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Abstract
BACKGROUND
The results of the heat irrigating effect of radiofrequency ablation (RFA) are uncertain, and the accurate impact of the heat irrigating effect on regional liver tissue is unknown due to a lack of control experiments.

AIM
The aim of this study was to determine the influence of the heat irrigating effect of RFA on regional liver tissue in Bama miniature pigs. 

METHODS
Eight Bama miniature pigs were randomly divided into the observation group (group A) and the control group (group B), with 4 pigs/group. An RFA electrode needle was implanted near the hepatic segment vasculature (3-5 mm from the hepatic segment portal vein) under ultrasound guidance in group A. Similarly, an RFA electrode needle was implanted far from the hepatic segment vasculature (8-10 mm from the hepatic segment portal vein) in group B. The left internal lobe and right medial lobe were chosen as RFA sites in each pig. RFA was performed at the left internal lobe on day one in each pig, and at the right medial lobe 7 d later. Each RFA lasted 12 min. The general status of the pigs and serious complications were observed during the perioperative period. The pigs were sacrificed and the livers were removed immediately after RFA on the eighth day. The samples were roughly observed. Hematoxylin-eosin and Ki67 staining, as well as TUNEL detection, were performed on the tissue sections. 

RESULTS
All 8 animals successfully underwent ultrasound-guided RFA. No serious complications, such as massive hemorrhage, biliary fistula, severe pleural effusion, pneumothorax, peripheral organ failure, or renal failure occurred in any of the animals during the perioperative period. The RFA coagulative necrosis lesion was spherical and the surrounding liver tissue showed an inflammatory response. The difference in the Suzuki score of the liver tissue surrounding the ablated portal vein, and its distal area between groups A and B, was statistically significant (P < 0.05). More apoptotic cells were seen in liver tissue surrounding the ablated portal vein and its distal area in group A, while fewer apoptotic cells in the same area were seen in group B. The difference in the apoptotic index of the above area between group A and group B was statistically significant (P < 0.05). Cells staining positive for Ki67 were observed in liver tissue at the left internal lobe around the ablated portal vein and its distal area in group A. No Ki67 staining positive cells were observed in other tissue sections. The difference in the Ki67 staining positive index in the above area was statistically significant (P < 0.05) between group A and group B.

CONCLUSION
Changes as a result of thermal damage occur in liver tissue around the ablated portal vein and its distal area due to the heat irrigating effect when the RFA electrode tip is close to (< 5 mm) the portal vein.
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Core Tip: This is a basic experimental research paper on the heat irrigating effect of radiofrequency ablation (RFA). To determine the influence of the heat irrigating effect of RFA on the regional liver tissue in Bama miniature pigs, we designed a series of research experiments. We found changes due to thermal damage in the liver tissue around the ablated portal vein and its distal area as a result of the heat irrigating effect when the RFA electrode tip was close to (< 5 mm) the portal vein.

INTRODUCTION
Before the widespread application of radiofrequency ablation (RFA), it was found that in vivo testing had a smaller range of coagulative necrosis than that of in vitro testing under the same conditions. Therefore, it was speculated that the blood flowing along the ablation area takes some of heat the away, which was called the heat sink effect[1,2]. Jiang et al[3] observed that more postoperative complications occurred in patients if the tumor was within 5 mm from a large blood vessel (3 mm) during RFA of liver tumors. Therefore, we proposed the concept of the heat irrigating effect, which is, when a tumor close to the main blood vessel is ablated, some of the heat generated during RFA flows into the corresponding vascular perfusion area along the main blood vessel due to the heat sink effect. This causes thermal damage to normal liver tissue, especially the tissue close to the downstream arteries and portal veins. At the same time, the heat that is taken away by the hepatic vein causes the following effects during certain RFAs close to the hepatic vein, including a rise in body temperature, increase in metabolism, and an increase in body fluid consumption, among other effects, which is also called the heat irrigating effect or heat river-flow effect[2]. Jiang et al[4] used Bama miniature pigs to establish an animal model of RFA in order to study the heat irrigating effect, and initially observed the existence of this effect. The results were uncertain, and the accurate impact of the heat irrigating effect on regional liver tissue was unknown due to a lack of control experiments. Therefore, we used strictly designed and controlled animal experiments to observe the general status of 2 groups of animals after RFA. We also used hematoxylin-eosin (HE) staining, TUNEL detection, and Ki67 staining to assess the specific impact of the heat irrigating effect on regional liver tissue.

MATERIALS AND METHODS
Selection and grouping of experimental animals
The experimental animals were selected with reference to the previously established RFA animal model using Bama miniature pigs[4]. Eight healthy male and female Bama miniature pigs weighing 20 to 25 kg, provided by the Experimental Animal Center of the General Hospital of the People's Liberation Army, were selected. These Bama miniature pigs were randomly divided into the observation group and the control group, with 4 pigs in each group. The RFA electrode was implanted near the hepatic blood vessels (the RFA electrode probe tip was 3 to 5 mm away from the hepatic portal vein) under ultrasound guidance for each RFA in the observation group, which was the near-blood-vessel group. The RFA electrode was implanted far away from the hepatic blood vessels (the RFA electrode probe tip was 8 to 10 mm away from the hepatic portal vein), in the same way, in the control group, which was the far-blood-vessel group. The operational procedures for the animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of PLA General Hospital.

Experimental methods and steps
Anesthesia procedure: Anesthesia was executed in accordance with the animal model of RFA established previously[4]. All animals were under adaptive breeding for 1 wk after entering the cage, and were inhibited from drinking water 24 h before surgery to ensure that the gastrointestinal tract was empty during surgery. Ten mg/kg ketamine and 1 mg atropine sulfate were intramuscularly injected for induction prior to anesthesia administration. Anesthesia was maintained with 0.5 mg/kg of 1% thiopental sodium. The ventilator was connected after tracheal intubation, and the heart rate and blood oxygen saturation were monitored.

Surgery: Bama miniature pigs were placed in the supine position after anesthesia, and the abdomen was cut layer by layer with a median straight incision in the upper abdomen after draping and disinfection. After exploration, the incision was opened with a slit retractor to fully expose the liver. Intraoperative ultrasound was performed to detect the liver. Two target liver segments were selected in each animal, namely the left outer lobe and the right inner lobe. The left outer lobe was ablated by a single radiofrequency electrode probe under ultrasound guidance on the first day. The right inner lobe was ablated seven days later by the same method. The RFA electrode was implanted at the site 3-5 mm from the hepatic portal vein under ultrasound guidance for each RFA in group A, and 8-10 mm from the hepatic portal vein in group B. Figure 1 shows that under ultrasound guidance, the cold-circulation RFA electrodes were successfully and accurately placed at the target site. Potential damage to the bile duct or blood vessel was avoided during implantation of the RFA electrode probe. The RFA system was then connected. The cooling distilled water was circulated to maintain the electrode probe temperature at approximately 20°C. Maximum power was used to ablate each site for 12 min, and attention was paid to isolating the surrounding organs during RFA. The abdomen was carefully closed layer by layer after RFA on the first day.

Postoperative observation and nursing: The animals were observed for survival, feeding, and activity after surgery. The animals were intramuscularly injected with penicillin G (0.96 g) sodium chloride solution before and the second day after surgery.

Animal sacrifice and specimen collection: The experimental animals were sacrificed by femoral artery bleeding on the eighth day after the end of ablation. The liver was completely removed and thoroughly washed with normal saline. Figure 2 shows how the liver specimen was cut along the long axis of the hepatic portal vein. On the first day, group A specimens 1, 2, and 3 were named A1, A2, and A3, respectively, while on the eighth day, group A specimens 1, 2, and 3 were named A4, A5, and A6, respectively. Similarly, the specimens obtained from group B were named B1, B2, B3, B4, B5, and B6. The specimens were fixed with 10% formalin solution after they were marked.

Main testing indicators and methods
Intraoperative and postoperative animal survival, monitoring of heart rate and blood oxygen saturation during surgery, intraoperative and postoperative massive hemorrhage, biliary fistula, severe pleural effusion, pneumothorax, peripheral organ damage, and renal failure were assessed.

Gross observation of the liver: We observed the position, shape, and size of the damaged area around the RFA lesion.
HE staining: The liver tissue was embedded in paraffin, fixed, sectioned, and HE stained. Ten fields were randomly selected for each section and scored according to the Suzuki scoring standard under high power field (400 ×)[5].

TUNEL detection: TUNEL detection was performed on liver tissue paraffin sections according to the manufacturer’s instructions (In Situ Cell Death Detection Kit, POD Roche Version 14). Cells with the nucleus stained brownish yellow were positive cells. Ten fields were randomly selected for each section under high power field (400 ×). The percentage of positive cells in the total number of hepatocytes was calculated as the apoptosis index.

Ki67 staining: Ki67 staining of liver tissue paraffin sections was performed by peroxidase anti-peroxidase (PAP) immunohistochemistry. Cells with the nucleus stained brownish yellow were positive cells. Ten fields were randomly selected for each section under high power field (400 ×). The percentage of positive cells in the total number of hepatocytes was calculated as the positive rate of Ki67.

Statistical methods
Data were statistically described using mean ± standard deviation (± SD). Suzuki scores of HE sections were analyzed using the rank sum test. The independent samples t-test was used for statistical analysis when the results of the apoptosis index and Ki67 positive index were compared between group A and B. All results were statistically analyzed using SPSS 17.0 (Statistical Package for the Social Sciences). P < 0.05 indicates that differences were statistically significant.

RESULTS
Intraoperative anesthesia was satisfactory in all animals, and vital signs were stable. No animals died during the perioperative period. Intraoperative or postoperative massive hemorrhage, biliary fistula, severe pleural effusion, pneumothorax, peripheral organ damage, or renal failure were not observed. One of the Bama miniature pigs developed an incision infection after the first surgery.

Gross observation of the liver
The damaged areas following RFA were similar in shape and were ellipsoidal. The central necrotic area was grayish and dry. The outer area was the RFA necrosis area-normal liver tissue transition area, the inflammatory response zone, which was brick red in color. The normal liver tissue around the RFA site was rosy and shiny. Both group A and B had good patency of the portal vein in the hepatic segment around the RFA site (Figure 3).

HE staining microscopic observations
Coagulation necrosis occurred in liver tissue after RFA, the inflammatory response zone in the peripheral transition zone showed inflammatory cell infiltration and hyperemia changes, and gradually transitioned to normal liver tissue. The range of hepatic necrosis in group B was slightly wider than that in group A. More inflammatory cell infiltration was seen in the liver tissue around the portal area in group A than in group B as the degree of cell vacuolization was slightly more serious (Figure 4).
As shown in Table 1, there was a significant difference in HE staining Suzuki scores of the liver tissue around the distal portal vein beyond the RFA site, and no significant difference in HE staining Suzuki scores of the liver tissue around the proximal portal vein beyond the RFA site in the 2 groups.

TUNEL detection microscopic observations
The hepatocyte apoptosis index around the RFA site and the distal portal vein in group A was higher than that in group B (Figure 5). Changes, such as more cytoplasmic condensation, vacuolization, and apoptosis bodies, were observed by HE staining of comparable sections, which was consistent with the results of the TUNEL detection microscopic observations.
As shown in Table 2, there was a statistically significant difference in the hepatocyte apoptosis index around the RFA site and the distal portal vein, and no significant difference in the hepatocyte apoptosis index around the proximal portal vein between the 2 groups.

Ki67 staining
Ki67 staining was positive in specimens A2, A3, A5 and A6, but negative in the other specimens (Figure 6).
As shown in Table 3, the positive rate of Ki67 was not 0 in specimens A2, A3, A5, or A6, and was 0 in the other specimens, suggesting that there was an obvious injury-proliferation reaction in the liver tissue around the portal vein at the RFA site and the distal site in group A.

DISCUSSION
The heat irrigating effect of RFA is defined according to the heat sink effect, as discussed in the introduction. They are the description of the same phenomenon from different aspects and are inseparable. The heat sink effect means that a large blood vessel removes the heat of RFA when the procedure is performed close to the vessel, thus reducing the damaged area of ablation, leading to more incomplete ablation of liver cancer in clinical treatment. The heat irrigating effect implies that the heat removed by the large blood vessel affects the liver tissue and even the body, resulting in changes such as liver tissue damage and an increase in body temperature. The heat sink effect can be indirectly observed when there is a short distance (generally < 5-8 mm) between the RFA probe and the large blood vessel. Similarly, the heat irrigating effect may also be observed when the RFA probe is close enough to the large vessel. Therefore, we set up two groups with different distances between the RFA probe and the large vessel, including the observation group (3-5 mm) and the control group (8-10 mm). Specimen 1 (or 4) was located near the proximal portal vein, while specimen 3 (or 6) was located around the distal portal vein. Therefore, we were able to compare the regional liver tissue changes caused by the heat irrigating effect. This experiment was performed based on the Bama miniature pig ablation model[4] established previously as well as relevant anatomical studies. Thus, it had the advantages of good operability and reproducibility.
The effect of RFA on liver tissue is multifaceted. RFA, on the one hand, can cause damage to liver tissue in the form of cell necrosis and apoptosis[6-12]. On the other hand, RFA can cause changes in the immune status of the liver, resulting in a series of secondary changes, including an inflammatory reaction and proliferative effects, etc.[13-17]. In this experiment, there were significant differences in HE staining Suzuki scores in liver tissue around the distal portal vein between the two groups, but there were no significant differences in HE staining Suzuki scores in liver tissue around the proximal portal vein, indicating that when ablation was performed near the main hepatic portal vein, obvious damage to the distal portal vein occurred due to the heat irrigating effect. The range of liver tissue revealed by the TUNEL assay was larger than that of HE staining[9] after RFA, which increased the sensitivity for detecting injury following RFA. Ki67 is a nuclear antigen that responds to cell proliferation and has a function closely related to mitosis. Liver regeneration is a secondary reaction after liver injury. Therefore, Ki67 in this experiment also reflects the effect of RFA on liver tissue from another aspect. TUNEL detection and the Ki67 staining results were consistent with the results of the HE staining Suzuki scores, which further confirms the above viewpoint. The typical necrotic area-transition area-normal liver tissues seen on gross examination of specimens and HE staining after RFA are consistent with the description in the literature[10] for RFA carried out far from the hepatic portal vein. Following RFA near the hepatic portal vein, the liver tissue in the portal vein region, especially the liver tissue around the portal vein, showed apoptosis and the injury-proliferation reaction, which were in addition to the above general status. We studied the impact of the heat irrigating effect near the portal vein in this experiment. Similarly, the same conclusion was drawn when RFA was performed near the hepatic artery.
The scope of resection of liver cancer surgery needs to be larger than that of the tumor in order to remove as much tumor as possible due to tiny satellite foci around the tumor, thus leaving a "safe range" in the clinical treatment of liver cancer. Similarly, to ensure that RFA completely kills the tumor, the range of RFA needs to exceed the range of the tumor. It is easier to achieve a range of RFA larger than the tumor range, in liver cancer less than 3 cm. However, it often requires using a cluster radiofrequency probe, applying the probe multiple times, increasing the RFA power, and extending the RFA time to achieve a range of RFA larger than the tumor range, for liver cancer with a diameter greater than 3 cm. This inevitably increases the difficulty of treatment and the probability of related complications such as thermal injury to normal liver tissue and surrounding normal organs. Therefore, the safety and effectiveness of RFA are also intrinsically linked. The power required for RFA is low and the duration is short, when RFA is performed on tumors close to blood vessels and the tumor volume is small; thus, the injury caused by the heat irrigating effect on regional liver tissue is small. The power required for RFA is high and the duration is long to achieve complete inactivation of the tumor; thus, the injury caused by the heat irrigating effect on the regional liver tissue is greater, especially when the tumor is close to the main blood vessel or even the first hepatic portal vessel when the tumor is large. Special attention should be paid to complications such as liver dysfunction or even liver failure caused by the heat irrigating effect as there is a wide range of liver tissue in the corresponding vascular area.
In summary, the heat irrigating effect during RFA causes thermal damage to liver tissue and the corresponding portal vein, which can be manifested as hepatocyte necrosis, apoptosis, etc., when the RFA electrode probe is close to the portal vein (< 5 mm). This has important guiding significance for the RFA of liver lesions. The main limitations in this study are that the observation time in the animal experiments was too short, and the response of liver tissue in the late ablation stage was not studied.

CONCLUSION
Changes due to thermal damage occur in the liver tissue around the ablated portal vein and its distal area as a result of the heat irrigating effect when the RFA electrode tip is close to (< 5 mm) the portal vein.

ARTICLE HIGHLIGHTS
Research background
The results of the heat irrigating effect of radiofrequency ablation (RFA) are uncertain, and the accurate impact of the heat irrigating effect on regional liver tissue is unknown due to a lack of control experiments.

Research motivation
We carried out strictly designed and controlled animal experiments to determine the general status of 2 groups of Bama miniature pigs after RFA.

Research objectives
We assessed the influence of the heat irrigating effect of RFA on the regional liver tissue of Bama miniature pigs.

Research methods
Eight Bama miniature pigs were randomly divided into the observation group (group A) and the control group (group B), with 4 pigs/group. An RFA electrode needle was implanted near the hepatic segment vasculature (3-5 mm far from the hepatic segment portal vein) under ultrasound guidance in group A. Similarly, an RFA electrode needle was implanted far from the hepatic segment vasculature (8-10 mm from the hepatic segment portal vein) in group B. The left internal lobe and right medial lobe were chosen as RFA sites in each pig. RFA was performed at the left internal lobe on one day, and then at the right medial lobe 7 d later. Each RFA lasted 12 min. The general status and serious complications in these animals were observed during the perioperative period. The pigs were sacrificed and the livers were removed immediately after RFA on the eighth day. The samples were roughly observed. Hematoxylin-eosin and Ki67 staining, as well as TUNEL detection, were performed on the tissue sections.

Research results
All 8 animals successfully underwent ultrasound-guided RFA. No serious complications, such as massive hemorrhage, biliary fistula, severe pleural effusion, pneumothorax, peripheral organ failure, or renal failure occurred in any of the animals during the perioperative period. The RFA coagulative necrosis lesion was spherical and the surrounding liver tissue showed an inflammatory response. The difference in the Suzuki score of the liver tissue surrounding the ablated portal vein, and its distal area between groups A and B, was statistically significant (P < 0.05). More apoptotic cells were seen in liver tissue surrounding the ablated portal vein and its distal area in group A, while fewer apoptotic cells were observed in the same area in group B. The difference in the apoptotic index of the above area between group A and group B was statistically significant (P < 0.05). Cells staining positive for Ki67 were observed in liver tissue at the left internal lobe around the ablated portal vein and its distal area in group A, while no Ki67 staining positive cells were seen in other tissue sections. The difference in the Ki67 staining positive index of the above area between group A and group B was statistically significant (P < 0.05).

Research conclusions
Changes due to thermal damage occurred in the liver tissue around the ablated portal vein and its distal area as a result of the heat irrigating effect when the RFA electrode tip was close to (< 5 mm) the portal vein.

Research perspectives
When the tip of the RFA electrode is close to the portal vein (5 mm), the thermal irrigation effect during RFA causes thermal injury to liver tissue and the corresponding portal vein drainage area.
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Figure Legends
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Figure 1 Radiofrequency ablation at a certain distance from the hepatic portal vein under ultrasound guidance (the white arrow points to the radiofrequency ablation probe and the orange arrow points to the hepatic segment portal vein).
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Figure 2 Diagram of specimens.
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Figure 3 Liver after radiofrequency ablation (the black arrow points to the coagulation necrosis area, the red arrow points to the inflammatory response zone, and the green arrow points to the hepatic segment portal vein).
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Figure 4 Diagram of hematoxylin-eosin staining results (400 ×). The left figure shows that in the liver tissue around the distal portal vein beyond the radiofrequency ablation site in group A, there were more necrotic cells and slightly serious cell vacuolization, and more inflammatory cell infiltration. The right figure shows that in the liver tissue around the distal portal vein beyond the radiofrequency ablation site in group B, there were fewer necrotic cells, less serious cell vacuolization, and less inflammatory cell infiltration. 
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Figure 5 Diagram of TUNEL detection results (400 ×). The left figure shows the liver tissue around the radiofrequency ablation site and the distal portal vein in group A where there was more liver cell apoptosis. The right figure shows the liver tissue around the radiofrequency ablation site and the distal portal vein in group B where there were less liver cell apoptosis.
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Figure 6 Diagram of Ki67 staining results (400 ×). Ki6 staining was positive in A2, A3, A5 and A6, as shown in the left figure, and not in the other groups, as shown in the right figure.

Table 1 Hematoxylin-eosin staining Suzuki scores and rank sum test P values
	Group
	Suzuki scores 
	Group 
	Suzuki scores 
	P values

	A1
	1.4 ± 0.70
	B1
	1.5 ± 0.82
	0.702

	A2
	2.3 ± 0.483
	B2
	1.7 ± 0.483
	0.017

	A3
	2.5 ± 0.53
	B3
	1.4 ± 0.85
	0.002

	A4
	1.0 ± 0.67
	B4
	1.4 ± 0.70
	0.185

	A5
	2.9 ± 0.57
	B5
	2.2 ± 0.63
	0.021

	A6
	3.1 ± 0.74
	B6
	2.1 ± 0.73
	0.012




Table 2 Apoptosis indices and P values of t test between the 2 groups
	Group
	Apoptosis indices (%) 
	Group 
	Apoptosis indices (%) 
	P values

	A1
	3.2 ± 1.03
	B1
	3.1 ± 1.22
	0.845

	A2
	5.8 ± 0.83
	B2
	2.9 ± 1.05
	< 0.01

	A3
	14.0 ± 3.39
	B3
	2.9 ± 0.65
	< 0.01

	A4
	3.0 ± 0.97
	B4
	3.0 ± 0.54
	0.867

	A5
	9.7 ± 1.12
	B5
	3.1 ± 0.89
	< 0.01

	A6
	8.0 ± 1.22
	B6
	4.5 ± 0.83
	< 0.01




Table 3 Ki67-positive rates
	Group positions 
	Ki67 positive rates (%)

	A2
	3.3 ± 0.64

	A3
	5.34 ± 0.67

	A5
	3.2 ± 1.46

	A6
	4.96 ± 1.17

	A1, A6, B1-6
	0
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