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Abstract

Background and Aims: Irreversible electroporation (IRE) 
is an emerging local ablation therapy which may be effec-
tive for unresectable tumors. This study aimed to evaluate 
the safety and efficacy of percutaneous IRE in the treat-
ment of hepatocellular carcinoma (HCC) abutting the dia-
phragm. Methods: A total of 26 participants with 39 tu-
mors abutting the diaphragm were prospectively evaluated 
between July 2015 and September 2018. Complications 
associated with IRE were recorded, and the survival benefit 
of IRE was analyzed. The factors associated with time to 
local tumor progression (LTP) were analyzed using univari-
ate and multivariate Cox regression models. Results: No 
major complications or treatment-related deaths occurred. 
The technical success rate was 96.2% (25/26) and com-
plete ablation rate was 92.3% (36/39). The median follow-
up period was 16.7 months (range: 3.0–43.0 months), the 
LTP occurred in 15.2% of tumors and median time to LTP 
was 20.4 months. Overall, tumor size (hazard ratio: 1.24 
[95% confidence interval: 0.38, 3.81], p=0.03) was the 
only factor associated with time to LTP. Conclusions: This 
study shows for the first time that percutaneous IRE is a 
safe and effective ablation technology for HCC abutting the 
diaphragm.
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Introduction

Hepatocellular carcinoma (HCC) is the third most common 
cause of cancer-related deaths globally.1–3 In addition, the 
incidence rate of HCC has been on the rise and is antici-
pated to continue increasing.4,5 The 5-year survival rate of 
untreated HCC is below 5%.3 Surgical resection and radiof-
requency ablation are the recommended therapeutic strate-
gies for early-stage HCC patients.6

Treatment of HCC abutting the diaphragm is challeng-
ing, due to poor visibility of the target tumor, difficulty in 
access, and risk of collateral thermal injury to surrounding 
structures.7 Radiofrequency ablation, cryoablation, micro-
wave ablation and other thermal ablation methods are the 
commonly used local treatment strategies for HCC abutting 
the diaphragm.8–10 A few studies have reported that using 
conventional radiofrequency ablation resulted in a low local 
tumor control and high complication rate (mainly pneumo-
thorax or diaphragm injury, lung injury) for HCC abutting 
the diaphragm.11–14 Thus, percutaneous thermal ablation 
of HCC abutting the diaphragm may result in poor clinical 
outcomes. However, to date, no reported study has inves-
tigated the application of irreversible electroporation (IRE) 
for treatment of HCC abutting the diaphragm.

IRE is a novel non-thermal ablation technology that uses 
high-voltage short pulses to influence the target cell mem-
brane, forming irreversible nanopores on the lipid bilayer of 
the cell membrane. This in turn disrupts the steady state of 
the intracellular environment, subsequently leading to cell 
death.15–17 Moreover, the main advantage of IRE is that it 
can treat tumors very close to large blood vessels and bile 
ducts without affecting blood or bile flow, mainly because it 
has a non-thermal effect in the treatment zone.18

Therefore, this study aimed to evaluate the safety and 
efficacy of percutaneous IRE in unresectable HCC abutting 
the diaphragm. We hypothesized that IRE could be a better 
choice for HCC abutting the diaphragm.

Methods

The present prospective study (NCT02329106) was ap-
proved by the ethics committee of the Institutional Review 
Board of Fuda Cancer Hospital. The study was conducted 
in compliance with the Helsinki Declaration, and written in-
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formed consent was obtained from all patients.

Patient selection

A total of 26 patients (median age: 62 years; range: 45–75 
years) with 39 tumors were enrolled for the study between 
July 2015 and September 2018. HCC was diagnosed ac-
cording to the practice guidelines of the American Associa-
tion for the Study of Liver Diseases (AASLD).19 Computed 
tomography (CT) images were used to measure the short-
est distance from the edge of the tumor to the diaphragm. 
The inclusion criteria were as follows: (1) subphrenic HCC 
(defined as a tumor adjacent to the diaphragm [<10 mm] 
on axial or coronal CT or magnetic resonance [MR] imag-
ing); (2) tumor size of ≤5 cm; (3) tumor location adjacent 
to the diaphragm and unable to be subjected to surgical re-
section or with patient refusal to undergo surgical resection; 
(4) absence of portal vein tumor thrombus or formation of 
stubborn malignant ascites; and (5) adequate liver function 
(Child-Pugh classification of grade A or grade B). The fol-
lowing exclusion criteria were adopted: (1) intolerance to 
general anesthesia; (2) presence of a pacemaker or biliary 
metal stents; or (3) diagnosis of arrhythmias, epilepsy and 
myocardial injury.

IRE procedure

Preoperative preparation involved a 64-slice spiral CT (SO-
MATOM Definition AS; Siemens Healthcare, Erlangen, Ger-
many), enhanced CT examination and 1.5 T superconduct-
ing MR scans, performed to determine whether the tumor 
was associated with unilateral or bilateral secondary bile 
ducts, portal veins and other vital structures without dis-
tant metastasis, and to confirm that there were no radi-
cal surgical resection conditions. Anesthetization included 
induction medications of midazolam, etomidate, sufenta-
nil and vecuronium under mechanical ventilation of 60% 
oxygen concentration. Remifentanil and propofol, in com-
bination with a small amount of isoflurane inhalation, was 
administered as maintenance medication, and intermittent 
addition of vecuronium was applied to achieve full muscle 
relaxation.

After routine aseptic techniques and anesthesia, IRE 
ablation was performed using the IRE ablation system 
(NanoKnife; AngioDynamics, Latham, NY, USA) under ul-
trasound (US) alone or US fused with CT. Electrodes were 
inserted into lesions under imaging guidance. The number 
of electrodes used ranged from two to six and was based on 
the axial maximum tumor size, the distance between adja-
cent electrodes (1.0–2.0 cm), and exposure length of the 
ablation electrode (1.0–2.5 cm). To prevent pulse-induced 
arrhythmias, the IRE generator was synchronized with the 
patient’s cardiac rhythm. Ablation parameters included volt-
age 1,500–3,000 V in 10 groups of 90 pulses, and the pulse 
width for each group was 90 µs. Successful completion of 
the procedure was defined as the ability to successfully de-
liver all planned pulses (at least 90) in accordance with the 
size and dimensions of the lesion as well as to ensure that 
the current showed a change of at least 5 A from that of the 
initial 10 pulses delivered. Patient’s vital signs were closely 
monitored during IRE, and the type of anesthesia adminis-
tered and other surgery-related accidents or complications 
were recorded.

Patient follow-up

Patients remained hospitalized for at least 24 h after re-

ceiving the IRE ablation treatment. Routine laboratory tests 
were performed, including liver function test for alpha feto-
protein (AFP) level. The CT and MR imaging were carried out 
to assess imaging changes. The first assessment was per-
formed 1 month after the IRE procedure, and subsequent 
assessments were performed every 3 months. Follow-up 
images were independently interpreted by a senior radiolo-
gist with at least 10 years of liver imaging experience. Any 
tumor observed in the follow-up imaging was reviewed dur-
ing the weekly multidisciplinary HCC oncology committee 
meetings.

Evaluation of complications

Adverse events that occurred during the perioperative peri-
od, such as pain, fever, or abnormal laboratory results were 
recorded. Complications were classified as minor and major, 
in line with the guidelines of the Society of Interventional 
Radiology Standards of Practice Committee.20 Major compli-
cations were defined as any event that led to death or was 
life-threatening, required surgical or radiological interven-
tions or prolonged hospitalization. All other complications 
were considered as minor complications.

Evaluation of technical success and treatment ef-
fectiveness

Technical success was defined as the evaluation of complete 
ablation rate observed via CT and MR imaging 1 month after 
the IRE procedure. Complete ablation was defined as the 
absence of visible nodules or irregular enhancements near 
the ablation zone in the arterial phase. During IRE treat-
ment, the technical characteristics of the IRE procedure, 
including average voltage, number of electrodes, and total 
number of pulses delivered between each combination of 
electrodes for each procedure, were recorded.

Evaluation of tumor control

After administration of IRE ablation treatment, the pres-
ence of irregular regional enhancement within 1 cm of the 
ablation area in the arterial phase, nodule enlargement or 
identification of new contrast enhancement areas during the 
follow-up period reflected local tumor progression (LTP). 
Time to LTP was defined as the date from IRE ablation ad-
ministration to the date of the first observation of LTP.

Evaluation of tumor response

Treatment response was evaluated using contrast-enhanced 
CT or MR imaging and the guidelines of the modified Re-
sponse Evaluation Criteria in Solid Tumors (mRECIST). Ar-
terial phase enhanced imaging revealed that the target le-
sions were not observed in complete response (CR). Partial 
response (PR) was reflected by a ≥30% decrease in the 
sum of diameters of the target lesions. Progressive disease 
(PD) was reflected by a ≥20% increase in the sum of diam-
eters of target lesions or new lesions. Stable disease (SD) 
manifested target lesions that were not decreased to PR or 
increased to PD.

Statistical analysis

Data analyses were performed using SPSS version 20.0 
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(IBM Corp., Armonk, NY, USA). Patient demographics, tu-
mor characteristics, and recurrences were analyzed using 
descriptive statistics. The median time to LTP was analyzed 
using the Kaplan-Meier method. Univariate and multivariate 
Cox regression models were used to estimate crucial base-
line tumor parameters for time to LTP. A p-value of <0.05 
was considered statistically significant.

Results

Patient characteristics

A total of 35 patients with HCC abutting the diaphragm were 
evaluated by the multidisciplinary tumor board between July 
2015 and September 2018. Amon them, nine patients were 
excluded due to tumor size ≥5 cm (n=5), the presence of 
a metal biliary stent or heart pacemaker (n=2), presence 
of arrhythmias (n=1), or history of epilepsy (n=1). All 26 
patients (16 males, 10 females) with 39 tumors under-
went the IRE procedure (Fig. 1). Baseline characteristics 
of the patients are summarized in Table 1. The median age 
of patients was 62 years (range: 45–75 years). The me-
dian size of the tumors was 2.4 cm (range: 1.3–4.2 cm). 
All tumors were located adjacent to the diaphragm, with 
a median distance from the diaphragm of 0.56 cm (range: 
0.16–1.0 cm). Of the 20 (76.9%) patients who underwent 
surgery, 11 (42.3%) received transarterial chemoemboliza-
tion (TACE) before IRE. Representative CT images of HCC 
abutting the diaphragm before, during, and 40 months after 
performance of the IRE procedure are displayed (Fig. 2). No 
patient was lost to follow-up.

IRE procedure characteristics

During IRE ablation, two to six electrodes (median of three 
electrodes) were inserted into the ablation area under the 
guidance of CT coupled with US. Electrodes were placed at 
10–20 mm intervals (median interval: 15 mm). Median en-
ergy delivery time was 20 m (range: 10–30 m) (Table 2).

Safety

No major complications or deaths associated with IRE oc-
curred. During the follow-up period, all postoperative com-
plications were minor, with adverse reaction levels ranging 
from 1 to 2 (Table 3). Five patients (19.2%) developed IRE 
treatment-related cardiac arrhythmia during IRE, eight pa-
tients (30.7%) showed elevated blood pressure which was 
controlled with nicardipine, and six patients (23.1) devel-
oped pneumothorax without chest drain. All patients were 
in remission after general symptomatic treatment.

Efficacy

The technical success rate was 96.2% (25/26) for the ini-
tial session. Thirty-six tumors (92.3%) achieved complete 
ablation (Table 4). The median follow-up period was 16.7 
months (range: 3.0–43.0 months). LTP occurred in 6 of 
the 39 tumors (15.4%); among these, LTP occurred in 2 
of the 25 tumors (8.0%) with size of <3 cm and 4 of the 
14 tumors (28.6%) with size of >3 cm. The median time 
to LTP was 20.4 months (range: 3.0–41.2 months) (Fig. 

Fig. 1.  Flowchart of patient selection. 
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Table 1.  Baseline characteristics of eligible patients

Characteristic Value, n=26

Median age in years, mean (range) 62 (45–75)

Sex, n (%)

    Male 16 (61.5)

    Female 10 (38.5)

Number of tumors 39

Tumor size, median (range) 2.4 (1.3–4.2)

AFP level in ng/mL 86.2 (2–1,562)

Median distance from diaphragm in cm, mean (range) 0.56 (0.16–1.0)

ECOG performance status >1, n (%) 8 (30.7)

Child-Pugh class, n (%)

    A 20 (76.9)

    B 6 (23.1)

Tumor location, (%)

    S8 16

    S7 11

    S5 7

    S4 3

    S2 2

Prior therapy

    Surgery 20

    TACE 11

Fig. 2.  A 49 year-old male with HCC abutting the diaphragm. (A) Preoperative enhanced CT illustrating location of the tumor adjacent to the diaphragm (arrow). (B) Two 
ablation electrodes inserted into the tumor area under the guidance of enhanced CT. (C) 6 months after IRE. (D) 40 months after IRE. The ablation zone has shrunk (arrow).
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3). Results of univariate analyses revealed that AFP level 
(hazard ratio [HR]=8.72 [95% confidence interval (CI): 
2.97, 13.30]; p=0.03), vascular invasion (HR=2.58 [95% 
CI: 1.10, 4.21]; p=0.02), and overall tumor size (HR=0.78 
[95% CI: 0.45, 1.86]; p=0.01) were significantly associat-
ed with time to LTP. However, multivariate analyses results 
revealed that only overall tumor size of >3 cm (HR: 1.24 
[95% CI: 0.38, 3.81]; p=0.03) was significantly associated 
with time to LTP (Table 5).

Discussion

The results of the present study indicated that IRE ablation 
was a safe and effective treatment method for HCC abut-
ting the diaphragm. About 92.3% of the tumors achieved 
complete ablation and 15.4% of the patients experienced 
LTP. Moreover, the median time to LTP was 20.4 months, 
and multivariate analyses results revealed that only over-
all tumor size (>3 cm) was associated with time to LTP.

No IRE-related deaths occurred in the present study. Di-
aphragmatic perforation and other serious adverse events 
were not observed in the study. Five patients developed 

cardiac arrhythmia, which resolved once the released 
pulse ended and after nicardipine treatment. The cases 
of arrhythmia were caused by the high-voltage electric 
field which induced bioelectrical disturbance in the body. 
This underscores the need for cardiac synchronization in 
such patients.21 Two patients had pneumothorax caused 
by electrode puncture of the lung. These results suggested 

Table 2.  IRE characteristics

Characteristic Value

No. of electrodes, median 3 (2–5)

Pulse length in µs 70–90

No. of pulses (range) 1,800 (180–3,800)

Electrode exposure length in mm 20 (15–25)

Median voltage 2,600 (1,500–3,000)

Median electrode spacing in mm (range) 15 (10–20)

Median length of active tip in mm (range) 20 (10–25)

Median energy delivery time in m (range) 20 (10–30)

Table 3.  Adverse reactions after treatment

Adverse event
Grade (n, %)

Total (n, %)
I II III IV

Pneumothorax 2 (7.7) 4 (15.4) 0 0 6 (23.0)

Cardiac arrhythmia 2 (7.7) 2 (7.7) 0 0 4 (15.3)

Pleural effusion 0 1 (3.8) 0 0 1 (3.8)

Elevated blood pressure 2 (7.7) 6 (23.0) 0 0 8 (30.7)

Partial portal Thrombosis 0 1 (3.8) 0 0 1 (3.8)

Abdominal pain 1 (3.8) 2 (7.7) 0 0 3 (11.5)

Fever 1 (3.8) 0 0 0 1 (3.8)

Vomiting 1 (3.8) 1 (3.8) 0 0 2 (7.7)

Decreased platelet count 0 1 (3.8) 0 0 1 (3.8)

Table 4.  Treatment responses of the tumors

Treatment responses Total CR PR SD PD

Number of tumor 39 36 2 1 0

Percentage 100 92.3 5.1 2.6 0

CR, complete response; PR, partial response; SD, stable disease; PD, progres-
sive disease.

Fig. 3.  Graph representing time to local tumor progression in 26 pa-
tients with 39 tumors after IRE. 
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that IRE could be considered as a treatment option in the 
treatment of patients with HCC abutting the diaphragm.

Surgery is the standard treatment procedure for early-
stage HCC. However, only less than 20% of the patients are 
suitable for surgery.2,22 For patients who are not suitable 
for surgery, radiofrequency ablation is considered as a safe 
and effective therapy for early-stage HCC.23 However, radi-
ofrequency ablation has heat-sink effect and hence cannot 
protect vital structures well.24,25 To avoid these limitations, 
IRE has been proposed as a safer alternative, as it does 
not cause damage to bile ducts or blood vessels and vital 
structures.26,27 Moreover, radiofrequency ablation with infu-
sion of artificial ascites creates a buffer zone and isolates 
vital structures, such as the diaphragm, stomach, bowel 
loops and gallbladder. However, artificial ascites increases 
the risk of additional trauma during radiofrequency abla-
tion. The technical success rate of artificial ascites has been 
low. More importantly, artificial ascites themselves may in-
crease the risk of peritoneal seeding.28 Therefore, IRE abla-
tion could be a potential treatment option for HCC abutting 
the diaphragm.

Tumor location is an important factor affecting local tu-
mor control. In the present study, the LTP was achieved 
for 15.4% of lesions. Kang et al.13 retrospectively analyzed 
80 patients who underwent a percutaneous radiofrequency 
ablation with tumor diameters of <4 cm and abutting the 
diaphragm. LTP was observed in 29% of the lesions. Mako-
vich et al.29 retrospectively analyzed 38 HCC patients who 
underwent a percutaneous microwave ablation of lesions 
(≤5 mm from diaphragm) abutting the diaphragm. LTP oc-
curred in 23.7% of the lesions. Yang et al.30 reported on 
61 patients (with 77 lesions) who were treated with per-
cutaneous cryoablation. LTP was observed in 41.9% of the 
lesions. To sum up, all these results suggested that the rate 
of LTP from IRE was significantly lower than that from radi-
ofrequency ablation, microwave ablation, and cryoablation. 
Hence, percutaneous IRE appears to be a better choice for 
HCC abutting the diaphragm.

In the present study, the complete ablation rate was 
92.3%. Sutter and his colleagues31 retrospectively ana-
lyzed 58 patients with HCC and 75 lesions who underwent 
IRE ablation. They found the complete ablation rate to be 
77.3%, which was nearly 81.8% for lesions with diameters 
<30 mm. Fruhling et al.32 found a complete ablation rate 
of 78.9% at 3 months after receipt of IRE and 65.8% at 6 
months after. These preliminarily clinical data indicate that 
IRE ablation can effectively treat HCC-abutting diaphragm 
tumors, with good complete ablation rates.

In summary, this is the first study to demonstrate that 
IRE is a safe and effective treatment option for HCC abut-
ting the diaphragm. Furthermore, compared with other 
ablation techniques, IRE has a lower LTP rate and higher 
survival benefit for HCC abutting the diaphragm. However, 
this study has some limitations, such as the small sample 

size. Future multicenter studies are advocated to validate 
the present findings.
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