weighted MR image shows ablation zone as a hyperintense region (X).

ablated tumor (42.11 HU = 2.11) and
the control tumor (45.14 HU = 2.64)
trended toward significance (P = .052).
For MR images, SNR measurements in
the ablated normal liver were signifi-
cantly increased after IRE (T1-weight-
ed: pre-IRE, 145.95 * 24.32; post-IRE,
97.80 = 18.03; P = .004; T2-weighted:
pre-IRE, 47.37 = 18.31; post-IRE,
90.88 = 37.15; P = .023). The SNR
difference between tumors before and
after IRE was not significant (pre-IRE,

102.13 = 31.36; post-IRE, 101.09 =
21.66; P = .940).

IRE is a potentially highly effective tis-
sue ablation technique. Imaging-based
intraprocedural or early postprocedural
monitoring approaches may be crucial
to optimize IRE procedures. Our ex-
periments successfully showed that IRE
induces rapid changes apparent on US,

CT, and MR images during normal he-
patic tissue ablation and during tumor
ablation (significant changes occur in
the normal liver tissue surrounding the
tumors). Immediately after IRE proce-
dures, the early alterations on gray-scale
US, unenhanced CT, and MR images are
markedly greater in normal liver paren-
chyma than in ablated tumor tissues.
Our US findings in normal hepatic
parenchyma after IRE were similar to
those in previous studies (23,28), which

Radiology: \/olume 271: Number 3—June 2014 = radiology.rsna.org
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Figure 2

Figure 2: Representative images acquired before and after IRE in tumor tissues. A, Pre-IRE US image shows the tumor (+) appeared
hyperechoic peripherally and isoechoic centrally when compared with normal hepatic parenchyma. B, Post-IRE US image shows normal

and tumor tissues adjacent to the IRE probe (X) become hypoechoic. Arrow = probe position. C, CT image shows control tumor (arrow) as a
hypoattenuating focus. D, Post-IRE CT image shows the ablation zone (X) as an area of hypoattenuation; a clear tumor boundary is difficult to
determine. £, Pre-IRE T1-weighted MR image shows a hypointense tumor (arrow). F, Post-IRE T1-weighted MR image shows the ablation zone
as a hypointense region (X) encompassing the tumor (arrow). G, Pre-IRE T2-weighted MR image shows hyperintense tumor (arrow). H, Post-IRE
T2-weighted MR image shows a heterogeneously hyperintense region (X) encompassing a central hyperintense tumor (arrow).

showed that ablated tissues appear as a
hypoechoic focus. For tumor ablation,
both normal and tumor tissues adja-
cent to the IRE probe became more
hypoechoic within post-IRE US images.
The results of these echogenicity grad-
ing scale studies provide additional ev-
idence that it would be feasible to use
intraprocedural US to monitor IRE.
During CT studies, IRE induced a
large focus of attenuation within both

normal and tumor tissues after abla-
tion (IRE-induced hypoattenuation on
CT images). Because the tumor ini-
tially appears as a focus of hypoattenu-
ation, the tumor margin is no longer
clearly seen on post-IRE CT images.
Quantitative measurements enabled us
to confirm that attenuation decreases
were significantly greater in normal tis-
sues than in tumor tissues after abla-
tion. Nonetheless, the dramatic image

contrast effects observed on post-IRE
CT images (along with the relatively
rapid imaging time compared with MR
imaging), suggest that this imaging mo-
dality may be ideal for intraprocedural
or immediate postprocedural monitor-
ing. At this early stage (30 minutes after
IRE), only the focus of hypoattenuation
was observed without any hyperat-
tenuating peripheral rim. This finding
is in contrast to the finding of a prior
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Figure 3

X

U eI i LT S el

Figure 3: Representative hematoxylin-eosin—stained histologic slides from tumor tissues in, A, B, control rats, C, D, rats sacrificed 30 minutes
after IRE, and E, F, rats sacrificed 24 hours after IRE. Nucleus agglutinations can be observed 30 minutes after IRE. Tumor cells are arranged
more loosely in Fthan in B. The nucleus-to-cytoplasm ratio tended to increase 24 hours after IRE. [ = approximate locations for D, £, and F.
Original magnifications are X10 for A, B, and Cand x40 for D, £, and F.

CT study, in which the researchers de-
scribed the appearance of a hyperat-
tenuating rim after IRE; however, this
prior finding was observed 2 days after
IRE in a normal liver parenchyma ab-
lation study in which both unenhanced
CT and contrast material-enhanced CT
were used (23).

On post-IRE CT images and T1-
and T2-weighted MR images, there
was a well-demarcated boundary be-
tween the ablation zone and the sur-
rounding normal tissues. On post-IRE
US images, although a hypoechoic re-
gion could be observed, boundaries
between ablated tissues and surround-
ing tissue were difficult to visualize.
One reason for this finding may have
been that we were unable to capture
the entire ablation zone since our US
transducer could only be applied to a
limited area because of the small size of
the rat liver. We expect this limitation

would be overcome in a clinical setting
or a large-animal model.

MR findings after hepatic ligation
enabled us to confirm our assumption
from a previous study (25) about MR
signal alteration due to IRE in normal
hepatic parenchyma, indicating that
early signal changes are likely the re-
sult of local fluid accumulation owing
to transient permeabilization of blood
vessels, with subsequent fluid build-
up after rapid extravasation into the
treated tissue zones. This finding may
also explain why MR signal changes
are much larger in normal tissues after
IRE. The phenomenon of local fluid ac-
cumulation is very apparent in normal
tissue, since the liver is a well-vascu-
larized organ with large blood volume.
In contrast, N1-S1 hepatic carcinoma
leads to hypovascular tumors with
relatively heterogeneous vasculariza-
tion. The latter characteristics could

conceivably result in a reduction to the
local volume of fluid extravasated after
IRE within tumor tissues and a more
heterogeneous extravasation pattern
than that observed in normal tissues.
All measurements (US, CT, and MR
imaging) indicated that IRE introduces
more dramatic signal changes in nor-
mal tissues and that these alterations
can be detected readily with each con-
ventional imaging modality. Another
factor that could contribute to these
significant differences between tumor
and normal liver tissues could be the
marked dilation of the hepatic sinusoi-
dal spaces (28), an effect that was not
observed in the tumor tissues.

Our findings with IRE are similar to
those found with other ablation tech-
nologies. Both radiofrequency ablation
and microwave ablation appear as foci
of hypoattenuation on CT images (31)
and are hyperechoic on US images (32)
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due to release of gas during tissue heat-
ing. Both radiofrequency ablation and
microwave ablation have decreased
T2-weighted signal intensity (33), in-
creased T1-weighted signal intensity,
and show no enhancement after admin-
istration of a gadolinium chelate (34).
Cryoablation is more easily seen with
all imaging modalities because of the
formation of an ice ball that is hypoat-
tenuated compared with the surround-
ing liver at CT (35,36). On MR images,
the iceball appears hypointense on T2-
weighted images, and once the ice ball
melts, the ablation defect appears hy-
perintense on T2-weighted images (37).

One limitation of this study was
the lack of serial monitoring after IRE.
However, the singular focus of this cur-
rent multimodality study was imme-
diate post-IRE imaging. Early imaging
may be important to inform practi-
tioners about the position and extent of
induced IRE ablation zones; ultimately,
it will be critical to determine whether
the induced ablation zone completely
covers the tumor volume or whether
further ablation is necessary. How-
ever, recent studies have shown that
IRE-induced tissue damage can evolve
dramatically even in the first 100 mi-
nutes after the procedure (28). Addi-
tional future studies will be important
to correlate early postprocedural imag-
ing findings with delayed measurements
days to weeks after IRE. Finally, given
that the anatomic imaging approaches
described in this study likely depict ter-
tiary fluid accumulation rather than di-
rect effects on cell membrane integrity,
additional development of functional
imaging methods sensitive to membrane
permeability ultimately may be war-
ranted. Such methods potentially could
be used to probe endogenous contrast
mechanisms (water mobility alterations)
or use exogenous tracers wherein cellu-
lar uptake, activation state, or both, are
altered via IRE ablation.

Relatively recent studies have shown
that viable tumor cells adherent to the
electrodes after radiofrequency abla-
tion (38) may serve as an independent
predictor of local tumor progression
(39-41). For these methods, tumor cell
viability can be evaluated rigorously by

using markers of mitochondrial activity
(40,42) or proliferation (Ki-67) (39).
Similar assays might also prove useful
to augment intraprocedural or follow-up
cross-sectional imaging measurements
to more accurately predict longitudinal
responses after IRE ablation proce-
dures. Although we did not study con-
trast-enhanced MR, CT, or US in the
current investigation, contrast agents
may prove valuable in the assessment
of tissue responses after IRE. Electro-
poration clearly affects microvessel wall
and cell membrane permeability and
thus alters contrast agent kinetics (43);
imaging for the quantification of tran-
sient or permanent alterations to these
kinetics could serve as an additional
biomarker of IRE response.

In conclusion, IRE induces rapid
changes that can be observed readily on
US, MR, and CT images. However, signal
changes on gray-scale US, unenhanced
CT, and T1- and T2-weighted MR images
were significantly greater within normal
tissues than within tumor tissues after
IRE ablation procedures. This study en-
abled us to confirm the feasibility of using
these modalities in real time to monitor
ablation intraprocedurally. MR imaging
findings after hepatic ligation suggest
that early signal changes after IRE are
the result of local fluid accumulation in
the treated tissue zones. Future studies
are necessary to develop superior imag-
ing methods with which to better char-
acterize electroporation-induced changes
within tumor tissues to ensure accurate
predictions of response.

Practical application: We have
shown that conventional imaging mo-
dalities (gray-scale US, unenhanced CT,
and T1- and T2-weighted MR imaging)
can be used to immediately depict IRE
ablation zones within normal hepatic
parenchyma.
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