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Abstract: The purpose of our study was to investigate the hypothesis that DWI-MRI and DCE-MRI cab be used to 
distinguish between IRE and RE zones of IRE treatment in a rabbit liver model. 6 rabbits underwent baseline and 
post-procedure MR imaging with DWI and DCE-MRI as well as IRE (10 pulses, 2000 V, 10 µs/pulse, 10 ms between 
pulses). Rabbits were euthanized immediately after post-procedure MRI to acquire liver tissue for histology. Liver 
tissues were fixed and then stained with HE and TUNEL. T1w and T2w intensities in different treatment zones were 
calculated and normalized to paraspinal muscle signal. ADC maps were generated from DWI. AUC, PE, TTP, WIS, 
Ktrans, Kep, and VE were calculated from DCE-MRI. Apoptosis index was calculated from TUNEL stained tissues. 
P<0.05 was considered statistically significant. Entire IRE treated region was hyperintense compared with untreated 
tissues on T1w, with the RE zone having a higher signal intensity. On DWI, IRE treated tissue had decreased ΔADC. 
The IRE zone has a lower ΔADC than the RE zone within the treated region. On DCE-MRI, IRE zone demonstrated the 
highest TTP and the lowest PE, WIS, Ktrans, Kep, and VE, followed by the RE zone then the untreated tissue. TUNEL 
staining of liver tissues showed that the IRE zone had the highest apoptosis index, followed by the RE zone and then 
untreated tissue. In conclusion, DCE-MRI and DWI parameters allow differentiation between RE and IRE zones in a 
rabbit liver model. 
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Introduction

Irreversible electroporation (IRE) is a novel 
class of locoregional tissue ablation that in- 
volves delivery of electrical pulses to targeted 
tissues, leading to formation of nanometer-
scale pores in the cell membrane [1-3]. In cen-
tral regions of irreversible ablation, the nano-
pores are permanent, leading to cell death and 
tissue necrosis (defined as irreversibly electro-
porated zone, IRE zone) [4, 5]. In the peripheral 
reversibly electroporated penumbra (defined as 
reversibly electroporated zone, RE zone), the 
nanopores are transient and closes within min-
utes after IRE, leading to only some reversible 
tissue alterations. The sizes of the IRE and RE 

zones depend on a variety of factors, including 
the applied voltage, number of pulses, and 
duration of pulses [5-7]. Compared with other 
loco-regional ablation techniques, IRE gener-
ates clear margins between treated and un- 
treated tissues and does not undertreat target-
ed tissues [2, 5]. Unlike other thermal tech-
niques, IRE also protects surrounding healthy 
tissue from thermal tissue damage and the 
heat sink effect. Furthermore, the high collagen 
content of blood vessel (BV) extracellular matrix 
(ECM) protects the RE zone blood vessels from 
damage and cell death, thus potentially mitigat-
ing side effects such as hemorrhage and tissue 
hypoxia [2, 8, 9]. 
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Most interestingly, previous studies have shown 
that IRE treatment area can be visualized by 
imaging techniques immediately after IRE, al- 
lowing for potential peri-operative monitoring of 
treatment [10, 11]. Magnetic resonance (MR) 
imaging is a particularly attractive method for 
visualizing treatment margins as it offers supe-
rior soft tissue contrast compared with other 
imaging methods, is not affected by issues of 
tissue penetrance, and does not expose pa- 
tients to ionizing radiation [5, 11-13]. More 
importantly, MRI has previously been used to 
visualize and quantify tissue changes after 
electroshock trauma in muscle tissues, demon-
strating its potential for monitoring tissue ch- 
anges after IRE [14]. Previous publications also 
showed that common sequences such as T1 
FLASH, contrast enhanced inverse recovery, 
and T2 can be used to visualize liver tumor 
treatment margins in IRE in rat and rabbit mod-
els [5]. However, previous studies have focused 
only on the correlation between imaging find-
ings and IRE ablation to allow discrimination 
between tumor and normal tissue regions and 
did not study MRI prediction of the margins 
between IRE and RE zones. This is significant 
as incomplete tumor treatment in the RE zone 
leads to risk of tumor recurrence or progres-
sion, limiting its widespread clinical applica- 
tion. 

Diffusion weighted imaging (DWI) specifically 
probes the Browning motion of water molecul- 
es through imaged tissues [15]. Apparent dif- 
fusion coefficient (ADC) is a quantitative MRI 
measurement calculated from DWI that cor- 
relates with structural properties of the imaged 
tissue as well as cell apoptosis within tissues 
[16-18]. Clinically, dynamic contrast enhanced 
MRI (DCE-MRI) is used for visualization of tis-
sue perfusion, vascular blood flow, blood ves-
sel permeability, and tissue contrast uptake 
[19, 20]. Quantitative MRI measurements such 
as area under curve (AUC), the transfer con-
stant ktrans, and flux rate constant kep, can be 
calculated from DCE-MRI using various phar-
macokinetic models to quantitatively evaluate 
tissue changes after IRE treatment [21, 22]. 

The purpose of our study was to investigate the 
hypothesis that DWI MRI and DCE-MRI cab be 
used to distinguish between IRE and RE zones 
of IRE treatment in a rabbit liver model.

Materials and methods

General experimental methods

IRE was performed on normal liver parenchy-
ma. Each animal underwent the IRE procedure 
as well as baseline and 30 min post-procedure 
imaging with T1 weighted (T1w), T2w weighted 
(T2w), DWI, and DCE-MRI sequences. All ani-
mals were euthanized immediately after post-
IRE image acquisition. Both treated and un- 
treated liver tissues were collected for his- 
tology. 

Animal model

All experiments were approved by the institu-
tional animal care and use committee of 
Northwestern University. 6 New Zealand white 
rabbits (Covance, Princeton, NJ, USA) under-
went IRE at 2000 V as well as baseline and 
post-procedural MR imaging. Anesthesia was 
induced by intramuscular injection of ketamine 
(100 mg/kg, Fort Dodge Animal Health, Fort 
Dodge, IA) and xylazine (5 mg/kg; Abbott La- 
boratories, North Chicago, IL). Ventilation with 
isoflurane (2-3% with 100% oxygen, 3 L/min, 
Patterson Veterinary, Greeley, CO) via breathing 
mask was used for anesthesia maintenance 
throughout imaging and IRE procedure. An ear 
vein catheter was inserted prior to baseline 
image acquisition for IV delivery of Gd-DTPA 
(Magnevist®; Berlex, Montville, NJ, U.S.A) for 
DCE-MRI. All animals were euthanized immedi-
ately after post-procedural scans to obtain liver 
samples for histology. 

IRE procedure

The left median lobe of the liver was expos- 
ed by median laparotomy. Two paralleled MRI-
compatible needle electrodes with 1-cm spac-
ing (platinum-iridium materials; Microprobes, 
Gaithersburg, MD) were inserted into the cen-
ter of the left median lobe to a 1-cm depth. 
Electrode separation was maintained by secur-
ing the needles in a 15-mm-thick plastic spac-
ing block. Next, the electrodes were connect- 
ed to the IRE generator (ECM830; Harvard 
Apparatus, Holliston, Mass) to apply 2000-V 
square wave pulses (number of pulses, 10; 
each pulse duration, 100 μs; interval between 
pulses, 100 ms) [5, 10]. The IRE procedure was 
performed over 10 minutes by two authors 
(B.W. and C.S., both with 2 years of experience). 
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Twenty minutes after IRE, rabbits were trans-
ferred to the adjacent MRI suite for additional 
imaging.

General MR imaging methods

All images were acquired using a knee coil (Tx/
Rx 15-Channel Knee Coil; Siemens Medical 
Solutions, Erlangen, Germany) in a 3.0-T clinical 
MR imaging unit (Magnetom Skyra; Siemens 
Medical Solutions, Erlangen, Germany), with 
the animal in a prone position. T1w, T2w, and 
DWI were acquired immediately before and 
after the IRE procedure. Acquisition parame-
ters are summarized in Table 1. 

Imaging analysis

All anatomic images were analyzed using the 
open-source software ITK-SNAP (version 3.6, 
University of Pennsylvania). Regions of interest 
were drawn around both IRE and RE zones of 
IRE treatment as well as in untreated tissues 
and para-spinal muscles for normalization. ADC 
maps were generated by post-processing of 
diffusion-weighted images using MatLab 
R2016b (Mathworks, Natick, MA). A freehand 
ROI Change in signal was measured as signal-
PostIRE - signalBaseline. Normalized ΔT1signal is cal- 
culated as Normalized

paraspinal muscle

treated untreatedT1 1
1 1
T
T T=

-
3 , where T1treated 

is T1 of IRE treated tissue, T1untreated is T1 of 
untreated tissue, and T1paraspinal muscle is T1 of the 
paraspinal muscles. ΔADC is calculated as 
ΔADC = ADCtreated tissue - ADCnormal tissue.

DCE-MRI methods

DCE-MRI was performed immediately after ac- 
quisition of T1w, T2w, and diffusion images to 
prevent imaging artifacts from pressure injec-
tion of contrast at both baseline and post-IRE 
image acquisition. Images of the targeted sec-
tions were acquired every 2.6 s. During image 
acquisition, baseline DCE-MRI images were 
acquired for 60 s. After initial image acquision, 

8 μL/g Gd-DTPA solution (Magnevist®; Berlex, 
Montville, NJ, U.S.A) was delivered over 10 s via 
an ear-vein catheter, followed by flushing with 
bolus 5 mL saline through the same ear vein 
catheter. An additional set of T1w images was 
acquired immediately after DCE-MRI. Imaging 
parameters are also summarized in Table 1. 

DCE-MRI analysis

All DCE-MRI images were initially post-pro-
cessed using Jim7 (Xinapse Systems Ltd., West 
Bergholt, Essex, UK). ROIs were drawn around 
the IRE and RE zones of IRE treatment as well 
as around untreated liver tissue, with anatomic 
T1w and T2w images as reference. Time-in- 
tensity curves (TICs) were generated for each 
ROI, and the following semi-quantitative param-
eters were generated: peak enhancement (PE, 
the maximal signal intensity minus baseline 
signal intensity), time to peak (TTP, the time 
from the initiation of enhancement to PE), wa- 
sh-in slope (WIS, the maximal upslope reaching 
PE), and the areas under the curve over 30, 60, 
90, 120, 150 and 180 seconds (AUC30, AUC60, 
AUC90, AUC120, AUC150 and AUC180) after the ini-
tiation of enhancement. Quantitative measure-
ments of DCE-MR images was performed using 
Platform for Research in Medical Imaging (PMI, 
University of leeds, Leeds, United Kingdom). A 
dual-inlet 2-compartment modified Tofts model 
that accounts for contrast arrival from both the 
hepatic artery and main portal vein was used to 
calculate the following quantitative measure-
ments: Ktrans (volume transfer constant from the 
plasma to the extra-vascular extra-cellular 
space (EES)), Kep (flux constant), and Ve (the EES 
volume fraction). ROIs drawn from TIC analysis 
was transferred to maps of the quantitative 
measurements. 

Histologic analysis

After post-IRE image acquisition, all animals 
were euthanized. Both IRE-treated tissues and 

Table 1. Summary of MRI acquisition parameters
Sequence Acquisition plane TR (msec) TE (msec) FOV (mm2) FA Voxel size (mm3)

T2WI SE Coronal 1660.0 39 180×180 150 0.5×0.5×2.0
T1WI GR Axial 200 2.93 180×180 70 0.8×0.8×2.0
T2WI SE Axial 1660.0 39 180×180 150 0.5×0.5×2.0
DWI EP Axial 1300 65 153×124 90 0.8×0.8×2.0
DCE-MRI GRE Axial 3771 39 180×180 150 0.47×0.47×2.0
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untreated liver tissues were fixed in formalin 
immediately after euthanasia and later stain- 
ed with hematoxylin-eosin (HE) stain, terminal 
deoxynucleotidyl transferase dUTP nick end la- 
beling (TUNEL) stain, and anti-CD34 stain to 
target endothelials cells in liver tissues. All 
images were examined using ImageJ. Tumor tis-
sue apoptosis was identified on TUNEL-stain- 
ed slices and quantified as the percentage of 
TUNEL-positive cells/total cells in 3 represen- 

tative fields at 400× magnification randomly 
selected from each slice. 

Statistical analysis

All statistical analyses were performed using 
GraphPad Prism (GraphPad Software, La Jolla, 
CA). The results are presented as mean ± st- 
andard deviation (SD). Differences in DCE-MRI 
parameters and hepatocyte apoptosis among 

Figure 1. Anatomic MR images and analysis. A. Representative MR images before and after IRE ablation. Pre- and 
post-contrast T1w images as well as T2w images are shown. IRE treatment margins are traced by red dashed lines. 
B. Changes in signal intensity averaged across entire IRE-treated region. Signal was normalized to paraspinal mus-
cle intensity, which are similar across all images. *Represents significant differences in Δintensity before and after 
IRE treatment (P<0.005). Statistical difference was assessed by t-test. C. Changes in pre-contrast T1w intensity in 
untreated tisues and Ire treatment zone. Zignal intensity is normalized to paraspinal muscle intensity. Differences 
in signal intensity was assessed by one-way ANOVA. *Represents significance (P<0.05).
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the normal liver parenchyma, the RE and IRE 
zones were determined by the Kruskal-Wallis 
test followed by pairwise comparisons. The 
relationship between DCE-MRI parameters and 
hepatocyte apoptosis was assessed by Pe- 
arson correlation coefficients (r). P<0.05 was 
considered to indicate a significant difference 
in all statistical tests.

Results

Anatomic MR imaging

Representative axial T1w and T2w images 
before and after IRE are presented in Figure 
1A. After IRE, an ovaloid ablated region with 

IRE zone on T1w images (Figure 1C). Both T1w 
and T2w sequences allowed differentiation of 
treated from untreated tissues. T1w images 
further allowed differentiation of IRE and RE 
ablation zones within the treatment region. 

Diffusion weighted imaging of normal rabbit 
liver over IRE ablation

Figure 2A shows representative pre- and post-
IRE axial diffusion weight images and ADC 
maps. Like in T1w and T2w images, treatment 
regions on DWI and ADC maps are delineated 
from surrounding untreated tissue and dis-
played heterogeneous intensity. The IRE and 
RE zones within the treatment regions can be 

Figure 2. Diffusion weighted images and analysis. A. Representative DWI 
and ADC maps before and after IRE treatment. Red-dashed lines enclose 
margins of IRE treatment. B. Changes in ADC before and after IRE treatment 
for untreated tissues, IRE zones, and RE zones. One-way ANOVA showed 
that untreated tissues, IRE zone, and RE zone had significantly different 
ΔADCs after IRE (*, P<0.05).

heterogeneous intensity that 
is perpendicular to direction of 
probe insertion can be clearly 
delineated from surrounding 
untreated tissues. On both 
T1w and T2w images, the tre- 
atment region contained a hy- 
pointense central zone that 
correlated with IRE zone sur-
rounded by a hyperintense pe- 
ripheral zone that correlated 
with RE zone. The IRE treat-
ment region was clearly delin-
eated from the surrounding 
untreated tissue on both T1w 
and T2w images. The IRE and 
RE zones with the treatment 
region could be clearly delin-
eated from each other on only 
T1w images.

After normalization, ROIs were 
drawn around the entire IRE-
treated region as well as ar- 
ound the IRE and RE zones 
within the treated region for 
quantification of signal inten-
sity. The entire treated region 
demonstrated higher signal in- 
tensity (P<0.05) compared wi- 
th untreated tissues on both 
T1w and T2w images (Figure 
1B). On T1w images, both IRE 
and RE zones demonstrated 
an increase in intensity (P< 
0.05) compared with untreat-
ed tissues; the RE zone had a 
greater intensity and increase 
in intensity (P<0.05) than the 
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Figure 3. DCE-MRI and analysis. A. Representative TICs of un-
treated tissues, IRE zone, and RE zone. Representative DCE-
MRI images of treated tissues at 30 s, 72 s, 84 s, 147 s, and 
327 s are presented below representative TICs. B. Average 
AUCs of untreated tissue, RE zone, and IRE zone at 30 s, 60 s, 
90 s, 120 s, 150 s, 180 s, and 210 s. One-way ANOVA of AUCs 
in the 3 treated regions showed that AUCs are different across 
regions for all time points (P<0.05). C. Average Ktrans of all 
untreated, IRE zone, and RE zone tissue for each rabbit. One-
way ANOVA demonstrated that Ktrans is significantly different 
between different treatment zones (P<0.05). D. Average Kep 
of all untreated, IRE zone, and RE zone tissue for each rabbit. 
One-way ANOVA demonstrated that Kep is significantly different 
between different treatment zones (P<0.05).

differentiated from each other on ADC maps. 
ΔADC is the difference between ADCs of zones 
in the treatment region and that of untreated 
tissues. The IRE zone in the treatment region 
showed a decreased ΔADC (P<0.05) compared 
with untreated tissues and the RE zone in treat-
ment zones, which did not significantly differ 
from each other (Figure 2B).

DCE-MRI of IRE treatment

DCE-MRI is the last set of images acquired prior 
to IRE ablation or animal euthanasia to prevent 
contrast-related artifacts on other MR sequenc-
es. Figure 3A representative time intensity 
curve (TIC) of untreated liver tissue and RE and 
IRE zones of treated tissues over the duration 
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Table 2. Summary of semiquantitative and quantitative 
analysis of DCE-MRI
Parameter Normal Liver RE Zone IRE Zone
AUC30 2158±945.7 380.0±644.2 55.83±131.0
AUC60 6334±1289 2111±1402 239.0±393.3
AUC90 1.065×105±1647 3680±2234 598.5±738.1
AUC120 1.472×105±2049 5324±3094 1055±1134
AUC150 1.864×105±2447 6952±3966 1573±1586
AUC180 2.209×105±2837 8449±4747 2103±2020
TTP 27.67±6.907 67.7±21.8 298.7±114.1
PE 183.9±42.31 59.93±36.15 47.63±31.64
WIS 6.847±1.504 1.008±0.7557 0.1877±0.1633
Ktrans 206.0±102.1 79.12±76.89 4.049±1.767
Kep 1313±716.0 1077±1040 121.3±119.7
Ve (%) 18.54±4.510 11.18±6.579 5.695±2.768

of DCE-MRI data acquisition with correspond-
ing images at pre-contrast-injection, initial con-
trast arrival, contrast plateau, and end of ima- 
ge acquisition. All tissues demonstrated low 
signal intensity at the beginning of data acqui- 
sition until contrast arrival around 1 min after 
start of image acquisition. At contrast arrival, 
untreated liver tissue demonstrated the great-
est and earliest increase in tissue signal inten-
sity leading to signal peaking and then plateau 
at a level slightly below signal peak. The RE 
zone TIC showed a slow increase of tissue sig-
nal after contrast arrival leading to signal pla-
teau at around maximum signal intensity. The 
IRE zone showed little to no change in tissue 
contrast over duration of image acquisition. At 
all time points, the treatment zone was clearly 
delineated from the untreated tissues, and dif-
ferent ablation zones within the treated tissue 
can be differentiated from each other. Area 
under TIC is normalized to baseline signal, and 
area under the curve (AUC) was calculated ev- 
ery 30 s and averaged across all animals 
(Figure 3B and Table 2). Similar to visual obser-
vation in Figure 3A, untreated regions demon-
strated greatest increase in intensity compared 
with both RE and IRE zones. Within the treat- 
ed tissue, the RE zone demonstrated a slight 
increase in total intensity over time, while IRE 
zone showed almost no increase in intensity 
over time. 

Semiquantitative analysis was performed on 
TICs, and the following parameters were gener-
ated (Table 2): time to peak (TTP, the time from 
contrast arrival to time at peak contrast), peak 
enhancement (PE, the difference between ba- 

within the treated region also suggested that 
the treated region had a lower contrast concen-
tration than untreated regions. Notably, as WIS 
for the IRE zone was nearly zero, almost no vas-
cular contrast distribution, and thus perfusion, 
was present in the IRE zone. The low but non-
zero WIS in the RE zone suggested that con-
trast arrival and distribution were present but 
delayed and diminished, respectively. 

Quantitative analysis of DCE-MRI images was 
performed using a dual-input 2-compartment 
modified Tofts pharmacokinetics model. The 
following parameters were calculated and sum-
marized in Table 2: Ktrans (volume transfer coef-
ficient that represents vascular permeability), 
Kep (flux rate constant), and Ve (extravascular 
extracellular volume). The untreated tissue had 
the greatest Ktrans (206.0±102.1), followed by 
the RE zone (79.12±76.89) and the IRE zone 
(4.049±1.767, P<0.05). Similarly, the untreat- 
ed tissue had the greatest Kep (1313±716.0), 
followed by the RE zone (1077±1040) and the 
IRE zone (121.3±119.7, P<0.05). The untreated 
tissue also had the greatest Ve (18.54± 
4.510), followed by the RE (11.18±6.579) and 
IRE (5.695±2.768, P<0.05) zones. All indicated 
of a low perfusion of contrast into the treated 
tissue and slow distribution of contrast wi- 
thin the treated tissue (IRE more so than RE 
zones), consistent with results of semiquanti- 
tative analysis. 

Histologic analysis

Figure 4 shows representative histology of IRE 
zone, RE zone, and untreated tissues stained 

seline tissue contrast and peak tis- 
sue contrast), and wash-in slope (WIS, 
the rate at which tissue intensities 
increase from baseline to peak sig- 
nal intensity). Among examined re- 
gions, the IRE zone in the treated 
region demonstrated the longest TTP 
(298.68±114.18 s), followed by the 
RE zone (67.7±21.81 s) and untreated 
tissue (27.7±6.91 s, P<0.05). In con-
trast, IRE zone demonstrated the 
least PE (46.62±31.64), followed by 
RE zone (59.92±36.14) and untreat-
ed tissues (183.89±42.31, P<0.05). 
The longer TTP in the IRE and RE 
zones suggested that the treated 
region had a slower rate of contrast 
distribution. Moreover, the lower PE 
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for HE and TUNEL. On both HE and TUNEL 
stains, the IRE treated regions were demarcat-
ed from untreated tissue with clear margins 
(Figure 4A, 4B). Margins between RE and IRE 
zones were clear on HE images, but less clear 
on TUNEL-stained sections. As tissue used for 
HE and TUNEL staining were sliced sequentially 
at <10 µm per slice, treatment zone margins 
drawn on HE stained sections could be easily 
applied to TUNEL stained sections, as seen in 
Figure 4A, 4B. 

Untreated tissue, RE zone, and IRE zone had 
different histologic appearances on HE stained 

sections. Untreated tissues showed normal 
liver tissue structure, where hepatocytes form 
liver sinusoids with few red blood cells (RBCs) 
within liver sinusoids. In contrast, centrally lo- 
cated IRE-zone demonstrated coagulative tis-
sue necrosis along with massive RBC conges-
tion in liver sinusoids, destruction of liver pa- 
renchymal structure, and blurring of hepato-
cyte cell membrane from apoptosis. In periph-
erally located RE zone, liver tissue demonstrat-
ed mild RBC congestion in the liver sinusoids 
with tissue hyperemia, hepatocyte swelling, 
and overall preserved liver parenchymal st- 
ructure. 

Figure 4. Histologic analysis of IRE-treated tis-
sues. A. HE-stained and TUNEL-stained repre-
sentative cross sections of rabbit liver tissue 
after IRE treatment, with 400× magnification 
views of each treatment region and for each 
stain. B. Apoptotic index of each zone in each 
rabbit averaged across all views in each zone. 
One-way ANOVA showed that untreated, RE 
zone, and Ire zone tissues were significantly 
different (*, P<0.05).
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In TUNEL stained sections, the IRE treated 
region overall stained strongly positive for ap- 
optosis (Figure 4A). While distinct RE and IRE 
zones could be visualized by differences in 
staining intensity, no clear margins could be 
visualized between the 2 zones (zone margins 
were taken from margins seen on HE sections). 
IRE zone showed massive cell death, with al- 
most all cells staining strongly and positively on 
TUNEL (apoptosis index = 0.988±0.00426. RE 
zone showed a mix of cells staining positively 
and negatively on TUNEL (apoptosis index = 
0.190±0.0459). The untreated region stained 
mostly negatively on TUNEL with a few cells 
staining positively per field at 400× magnifica-
tion (apoptosis index = 0.0311±0.0180). This 
was expected given that IRE can generate clear 
treatment margins without damaging adjacent 
tissue. One-way ANOVA of TUNEL staining in the 
RE zone, IRE zone, and untreated tissue dem-
onstrated significant difference between the 3 
regions (Figure 4B, P<0.05), with IRE zone hav-

ing the greatest apoptosis, followed by the RE 
zone and then the untreated tissue. 

Tissue apoptosis was compared with quantita-
tive DWI and DCE-MRI measurements, includ-
ing ΔADC, Kep, Ktrans, VE, PE, TTP, and WIS (Figure 
5). For all comparisons, the 3 regions of com-
parison showed distinct separation and cluster-
ing. Due to high apoptosis in the IRE zone, the 
IRE group generally clustered closely together, 
but all 3 regions were clearly distinguishable 
from each other for all comparisons. No corre-
lations were found between imaging measure-
ments and apoptotic index (P > 0.05). 

Discussion

IRE is a potentially powerful tool that allows 
treatment of liver tumors with minimal adver- 
se effects. It generates different zones of abla-
tion with different treatment efficacies that are 
hard to visualize on normal imaging immediate-
ly after IRE, limiting peri-treatment monitoring 

Figure 5. Comparisons of MRI measurements and apoptotic index. Average VE (A), Ktrans (B), Kep (C), or ADC (D) vs 
apoptotic index for each untreated tissue, RE zone, and IRE zone in each rabbit. VE, Ktrans, Kep, or ADC were aver-
aged across the entire region. AI is averaged across all histology views at 400× magnification.
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and prediction of treatment response. Althou- 
gh BVs in IRE-treated tissues may potentially  
be shielded from electrical damage by the high 
collagen content in BV ECM, functional changes 
of blood vessel integrity and general tissue per-
fusion post-IRE has not been investigated. In 
this project, we demonstrated that DWI and 
DCE-MRI both allow visualization of margins 
between IRE and RE zones. Both semi-quanti-
tative (PE, TTP, WIS) and quantitative (Ktrans, Kep, 
VE) DCE-MRI measurements allow distinguish-
ing RE and IRE zones from each other. The 
semi-quantitative and quantitative DCE-MRI 
measurements also showed that the IRE zone 
had no perfusion after IRE, while the RE zone 
had partially preserved tissue perfusion. His- 
tology confirmed that IRE zone had complete 
tissue death with destruction of tissue archi-
tecture, while RE zone had partial some tissue 
death and preservation of tissue architecture. 

Ablative therapies such as radiofrequency abla-
tion and cryoablation are a key class of treat-
ment in liver cancer and is FDA-approved for 
cure of early stage cancer along with surgical 
resection as well as treatment of advanced  
disease [23]. However, these thermal ablative 
therapies suffer from severe side effects in- 
cluding hemorrhage and destruction of healthy 
adjacent tissue. In contrast, electrical ablative 
therapies such as IRE deliver electrical pulses 
that generate clear treatment margins and do 
not damage adjacent healthy tissue [24-27]. As 
a result, IRE causes only mild side effects such 
as local pain, nausea/vomiting, and transient 
ascites with no elevated liver enzymes. IRE 
generates nanopores on hepatocyte membr- 
anes that are irreversible in the IRE zone and 
transient in the RE zone. These transient nano-
pores in the RE zone provide a unique opportu-
nity for delivery of large quantities of adjuvant 
therapeutic agents such as multikinase inhibi-
tors and DNA-targeting agents for maximizing 
cancer treatment efficacy. As thermal tech-
niques damage treatment region BVs and as 
high collagen ECM of BVs resist IRE electrical 
damage, assessment of tissue perfusion imme-
diately after IRE may be critical for confirming 
RE zone margins and thus effective distribution 
of adjuvant therapies. So far, IRE has been 
approved for treatment of Stage I and II tumors 
as well as unresectable disease [28]. In vivo 
assessment of liver perfusion soon after IRE 
has not been studied and is necessary should 

IRE be considered for combination with other 
chemo- or radiotherapy agents. 

It is known that IRE generates 2 distinct zones 
within the treated region that are distinguish-
able on histology. Here, we demonstrated that 
DCE-MRI measurements allow differentiation 
of these 2 treatment zones. These treatment 
zones can also be visualized on DCE-MRI, which 
allowed assessment of normal liver perfusion 
after IRE by DCE-MRI. Both parametric and 
non-parametric approaches were used to for 
assessment of perfusion. Non-parametric se- 
miquantitative analysis empirically characteriz-
es TICs of various regions of the liver and can 
be easily and rapidly performed without the 
application of pharmacokinetic models. Alth- 
ough non-parametric analysis has limited cor-
relation with direct physiologic phenomenon 
such as vascular permeability and blood flow, 
this type of analysis is easy and fast to apply 
and more importantly, has some correlations 
with clinical markers [21]. In our studies, we 
chose the semiquantitative measurements 
AUC, PE, TTP, and WIS as they are more strongly 
related with organ function. The low WIS and 
AUC, high TTP, and near-zero PE in the IRE zone 
as seen in our findings demonstrated a near-
zero perfusion in the IRE zone likely due to tis-
sue coagulative necrosis and destruction after 
IRE as was seen on histology studies. In com-
parison to the IRE zone, the RE zone had a 
lower TTP and higher WIS, AUC, and PE that are 
still higher and lower, respectively, than values 
in the untreated tissue. The delayed peak and 
diminished enhancement altogether suggest 
that tissue in the RE zone retained some tissue 
perfusion that is diminished compared with 
normal tissue. This finding is consistent with 
the histology finding of tissue edema and 
increased RBC in liver sinusoids, which will 
impede liver sinusoidal blood flow and perfu-
sion. Scatterplot of nonparametric and para-
metric findings demonstrated distinct cluster-
ing for each tissue region, suggesting that 
semiquantitative measurements may also ef- 
fectively reflect differences in tissue perfusion 
and allow differentiation of treatment zones 
within the treated region. 

Quantitative analysis involves generation of an 
arterial input function (AIF) of changes in tissue 
contrast over time and fitting the AIF via phar-
macokinetic model to calculate coefficients 
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representing physiologic parameters including 
Ktrans, Kep, VE, and mean transit time. In this pro- 
ject, we used a dual input 2 compartment 
extended Tofts model (2CXM). The dual-input 
was necessary as the liver uniquely has 2 
sources of arterial input: the hepatic artery 
branching off of the abdominal aorta and the 
hepatic portal vein returning from the gastroin-
testinal tract. 2CXM was chosen as it is a close 
pharmacokinetic model of liver tissue vascula-
ture that accounts for both the vascular and the 
interstitial spaces present in the liver tissue. 
Dual input 2CXM is also a close physiologic 
model of liver cancer. Several quantitative mea-
surements were examined in our study: Ktrans, 
Kep, and VE. Ktrans is a measurement of capillary 
permeability with different physiologic interpre-
tations depending on vascular permeability 
[21, 29-33]. For tissue with high vascular per-
meability such as the liver, Ktrans is a measure-
ment of blood flow as flux across the endothe-
lium is high and thus depends on blood flow 
through the endothelium. VE represents the 
extravascular extracellular space (EES). Kep is 
calculated by dividing the Ktrans by VE. Our stud-
ies found that IRE and RE zones showed di- 
minished Ktrans, Kep, and VE compared with 
untreated tissues, with RE zone having greater 
volumes for all 3 quantitative measurements 
than the IRE zone. Low VE in the IRE and RE 
zones reflect tissue structure damage after IRE 
ablation found on histology, with IRE zone dem-
onstrating worse tissue damage than the RE 
zone. Diminished Ktrans in the IRE and RE zones 
reflect decreased blood flow to both regions, 
with IRE zone having worse blood flow. This 
diminished blood flow is consistent with histol-
ogy studies demonstrating tissue coagulative 
necrosis and RBC congestion in both IRE and 
RE zones, respectively. Interestingly, Kep re- 
mains similar between RE zone and untreated 
tissues while that in the IRE zone is greatly 
diminished, suggesting a similar rate of trans-
fer of plasma contents between RE zone and 
untreated tissues. This further confirm a lack of 
severe damage to liver vascular structure in the 
RE zone after IRE. This preserved blood flow 
and efflux in the RE zone suggest that additi- 
onally delivered agents to the liver has the abil-
ity to penetrate tissue and ECM in the RE zone 
of the treated region, making the RE zone a tar-
get for vascular delivery of adjuvant therapy 
after IRE for improvement of IRE treatment 
efficacy. 

Our studies had several shortcomings. For one, 
we were unable to stain and measure multi-
vessel density on histologic sections of the tis-
sue as liver sinusoidal endothelial cells do not 
stain positively for the same classical vascular 
markers. Second, we did not use enough num-
bers of animals to achieve sufficient power for 
generating correlation between imaging mea-
surements and histologic measurements. La- 
stly, this study was performed on normal liver 
tissue, and future studies will analyze tissue 
perfusion after IRE in liver tumors. 

In conclusion, DCE-MRI and DWI parameters 
allow differentiation between RE and IRE zones 
in a rabbit liver model. 
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