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Purpose: Irreversible electroporation (IRE) is a promising new ablation method for hepa-
tocellular carcinoma (HCC) treatment with few side-effects; however, tissue perfusion and 
differentiation between treatment zones have not been sufficiently studied. In this project, we 
analyzed HCC tumor perfusion changes immediately after IRE treatment using transcatheter 
intraarterial perfusion (TRIP)-MRI to monitor treatment zone margins.
Materials and Methods: All protocols were approved by the institutional animal care 
and use committee. A total of 34 rabbits were used for this prospective study: tumor liver 
group (n=17), normal liver group (n=14), and 3 for growing VX2 tumors. All procedures 
and imaging were performed under anesthesia. VX2 tumors were grown by injection of 
VX2 cells into rabbit hindlimbs. Liver tumors were induced by percutaneous US-guided 
injection of VX2 tumor fragments into liver. For digital subtraction angiography (DSA), a 
2F catheter was advanced through left hepatic artery via femoral artery access, followed 
by contrast injection. All rabbits underwent baseline anatomic MRI, then IRE procedure 
or IRE probe placement only, and lastly post-procedure anatomic and TRIP-MRI. Liver 
tissues were dissected immediately after imaging for histology. All statistical analyses 
were performed on GraphPad Prism, with P<0.05 considered significant.
Results: IRE generated central IRE zone and peripheral reversible electroporation (RE) zone 
on anatomic MRI for both normal liver and liver tumor tissues. The semiquantitative analysis 
showed that IRE zone had the lowest AUC, PE, WIS, Ktrans, ve, and vp as well as the highest 
TTP, followed by RE zone, then untreated tissues. Receiver operating characteristic analysis 
showed that WIS and AUC60 had the highest AUCROC. Histologic analysis showed a positive 
correlation in viable area fraction between MRI and histologic measurements. IRE zone had 
the highest %apoptosis and lowest CD31+ staining.
Conclusion: Our results demonstrated that intraprocedural TRIP-MRI can effectively dif-
ferentiate IRE and RE zones after IRE ablation in normal liver and liver tumor tissues.
Keywords: hepatocellular carcinoma, irreversible electroporation, liver cancer, perfusion, 
transcatheter intraarterial perfusion magnetic resonance imaging

Introduction
Hepatocellular carcinoma (HCC) is the sixth most common and fourth leading cause of 
cancer-related deaths worldwide.1 Many treatments currently exist for HCC, including 
surgical resection and transplantation, locoregional ablation, multikinase inhibitors, 
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and chemotherapy.2–4 Among these, locoregional ablation 
offers a minimally invasive treatment option for patients 
not amenable to surgical methods and may be curative in 
early-stage disease.5

Irreversible electroporation (IRE) is a locoregional 
ablation technique that delivers electrical currents to tar-
geted tissues, creating nanopores in the cell membrane and 
causing cellular damage.6 IRE causes two ablation zones: 
central IRE zone with permanent nanopores and complete 
cell death and peripheral reversible electroporation (RE) 
zone with transient nanopores and mostly cell swelling.7 

IRE technique demonstrated promising results in early- 
stage HCC, lacked heat sink effects, and preserved healthy 
adjacent tissues.8–10 Additionally, IRE generates clear 
treatment margins that can be identified by imaging.9,11 

Although boundaries between treated and untreated tissues 
are well defined, boundaries between IRE and RE zones 
have not been studied. As IRE and RE zones differ with 
respect to cell apoptosis, a clear delineation between IRE 
and RE zones is crucial for effective treatment and recur-
rence after the IRE ablation method. Moreover, blood 
vessels may remain undamaged in treated tissues due to 
the protective effects of collagen in the extracellular 
matrix.12,13 Investigating perfusion and its impact on 
recovery in treated HCC tissues soon after IRE is of 
importance.

IRE may be monitored perioperatively using a variety 
of imaging modalities, including MRI, CT, and ultrasound 
(US).14,15 While MRI and other imaging modalities have 
been used for differentiating treated and untreated tissues, 
a few studies focused on margins between treatment zones. 
Granata et al inspected the data acquired from MRI, CT, 
and contrast-enhanced (CE) US evaluated longitudinally 
for assessment of treatment response to IRE in HCC 
patients.14 Besides, Vroomen et al observed distinctive 
MRI signal changes in both CE-MRI and diffusion- 
weighted MRI images after IRE procedure in pancreatic 
cancer patients.15 However, functional changes in tissue 
perfusion after IRE treatment have not been studied.7,16,17 

Transcatheter intraarterial perfusion (TRIP)-MRI is a well- 
established technique for functional evaluation of tissue 
perfusion changes by injecting small doses of contrast to 
supplying blood vessels.18,19 Liver tissue perfusion 
changes have been evaluated before by traditional intrave-
nous methods, but TRIP-MRI allows continuous iterative 
imaging at higher spatial and temporal resolutions than 
conventional perfusion MRI using IV contrast injection.19 

TRIP-MRI has also been previously used to evaluate liver 
perfusion changes after other locoregional approaches.7

In this project, we aimed to study normal liver and 
liver tumor perfusion changes immediately after IRE abla-
tion using intraprocedural TRIP-MRI and investigate intra-
procedural TRIP-MRI as a potential method to monitor of 
treatment zone margins immediately after IRE procedure.

Materials and Methods
Experimental Overview
All studies were approved by the institutional animal use 
and care committee of Northwestern University by follow-
ing Guide for the Care and Use of Laboratory Animals: 
Eighth Edition.20 A total of 31 New Zealand white rabbits 
(Covance, Denver, PA) were randomly assigned to IRE 
treatment of normal liver tissue (n=14) or IRE treatment of 
liver tumor tissue (n=17).

Animal Methods
Anesthesia was induced by bolus intramuscular injection 
of ketamine (100 mg/kg) and xylazine (5 mg/kg) and 
maintained by inhalation of isoflurane (2–3% isoflurane 
in oxygen) during all procedures and imaging. For donor 
tumors, VX2 tumor cells were injected into hind limbs of 
tumor donor NZW rabbits (n=3) under anesthesia and 
harvested when reaching 1 cm in diameter. For liver 
tumor implantation, small pieces (around 1 mm3) of VX2 
tumors were percutaneously injected into the liver via 
ultrasound guidance. The tumors were allowed to reach 
the size of at least 10 mm in the longest diameter on T2w 
images by weekly MRI experiments after tumor 
implantation.

Digital Subtraction Angiography (DSA)
DSA was performed using a C-arm unit (PowerMobil; 
Siemens Medical Solutions, Erlangen, Germany) and 
enhanced with iohexol (Omnipaque 350; Amersham, 
Princeton, NJ). The femoral artery was accessed, and a 
2F catheter was advanced into hepatic arteries (K.Z., >10 
years of experience). The DSA was conducted within 5 
minutes after IRE procedure.

IRE Protocol
IRE was performed using a square-wave generator 
(ECM830; BTX-Harvard Apparatus, Holliston, MA). 
Following catheterization of hepatic arteries with DSA, a 
midline laparotomy was performed, and two paralleled 
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MRI-compatible needle electrodes with 1 cm spacing (pla-
tinum-iridium materials; Microprobes, Gaithersburg, MD) 
were inserted into the left median lobe in the normal liver 
group or into the liver tumor (C.S. and B.W. both with 2 
years of experience). IRE procedure was performed on all 
animals using pre-determined parameters, 10 pulses (2000 
V, 100 μs duration, 100 ms between pulses).17,21–25

MRI Methods
Following baseline MRI scans, the IRE procedure was per-
formed. Post-IRE anatomical MRI acquisition was performed 
immediately after closing the abdominal incision approxi-
mately 20 min after post-IRE procedure. Multi-modality 
MRI data were acquired using a 3T MRI scanner 
(MAGNETOM Skyra; Siemens Medical Solutions, 
Erlangen, Germany) with a 15-channel knee coil. All rabbits 
underwent baseline anatomic MRI, then IRE procedure, and 
intraprocedural TRIP-MRI and repeated anatomic MRI. The 
acquisition parameters are listed in Table 1. Intraprocedural 
TRIP-MRI volumes were acquired every 2.6 s for a total of 11 
min 40 s (250 volumes). One minute after initiating TRIP- 
MRI, gadopentetate dimeglumine (3 mL, 5%, Magnevist; 
Berlex, Wayne, NJ) was manually injected via intraartery 
catheter over 6 s followed by 3 mL saline flush at the same 
flow rate.

Histologic Analysis
Rabbits were euthanized immediately after MRI acquisition 
to obtain liver tissues for histological examination. Liver 
tissue with the ablated region was sectioned along with an 
orientation parallel to the electrode array for staining with 
hematoxylin-eosin (HE) and terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL). The RE and 
IRE zones were identified on HE-stained slices. Using HE 
slices, IRE zone is defined by the percentage of the necrotic 
area, while RE zone is measured by a mixed area with 
apoptotic cells and normal cells. The number of cells stain-
ing positively on TUNEL sections was counted in randomly 
chosen 10 fields from IRE, RE, and normal tissue sections at 
200x magnification. The apoptosis index was calculated as 

the number of positively stained cells divided by the total 
number of cells in the field. The viable area fraction was 
calculated from the RE zone area divided by the IRE zone 
area from a single slice.

Imaging Analysis
All MR images were analyzed by radiologists with more 
than 5 years of experience (L.P. and S.H.) using Jim (version 
7.0, Xinapse Systems, Essex, UK). For semi-quantitative 
analysis, three regions of interest (ROIs) encompassing 
either the IRE zone, RE zone, or untreated tissues were 
drawn on a single section parallel to the electrode array 
using post-contrast T1w images as reference. IRE zone 
was identified as the central hypointense zone, and the RE 
zone was identified as the hyperintense rim surrounding the 
IRE zone. A time–intensity curve (TIC) was generated for 
each ROI. The area under the curve (AUC) at 30, 60, 90, 
120, 150, and 180 s after contrast arrival at the tissue and 
peak enhancement (PE), time to peak (TTP), and wash-in 
slope (WIS) were calculated for each TIC. PE was defined 
as the difference between the maximal signal and the aver-
age baseline signal. TTP was the time from contrast arrival 
to time at the maximum signal. WIS was calculated by 
dividing TTP from PE. For quantitative analysis, we used 
a widely used pharmacokinetic modeling approach, the 
extended Tofts model, which includes intravascular contri-
bution into account during the processing of the contrast- 
enhanced MRI data.26 In extended Tofts modeling, the 
pharmacokinetic parameters were computed by solving the 
following equation 1,

ct tð Þ ¼ vpcp tð Þ þ Ktrans ò
t

0
cp τð Þe� Ktrans=ve t� τð Þdτ (1) 

where ct(t) and cp(t) are the concentration–time curves in 
the tissue of interest and the plasma space, vp is the 
volume fraction of the plasma of a feeding artery, Ktrans 

is the volume transfer constant between plasma and extra-
vascular-extracellular space (EES), ve represents the EES 
volume fraction, and vp is the blood plasma fraction. In our 
experiments, we have used Jim software (version 7.0, 

Table 1 MRI Acquisition Parameters

Parameter Trigger TR/TE FOV (mm3) Matrix # Slices Slice Thickness/Gap (mm) Flip Angle (o) Bandwidth

T1W Axial None 200/2.93 180x180 224x224 17 2/0.6 70 350

T2W Coronal Respiration 1769–4341/39 180x180 192x192 17 2/0.6 150 221

T2W Axial Respiration 2247–4384/39 180x180 192x192 17 2/0.6 150 221

TRIP-MRI Axial None 260/1.20 128x112 128x112 20 2/0.6 8 980
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Xinapse Systems, Essex, UK) to compute the quantitative 
values of Ktrans, ve, and vp maps.27,28 The ROIs were used 
to measure the mean values of these perfusion parameters.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 
(v8.0.1, GraphPad Software, La Jolla, CA). Kruskal– 
Wallis test was used to compare differences in apoptosis, 
multivessel density (MVD), semiquantitative, and quanti-
tative imaging parameters among IRE zone, RE zone, and 
untreated tissues. Multiple T-tests were used to compare 
differences in apoptosis and intraprocedural TRIP-MRI 
parameters between normal liver and liver tumor tissues. 
Receiver operating characteristic (ROC) analysis was used 
to assess the diagnostic performances of intraprocedural 
TRIP-MRI parameters. P<0.05 was considered statistically 
significant for all statistical analyses.

Results
DSA Imaging
DSA of liver tumors before and after IRE are shown in 
Figure 1. Before IRE, left hepatic angiography demonstrated 
tumor hypervascularity in the left hepatic lobes. Following 
IRE, the treated tumor is no longer visible on angiography, 
suggesting the destruction of tumor vascular supply. The 
untreated tumor did not demonstrate angiographic changes.

MR Imaging
Figure 2 shows representative anatomic MR images of both 
normal liver and liver tumor tissues before and after IRE 
treatment as well as corresponding AUCs. After IRE treat-
ment, the treated tissue demonstrated a marked signal hetero-
geneity compared to untreated tissues (Figure 2A). On 

semiquantitative analysis, the untreated tissues had the highest 
AUC at 30, 60, 90, 120, 150, and 180 s after contrast arrival, 
followed by the RE zone, and then by the IRE zone (Figure 
2B, P<0.05). For liver tumor tissues, the tumor is hyperintense 
on T2w images and hypointense on T1w images compared 
with untreated tissues (Figure 2C). After IRE, tumor and 
treated tissues were heterogeneous with a central hypointense 
region and a peripheral hyperintense region, like healthy liver 
tissues (Figure 2C). Consistently, the IRE zone had the lowest 
AUC at all time points after contrast arrival, followed by the 
RE zone, and then untreated tissue (Figure 2D, P<0.05).

Quantitative maps of Ktrans, ve, and vp for both normal 
liver and tumor tissues overlaid on T1w images as well as 
quantitative measurements of Ktrans, ve, and vp are shown in 
Figure 3. For both normal liver and liver tumor tissues, IRE 
treated tissue had a central hypointense zone and a peripheral 
zone with an increased signal. Quantitatively, both IRE and 
RE zones had decreased average Ktrans, ve, and vp compared 
with untreated tissues (P<0.05). For liver tumor tissues, the 
IRE zone had significantly decreased Ktrans, ve, and vp com-
pared with the RE zone (P<0.05). On average, the IRE treated 
regions had the lowest (P<0.05) Ktrans (0.1088), ve (5.878), 
and vp (1.144), followed by the RE zones (1.295 for Ktrans, 
33.86 for ve, and 6.066 for vp), and then by the untreated 
tissues (2.560 for Ktrans, 33.86 for ve, and 8.907 for vp).

PE, TTP, and WIS of all regions of the normal liver after 
IRE are shown in Table 2. The untreated tissues significantly 
(P<0.05) had the greatest PE (77.31) and WIS (0.6596), 
followed by the RE zone (41.63 for PE, 0.6596 for WIS), 
and then by the IRE zone (17.93 for PE, 0.06684 for WIS). 
The IRE zone demonstrated the greatest TTP (255.5), fol-
lowed by the RE zone (73.16), and then by untreated normal 
tissues (17.23, P<0.05). PE, TTP, and WIS of all regions of 
the liver tumors are shown in Table 2. For tumor tissues, the 
IRE zone also had the highest TTP (297.4), followed by the 
RE zone (93.6) and untreated tissues (30.71). Similarly, 
tumor tissue IRE zone had the lowest PE (11.91) and WIS 
(0.03991), followed by the RE zone (56.58 for PE and 
0.8533 for WIS), and then by the untreated tissues (97.19 
for PE and 3.976 for WIS, P<0.05 for all).

Figure 4 shows the average % differences of each intra-
procedural TRIP-MRI measurement in each treatment zone 
and tissue group from average intraprocedural TRIP-MRI 
values in each treatment zone. Supplementary Tables 1–3 
show the comparison between normal liver and tumor tis-
sues of the average values of each TRIP-MRI measurement 
in each treatment zone. No significant differences were 
found between average values of percent differences 

Figure 1 DSA images of rabbit models with VX2 tumors before (A) and after (B) 
IRE. A 2F catheter was advanced to the left hepatic artery via guidewire, followed 
by the delivery of the iodinated contrast agent.
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Figure 2 MRI of normal liver and liver tumor tissues before and after IRE treatment and AUC analysis. (A) Representative T1w and T2w images of normal liver tissues 
before and approximately 20 min after IRE procedure. (B) AUC analysis of normal liver tissue TRIP-MRI after IRE. A significant difference was found between AUC among 
IRE zone, RE zone, and untreated tissues at 30–180s after contrast arrival (P<0.05). (C) Representative T1w and T2w images of liver tumor tissues before and approximately 
20 min after IRE procedure. (D) AUC analysis of liver tumor tissue TRIP-MRI after IRE. A significant difference was found between AUC among IRE zone, RE zone, and 
untreated tissues at 30–180s after contrast arrival (P<0.05). Red lines enclose margins of IRE treatment.

Figure 3 Quantitative analysis of normal liver and liver tumor TRIP-MRI after IRE. (A) Representative Ktrans, ve, and vp maps of IRE treated normal liver tumor overlaid on 
corresponding T1w images. (B, D) Ktrans, ve, and vp intensities in each of the treatment regions of normal liver and liver tumor, respectively. (C) Representative Ktrans, ve, and 
vp maps of IRE treated liver tumor overlaid on corresponding T1w images.
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between normal liver and liver tumor tissues, suggesting 
similar tissue responses between normal liver and liver 
tumor tissues.

Semiquantitative (WIS, AUC60, AUC90, AUC120, and 
AUC150) and quantitative intraprocedural TRIP-MRI para-
meters were chosen for ROC analysis and displayed in Table 
3. AUC of ROC (AUCROC) of the parameters ranged from 
0.90 to 0.99. The parameters with the highest AUCs are WIS 
and AUC60. WIS had a cut-off value of 0.1057, sensitivity of 
93.75%, and specificity of 100%. AUC60 had a cut-off value 
of 436.9, sensitivity of 93.33%, and specificity of 100%.

Histologic Findings
Representative HE-stained images of treated tissues with 
corresponding MRI images are shown in Figure 5. IRE 
zone cells in both normal liver and liver tumor tissues 
showed significant cell necrosis with karyorrhexis and 
pyknosis. In the peripheral RE zones of both normal and 
liver tumor tissues, cells displayed swelling with sinusoi-
dal congestion. Distinct boundaries and treatment margins 
were observed between treated and untreated tissues and 
between IRE and RE zones. IRE and RE zones were 
labeled in both histology slides and corresponding slice 
T1w MRI anatomic images (Figure 5A and B). Viable area 
fraction (VAF) was measured using histology and com-
pared between normal liver and liver tumor tissues 
(Figure 5C). No significant differences were found 
between VAF in tumor tissues versus normal tissues. 
VAF was also measured using MR images and compared 
with histologic measurements (Figure 5D). A significant 
positive correlation was found between histology-based 
ratios and MRI-based ratios (R2=0.824, P<0.001).

Figure 6A shows representative TUNEL and CD31 
stained normal liver and liver tumor sections. On average, 
IRE zone demonstrated the greatest percentage apoptosis 
for both normal liver (23.4) and liver tumor (24.9), fol-
lowed by RE zone (3.59 for normal tissue and 8.61 for 
tumor tissues), and lastly by untreated tissues (0.348 for 
normal liver and 7.22 for tumor tissues). On CD31 stain-
ing, the tumor tissue IRE zone on average had significantly 

Table 2 Semiquantitative Measurements of Tissue Perfusion 
After IRE in Normal Liver and Liver Tumor Tissues

Normal 
Liver

IRE RE Normal P 
values

PE 17.93377 41.62524 77.30695 ≪.001

TTP 255.5429 73.17143 17.225 ≪.001

WIS 0.066837 0.65955 0.65955 ≪.001

Liver 
Tumor

IRE RE Normal P 
values

PE 11.91049 56.57813 97.18686 ≪.001

TTP 297.375 93.6 30.7125 ≪.001

WIS 0.039907 0.853299 3.975752 ≪.001

Notes: IRE, irreversible electroporation; PE, peak enhancement; TTP, time to peak, 
reversible electroporation; WIS, wash-in slope.

Figure 4 Percent difference from average measurement within each treatment zone and each MR measurement. Average MR measurement values were obtained by pooling 
the same MR measurement (eg TTP, WIS, Ktrans) within the same treatment zone. Percent difference was the difference between each MR measurement and the average MR 
measurement within the same treatment zone and then averaged across all animals within the same group (normal liver vs liver tumor).
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decreased (P<0.05) MVD compared with the RE zone. 
The normal liver had a high artifact on CD31 staining 
that prevented MVD quantification (Figure 6B). Normal 
liver displayed significantly lower apoptosis in RE zone 

and untreated tissues (P<0.05 for both) but not in the IRE 
zone (Figure 6C).

Discussion
In this study, we showed that intraprocedural TRIP-MRI 
detected a reduction in tissue perfusion after IRE in both 
normal liver and liver tumor tissues and also distinguished 
between treatment zones in both liver tumors and normal 
liver. Intraprocedural TRIP-MRI measurements can be 
used for immediate functional monitoring of liver tumor 
IRE response and accurately differentiate IRE and RE 
zones.

Quantitative and Semiquantitative 
Parameters Differentiated Between IRE 
Treatment Zones
Differentiation between IRE and RE zones is vital in clinical 
applications. In case IRE zone does not cover the whole 
tumor, RE zone will affect the efficacy of the IRE treatment 

Table 3 Summary of Receiver Operating Characteristics (ROC) 
Curve Analysis

Parameter AUCROC Cut- 
Off 
Value

Sensitivity 
(%)

Specificity 
(%)

WIS 0.9922 0.1057 93.75 100
AUC60 0.9911 436.9 93.33 100

AUC90 0.9453 976.6 93.75 93.75

AUC120 0.9492 1204 93.75 93.75
AUC150 0.9337 685.9 85.71 100

Ktrans 0.9505 0.1714 100 85.71
VE 0.9038 5.518 75 100

VP 0.9898 1.733 92.86 100

Notes: WIS, wash-in slope; AUC, area under the curve; Ktrans, volume transfer 
constant; VE, extravascular-extracellular space volume fraction; VP, blood plasma 
fraction.

Figure 5 Comparison of IRE treatment zones on MRI and histology. (A) Representative T1w axial image of IRE treated tissues. The yellow border represents the central 
IRE zone and blue border represents the peripheral RE zone. (B) Representative HE-stained histologic section of IRE treatment tissues at a section correlating with the 
section in A. The yellow border represents the central IRE zone and blue border represents the peripheral RE zone. (C) Histology-based viable area fraction of IRE treated 
tissues, calculated as RE zone area divided by IRE zone area. No significant difference was found between tumor and normal liver VAFs. (D) Correlation of MRI calculated 
VAF with gold standard histology-based VAF for each animal Significant positive correlation was found between MRI and HE based ratios (R2=0.832, P<0.001). Histology 
slices were acquired immediately after post-IRE MRI acquisitions.
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and cause high recurrence rates.16,29 Therefore, the ability to 
identify RE zones will be useful in which combined IRE- 
chemotherapy/immunotherapy will achieve remarkable 
clinical results and prevents tumor recurrence immediately 
following IRE treatment. In our previous studies, we have 
optimized the IRE parameters for the treatment of liver 
tumors using a VX2 liver tumor model and rat liver tumor 
model.17,23–25 Therefore, we use the same IRE parameters 
for this project. Previously, Guo et al used contrast-enhanced 
MRI to predict IRE treatment zones in rat models of liver 
cancer16 but did not assess immediate responses to IRE nor 
functional changes. Vogel et al found that tissue damage after 
IRE is a dynamic process with remarkable time differences in 
different tissues and the ablation size continues to develop for 
at least 24 hours.30,31 Padia et al demonstrated the RE zones 
with the enhancement of the periphery on immediate post- 
procedure MR images that, over time, involutes and is asso-
ciated with decreasing signal in humans.32 Others also 
showed that RE treatment zones could not be detected at 
more than 2 days after IRE treatment in porcine models.33 

Thus, in this study, we determined both the RE zones and 
IRE zones by immediate intraprocedural imaging to evaluate 
the therapy response after IRE. TRIP-MRI, a technique for 
the evaluation of tissue perfusion characteristics, allowed to 
identify both RE and IRE zones 20 min after IRE procedure 
with volumetric monitoring of tissue perfusion features with 
a high spatial and temporal resolution. We previously used 
dynamic contrast imaging (DCE-MRI) to show that IRE and 

RE zones both have decreased perfusion in normal rabbit 
liver tissue.25 In this study, IRE treated regions in both 
normal liver and liver tumor tissues showed identifiable 
IRE and RE zones as verified by histology. The similarities 
between normal liver and liver tumors after IRE suggest 
potential similar responses to IRE.

TRIP-MRI is a volumetric perfusion imaging technique 
that directly delivers contrast via an arterial catheter. 
Compared with intravenous perfusion MRI, TRIP-MRI 
allows up to 60% reduction in contrast agent dosage to 
diminish potential adverse effects and allows direct perio-
perative delivery of adjuvant treatment agents for 
increased uptake via IRE-induced nanopores. Wang et al 
showed that intraprocedural TRIP-MRI perfusion mea-
surement correlated with response to therapy and IRE 
can be a powerful tool for combination therapy.18

In this study, we used intraprocedural TRIP-MRI with 
clinical parameters of perfusion to study changes in both 
normal liverand liver tumor tissues after IRE. For both nor-
mal and tumor tissues, TTP was increased, while PE, WIS, 
Ktrans, ve, and vp were decreased in the IRE treated tissues, 
with the IRE zone having greater changes than the RE zone. 
Semiquantitative parameters derived from TICs such as 
AUC, PE, TTP, and WIS correlated with physiologic para-
meters including blood flow, perfusion, and permeability. 
The increased TTP and decreased AUCs, PE, and WIS in 
treated tissues reflected decreased perfusion. This was further 
supported by quantitative parameters. Ktrans is a 

Figure 6 Histology staining and quantification. (A) Representative histologic images of treated normal liver tissues stained for TUNEL and treated liver tumor tissues 
stained for TUNEL and CD31. (B) Comparison of cells staining positively for CD31 in IRE zone and RE zone of tumors after IRE treatment. RE zone demonstrated 
significantly higher CD31 staining compared with the IRE zone (P<0.05). (C) % apoptosis in tumor and normal IRE-treated tissues. No significant difference was found 
between normal liver and liver tumor tissue apoptosis in all treatment. Histology slices were acquired immediately after post-IRE MRI acquisitions.
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measurement of flux across the endothelium, while ve and vp 

are measurements of EES and plasma volumes, respectively. 
Diminished Ktrans suggests decreased blood flow to the trea-
ted regions; decreased vp and ve suggested blood vessel and 
tissue damage, respectively.34–36 Greater changes in IRE 
zone TRIP-MRI measurements suggested greater capillary 
and tissue damage than the RE zone. This was supported by 
histology, which showed increased cell death in the IRE and 
RE zones via TUNEL staining and worse BV damage via 
decreased CD31 staining. No significant differences were 
found between normal liver and liver tumor tissues for all 
parameters, suggesting that IRE responses are reproducible 
and can be effectively clinically used.

ROC Analysis for Potential Clinical 
Applications
Eight of the ten semiquantitative (WIS, AUC60, AUC90, 
AUC120, and AUC150) and quantitative parameters (Ktrans, 
ve, and vp) demonstrated high sensitivity and specificity for 
differentiating IRE and RE zones within treated tissues. 
Among quantitative parameters, Ktrans had optimal sensitiv-
ity of 100% and a high specificity of 85.70%. vp had a 
sensitivity of 92.9% and a specificity of 100%. Among all 
parameters, the semiquantitative parameters WIS and 
AUC60 had the best abilities to differentiate IRE and RE 
zones, both with a sensitivity of 93.75% and specificity of 
100%. These semiquantitative parameters had the same 
specificity as vp and only marginally increased sensitivity. 
Only Ktrans had 100% sensitivity among all parameters. In 
clinical practice, both quantitative and semiquantitative 
parameters will likely be needed for effective intraoperative 
differentiation of RE and IRE zones.

Limitations
Our results demonstrated that intraprocedural TRIP-MRI 
not only depicts serial reductions in liver tumor perfusion 
immediately post-IRE ablation but also discriminates 
between the IRE zone and RE zone in a rabbit model. 
However, our study had a few limitations. First, we did 
not perform a baseline preprocedural TRIP-MRI. 
However, the contrast agent has a long washout time from 
the liver, and pre-IRE TRIP-MRI may cause artifacts in 
post-IRE measurement of tissue perfusion. Also, TRIP- 
MRI measurements of tumor tissues after IRE were com-
pared with untreated liver tissue in rabbits with tumors and 
not directly with the tumor tissue. IRE electrodes were 
designed to encapsulate liver tumors during treatment, so 

no viable tumor tissues remained for comparison after IRE 
for comparison with treated tissues. In future experiments, 
multiple tumors will be induced in rabbit models in similar 
planes to allow comparison of treated and untreated tumors.

Conclusion
Intraprocedural TRIP-MRI measurements can effectively 
differentiate IRE and RE zones immediately post-IRE 
ablation in normal liver tissue and liver tumor tissues.
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