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Abstract

Purpose To investigate the role of a novel curved

radiofrequency ablation (RFA) electrode with controllable

direction in the ablation of tumors behind large hepatic

vessels in ex vivo bovine and in vivo canine liver

experiments.

Materials and Methods Approval from the institutional

animal care and use committee was obtained. In ex vivo

experiments, conventional multi-tines expandable elec-

trodes, conventional monopolar straight electrodes and

novel curved electrodes were used in the ablation of the

bovine liver (n = 90). The ablated area, parallel axis, ver-

tical axis and shape of different electrodes were compared.

Then, 24 beagle dogs (10 months old, female) were used

for in vivo experiments. Visual tumor targets deeply

located in the portal vein were established, and ultrasound-

guided liver ablation was performed with different elec-

trodes. The ablation range, target coverage rate, percentage

of normal tissue injury and damage to adjacent vessels

were evaluated. The Kruskal–Wallis test and the Chi-

squared test were used for statistical analysis.

Results For the ex vivo study with a 3-cm electrode, the

ablation area of the multi-tines expandable electrode group

(7.14 ± 0.16 cm2) was significantly larger than that of the

novel curved electrode group (5.01 ± 0.30 cm2,

P\ 0.001) and the monopolar straight electrode group

(5.43 ± 0.15 cm2, P\ 0.001). The results obtained with

the 4-cm electrode in the three groups were in accordance

with those of the 3-cm electrode. In vivo, the normal tissue

damage area of the novel curved electrode group was

smaller than that of the multi-tines expandable electrode

group (1.10 ± 0.18 cm2 vs. 4.00 ± 0.18 cm2, P\ 0.001).

The target coverage rate of the novel curved electrode

group was better than that of the monopolar straight elec-

trode group (100% vs. 80.86 ± 1.68%, P\ 0.001). The

hematoxylin and eosin (H&E) and TUNEL staining results

showed that the ablation necrosis area was adjacent to large

vessels, but the vascular wall was not significantly dam-

aged in the novel curved electrode group.

Conclusion Our preliminary results showed that the novel

curved RFA electrode with controllable direction could

achieve accurate ablation for tumors behind large hepatic

vessels, with a better target coverage rate and less damage

to normal tissue, than conventional multi-tines expandable

electrodes and monopolar straight electrodes.
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Introduction

Radiofrequency ablation (RFA) is one of the most widely

used techniques in tumor ablation. During RFA, the elec-

trode needle is directly punctured into tumor tissue under

the guidance of ultrasound or computed tomography (CT)

imaging [1, 2]. The RFA electrode needle can be heated to

a high temperature exceeding 80 �C, resulting in cell death

to generate a coagulative necrosis area in the tumor site

[3, 4]. The electrode is a core component of RFA instru-

ments because it directly affects the size and shape of the

coagulative necrosis area.

The conventional RFA electrodes include two main

types. One type is a single-needle straight electrode con-

sisting of monopolar (e.g., TYCO Healthcare, USA) and

bipolar electrodes (e.g., CELON Lab Power, Germany), the

other type is a multi-tines expandable electrode (e.g., RITA

Medical System, USA) [5, 6], as shown in Figure S1. Using

the single-needle straight electrode, the insertion made

along a straight pathway, and one or more electrode nee-

dles are simultaneously inserted into the lesions for abla-

tion [7]. However, when a tumor is located at a deep site of

a blood vessel, crossing the single-needle straight electrode

over a great vessel to ablate the tumor located behind it is

difficult, and it is also easy to puncture the blood vessel and

increase the incidence of hemorrhagic complications. The

second type of conventional RFA electrode is a multi-tines

expandable electrode comprising 8–10 bendable arc-

shaped tines located inside a trocar. All tines are uniformly

distributed in 360� by one operation of needle arrangement

and can produce spherical and reproducible necrotic

lesions [8, 9]. However, when the tumor is located at the

deep site of a great vessel, the electrode needles cannot

access the center of the tumor to completely cover the

whole tumor while avoiding the vessel, which results in the

incomplete ablation of the tumor or causes damage to the

vessels and normal tissue [10].

Thus, the existing RFA electrodes (Fig. 1A, B) fail to

perform an oriented ablation to fit the tumors in compli-

cated anatomic locations in the liver. In view of the above-

mentioned problems in the tumor ablation field, we

invented a novel curved RFA electrode with controllable

direction by combining design elements from related

manufacturing fields with years of user experience to

overcome the drawbacks mentioned above (Fig. 1C). In

this study, we aimed to evaluate the feasibility, efficiency

and safety of the novel RFA electrode in the ablation of

tumors located behind great vessels in ex vivo and in vivo

animal experiments.

Methods and Materials

Design of the RFA Electrode

In our design of the novel RFA electrode (Fig. 2A), a

plurality of control sliding blocks is uniformly arranged

circumferentially in the handle portion, and each tine is

individually controlled by one sliding block to implement

independent extension or retraction to control the extension

number and the direction and length of the tines; overcome

the defect of traditional electrodes for which the number

and the extending direction of the tines are invariable;

realize a controlled and oriented expansion of the electrode

tines; achieve an accurate ablation; prevent unnecessary

damage and obtain the advantages of strong targeting

ability, good local effect, low complications, flexible

operation and ease of adjustment.

According to our design, we modified existing 15 G

multi-tines expandable RFA electrodes with 3 cm and

4 cm curved tines (Medsphere, International Company) as

prototype novel electrodes in this study. The electrode

array consists of five expanded stainless-steel tines held in

place by a trocar that is 0�–180� (45� between two tines),

allowing the user to adjust the direction of tines expansion

as desired (Fig. 2B). The tines of the electrodes in this

study have two angulations, 30� and 45� for the 3-cm and

4-cm electrodes, respectively. For the 3-cm electrode, each

tine can be exposed as far as 1.5 cm, and for the 4-cm

electrode, each tine can be exposed as far as 2 cm. The

tines can be activated simultaneously and individually.

Conventional multi-tines expandable electrodes (Med-

sphere, international company) and monopolar straight

electrodes (Medsphere, International Company) were used

as controls in this study since both types of electrodes are

commercially available. Thus, we can compare the novel

electrode and the conventional two electrodes with the

same generator and the same operation parameters. The

electrodes with 3 cm and 4 cm tines were adopted in the

ex vivo experiment, and the 4-cm tines electrode was used

in the in vivo experiment. The tines of the electrode were

fully exposed during every ablation.

Ex Vivo Experiments

In total, 90 ablations were performed on freshly excised,

room-temperature bovine livers placed on a grounding pad

(Thermopad; RITA/Angiodynamics) in a medical tray. The

electrode tips were advanced with great caution at least

4 cm into the target tissue to ensure that no active tip was

exposed in the air. The electrode was inserted with a

minimum of 5 cm between each insertion point to avoid

interactions between each ablation. The morphology and
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Fig. 1 A schematic diagram of

the problems of conventional

radiofrequency ablation

electrodes and the advantage of

a novel curved radiofrequency

ablation electrode for treating

liver tumors behind large

vessels. A Multi-tines

expandable electrode.

B Monopolar straight electrode.

C Novel curved electrode
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echogenicity in ultrasound imaging for each group during

ablation were recorded and compared. The shape of

coagulation, vertical diameter and parallel diameter, as

well as the ablation area, were evaluated at 120 min after

RFA in gross pathological samples [11]. The ex vivo

experimental ablations were performed by two authors

with more than 3 and 5 years of experience in animal

experiments (J.A.N. and W.S., respectively).

Fig. 2 The new radiofrequency ablation electrode—which we named

the novel curved controlled direction radiofrequency ablation elec-

trode. A A schematic diagram of the novel radiofrequency ablation

electrode. B Photograph of the novel curved radiofrequency ablation

electrode (we modified the existing multi-tines expandable electrode)

used in this study. B-1. The overview of the electrode. B-2. The top

review for the needle tip of the electrode. B-3. The front review of the

needle tip of the electrode
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Assessment of the Ablation Zone

The liver-containing lesions were dissected on the parallel

plane to the axis of the electrode insertion. The clear gray

area corresponds to the zone of coagulation necrosis

[12, 13]. The same two authors (J.A.N. and W.S.) used

calipers to measure the vertical diameter (Dv) and the

parallel diameter (Dp) of the white region on the slice to

show its maximum area. The range of the ablation zone

was drawn by hand and auto calculated by imaging anal-

ysis software (ImageJ v. 1.42, National Institutes of Health,

Bethesda, MD) [14] (Figure S2). To compare the config-

uration of the ablation zones in each group, the ratio of Dv

to Dp was also calculated.

In Vivo Confirmation

For in vivo experiments, we chose a canine liver model

because canine livers have multiple large vessels that

mimic human liver vascularity. Twenty-four female beagle

dogs (10 months old, 20 kg) were purchased from HFK

Bioscience Co., Ltd. (Beijing, China), and all procedures

were approved by the institutional animal care and use

committee. The animals were anesthetized via the intra-

venous injection of 3% sodium pentobarbital (30 mg/kg,

Chemical Reagent Factory, Foshan, China). The dogs were

placed in a supine position, prepared at the midline and

draped. A standardized grounding pad was attached to the

back to complete an electrical circuit. The 24 animals were

randomized into three groups (eight animals in each group)

to undergo RFA under a-portal vein (\ 5 mm in distance)

with the above three electrodes. Each ablation was only

conducted for one dog to assess the hemorrhage risk after

ablation. Ultrasound was used to detect the large portal

vein in the right lobe of the liver, guiding electrode

placement and monitoring the ablation procedure.

Intraperitoneal bleeding was considered if increased liquid

in front of the liver was detected by ultrasound. The short-

axis cross section of the portal vein was set as the electrode

placement section. Liver tissue (3 cm in diameter) directly

under the portal vein was proposed as the target area. In all

three groups, the electrode was inserted at 45� vertical to

the liver surface, and the portal vein was crossed to place

the electrode in the target area. The morphology,

echogenicity and range of ultrasound imaging for each

group during ablation were recorded and compared. The

pathological changes, ablation necrosis range, target effect,

damage to normal liver tissue and hemorrhage rate for each

group were compared. In this phase, ablations were per-

formed by one senior author with more than 10 years of

experience in interventional ultrasound (Y.W.).

RFA Procedure

The electrodes in all three groups were applied by using a

480-kHz RFA generator (Medsphere S-1500). During

ablation, the radiofrequency generator was started at a

30 W output. The output increase was sufficient to main-

tain a tip temperature of 80–100 �C until the resistance

reached 100 Omega. When the tip temperature reached the

designated temperature (120 �C), the generator stopped

automatically. Ablation time was determined automatically

by the radiofrequency energy generator. All tines of the

RFA electrode were fully exposed during ablation. In

addition, tract coagulation was performed in all animals.

Evaluation of Pathological Changes and Target

Effect

At 24 h after ablation, the animals were euthanized by an

intracardial injection of potassium chloride (Shanghai

Haoran Biological Technology Co., LTD, Shanghai,

China). A diagnostic inspection of the abdominal cavity of

each dog was performed to assess postoperative bleeding.

After removal, livers containing RF-induced coagulations

were sliced in parallel to the electrode tracks. The liver and

vessels in the ablation range were resected and evaluated.

We incubated one slice of each section in 2% 2,3,5-triph-

enyltetrazolium chloride (TTC) (Sigma-Aldrich, St Louis,

MO), which indicates mitochondrial enzyme activity, at

37 �C for 30 min to assess the irreversible cellular injury of

RF-induced necrosis [15, 16]. Area analysis was performed

on the photographs using ImageJ v. 1.42 software (National

Institutes of Health, Bethesda, MD). The target area was set

to simulate the tumor located behind the portal vein in each

dog. The target area was a circular region with a 3 cm

diameter located directly behind the portal vein, imitating a

small tumor, as shown in Fig. 3. The ablation area, the

Fig. 3 A schematic diagram of the vessel, ablation and target area

calculation. The red hollow circle represents the vessel, the blue circle

represents the ablation area, and the yellow circle represents a target

area of 3 cm in diameter. The overlapped pink area represents the

target tissue damage area
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target coverage rate and the percentage of normal tissue

injury were calculated after ablation.

After photography, the rest of the resected liver samples

were fixed in 10% formalin solution for subsequent

histopathologic examination. The pathological findings of

the ablation zone were evaluated by H&E staining. The

damage to the vascular wall or normal liver tissues near the

ablation was recorded by H&E staining and TUNEL

staining.

Statistical Analysis

Statistical analysis was performed using SPSS 21.0 (SPSS,

Chicago, IL, USA). All continuous data are shown as the

mean ± standard deviation. The Kruskal–Wallis test was

used to compare the ablation size among the three groups.

Then, the Nemenyi test was used to perform paired com-

parisons for multiple groups when the overall P value was

less than 0.05. The prevalence of bleeding was compared

using a Chi-squared test and Fisher’s exact test. A P value

of less than 0.05 was considered significant.

Results

Ex Vivo Experiments

The Ultrasound Image Findings

A strong hyperechoic region was produced around the

electrode needle after starting the RFA generator. The

region was round in the multi-tines expandable electrode

group, semilunar-shaped in the novel curved electrode

group and oval-shaped in the monopolar straight electrode

group. The boundary of the strong echo region was well

defined, and the echogenicity was uniform (Fig. 4).

The Morphology and Range of the Ablative Zone

on Pathological Samples

The shape of the ablative zone on the gross pathological

specimen was in accordance with the ultrasound presen-

tation. The gross pathological specimen showed that the

ablative necrosis region was nearly round in the multi-tines

expandable electrode group, was semilunar in the novel

curved electrode group and oval-shaped in the monopolar

straight electrode group (Fig. 4).

The range of the gross pathological ablation area was

measured by using calipers and imaging software

(Table 1). With a 3-cm electrode, the ablation Dv of the

multi-tines expandable electrode group (3.50 ± 0.35 cm)

was significantly longer than the novel curved electrode

group (2.37 ± 0.23 cm, P = 0.001) and the monopolar

straight electrode group (2.12 ± 0.06 cm, P = 0.001). The

ablation Dp of the monopolar straight electrode group

(3.53 ± 0.06 cm) was significantly longer than those of the

multi-tines expandable electrode group (3.10 ± 0.10 cm,

P = 0.008) and the novel curved electrode group

(2.57 ± 0.21 cm, P\ 0.001). The ablation area of the

multi-tines expandable electrode group (7.14 ± 0.16 cm2)

was significantly larger than that of the novel curved

electrode group (5.01 ± 0.30 cm2, P\ 0.001) and

monopolar straight electrode group (5.43 ± 0.15 cm2,

P\ 0.001) (Figure S3). The results obtained with the 4-cm

electrode in the three groups were in accordance with those

of the 3-cm electrode (Table 1).

In Vivo Confirmation

The Ultrasound Findings and Target Effect

Similar to the ex vivo results, there was a strong hypere-

choic area around the electrode during ablation, the

boundary was well defined and the echogenicity was uni-

form. The shape of the multi-tines expandable electrode

group was round, the novel curved electrode group was

demilunar and the monopolar straight electrode group was

oval-shaped. The ablative area was located behind the large

portal vein in the liver (Fig. 5).

Based on ultrasound findings, the target effect for dif-

ferent electrodes was as follows: the target area was

completely covered, while a large portion of normal liver

was damaged in the multi-tines expandable electrode

group; the target area was completely covered, and slight

normal liver damage was observed in the novel curved

electrode group. The target area was partially covered by

ablation in the monopolar straight electrode group.

Pathological Evaluation of the Ablation Zone and Target

Effect

According to gross pathological evaluation of the ablation

zone in the liver, the necrosis zone was brown and yellow,

the narrow needle path was slightly black in the center, and

the edge color was gradually dimmed. Histopathologic

findings confirmed that the ablated regions in all cases

consisted of a central necrotic zone surrounded by a 1–3-

mm-wide, peripheral hemorrhagic zone consisting of

necrotic hepatocytes, interstitial hemorrhage and poly-

morphonuclear leukocyte infiltrates. There was a sharp

demarcation between coagulated and untreated tissue. The

ablated region was nearly round in the multi-tines

expandable electrode group, demilunar in the novel curved

electrode group and a long oval-shaped in the monopolar

straight electrode group. These features were consistent

with the ex vivo results (Fig. 5).
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Based on pathological gross samples, the ablation area

was 11.13 ± 0.19 cm2 for the multi-tines expandable

electrode, 8.73 ± 0.26 cm2 for the novel curved electrode,

and 9.34 ± 1.07 cm2 for the monopolar straight electrode

(Table 2). We further compared the target coverage area

and normal tissue damage area, and found that the target

coverage area was smallest in the monopolar straight group

(5.73 ± 0.13 cm2, P\ 0.001, P\ 0.001), while the

Fig. 4 The texture and morphology of the ablation zone in ultrasound

imaging and gross pathology with different electrodes in ex vivo

experiments (bovine liver). A–C The ultrasound performance of

different RFA electrodes in ex vivo experiments. D–F Schematic of

the ablation zone with different electrodes. G–I The corresponding

finding in gross pathological samples with different electrodes

Table 1 Comparison of the

ablation range on gross samples

among different electrodes

Measurement Dp (cm) Dv (cm) Area (cm2) Ratio of Dp/Dv

Multi-tines expandable

3 cm 3.10 ± 0.10 3.50 ± 0.35 7.14 ± 0.16 0.89 ± 0.06

4 cm 3.37 ± 0.12 5.10 ± 0.53 12.43 ± 0.33 0.66 ± 0.07

Novel curved

3 cm 2.57 ± 0.21 2.37 ± 0.23 5.01 ± 0.30 1.10 ± 0.20

4 cm 2.80 ± 0.10 3.00 ± 0.20 8.05 ± 0.81 0.84 ± 0.05

Monopolar straight

3 cm 3.53 ± 0.06 2.12 ± 0.06 5.43 ± 0.15 1.63 ± 0.04

4 cm 5.13 ± 0.23 2.27 ± 0.25 9.97 ± 0.06 2.28 ± 0.19

The ablations Dp, Dv and area were significantly different among three groups in both the 3-cm electrode

and the 4-cm electrode. The ratio of Dp/Dv indicated the morphology of the ablation zone. The more the

ratio was close to 1, the more the shape was close to a circle
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Fig. 5 The morphology and size of the ablation zone in ultrasound

imaging and gross pathology with different electrodes in the in vivo

experiments (beagle dogs). A–C Scheme of the ablation zone with

different electrodes. D–F The ultrasound performance of different

RFA electrodes in vivo. The red hollow circle represents the vessel,

the blue area indicates the ablation area, and the pink area indicates

the target tissue damage area. G–I The corresponding finding in gross

pathological samples with different electrodes. The arrow points to

the vessel

Table 2 Comparison of the

ablation area and target

coverage rate for different

electrodes

Parameters Multi-tines Novel Monopolar

Target tissue area* (cm2) 7.1 7.1 7.1

Target tissue damage area (cm2) 7.1 7.1 5.73 ± 0.13

Target coverage rate (%) 100 100 80.86 ± 1.68

Ablation area (cm2) 11.13 ± 0.19 8.73 ± 0.26 9.34 ± 1.07

Normal tissue damage area** (cm2) 4.00 ± 0.18 1.10 ± 0.18 3.49 ± 0.74

Normal tissue damage ratio** (%) 36.20 ± 1.18 12.56 ± 2.01 37.75 ± 8.26

*The target tissue area of each group was set equal. 7.1 cm2 is the area of the circle of 3 cm in diameter

according to formula (S = pr2)

**The normal tissue damage area and damage ratio were significantly different among the three groups

(P\ 0.001)
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normal tissue damage area was largest in the multi-tines

expandable electrode group (4.00 ± 0.18 cm2, P\ 0.001,

P = 0.002) compared to that in the other two groups. The

target coverage rate of the novel curved electrode was

better than that of the monopolar straight electrode (100%

vs. 80.68 ± 1.68%, P\ 0.001). Additionally, the normal

tissue damage rate of the novel curved electrode was better

than that of the multi-tines expandable electrode

(12.56 ± 2.01% vs. 36.2 ± 1.18%, P\ 0.001) (Table 2).

Pathological Evaluation of the Vessels Above the Ablation

Zone

The H&E and TUNEL staining results of the ablation

sample showed that the ablation necrosis area was adjacent

to the vessel, but the vascular wall was not significantly

damaged in the novel curved electrode group. However,

the vascular wall was obviously destroyed in the

monopolar straight electrode group and was mildly dam-

aged in the multi-tines expandable group (Fig. 6).

Complications

After RFA treatment, the rate of peritoneal bleeding was

25% (2/8 ablations) in the multi-tines expandable electrode

group and 75% (6/8 ablations) in the monopolar straight

electrode group, while there was no obvious bleeding in the

novel curved electrode group (P = 0.005 for overall com-

parison). There was a thrombus near the multi-tines

expandable electrode needle insertion. The risk of bleeding

after RFA in the novel curved electrode group was sig-

nificantly lower than that in the monopolar straight elec-

trode group (P = 0.007).

Discussion

RFA is a safe and effective minimally invasive therapy

widely used in unresectable hepatic tumors. RFA can be

used as a radical therapy in tumors under 3 cm and has

important effects in alleviating tumor load and prolonging

survival in the treatment of large tumors [17–21]. In recent

years, the effectiveness of RFA has obtained increasing

approval and satisfaction, and relevant research has also

attracted great attention as a minimally invasive therapy.

Most research has focused on expanding the ablation zone

for better effects, such as optimizing the RF algorithm

[22–24], increasing the tip of the electrode needle [25–27]

and combining this technique with other therapies such as

transcatheter arterial chemoembolization [28–30]. How-

ever, the extent of coagulation for some of the newer

electrode systems damages adjacent tissue because the

liver has complex anatomic structures. The ablation size

was larger, and the risk for injury of adjacent structures and

Fig. 6 Pathological staining results for the liver with vessels from

in vivo experiments (beagle dogs). Hematoxylin and eosin (A–C) and

TUNEL (D–F) staining showed that the nonviable treated tissue was

alongside the vessel. The thrombus can be observed in the multi-tines

expandable electrode group. The vascular wall was also damaged in

the monopolar straight group. The vascular wall cells were still well

formed in the novel curved electrode group. The arrow points to the

vessel
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resulting complications was higher. Thus, the ablation

accuracy had a direct impact on the treatment efficiency.

However, this kind of research has focused on the

improving image guidance methods [31], and to our

knowledge, very few researchers have focused on modi-

fying the RFA electrode.

RFA of hepatic tumors is often hindered by their loca-

tion close to the major hepatic vessels. In the past, RFA for

perivascular tumors was thought to be ineffective and

unsafe due to either the heat sink effect or vascular

thrombosis [32–35]. Specifically, it is difficult for tumors

located just behind major vessels because of the limit of the

puncture angle of the electrode during the percutaneous

RFA procedure. To address this limitation, we developed a

RFA electrode capable of thermally coagulating a typical

shape to cross large vessels and target the tumors located

behind these structures, without touching the vessels. The

aim of this study was to examine whether RFA using a

novel curved electrode could be a safe and effective option

for targeting tumors behind major hepatic vessels.

Our results revealed that the novel curved electrode with

a controllable direction could cover the target area and

minimize the damage of the normal tissue in the ablation

behind hepatic vessels in an animal model. This method

was able to create coagulations of a circle larger than 3 cm

in diameter in the in vivo liver tissue, which was large

enough to safely treat tumors under 3 cm.

Regarding the ablation size with different electrodes in

ex vivo experiments, the number of extended tines of the

novel curved electrode was less than that of the multi-tines

expandable electrode; thus, the Dv of the novel curved

electrode was shorter than that of the multi-tines expand-

able electrode (2.37 ± 0.23 cm vs. 3.50 ± 0.35 cm,

P = 0.001). Accordingly, the ablation area was also smaller

(5.01 ± 0.30 cm2 vs. 7.14 ± 0.16 cm2, P = 0.000).

Hence, the novel curved electrode could only cover the

tumor range while reducing normal tissue injury, especially

adjacent organs, such as large vessels. Compared to the

monopolar straight electrode, the ablation area of the novel

curved electrode was similar (5.01 ± 0.30 cm2 vs.

5.43 ± 0.15 cm2, P = 0.352). However, the shape of the

ablation zone was quite different. The ablation zone of the

novel curved electrode was semilunar, which better fit the

tumor under the vessel. Therefore, compared with the

monopolar straight electrode, the novel curved electrode

could be better able to cover the tumor and reduce residue

tissue. The 3-cm and 4-cm electrodes are most commonly

used in clinical treatment, so we chose these two electrodes

for this experiment. The comparison among the three

groups with different electrodes was consistent between the

3-cm and 4-cm electrodes. Notably, the ablation size in

ex vivo experiments was usually larger than that in vivo

experiments. We believe that the lack of blood flow and

perfusion may lead to the overestimation of the achievable

ablation zone in an ex vivo study.

In the in vivo experiments, we set a virtual tumor (3 cm in

diameter) in the deep site of the vessel. We evaluated the

target coverage rate on the largest transverse section of

pathological sample and ultrasound images, so the target

coverage rate of the multi-tines electrode was 100%. How-

ever, in clinical practice, the tumor was spherical, and it was

usually difficult to fully ablate the whole tumor without

damaging the vessels located above the tumor. When com-

paring the bleeding post-ablation, the novel curved electrode

had the lowest risk compared with that of the other two

groups (P = 0.005). The pathological staining analysis

indicated coagulative necrosis, and the demarcation between

treated and untreated tissue could be identified. Complete

cell necrosis was observed surrounding the vessel within the

ablation zone, while the vascular wall cells remained viable

in the novel curved electrode group. However, membrane

rupture and pyknosis indicated irreversible necrosis in the

vascular wall in the other two groups. We even found a

thrombus near the multi-tines expandable electrode needle

insertion. The in vivo study data indicated the feasibility of a

novel curved electrode for targeting tumors behind large

vessels in the liver with reduced bleeding complications.

There were some limitations of our study. First, in this

ex vivo study, we chose only one cross section from the

gross pathology samples to indicate the ablation zone. The

ablation volume of different electrodes should be system-

atically studied. Second, in the in vivo experiments, the

ablations were conducted on normal canine hepatic tissue

instead of on transplanted tumors behind the vessels. Due

to the different tissue and tumor textures, the ablation range

and cover effect would vary. Even so, the initial data from

this animal model showed encouraging results of the new

electrode in the tumor ablation field.

Conclusion

This study is a pilot study on the improvement of the RFA

electrode design. The results have great clinical signifi-

cance for the percutaneous ablation of tumors behind

hepatic vessels by using RFA. The newly designed struc-

ture of the curved electrode could improve the accuracy of

treating tumors with risky anatomic locations in the liver

and protect the adjacent organ and vessels at the same time.

Future preclinical studies are needed to evaluate the role of

novel electrodes in the translation to clinical application.
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