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Abstract
Background: High-frequency irreversible electroporation (H-FIRE) is a novel, next-generation nanoknife technology with the
advantage of relieving irreversible electroporation (IRE)-induced muscle contractions. However, the difference between IRE and
H-FIRE with distinct ablation parameters was not clearly defined. This study aimed to compare the efficacy of the two treatments
in vivo.
Methods: TenBamaminiature swinewere divided into two group: five in the 1-day group and five in the 7-day group. The efficacy of IRE
and H-FIRE ablation was compared by volume transfer constant (Krans), rate constant (Kep) and extravascular extracellular volume
fraction (Ve) value of dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI), size of the ablation zone, and histologic
analysis. Each animal underwent the IRE andH-FIRE. Temperatures of the electrodesweremeasured during ablation. DCE-MRI images
were obtained 1, 4, and 7 days after ablation in the 7-day group. All animals in the two groups were euthanized 1 day or 7 days after
ablation, and subsequently, IRE and H-FIRE treated liver tissues were collected for histological examination. Student’s t test or Mann-
Whitney U test was applied for comparing any two groups. One-way analysis of variance (ANOVA) test and Welch’s ANOVA test
followed byHolm-Sidak’s multiple comparisons test, one-wayANOVAwith repeatedmeasures followed by Bonferroni test, or Kruskal-
Wallis H test followed by Dunn’s multiple comparison test was used for multiple group comparisons and post hoc analyses. Pearson
correlation coefficient test was conducted to analyze the relationship between two variables.
Results: Higher Ve was seen in IRE zone than in H-FIRE zone (0.14± 0.02 vs. 0.08± 0.05, t= 2.408, P= 0.043) on day 4, but no
significant difference was seen in Ktrans or Kep between IRE and H-FIRE zones at all time points (all P> 0.05). For IRE zone, the
greatest Ktrans was seen on day 7, which was significantly higher than that on day 1 (P= 0.033). The ablation zone size of H-FIRE
was significantly larger than IRE 1 day (4.74± 0.88 cm2 vs. 3.20± 0.77 cm2, t= 3.241, P= 0.009) and 4 days (2.22± 0.83 cm2 vs.
1.30± 0.50 cm2, t= 2.343, P= 0.041) after treatment. Apoptotic index (0.05± 0.02 vs. 0.73± 0.06 vs. 0.68± 0.07, F= 241.300,
P< 0.001) and heat shock protein 70 (HSP70) (0.03± 0.01 vs. 0.46± 0.09 vs. and 0.42± 0.07, F= 64.490, P< 0.001) were
significantly different between the untreated, IRE and H-FIRE zones, but no significant difference was seen in apoptotic index or
HSP70 between IRE andH-FIRE zone (both P> 0.05). Electrode temperature variations were not significantly different between the
two zones (18.00 ± 3.77°C vs. 16.20± 7.45°C, t= 0.682, P= 0.504). The Ktrans value (r= 0.940, P= 0.017) and the Kep value
(r= 0.895, P= 0.040) of the H-FIRE zone were positively correlated with the number of hepatocytes in the ablation zone.
Conclusions: H-FIRE showed a comparable ablation effect to IRE. DCE-MRI has the potential to monitor the changes of H-FIRE
ablation zone.
Keywords: Irreversible electroporation; High-frequency irreversible electroporation; Dynamic contrast enhanced-magnetic
resonance imaging; Thermal damage
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Introduction

Irreversible electroporation (IRE), also known as nano-
knife ablation, is a novel technology of non-thermal
ablation, which utilizes high-voltage electrical pulses to
induce nanometer-scale pores in the cell membrane,
leading to cell death and tissue necrosis. Its non-thermal
effect allows for IRE application in the porta hepatis and
pancreas, since IRE promotes sparing of sensitive
structures, including blood vessel, bile ducts, pancreatic
duct, and nerve architecture.[1] However, several issues
limit the IRE application in clinical practice.[2,3] Severe
muscle contractions induced by electrical impulse can
affect the safety and efficacy of surgery, and the use of
paralytic agents is needed to control convulsions.[4]

Therefore, general anesthesia is required for patients
receiving IRE therapy because mechanical ventilation is
necessary to avoid hypoxia and asphyxia due to
respiratory inhibition after the use of paralytic agents.

To overcome these disadvantages, high-frequency irrevers-
ible electroporation (H-FIRE), a novel, next-generation
nanoknife technology,wasdeveloped.H-FIREutilizes high-
frequency bipolar bursts to minimize muscle contraction, in
which the effect of thefirst pulsewas canceledby the effect of
the second pulse of the opposite polarity. The pulse duration
and the inter-phasedelayare themain factors influencing the
cancellation effect, and shorter pulses and shorter interphase
delay cause more pronounced cancellation.[5] H-FIRE
obviates the need for paralytic agents and eliminates the
inherent risk associatedwith general anesthesia, in doing so,
optimizes the surgical procedure andmakes the surgery less
complicated to provide the possibility for performance in
more patients.[6] The different waveforms and frequencies
of IRE andH-FIRE affect the cell death and repair in distinct
ways.[7] However, little is known regarding the difference of
effects and mechanisms between IRE and H-FIRE in vivo,
and the efficacy of H-FIRE treatment in vivo is also not
clearly determined.

Magnetic resonance imaging (MRI) is considered to be ideal
for the assessment of IRE response in liver tissues.[8]

Dynamic contrast-enhanced MRI (DCE-MRI) can be
particularly effective for visualization of tissue perfusion,
vascular blood flow, blood vessel permeability, and tissue
contrast uptake. Furthermore, the extravascular extracellu-
lar volume fraction (Ve) can be calculated from DCE-MRI
by quantitativeMRI measurements such as volume transfer
constant (Ktrans) and rate constant (Kep). Previous
publications also showed that DCE-MRI can be used to
distinguish between IRE and reversible electroporation (RE)
zones of IRE treatment.[9] Nevertheless, limited studies
implemented DCE-MRI for assessment of H-FIRE treat-
ment, or compared the post-treatment quantitative MRI
changes between IRE and H-FIRE. Therefore, more insight
into the DCE-MRI of IRE andH-FIRE is needed in order to
guide the application in clinical practice.

We aimed to investigate the efficacy of H-FIRE in the
porcine liver by comparing the temperature, size of the
ablation zone, changes of DCE-MRI, histologic analysis,
and transmission electron microscope appearance between
H-FIRE and IRE.
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Methods

Ethical approval

All experiments were approved by the Institutional Animal
Ethics Committee of the General Hospital of the People’s
Liberation Army (No. 2019-D15–23) and performed in
accordance with the international ethics for animal use.

Animal model

Ten Bama miniature swine (Shi-Chuang Animal Labs,
Beijing, China) underwent IRE and H-FIRE as well as
baseline and postprocedural MRI. Injection of midazolam
(0.5 mg/kg) and xylazine hydrochloride (20 mg/kg) were
given to induce anesthesia. Ventilation with isoflurane
(2.5% with 100% oxygen, 3 L/min, Patterson Veterinary,
Greeley, CO, USA) via breathing mask was used for
anesthesia maintenance throughout imaging and IRE/H-
FIRE procedure. Five animals were euthanized one day
after surgery, and five animals were euthanized seven days
after procedure. Swine were euthanized by intravenous
injection of euthanasia solutions containing pentobarbital
sodium (200mg/kg).

Overview of experimental design

This experiment was performed in porcine livers. The flow
diagram of the study design is summarized in Figure 1.
Animalswere divided into a 1-day group anda 7-day group.
Each animal underwent the IRE and H-FIRE procedure at
two sites with a distance of over 6 cm in the liver which is
longer than that reported in previous literature.[10] The
temperature of the electrode was measured and collected
during ablation in the 1-day group. DCE-MRI images were
obtained 1, 4, and 7 days after the procedure in the 7-day
group. Both treated and untreated liver tissues were
collected for histology in the 1-day group, and only treated
liver tissues were collected for histological examination in
the 7-day group. Animals in the 1-day group were
euthanized one day after surgery, and those in the 7-day
group were euthanized seven days after surgery.

IRE and H-FIRE ablation

The liver was exposed by laparotomy. Two paralleled needle
electrodes with 1.5 cm spacing (platinum-iridium materials;
Microprobes, Inteligent Health, Tianjin) were inserted into
the liver with a 1.5 cm depth. Electrode separation was
maintained by securing the needles in a plastic spacing block.
Next, the electrodes were connected to the IRE generator
(YTL-GM01, Inteligent Health) to apply 2200 V square
wave pulses (number of pulses, 100; eachpulse duration, 100
ms; interval between pulses, 1000 ms; Supplementary
Figure 1, http://links.lww.com/CM9/A703). H-FIRE therapy
was delivered through a custom-built H-FIRE waveform
generator (InteligentHealth). The generatorwas set to deliver
3000 V asymmetric square wave pulses (number of pulses,
2400). Within an individual burst of bipolar pulses, a 5 ms
positive pulse, 3ms inter-pulse delay, 3ms negative pulse, and
a5ms inter-pulsedelaypatternwas repeated [Supplementary
Figure 1, http://links.lww.com/CM9/A703].Twoauthors (JL
and XBZ, both with at least 4-year experience) performed
IRE and H-FIRE ablation procedures for about 10 minutes.
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Figure 1: Flow diagram for comparison between H-FIRE and IRE ablation in small swine liver. DCE-MRI: Dynamic contrast-enhanced magnetic resonance imaging; H&E: Haematoxylin and
eosin; H-FIRE: High-frequency irreversible electroporation; HSP70: Heat shock protein 70; IRE: Irreversible electroporation; Kep: Rate constant; Ktrans: Volume transfer constant; TUNEL:
Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling; Ve: Extravascular extracellular volume fraction.
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DCE-MRI examination

All images were acquired using an abdominal coil (32-
Channel abdominal Coil; General Electric [GE], Fairfield,
CT, USA) in a 3.0 T clinical MRI unit (GE, MAGNETOM
750W 3.0 T), with the animal in a prone position. Five
animals in the 7-day group underwent MRI imaging on
days 1, 4, and 7. DCE-MRI was performed using a liver
acquisition with volume acceleration (LAVA) sequence
which consisted of Echo 1/1, time of echo (TE) 1.7 ms, time
of inversion (TI) 7.0 ms, thickness 4.0 mm, the field of view
(FOV) 240 mm� 240mm, matrix 256� 160, and number
of excitations (NEX) 0.71. A total of 1200 images of the
targeted sections covering 40 phases were acquired every
2.6 s. During image acquisition, baseline DCE-MRI images
were acquired for 60 s. After initial image acquisition, 0.1
mmol/kg gadobenate dimeglumine (Gd-BOPTA) solution
(MultiHance; Bracco Sine, Shanghai, China) was delivered
at 2 mL/s via an ear-vein catheter, followed by flushing
with 10 mL saline through the same ear-vein catheter.
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DCE-MRI analysis

All DCE-MRI images were initially post-processed using
AW4.6 (GE). Region of interests (ROIs) were drawn
around the ablation zones of IRE and H-FIRE treatment
with anatomic T2 fat saturation (T2FS) and single-shot
fast spin echo (SSFSE) images as reference. ROI was
confined to the ablation zonewithout exceeding the edge of
the ablation zone, and vessels should be excluded from the
ROI. Quantitative measurements of DCE-MRI were
conducted using AW4.6 post-processing workstation. A
dual-inlet two-compartment modified Tofts model was
used to calculate the following quantitative measurements:
Ktrans, Kep, and Ve.
Measurement of the ablation zone

The size of the irreversible ablation zone was assessed and
measured using DCE-MRI at the sixth phase one day after
IRE and H-FIRE treatment at the largest level of the
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ablation zone. Similar to prior studies,[9,11] the irreversible
ablation zone size was defined as the unenhanced region on
contrast-enhanced MRI with reduced signal intensity as
compared with untreated liver tissue.
Transmission electron microscope observation

Specimens with a size of 3 mm3 were obtained from the
ablation zone center of IRE and H-FIRE treatment, as well
as untreated liver tissue in one animal. Tissues were fixed in
glutaraldehyde, and post-fixed in 1% osmium tetroxide.
Tissue dehydration was performed with serial concen-
trations of ethanol, and embedded in Epon. Then speci-
mens were sliced into 750-nm thickness. The samples were
stained with 2% uranyl acetate and lead citrate for
15 minutes each. They were then examined using a
transmission electron microscope to collect images.
Histologic analysis

IRE-treated,H-FIRE treated, and freshuntreated liverswere
fixed in formalin, and sliced for hematoxylin and eosin
(H&E) staining, heat shock protein 70 (HSP70) staining,
and terminal deoxynucleotidyl transferase-mediated deox-
yuridine triphosphate nick-end labeling (TUNEL) assays.
Images of pathology were digitally analyzed by ImageJ
(NIH, USA). Apoptotic index was calculated as the
percentage of apoptotic cells through reading the cells in
five selected fields at a 400-fold magnification microscopy.
In the IRE and H-FIRE ablation zone of the 7-day group, 5
high-powered fields with 1000� magnification were
randomly selected for hepatic cell counting.
Temperature monitoring

In order to avoid the influence of the strong electric field on
the thermistor to obtain the actual temperature change
during the ablation of the IRE and H-FIRE, we measured
the temperature by laser through placement of a Bragg
grating in the electrode [Supplementary Figure 2A and 2B,
http://links.lww.com/CM9/A703]. Since the effect on the
wavelength change is primarily due to the change in the
refractive index of the silicon dioxide caused by the
Table 1: Comparison of Ktrans, Kep and Ve between IRE and H-FIRE zo

Items IRE (n= 5)

Day 1
Ktrans (/min) 0.07± 0.03
Kep (/min) 0.61± 0.30
Ve 0.09 (0.06, 0.29) 0

Day 4
Ktrans (/min) 0.12 (0.06, 0.45) 0
Kep (/min) 0.84± 0.36
Ve 0.14± 0.02

Day 7
Ktrans (/min) 0.17± 0.07
Kep (/min) 0.64± 0.33
Ve 0.21± 0.11

Data are presented as mean ± standard deviation or median (Q1, Q3).
∗
t valu

Irreversible electroporation; Kep: Rate constant; Ktrans: Volume transfer co
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thermo-optic effect, once the time shift of the wavelength in
the ablation is measured, the temperature variation during
each ablation is obtained by converting the strain
dependence of Bragg grating.[12]
Statistical analysis

All statistical analyses were conducted using GraphPad
Prism (GraphPad Software, La Jolla, CA, USA). Shapiro-
wilk test and Q-Q plot were used to analyze the normality
of the continuous variables. Continuous variables with
normal distribution were presented as mean ± standard
deviation, and those with non-normal distribution were
shown as median (Q1, Q3). Student’s t test or Mann-
WhitneyU test was applied for comparing any two groups.
One-way analysis of variance (ANOVA) test and Welch’s
ANOVA test followed by Holm-Sidak’s multiple compar-
isons test, one-way ANOVA with repeated measures
followed by Bonferroni test, or Kruskal-Wallis H test
followed by Dunn’s multiple comparison test was used for
multiple group comparisons and post hoc analyses.
P< 0.017 was considered statistically significant for
Bonferroni post hoc analyses. P< 0.05 was considered
statistically significant for the other tests and post hoc
analyses. Pearson correlation coefficient test was con-
ducted to analyze the relationship between two variables.

Results

Tip temperature variations of IRE and H-FIRE were similar

The temperature was measured by Bragg grating in the
electrode during ablation. The temperature variation was
18.00± 3.77°C and 16.20± 7.45°C for IRE and H-FIRE,
respectively, without a statistically significant difference
(t= 0.682, P= 0.504) [Supplementary Figure 2C, http://
links.lww.com/CM9/A703].
Similar DCE-MRI findings were seen in IRE-and H-FIRE
ablation zone
Table 1 calculated and summarized parameters of IRE
zone and H-FIRE zone on days 1, 4, and 7 after ablation.
No significant differences were detected in Ktrans, Kep, or
nes.

H-FIRE (n= 5) Statistics P

0.08± 0.05 0.432
∗

0.677
0.56± 0.15 0.344

∗
0.740

.12 (0.06, 0.30) 12.000† 0.999

.08 (0.06, 0.09) 7.000† 0.310
0.90± 0.34 0.291

∗
0.778

0.08± 0.05 2.408
∗

0.043

0.18± 0.06 0.317
∗

0.759
0.92± 0.59 0.895

∗
0.397

0.20± 0.08 0.228
∗

0.825

es. †U values. H-FIRE: High-frequency irreversible electroporation; IRE:
nstant; Ve: Extravascular extracellular volume fraction.
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Ve between IRE zone and H-FIRE zone on day 1 and day 7
(all P> 0.05). A significantly higher Ve was seen in the
IRE zone than H-FIRE zone on day 4 (0.14 ± 0.02 vs.
0.08± 0.05, t= 2.408, P= 0.043), while no significant
difference was seen in Ktrans or Kep between IRE zone and
H-FIRE zone (both P> 0.05).

For H-FIRE zone, we did not observe significant differ-
ences in Ktrans, Kep, or Ve of the ablation zone,
respectively, between day 1, day 4, and day 7 (all
P> 0.05). For IRE zone, the greatest Ktrans was seen
on day 7, which was significantly higher than that on day 1
(P= 0.033); no significant difference in Kep or Ve was
recorded over time (both P> 0.05) [Table 1, Figure 2].
H-FIRE ablation zone was larger than that of IRE

Ablation zone sizes are shown in Table 2. Figure 3 gives a
graphical overview of the progression of the ablation zone
sizes measured 1, 4, and 7 days after treatment. Significant
decrease of ablation zone size was seen over time in IRE
zone (3.20± 0.77 cm2 vs. 1.30± 0.50 cm2 vs. 0.73±
0.26 cm2, W= 26.610, P< 0.001) and H-FIRE zone
(4.74± 0.88 cm2 vs. 2.22± 0.83 cm2 vs. 1.30± 0.68 cm2,
W= 27.480, P< 0.001), respectively. H-FIRE had larger
ablation zone sizes than IRE 1 day (4.74± 0.88 cm2 vs.
3.20± 0.77 cm2, t= 3.241, P= 0.009) and 4 days after
treatment (2.22± 0.83 cm2 vs. 1.30± 0.50 cm2, t= 2.343,
P= 0.041).

IRE showed similar ablation effect to H-FIRE on the basis of
electron microscopy, gross pathology, and histologic changes

After IRE or H-FIRE treatment, the hepatocytes showed
lysis of the plasma membrane with cytoplasm swelling
and intracellular vacuoles on electron microscopy.
Karyopyknosis and condensed chromatin in margin were
observed. Mitochondria appeared irregular with slight
swelling, broken membrane, as well as fracture, reduc-
tion, and loss of cristae. We also found some lipid
droplets, secondary lysosomes and autophagosomes in
the cells [Supplementary Figure 3A–C, http://links.lww.
com/CM9/A703].

Figure 4 showed representative gross pathology and
histology of IRE zone, H-FIRE zone, and untreated tissues
for HSP70, TUNEL, and H&E staining. One day after
surgery, clear demarcation (or margin) between IRE
zone/H-FIRE zone and untreated tissues was seen in the
gross specimen [Figure 4A]. Following H&E, HSP70
[Figure 4B], and TUNEL staining [Figure 4C], the IRE and
H-FIRE zones showed large areas of red discoloration and
hemorrhagic infiltration. The liver tissue failed to retain its
structure with extensive necrosis in the area with over-
expression of HSP70 and cell apoptosis. The apoptotic
index was 0.05± 0.02, 0.73± 0.06 and 0.68± 0.07 for the
untreated tissue, IRE zone, and H-FIRE zone, respectively
(F= 241.300, P< 0.001). IRE (P< 0.001) zone and H-
FIRE (P< 0.001) zone had a significantly higher apoptotic
index as compared with untreated tissue, while no
significant difference was detected between IRE zone
and H-FIRE zone (P= 0.450). There was significant
differences among the untreated, IRE and H-FIRE zone
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in the percentage of HSP70-positive cells (F = 64.490,
P< 0.001). The percentage of HSP70-positive cells
increased after IRE and H-FIRE treatment compared
with the untreated tissue (0.46 ± 0.09 vs. 0.03± 0.01,
P< 0.001; 0.42± 0.07 vs. 0.03± 0.01, P< 0.001, respec-
tively), while no significant difference was detected
between IRE zone and H-FIRE zone (P= 0.604). After
7 days, the gross pathology [Figure 5A] and H&E staining
[Figure 5B] revealed significantly shrinking IRE zone and
H-FIRE zone with fibrosis. The lobular architecture was
not conserved with margin infiltrated by the inflammatory
cells. No extensive necrosis or hemorrhage was observed in
the ablation zone. White coagulation necrosis and fibrosis
were visible along the electrode tracks of IRE, and vessels
and bile ducts remained intact.

DCE-MRI can reflect the pathophysiological changes of
H-FIRE zone

DCE-MRI reveals the distribution of contrast agent
between the blood vessel and the extracellular space,
which indirectly reflects the metabolism in the tissue.
Figure 6 showed the comparison of the correlation
between the number of hepatocytes in the IRE and H-
FIRE ablation zone with Kep, Ktrans, and Ve. The Ktrans
value (r= 0.940, P= 0.017) and the Kep value (r= 0.895,
P= 0.040) of the H-FIRE zone were positively correlated
with the number of hepatocytes in the ablation zone.
However, the Ve value of the H-FIRE zone and the Kep,
Ktrans, Ve values of the IRE zone showed no correlation
with the number of hepatocytes (P> 0.05).
Discussion

Emerging evidence showed the potential of H-EIRE in the
treatment of malignant neoplasms.[5-7,11,13] However, its
efficacy and safety have not yet been thoroughly evaluated
since most studies were conducted with usage of ex vivo
swine model, and lacked dynamic comparison with
conventional IRE treatment.[7,14-16]

DCE-MRI is a functional imaging technique with
continuous, repeated, and rapid imaging. It provides
superior information about the tissues’ physiological
properties on the basis of the microvascular system in
tissues and lesions. Semi-quantitative or quantitative
parameters can be derived from calculation and analysis
of the images obtained before and after injection of
contrast agent into the bloodstream.[17] Owing to the
advantages of quantitative analysis over semi-quantitative
analysis, a dual-input two-compartment pharmacokinetic
model (a dual-input extended Tofts model and a dual-
input 2-compartment exchange model) was implemented
in the current study to calculate the Ktrans, Kep, and
Ve.[18,19] Kep=Ktrans/Ve was set in the two-compartment
pharmacokinetic model. Ktrans is an important pharma-
cokinetic parameter to assess infiltration surface area per
unit volume of tissue. The distribution of contrast agents is
influenced by the cooperation of vascular permeability and
plasma flow, therefore, Ktrans is determined by these two
factors. A higher Ktrans value is associated with increased
vascular permeability and plasma flow of tissue. DCE-MRI
is considered an effective tool to reflect the capillary
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Figure 2: DCE-MRI imaging of IRE and H-FIRE lesions on day 1, day 4, and day 7 after treatment. DCE-MRI: Dynamic contrast-enhanced magnetic resonance imaging; H-FIRE: High-
frequency irreversible electroporation; IRE: Irreversible electroporation; Kep: Rate constant; Ktrans: Volume transfer constant; Ve: Extravascular extracellular volume fraction. Circles
represented the region of interests (ROIs).
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permeability and perfusion of the tumor.[20] Previous
studies found that a reduced Ktrans value in the IRE and
H-FIRE zone was associated with poor perfusion and
suppressed cell metabolism, indicating an enhanced
ablation effect.[9,21]
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Our study found no significant difference in Ktrans and
Kep between IRE and H-FIRE zone, indicating similar
ablation effect between the two treatments. A lower Ve
value was seen in the H-FIRE zone on day 4. A significant
difference in Ktrans between day 1 and day 7 was seen in

http://www.cmj.org


Table 2: Comparison of ablation zone sizes between IRE and H-FIRE zones on day 1, 4, and 7 (cm2).

Time IRE (n= 5) H-FIRE (n= 5) t P

Day 1 3.20± 0.77 4.74± 0.88 3.241 0.009
Day 4 1.30± 0.50 2.22± 0.83 2.343 0.041
Day 7 0.73± 0.26 1.30± 0.68 1.928 0.083

Data are presented as mean ± standard deviation. H-FIRE: High-frequency irreversible electroporation; IRE: Irreversible electroporation.`

Figure 3: Sizes of ablated lesion of IRE and H-FIRE on day 1, day 4, and day 7 after treatment in DCE-MRI. Green circles represented region of interests (ROIs). DCE-MRI: Dynamic contrast-
enhanced magnetic resonance imaging; H-FIRE: High-frequency irreversible electroporation; IRE: Irreversible electroporation.
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the IRE zone. This impact may specifically account for the
cell regeneration in H-FIRE and IRE, but not enough to
reflect the difference of efficacy between the two ablation
methods. The pathology analysis revealed apoptosis
induced by IRE and H-FIRE, and subsequent regeneration
of cell. Faroja et al[10] has reported thermal damage of IRE
treatment with tissue coagulative necrosis and apoptosis.
We also found slightly higher change in temperature of
needle of IRE than H-FIRE, which led to similar changes
on DCE-MRI of IRE and H-FIRE zone. Considering that
the temperature of H-FIRE ablation area is low and the
safety range is wide, the voltage or pulse times of H-FIRE
can be increased to enhance the ablation effect.

The ablation zone was numerically larger in the H-FIRE
zone than that in the IRE zone. The shrinking size of
ablation zone over time in both IRE and H-FIRE zone
indicated the cell regeneration after treatment, while the
difference in ablation zone sizes between treatments
gradually decreased, suggesting distinct forms of cell
damage following IRE and H-FIRE treatment.
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Our study found that the DCE-MRI parameters of the IRE
ablation zone did not have a strong correlation with the
hepatocyte counts in the ablation zone on the 7th day,
which may be explained by the small number of samples
and coagulative necrosis. Coagulation necrosis will
decrease the metabolism in the ablation zone, making it
difficult for the contrast agent to distribute. Ktrans is the
rate at which the contrast agent moves from the plasma to
the extravascular extracellular space, and Kep is the rate at
which the contrast agent from extravascular extracellular
space returns to the plasma, which reflects the local blood
flow, the condition of the extracellular extravascular space
and the vascular permeability together. On the 7th day
after H-FIRE ablation, our study showed that the values of
Kep and Ktrans in the ablation zone were correlated with
the number of hepatocytes, which indicated the restoration
of vascular permeability and liver cell regeneration in the
ablation zone about 1 week after ablation. At this time,
anticancer drugs may be given to kill the remaining tumor
cells by diffusion through the blood flow into the ablation
zone.
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Figure 4: Histologic analysis of IRE and H-FIRE treated and untreated tissues. (A) Representative gross pathology images illustrating sections of ablation zones for 1 day after IRE (upper) and
H-FIRE (middle) ablation, and the untreated liver (lower). (B) H&E staining and immunohistochemical staining of HSP70 in liver tissues after IRE (upper) and H-FIRE (middle) treatment in 1-day
group, and the untreated liver (lower) (original magnification, � 100 and � 400). (C) TUNEL-stained (original magnification, � 400) representative cross-sections of liver tissues after IRE
(upper) and H-FIRE (middle) treatment and untreated tissue (lower) in 1-day group. DAPI: 4’, 6-diamidino-2-phenylindole; H&E: Hematoxylin-eosin; H-FIRE: High-frequency irreversible
electroporation; HSP70: Heat shock protein 70; IRE: Irreversible electroporation; TUNEL: Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labelling.

Figure 5: Representative gross pathology images illustrating sections of ablation zones 7 days after IRE (upper) and H-FIRE (lower) ablation (A). H&E staining of liver tissue after IRE (upper)
and H-FIRE (lower) treatment in 7-day group (B; original magnification, � 100 and � 400). H&E staining: Hematoxylin-eosin staining; H-FIRE: High-frequency irreversible electroporation;
IRE: Irreversible electroporation.
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As demonstrated in the current study, nonspecific
histological changes were observed directly after ablation,
and cell death, featured as apoptosis and necrosis was seen
after 1 day following IRE treatment. Cell death was
reported to be presented as pyknosis of nuclei, karyor-
rhexis, and condensation of hepatocyte cytoplasm after
IRE treatment.[11] Subsequently, the inflammatory re-
sponse was seen approximately 6 hours after ablation.
These processes progress and last 72 hours following IRE,
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after which the damage is replaced by fibrosis.[11] Similar
results were observed in H-FIRE-treated lesions in our
study. HSP70 overexpression can protect cells from stress-
induced apoptosis, which is rarely seen in normal cells and
frequently detected in stressed cells. Faroja et al[10]

reported that coagulative necrosis and a thick rim of
HSP70 were noted peripheral to the zone of ablation at
high (over 60°C) temperatures, while scattered HSP70
staining was detected when the temperature was slightly
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Figure 6: Correlations between the numbers of hepatic cells in the IRE ablation zone (n= 5) and H-FIRE ablation zone (n= 5) with Ktrans (A), Kep (B), and Ve (C). H-FIRE: High-frequency
irreversible electroporation; IRE: Irreversible electroporation; Kep: Rate constant; Ktrans: Volume transfer constant; Ve: Extravascular extracellular volume fraction.
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increased. Consistent with previous studies, the tempera-
ture was slightly increased following IRE and H-FIRE
treatment, and HSP70 staining was scattered in the
ablation zone. TUNEL staining indicated that the cells
of ablation zone under pulsed electric field were damaged
and dead. No statistical differences were detected between
IRE andH-FIRE in terms of apoptotic index determined by
TUNEL as well as HSP70.

Impedance in the ablation zone can change during IRE
procedure,[22] requiring the monitoring of temperature
during IRE. Likewise, monitoring of temperature is also
necessary for H-FIRE ablation. Faroja et al[10] investigated
the temperature variation of IRE, however, it should be
noted that the thermistor was placed in the ablation
zone instead of the needle in this study, and IRE had to be
terminated when measuring temperature to avoid the
interference from electric field change, which may not
represent the actual temperature. In the current study, real-
time measurement of temperature variation was achieved
with the usage of laser through inserting a Bragg grating in
the electrode to overcome the interference from electric field
change. We found a low-level increase (15–20°C) of
temperature in the electrode during IRE and H-FIRE
treatment, as well as a slightly less temperature change
followingH-FIRE than IRE.With respect to safety, theMRI
demonstrated that thevesselswerewell preserved in IREand
H-FIRE zone. Taken these findings together, H-FIRE
displayed comparable safety and tolerability with IRE.

There are some limitations to our research. First of all, we
cannot perform some immunohistochemical staining and
cannot accurately reflect the changes of different types of
cells in the ablation zone due to the lack of pig antibodies.
Secondly, this study was conducted on normal liver tissues,
and further study is warranted to identify the DCE-MRI
characteristics after IRE and H-FIRE treatment in tumor
tissues. Finally, this study was limited by the small number
of samples due to the limitations of animal ethics, and
larger number of samples is needed in the next step.

H-FIRE showed a comparable ablation effect to conven-
tional IRE with a larger size of ablated lesion. A similar
temperature of needle was also seen between the treat-
ments. DCE-MRI can reflect the pathophysiological
changes of H-FIRE zone.
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