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ORIGINAL RESEARCH

Nonthermal Irreversible Electroporation to 
the Esophagus: Evaluation of Acute and 
Long-Term Pathological Effects in a Rabbit 
Model
Yue Song , MD; Jingjing Zheng , PhD; Lianhui Fan , MD

BACKGROUND: Esophageal ulceration and fistula are severe complications of pulmonary vein isolation using thermal ablation. 
Nonthermal irreversible electroporation (NTIRE) is a promising new technology for pulmonary vein isolation in patients with 
atrial fibrillation. NTIRE ablation technology has been used to treat atrial fibrillation; however, the effects of NTIRE on esopha-
geal tissue have not been clearly described.

METHODS AND RESULTS: A typical NTIRE electrical protocol was directly applied to esophagi in 84 New Zealand rabbits. Finite 
element modeling and histological analysis with 120 slices were used to analyze electric field intensity distribution and subse-
quent tissue changes. A parameter combination of 2000 V/cm multiplied by 90 pulses output is determined to be an effective 
ablation parameters combination. Within 16 weeks after ablation, no obvious lumen stenosis, epithelial erythema, erosion, 
ulcer, or fistula was observed in the esophageal tissue. NTIRE effectively results in esophageal cell ablation to death, and 
subsequently, signs of recovery gradually appear: creeping replacement and regeneration of epithelial basal cells, repair and 
regeneration of muscle cells, structural remodeling of the muscle layer, and finally the restoration of clear anatomical structures 
in all layers.

CONCLUSIONS: Monophasic, bipolar NTIRE delivered using plate electrodes in a novel esophageal injury model demonstrates 
no histopathologic changes to the esophagus at 16 weeks. Data of this study suggest that electroporation ablation is a safe 
modality for pulsed electroporation ablation near the esophagus.
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Atrial fibrillation is the most common arrhythmia. 
Thermal ablation methods may cause collat-
eral damage to extracardiac structures. Atrial 

fibrillation has become a fundamental public health 
problem and is a risk factor for severe comorbidities 
such as stroke and dementia.1,2 The traditional ther-
mal techniques used to treat atrial fibrillation include 
radiofrequency catheter ablation and balloon cryoab-
lation.3 Performing thermal ablation has been reported 
to potentially cause protein denaturation and tissue 
coagulation necrosis, and various manifestations of 

esophageal damage, such as esophageal ulceration, 
stricture, and atrial-to-esophageal fistula.4–6 Therefore, 
more optimized solutions are then required.

In recent years, nonthermal irreversible elec-
troporation (NTIRE) has been considered to be a 
promising ablation tool with several potential advan-
tages compared with thermal ablation. NTIRE is an 
advanced new technology that induces cell death 
by creating permanent nanopores in the cellular 
membrane via the application of short intervals of 
high-voltage direct electrical current.7 It increases 
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therapeutic effects while avoiding thermal effects.8 
Catheter-based pulsed field ablation has recently 
been shown, in preclinical and clinical studies, to 
effectively ablate atrial and pulmonary venous tis-
sue with remarkable efficacy and safety.9–13 This 
has led to its rapid development as an attractive 
alternative to traditional energy sources, especially 
for the treatment of AF because of its selectivity 
for myocardial tissue ablation.10,11,13 Representative 
pioneer researchers include but are not limited to 
Neven, Koruth, and Reddy et al. Neven delivered 
full-power electroporation ablation on anterior 
esophageal adventitia by using a linear suction de-
vice, and demonstrated that esophageal architec-
ture remained unaffected 2 months after irreversible 
electroporation. Reddy and Koruth reported the first 
clinical experience of AF ablation with pulsed field 
ablation including epicardial and endocardial abla-
tion.11 However, electroporation ablation has been 
shown to create sufficiently large and deep lesions 
in or around pulmonary vein ostia for treatment of 
cardiac arrhythmias.14 Whether these inevitable “le-
sions” will cause further damage to the esophageal 

wall, or even serious complications such as ulcers or 
perforations, needs further attention. This potential 
risk of NTIRE for esophageal damage needs to be 
sufficiently assessed under extreme ablation condi-
tions, even reaching the level of tissue inactivation.

In this preliminary work, we chose to study the ef-
fect of NTIRE on the esophagus, which is often col-
laterally damaged during minimally invasive ablation 
procedures.4,5,15,16 The main purpose is to clarify the 
esophageal histological changes after the whole layer 
ablation. Because of the ability of NTIRE to spare the 
extracellular matrix (ECM), it can be foreseeable that 
the esophagus will remain intact on the tissue scaf-
folds after ablation, and recover. We speculated that 
NTIRE should provide a safety and effectiveness pro-
file and good subject tolerability.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Grouping and In Vivo IRE Procedure
Eighty-four male, 6-month-old New Zealand rabbits 
with an average weight of 2.6±0.5  kg were used in 
this study. All animals received humane care and 
procedures were conducted under a protocol ap-
proved by the Ethics Committee of General Hospital 
of Northern Theater Command. All animal manipu-
lations were conducted in accordance with national 
and international guidelines to minimize animal suf-
fering. Animals were anesthetized by intramuscular 
injection with xylazine hydrochloride (5  mg/kg) and 
diazepam (0.5 mg/kg). The anterior approach of the 
neck was selected, and the middle of the incision was 
at the level of the second annular cartilage. A spe-
cially designed hand-held clamp, containing 2 paral-
lel plate electrodes (Platinum Tweezertrode, 45-0486, 
BTX, USA), was applied across the targeted esopha-
gus (Figure 1A). The measured distance between the 
2 electrodes was ≈3.5 mm, which was consistent for 
all animals tested. By using an electroporation pulse 
generator (TP3032, Teslaman; Dalian, China), we 
delivered 9 trains of 10 direct current square pulses 
within electrode plates at 2000 V/cm with a pulse du-
ration of 70 microseconds, a pulse interval of 100 mil-
liseconds, and a train interval of 2 seconds (Figure 2). 
An oscilloscope trace of the voltage and current 
waveforms delivered were recorded to verify pulse 
delivery. The length of the esophageal ablation seg-
ment is ≈2 cm. The location of treatment was noted 
based on 2 suture knots, which were placed in the 
esophageal adventitia to mark the NTIRE-treatment 
region.

CLINICAL PERSPECTIVE

What Is New?
•	 The ability of nonthermal irreversible electropo-

ration to preserve the extracellular matrix, im-
portant blood vessels, and nerve bundles 
allows for a quick recovery of the esophagus 
after electroporation ablation, and provides an 
important guarantee for the recovery of peristal-
sis and secretion of the esophagus.

•	 Monophasic, bipolar nonthermal irreversible 
electroporation delivered using plate electrodes 
in a novel esophageal injury model demon-
strates no histopathologic changes to the es-
ophagus. Electroporation ablation is a safe 
modality for pulsed electroporation ablation 
near the esophagus.

What Are the Clinical Implications?
•	 This study constructs a transition bridge from 

experimental research to clinical application 
and establishes a safety guarantee for para-
esophageal electroporation.

Nonstandard Abbreviations and Acronyms

ECM	 extracellular matrix
NTIRE	 nonthermal irreversible electroporation
ROI	 regions of interest
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Animals were divided into 22 groups, which con-
tain 16 threshold parameter test groups (3 animals 
in each group) and 6 ablation groups (6 animals in 
each group). In each ablation group, 1 animal was 
selected as the random control and the electrode 
was only applied directly on its esophageal adven-
titia without pulse output, and all animals survived 
for 1, 3 days and 1, 2, 4, and 16 weeks before being 
euthanized. During the first 24 hours after surgery, 
the animals were given 2 additional doses of me-
peridine hydrochloride (1 mg/kg), spaced out over 
8-hour increments. The animals were kept sepa-
rately and carefully checked daily to ensure that 
they were not experiencing pain, stayed healthy, 
and recovered. Symptoms were monitored and an 
effort was made to relieve them. These symptoms 
included fever, reduced food intake and drink-
ing, lack of locomotion, and swelling around the 
incision.

Determination of the Lowest Effective 
Ablation Threshold by Combination of 
Gradient Electric Field Intensity and Pulse 
Number
In each threshold parameter test group, in order to find 
the lowest effective ablation threshold, a combination 
of gradient electric field intensity and pulse number 
is used for verification. Four electric field intensities 
of 1000, 1500, 2000, and 2500 V/cm were selected, 
and 30, 60, 90, and 120 pulses were used for the cor-
responding ablation tests. Specimens were collected 
on day 3 postablation. Considering that the atrophy of 
muscle fibers after muscle cell death is more clearly 
visible in pathological sections, 5 regions of inter-
est (ROI) (magnification ×40) were randomly selected 
from the cross-sectional muscle layer on each ablation 
section. The ratios between the numbers of atrophic 
muscle fibers to the total number of muscle fibers in 

Figure 1.  Esophagus ablation and electric field intensity distribution simulation.
A, Intraoperative picture of esophageal electroporation ablation. B, Three-dimensional simulation of esophagus clamped by 2 plate 
electrodes. C, Cross section of the ablation model. The electric field distribution between the 2 electrodes is substantially uniform. 
The highest electric field strengths appear at the edges of the electrodes (red areas), and the lowest strengths appear at the outer 
surface of the exposed esophageal wall between the 2 flat electrodes (dark blue areas). D, Longitudinal section of the ablation model.
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the cross-sectional muscle fiber layers are shown in 
Figure 3.

Finite Element Modeling to Predict the 
Range of Effective Field Strength and 
Thermal Damage
In order to choose appropriate electrical parameters 
for experimental use that would induce complete 
tissue ablation while not causing extensive heating 
and thermal damage to the tissue, a transient finite 
element analysis was performed, modeling the elec-
tric field intensity distribution and the effect of Joule 
heating on the temperature distribution as described 
by Phillips et al.8 A commercial finite element pack-
age (COMSOL Multiphysics 5.4) was used to de-
velop the model and analyze the electrical treatment 
parameters. In this model, all tissues were consid-
ered homogeneous. The cross section of the es-
ophagus was 2-dimensionally modeled as a runway 
shape (one 10×3.5-mm2 rectangle and 2 semicircles 
with a diameter of 3.5 mm, as shown in Figure 1B) 
between 2 stainless steel electrodes (a circular plate 
with a diameter of 10  mm, and an insulating layer 
is attached to the outside of each metal electrode 
plate, as shown in Figure 1). The dimension of es-
ophagus was based on experimental measurement. 

The dielectric measurements of esophageal tissue 
were performed 5 times on rabbit esophagus speci-
mens previously, and the average±SD of multiple 
measurement results was set as the dielectric pa-
rameters for this experiment. The thermal and elec-
trical properties of the esophagus were assumed 
to be both homogeneous and isotropic in cross-
section. By using a signal analyzer (N9030A PXA; 
Agilent, USA), the conductivity values were 4.0e6 
[S/m] for the electrode, 1e−17 [S/m] for the insulat-
ing layer, and 0.97 [S/m] for the esophagus; the di-
electric constants were 4.5 for the insulating layer 
and 4.0 for the esophagus. Electric field distribution 
in the tissue, caused by an electroporation pulse, 
was determined by solving the Laplace equation for 
static electric currents:17

where σ and φ are tissue electric conductivity and 
electric potential, respectively. The electrodes were 
modeled as an insulating body with an extension of 
stainless steel. The boundary conditions used in our 
calculations were a constant potential on the surface 
of the electrodes and electrical insulation on all outer 
boundaries of the model. In treatment planning, a nu-
merical model of electroporation was used that did 

∇(�∇�) = 0

Figure 2.  Schematic diagram of the square wave pulses used in the experiment.
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not take into account changes in tissue conductivity 
during electroporation.

The thermal and electrical properties of the esoph-
agus were assumed to be both isotropic and ho-
mogeneous in cross-section. This model followed 
the analysis described by Phillips et al.18 Briefly, the 
Laplace equation was solved in order to determine the 
heat generation per unit volume caused by Joule heat-
ing (qJH):17

The top electrode was set as having a positive po-
tential (φ=Vo), and the bottom electrode was set as 
ground (φ=0), where Vo is the potential difference ap-
plied across the electrodes. The boundaries between 
the electrodes and air, and between the esophagus 
and air were set as electrically insulating.

Histological Examinations
The animals were weighed and euthanized with a 
mixture consisting of ketamine (150 mg/kg) and xyla-
zine (20 mg/kg). The treated section, together with an 
untreated section of ≈1-cm long at both ends, were 
selected. Samples were immediately fixed with 10% 

buffered formalin, embedded in paraffin, and sec-
tioned with a microtome (5-μm thick). Each sample 
was stained with hematoxylin and eosin to examine 
the basic morphological changes, and with Masson 
trichrome to examine the structure of the ECM. In 
Masson trichrome stain, collagen fibers were stained 
blue, muscle cells were stained reddish purple, and 
epithelial cells were stained light red or lilac.

Histological Data Measurement
The esophageal wall of control and ablated segment 
contained 3 layers: mucosa, submucosa, and muscle 
layer. Specific data for each layer of tissue were meas-
ured, collected, and are shown in Figure 4. Two ROIs 
were randomly selected in each specimen slice respec-
tively (blue dotted square frame in Figure 5A). Each ROI 
was set as a square area, which was defined as: mak-
ing a line segment along the surface of the esophageal 
mucosa (the length of the line segment is equal to the 
thickness of the esophageal wall); drawing a square at 
the position of the esophageal wall with the line seg-
ment as the side length; and taking the esophageal tis-
sue contained by the square area as the ROI. We used 
Image-Pro Plus 6.0 software and took measurements in 
selected ROIs. The measurement results are displayed 

qJH = � |∇�|2

Figure 3.  Ratios between the numbers of atrophic muscle fibers to the total number of muscle 
fibers in the cross-sectional muscle fiber layer.
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as mean (SD). Specific measurement indicators are as 
follows: (In mucosal layer) the total thickness and the 
total number of cells, the thickness of the germinal layer 
and its number of cells; (in submucosa layer) the thick-
ness, the effective perfusion area of blood vessels, the 
thickness of the collagen fiber layer (the Masson stained 
blue layer), and the number of inflammatory cells; (in 
muscle layer) the thickness, the number of muscle fibers 
in cross section, area of cross-sectional muscle fiber, 
and area of cross-sectional area.

Statistical Analysis
The observations are all independent, and do not re-
sult from repeated measures on each animal. Data are 
presented as the mean value±SD. One-way analysis 
of variance was used to evaluate differences among 
groups. The Dunnett t test was used for comparison be-
tween each experimental group and the control group. 
Differences between the means were considered 

significantly different when 2-sided P values were <0.05. 
All of the statistical analyses were performed using 
SPSS software (version 17.0, SPSS, Inc., Chicago, IL).

RESULTS

Determination of Effective Ablation 
Threshold
Compared with the decellularization of the mucosal 
layer and the muscle layer, atrophy of muscle fib-
ers after muscle cell death is more clearly visible in 
pathological sections. Under the combination of 
different ablation parameters, we observed the ra-
tios between the numbers of atrophic muscle fibers 
to the total number of muscle fibers in the cross-
sectional muscle fibers layer. Data are shown in 
Figure 3. Measurement results show that the entire 
esophageal tissue can be completely inactivated 

Figure 4.  Histological data measurement of the esophageal wall after sham operation or nonthermal irreversible 
electroporation.
*/#P<0.05 compared with the normal control group.
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under the combination of 1500  V/cm field strength 
multiplied by 90 pulses. When the number of pulses 
remains unchanged while the field strength exceeds 
1500 V/cm, or the field strength remains unchanged 
while the number of pulses is >90, or when the field 
strength and the number of pulses are both greater 
than the above reference value, the entire esophagus 
can be lethally ablated. In this study, we have cho-
sen a parameter combination of 2000 V/cm multiplied 
by 90 pulses output, whose electric field strength is 
selected higher than the lowest effective threshold 
combination. The purpose is to see whether thermal 
damage will occur, and whether the ablated tissue 
will effectively regenerate and repair.

Distribution of the Electric Field Intensity 
and Prediction of Thermal Damage
Field strength modeling showed that the electric 
field distribution between the 2 plate electrodes was 

almost uniform when direct-current pulses of 2000 V/
cm (voltage-to-distance ratio) were applied. Special 
field strengths include: the highest field intensity of 10 
401 V/cm emerged at the edge of the electrode; and 
the lowest field intensity of 1150 V/cm emerged at the 
outer surface of the exposed esophageal wall between 
the 2 flat electrodes (Figure 1C and 1D).

The maximum tissue temperature obtained through-
out the entire procedure was 40.21 ℃, which is calcu-
lated by model simulation. This model showed very 
little temperature increase to the esophagus during the 
ablation procedure because the relatively large surface 
area of the stainless steel plate electrodes induced quick 
heat conduction to the electrodes and heat dissipation. 
Because this model predicts very little thermal damage 
while incorporating assumptions that would actually over-
predict tissue temperature (overpredictions include ignor-
ing a heat buffer system formed by blood flow in local 
tissue, ignoring heat loss caused by natural convection, 
and using the maximum tissue temperature to obtain the 

Figure 5.  Tissue observation 1 day after esophageal ablation.
A, Untreated normal control. A typical healthy esophagus with mucosa (#), submucosa (※), muscular 
layer (†), and adventitia (‡) (The blue dotted square represents a region of interest). B, Ablation group with 
Masson trichrome staining. The fully retained collagen fiber framework is stained blue. Significant edema 
appears in the submucosa with a large number of inflammatory cell infiltrations. Small arteries and veins 
appear to be intact (dotted ellipse). C, Ablation group with hematoxylin and eosin staining. There is a clear 
boundary line between the nonthermal irreversible electroporation–treated area (▲) and the untreated 
area (∆). The outer surface of the epithelial layer is partially exfoliated. D, A higher magnification of (C) 
shows completely ablated muscle layer, the dissolution and absorption of muscle cells, and the intact 
epimysium, perimysium, and endomysium (§). All bars represent 50 μm.

A B

C D
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damage parameter), it can be considered that the pa-
rameters modeled could be used experimentally without 
causing thermal damage to the esophagus in vivo.

Postablation Observation
One animal was lost during surgery because of an 
overdose of xylazine. Seven animals experienced mild 
anorexia after surgery and resolved on their own within 
72  hours. Otherwise, the animals did not show any 
symptoms of typical pain, vomiting, weight loss, or me-
lena. Direct visual inspection of the ablation area after 
NTIRE revealed no blood clots, and the inner surface 
of electrodes never showed signs of charring. Within 
a short time after ablation, the electrode plate caused 
slight congestion of small blood vessels and local vas-
odilation, and this phenomenon could last for 3 days. 
From day 3 to day 7 after ablation, no obvious lumen 
stenosis, epithelial erythema, erosions, or ulcerations 
were observed. From week 4 to week 16 after ablation, 
there were no macroscopic lesions on the esophageal 
epithelium and adventitia, and a gross specimen of the 
esophagus appeared normal.

Histopathological Assessment
Histological analysis of the esophagus was performed 
at 6 time points from day 1 to week 16 after ablation to 
examine the effects of NTIRE on the esophagus. The 
histology results represent only animal samples under 
9 trains of 10 direct current square pulses of 2000 V/
cm. According to Joule heating (qJH), it is believed that 
using a combination of parameters with electric field 
intensity and pulse number equal to or lower than this 
threshold will not cause additional thermal damage to 
the tissue.

On day 1, the boundary between the ablated and 
nonablated areas was clearly demarcated (Figure 5C and 
5D). The selected irreversible electroporation protocol is 

strong enough to inactivate all layers of the esophagus. 
Acute inflammatory infiltration was observed throughout 
the entire layer of the esophagus wall. The superficial 
part of the epithelium exfoliated, but the basal epithelial 
layer was intact. The submucosa showed severe edema 
with a large number of inflammatory cell infiltrations, but 
the arterioles and veins were intact. The muscle layer 
was completely ablated, manifested by lysis of muscle 
cells and inflammatory infiltration of lymphocytes. There 
was no ischemia or injury such as pale mucosa, eschar, 
or perforation in gross specimen observation. Local 
temperature was not measured on histology, but it was 
inferred to be nonthermal based on the above nonther-
mal injury observation results. The basic tissue frame-
work (such as collagen fibers) and structural details 
were well preserved throughout the esophageal wall. 
The connective tissues surrounding the striated muscle, 
bundles, and fibers are known as the epimysium, the 
perimysium, and the endomysium, respectively, which 
remained intact at this sampling time.

On day 3, the frame structure of the esophagus 
remained intact and there were no signs of lumen 
stenosis. The blood vessels, Meissner plexus, and re-
generated muscle cells were clearly visible (Figure 6C). 
The structural details of the epithelium were preserved. 
The plica of esophagus, composed of the mucosa and 
submucosa, still maintained its original tissue structure 
and form. As indicated by the appearance of immature 
epithelial cells in the germinal layer of the epithelium, 
there were clear signs of mucosal regeneration and re-
pair in the treated area. Meanwhile, immature muscle 
cells began to appear in the muscle layer.

On day 7, signs of tissue repair were evident 
(Figure  7). The most important features were an in-
crease in the number of blood vessels in the submu-
cosa, an expansion of the blood vessel lumen, and a 
rich blood supply. The esophagus appeared to have 
restored most of its structure and exhibited distinct 

Figure 6.  Tissue observation 3 days after esophageal ablation.
A, The interface between the nonthermal irreversible electroporation–treated region (▲) and untreated region (∆). B, Immature epithelial 
cells appear in the basal layer of the mucosa (arrowheads), and regeneration and repair of the mucosa are vigorous. C, Masson 
trichrome staining shows that the plica, consisting of the mucosa and submucosa, still retains its primitive framework structure 
(dashed rectangle). The presence of blood vessels (BV), the Meissner plexus (MP), and immature muscle cells (iMC) can also be seen. 
All bars represent 50 μm.

A B C
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layers of tissue, including: a mucosal layer with non-
keratinized squamous epithelium, a submucosal layer 
containing mucus glands, blood vessels, lymphatic 
vessels and the Meissner plexus, a muscular layer 
containing regular muscle fibers and rich Auerbach 
plexus, and a well-structured adventitia.

From week 2, the epithelial surface began to kerati-
nize, the epithelial basal cells were still vigorously pro-
liferating, the submucosal vasodilatation was reduced, 
the muscle layer was clear, and the sarcoplasm of re-
generated muscle cells tended to be full (Figure 8A). In 
our slice observation, the muscle layer of the esopha-
gus is dominated by skeletal muscle cells, which is re-
lated to the sampling site of the esophagus. Of course, 
there were also some smooth muscle cells in between 
the collagen fibers and elastic fibers in submucosa, 
and in the luminal layer. Observed under the light mi-
croscope after ablation, these smooth muscle cells did 
not seem to have major changes in morphology, which 
is consistent with the study by Neven et al.6

From week 4 to week 16, esophageal repair and 
regeneration continued to improve, and its micromor-
phology gradually approached that of the normal con-
trol group (Figure 8B through 8D). The esophagus was 
not devascularized after NTIRE ablation; instead, the 
blood supply reached or even exceeded the levels of 

the normal control group at week 4, indicating that the 
vasculature was well preserved and blood vessel re-
construction was enhanced.

Histological Data Measurement and 
Statistical Analysis
As shown in Figure 4, histological data measurements 
of the esophagus were performed at the control group 
and 6 time points postablation in order to examine the 
effects of NTIRE on the esophagus.

In the mucosal layer: The total thickness of the mu-
cosa decreased in the first 3 days after ablation, and 
reached the lowest value on day 3 (P<0.05), but no 
obvious change appeared in the thickness of the ger-
minal layer. The number of cells either in the entire mu-
cosa or in the germinal layer decreased gradually in the 
first 3 days, and decreased to the lowest point on day 
3 (P<0.05); and then cell numbers gradually increased, 
and basically restored to the normal control group level 
at week 4.

In the submucosal layer: The effective vascular 
perfusion area increased significantly from day 3, 
and reached the highest value at day 7; and then 
gradually decreased, and finally restored to the nor-
mal control group level at week 16. The thickness 

Figure 7.  Tissue observation 7 days after esophageal ablation.
A, Distinct layers of tissue include a mucosal layer with nonkeratinized squamous epithelium, a submucosal 
layer containing mucus glands (MG), blood vessels (BV), lymphatic vessels (LV) and the Meissner plexus 
(MP), a muscular layer containing regular muscle fibers and rich Auerbach plexus, and a well-structured 
adventitia. B, In muscular layer, the interface between the nonthermal irreversible electroporation–
treated region (▲) and the untreated region (∆). C, Cross section of the esophagus stained with Masson 
trichrome. Signs of regeneration and repair appear: increased number of BV in the submucosa, dilation 
of the vascular lumen, an abundant blood supply, and well-ordered muscle fibers mixing with numerous 
Auerbach plexus (AP) and blood vessels. All bars represent 50 μm.

A

B

C
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of the collagen fiber layer (the Masson-stained blue 
layer) always remained stable. The number of inflam-
matory cells peaked on day 1, then gradually de-
creased, and restored to the control group level at 
week 4.

In the muscle layer: The total thickness, number 
of muscle fibers in cross section, and area of cross-
sectional muscle layer remained the same from day 1 
to week 16. The area of cross-sectional muscle fiber 
exhibited a gradual decrease trend shortly after abla-
tion, dropped to the lowest point at day 7, and restored 
to the normal control group level at week 4.

DISCUSSION
This preliminary work indicates that NTIRE has the 
ability to preserve the ECM, important blood vessels, 
and nerve bundles. This feature allows for a quick re-
covery of the esophagus after electroporation ablation, 
and provides an important guarantee for the recovery 
of peristalsis and secretion of the esophagus.

NTIRE Ablation: Experimental Model and 
Parameter Selection
In order to understand the pathological changes of 
NTIRE to esophageal tissue more intuitively, we used 
a simple, basic, more direct NTIRE ablation parameter 
combination combining with a flat bipolar to carry out 
the study. In this cohort, ablation was performed in a 
monophasic-bipolar fashion using a classical NTIRE 
ablation system, which has been widely used in tissue 
ablation according to previous research. The ablation 
waveforms, which were similar to or not lower than the 
electric field strengths used in endocardial ablation 
or epicardial ablation,9–12 consisted of a sequence of 
microsecond scale square pulses at 2000 V/cm. Our 
research team has used this similar combination pa-
rameter in animals to prove that it reaches to lethal 
ablation on bone, tendon, peripheral nerve, and skel-
etal muscle, while the ablated tissue can repair and 
regenerate in follow-up observation.19–21 Although this 
approach cannot be completely equivalent to test 
catheters designed for endocardial delivery of the 

Figure 8.  Midterm tissue observation after NTIRE ablation.
A, Two weeks post nonthermal irreversible electroporation (NTIRE). The interface between the treated 
region (▲) and the untreated region (∆). The surface of the epithelium begins to keratinize, the epithelial 
basal cells still actively proliferate, the submucosal vasodilatation is reduced, the muscle layer is clear, 
and the sarcoplasm of regenerated muscle cells increases. B, Four weeks post NTIRE. A continuous 
improvement in repair and regeneration. C, Sixteen weeks post NTIRE. Microscopic morphology is close 
to that of the normal control group. D, Masson trichrome staining of (C). Blue staining shows a clear, 
continuous, and intact extracellular framework. All bars represent 50 μm.

A B
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more modern biphasic pulsed-field ablation wave-
forms being studied preclinically and clinically, it fully 
encompasses the entire esophagus between plate 
electrodes, which could be considered a worst-case 
scenario because of a relatively uniform electric field 
intensity distribution. Therefore, the research results 
will help determine the NTIRE parameter threshold for 
histopathological damage of the esophagus, optimize 
the parameter combination scheme, and avoid unnec-
essary tissue damage in advance.

In this study, through the gradient parameter com-
bination test, we confirm that 1500 V/cm multiplied by 
90 pulses is an effective ablation threshold of esoph-
ageal tissue. Combining through finite element calcu-
lations, we find that when a field strength of 1500 V/
cm is applied, the local tissue can be completely inac-
tivated, even tissue at the point of lowest electric field 
strength. The ideal combination of parameters can 
ensure effective tissue ablation without excessively in-
creasing the risk of tissue thermal damage. Therefore, 
a parameter combination that is equal to or higher than 
the above pairing parameters may be appropriate. The 
actual electric field strength used in this study is higher 
than the field strength of the lowest efficient ablation 
threshold. By using finite element modeling, we have 
ensured that the parameters used are able to complete 
effective ablation without unnecessary thermal dam-
age caused by Joule heat.

Efficacy of NTIRE Ablation
It is reported that NTIRE ablation can inactivate tar-
geted cells while retaining tissue scaffolds.22 The 
structural integrity of vessels and nerves remains in-
tact, and the retention of collagen scaffold allows sub-
sequent tissue repair and regeneration.7 Through the 
experiment, all cells in the entire layer of the esophagus 
wall were completely ablated at day 1 postablation, 
and signs of recovery began to appear after 3 days, 
which indicates that the applied electrical parameters 
are strong enough to cause irreversible electroporation 
in all layers of tissue without generating excessive ther-
mal damage.

We observe that the esophagus undergoes 3 char-
acteristic stages after NTIRE, each of which has its 
own unique histological manifestations and biological 
significance. The first stage is the period of tissue ab-
lation, including cell death, tissue edema, inflammatory 
infiltration, and decellularization. Because of complete 
ablation of the mucosal, submucosal and muscular lay-
ers, NTIRE-induced cell death occurs quickly. Partial 
exfoliation occurred in the epithelial layer, and the mus-
cular structure details in the muscle layer were com-
pletely lost. The second stage is the cell regeneration 
phase, including the phase of cell regeneration, prolif-
eration, and tissue revascularization. NTIRE specifically 

targets the cell membrane, allowing for the preserva-
tion of tissue structural components such as the ECM, 
blood vessels, and nerve fibers.18 This holds true for 
the esophagus as well. The necessary microenviron-
ment after NTIRE ablation offers the possibility of rapid 
regeneration and proliferation of tissue cells. On day 
1 and day 3 postablation, Masson trichrome staining 
showed that the ECM was still intact, and the nerves, 
lymph vessels, and blood vessels were still functioning, 
providing a necessary functional framework for epithe-
lialization and muscle cell regeneration. Although the 
observed ECM edema may cause tissue ischemia in 
the ablation segment on day 3, subsequent observa-
tions showed that the blood supply was fully restored 
or even increased. One week after ablation, signs of tis-
sue repair were already evident. Previous studies have 
shown that the epithelial lamina propria of the esopha-
gus contains multipotent stem cells, which differentiate 
and mature gradually, replacing cells that slough off in 
normal, healthy tissue every 1 to 3 days.23 Though the 
epithelial cells within the treated region were ablated, 
it appeared that immature epithelial cells or lamina 
propria–derived stem cells were being produced from 
the edges of the treated regions, and were able to mi-
grate inward to the treated region and produce a new 
epithelial cell layer. The third stage is the period of tis-
sue remodeling, including remodeling of ablated tissue 
and complete recovery of the blood supply. It should 
be noted that “regeneration” in this study refers to the 
restoration of the tissue morphology after ablation to a 
state indistinguishable from the control group observed 
under an optical microscope, but does not include the 
restoration or change of the functional state of the tis-
sue (eg, does not include nerve electrophysiological ac-
tivity of esophageal tissue). What needs to be pointed 
out is that the complete regeneration seen in this pro-
tocol is neither unique to the pulse sequence used in 
this study nor unique to the animal model itself. NTIRE’s 
ability to retain the tissue framework will greatly aid in 
the overall recovery of the esophagus. The framework 
structure such as the epimysium and the perimysium, 
which are mainly composed of reticular collagen fibers 
and elastic fibers, remained intact after NTIRE. Thermal 
coagulation and thrombosis to the blood vessels has 
not occurred, and the capillaries are open and blood 
is flowing. Neven et al used a porcine model to study 
the acute and long-term effects of electroporation abla-
tion on the esophagus and found small scar formation.6 
They completed a good preclinical study; but Koruth et 
al and our team did not find signs of tissue fibrosis. We 
believe these 2 independent studies may differ in the 
following aspects: (1) the number of inflammatory cells, 
and the degree and duration of inflammatory response; 
(2) the number of fibroblasts and cell activity, and the 
effectiveness of fibroblasts to make collagen fibers; (3) 
differences in animal species; and (4) the number of 
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tissue stem cells and their directed differentiation ability. 
Although long-term studies are needed to determine 
what effect NTIRE will have on the esophagus years 
after treatment, it is believed that the unique ability of 
NTIRE to retain blood vessels and the ECM not only 
helps tissue recover in the short term after ablation, but 
could also protect the tissue from developing long-term 
complications in thermal ablation treatments.

Several unique characteristics distinguish NTIRE 
from current thermal ablation techniques. First, under 
the premise that the conductivity remains unchanged, 
the Joule heating is directly related to electric field 
strength, and NTIRE is not associated with a tempera-
ture increase or with protein denaturation if not in a 
sufficiently strong field24; rather, it effectively retains the 
protein activity, which plays an inductive role during tis-
sue regeneration.25 Second, NTIRE causes complete 
tissue ablation partially through apoptosis, pyroptosis, 
or “apoptosis-mimetic” necrosis (known as necropto-
sis).26 There is emerging evidence that apoptotic cells 
release growth signals, stimulate the proliferation of 
progenitor or stem cells, and promote tissue regener-
ation.27 Cell death following NTIRE treatment activates 
the local innate immune system, which shifts the mi-
croenvironment from an anti-inflammatory state to a 
pro-inflammatory state. The nonthermal damage to 
increased innate immune system stimulation improves 
antigen presentation, resulting in the engagement of 
the adaptive immune system. Third, NTIRE might have 
a unique ability to spare critical structures, including 
collagen fibers and the blood vessels.28 It can be pre-
dicted that if some thermal ablation methods were 
applied to the esophagus, they would cause severe 
lumen stenosis. Instead, effective maintenance of 
overall framework tissue integrity and reduced fibrosis 
have been reported as favorable side effects of NTIRE 
in comparison to other thermal ablation methods.29 It 
is evident that the intact vascular preservation is fun-
damental for both necrotic tissue resorption and in situ 
tissue regeneration.

This study carries out esophageal tolerance re-
search about in situ electroporation ablation. The pur-
pose of the study is to offer a transition bridge from 
experimental research to clinical application and to es-
tablish a safety guarantee for para-esophageal electro-
poration. The esophageal tissue passively undergoing 
ablation after being covered by a pulsed electric field 
retains the basic material conditions for tissue repair 
and regeneration, which would at least not have se-
rious lethal complications such as fistula formation or 
esophageal perforation.

Study Limitations
Although this study attests to the relative esophageal-
sparing effects of NTIRE, the approach used in this 

study is still fundamentally different from the expo-
sure human esophagus would endure during left atrial 
ablation. The approach cannot be simply applied to 
test catheters designed for endocardial delivery of the 
more modern biphasic pulsed field ablation waveforms 
being studied preclinically and clinically. Further stud-
ies should be performed to carry out research in large 
animals to make the research results closer to those 
for humans. The use of numerical models will also pro-
vide great advantages for the progression of NTIRE 
cardiac ablation to human clinical trials, reducing inef-
ficiency and cost of long-term preclinical trials. Meeting 
these issues will bring NTIRE ablation 1 step closer to 
in-human studies.

CONCLUSIONS
Monophasic, bipolar NTIRE delivered using the plate 
electrodes in a novel esophageal injury model demon-
strates no histopathologic changes to the esophagus 
at 16 weeks. Data of this study suggest that electropo-
ration ablation is a safe modality for pulsed electropo-
ration ablation near the esophagus.
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