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Abstract

Purpose This animal experimental study evaluated how
hepatic artery and portal vein transient occlusion affects the
ablation zone of hepatic radiofrequency ablation (RFA).
Material and methods Twenty-one rabbits were divided
into three groups of seven each: (1) control, (2) hepatic
artery occlusion, and (3) portal vein occlusion by a balloon
catheter. For each rabbit, two or three RFA sessions were
performed using an electrode needle. Ablation time, tem-
perature around the tip of RFA needle at the end of RFA,
ablation volume on fat-suppressed T1-weighted image in
the hepatobiliary phase, and coagulative necrosis area on
histopathology were measured and compared between the
three groups using the Kruskal-Wallis paired Mann—
Whitney U tests.

Results In 43 RFA sessions (group 1, 15; group 2, 14;
group 3, 14), mean tissue temperature in group 3
(77.0 °C £ 7.7 °C) was significantly higher compared to
groups 1 (59.2°C £18.8°C; P =0.0100 and 2
(67.5 °C £ 9.9 °C; P = 0.010). In addition, mean ablation
volume and coagulative necrosis in group 3 (2.10 + 1.37
mm® and 0.86 & 0.28 mm?®, respectively) were larger
compared to groups 1 (0.84 £ 0.30 mm?®; P < 0.001 and
0.55 £ 0.26 mmz; P =0.020, respectively) and 2
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(0.89 + 0.59 mm®; P =0.002 and 0.60 & 0.22 mm?
P = 0.024, respectively).

Conclusion Portal vein occlusion potentially boosts tissue
temperature, ablation volume, and area of histopathologi-
cally proven coagulative necrosis during hepatic RFA in
the non-cirrhotic liver.

Keywords Radiofrequency ablation - Balloon
occlusion - Portal vein - Hepatocellular carcinoma -
Liver neoplasms

Introduction

To achieve complete response with radiofrequency abla-
tion (RFA), the ablation area must adequately cover neo-
plasms with an adequate margin [1, 2], and > 60 °C of
tissue temperature should be reached [3, 4]. The ablation
area depends on both device and host factors. The heat sink
(cooling) effect (perfusion-mediated tissue cooling by
blood flow) is a host factor to reduce the ablated margin
and tissue temperature in monopolar RFA [5].
Transarterial embolization facilitates larger ablation
ranges by reducing the heat sink effect [6] and has favor-
able disease-free survival in hepatocellular carcinoma [7].
Given the hepatic artery and portal vein supply in the non-
cirrhotic liver of 25% and 75% of hepatic blood flow,
respectively [8], we hypothesized that compared to hepatic
artery occlusion, portal vein occlusion mitigates the heat
sink effect more effectively and helps to obtain a larger
ablation area and higher tissue temperature in RFA for
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hepatic metastasis in the non-cirrhotic liver. Therefore, this
animal experimental study aimed to evaluate the effect of
transient hepatic artery and portal vein occlusion on the
ablation zone of hepatic RFA.

Materials and Methods
Animal Models

This study protocol was approved by the Animal Experi-
mentation Committee of our institute, and all experiments
were performed according to its Animal Care Guidelines
and ethical standards of practice. Twenty-one female
Japanese white rabbits (average weight 2.77 kg; range
2.65-2.9 kg) were acquired from Kitayama Labes Co.,
Ltd., Japan, and divided them into three groups of seven
each: (1) control, (2) hepatic artery occlusion, and (3)
portal vein occlusion. The rabbits were fasted for 6 h
before experiments. General anesthesia with ketamine
hydrochloride (20 mg/kg body weight Ketalar; Daiichi
Sankyo, Tokyo, Japan) and dexmedetomidine hydrochlo-
ride (0.1 mg/kg body weight Domitor; Zenoac, Fukushima,
Japan) was administered intramuscularly. The extremities
were fixed to an acryl board in the supine position, and the
room temperature was maintained at 25 °C.

Hepatic Artery Occlusion

The right femoral artery was exposed, and a 4 Fr introducer
sheath (Super sheath, length 7 cm; Medikit, Tokyo, Japan)
was inserted. Next, a 4 Fr cobra-shaped catheter (Terumo
Clinical Supply, Gifu, Japan) was carried to the celiac
artery via the introducer sheath, and a 2.1 Fr balloon
catheter (LOGOS, length 1050 mm, balloon diameter
3-5 mm, balloon length 12 mm; Piolax, Kanagawa, Japan)
was inserted into the proper hepatic artery, and the balloon
was inflated to occlude it. To confirm hepatic artery
occlusion, angiography using a fluoroscopic system (Ples-
sart 50 DREX-WIN20P fluoroscopic system (Canon
Medical Systems, Tochigi, Japan) was performed with a
tube voltage of 70 kV and a tube current of 50 mA
(Fig. 1A, B).

Portal Vein Occlusion

After creating an incision in the abdominal wall, the
superior mesenteric vein was punctured using a 22-gauge
needle (Surflo Flash; Termo, Tokyo, Japan) and a 5 Fr
introducer sheath (Super sheath length 7 cm; Medikit) was
inserted. Next, a 5.2 Fr balloon catheter (Selecon MP
catheter, balloon diameter 9 mm, balloon length 70 mm;
Terumo Clinical Supply) was carried to the main portal

vein and the balloon was inflated to occlude it. Finally,
venography from the introducer sheath was performed to
confirm portal vein occlusion (Fig. 1C, D).

RFA

After incision of the abdominal wall at the midline, RFA
was performed using the Radionics Cool-tip RF system
(RADIONICS, MA, USA) equipped with a 15-cm elec-
trode needle with a 1-cm exposure tip (Cool-tip needle
length 15 cm, ablation length 1 cm; Covidien, MA, USA)
in impedance control mode by employing a water circu-
lation cooling system. The RFA single-electrode kit was
inserted into the left and right lobes of the liver and initi-
ated RFA with a power output of 10 W, gradually raising it
by 5 W every 30 s until roll-off by increased impedance.
An additional RFA session was performed for the middle
of the liver if the distance between the previous two
ablation zones was adequate. The ablation time and tissue
temperature around the tip at roll-off were recorded. After
the RFA sessions, the incised abdominal wall was sutured.

MRI

MRI was performed using a 3 T scanner (MAGNETOM
Verio 3 T, Siemens, Muenchen, Germany) with spine
matrix and body matrix coils dedicated to animal experi-
ments 30 min after RFA. Intravenous administration of
0.1 mL/kg of gadoxetate sodium (EOB Primovist; Bayer
Yakuhin, Osaka, Japan) was performed in the auricular
vein. Next, 15 min after gadoxetate sodium administration
(hepatobiliary phase), we obtained fat-suppressed T1WI
(FS-T1WI; VIBE) without the breath-gated technique (TR
4.89 ms, TE 2.47 ms, FA 140°, field of view 200 mm,
average 1, matrix 256 x 256 mmz, gap 0.9 mm, slice
thickness 1.0 mm, and scan time 22 s). The total exami-
nation time was approximately 20 min.

The shortest distance from the liver surface to the center
of the ablation zone was measured on the axial plane on the
FS-T1WI because the peripheral area was less affected by
the heat sink effect. To define ablation volumes, a medical
imaging data set annotation tool (RIL-contour) was used
[9]. A radiologist with 12 years of experience segmented
the area of low signal intensity and total volume of signal
intensity change, which included the low signal intensity
and peripheral low signal intensity rims on the FS-T1WT at
the hepatobiliary phase (Fig. 2A, B). The volume of
identified lesions was automatically calculated using
Python version 3.7.
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Fig. 1 Angiogram during
hepatic occlusion and portal
venous occlusion. A Angiogram
via the celiac trunk
demonstrates the vascular
anatomy: the proper hepatic
artery (PHA), right hepatic
artery (RHA), and left hepatic
artery (LHA). B Angiogram via
a microballoon catheter shows
blood flow under the inflated
microballoon placed from the
PHA (arrow). C Portogram via
the main trunk of the portal vein
showing the venous tree and
hepatic parenchymal
enhancement. D Portogram via
the balloon catheter showing
blood congestion and a lack of
enhancement of the hepatic
parenchyma with the inflated
microballoon (arrow)

Histopathology

Immediately after MRI, the rabbits were sacrificed by
intravenous administration of 100 mg/kg of pentobarbital
sodium (Somnopentyl, Kyoritsu Seiyaku, Tokyo, Japan).
The liver was then extracted and stored in 10% formalin for
2 days. Next, it was sliced into 1-cm slices in the axial
plane to correspond with the MRI. The samples were
embedded in paraffin, cut into 3.5-pum-thick sections, and
stained with hematoxylin—eosin (H&E).

All pathological slides were converted to virtual slides
and reviewed using the NDP.view2 viewer (Hamamatsu
Photonics, Shizuoka, Japan). A pathologist with 17 years
of experience defined the area involved in coagulative
necrosis and peripheral congestion and edema (Fig. 2C, D)
[10]. These areas were then converted to binary images
using the image manipulation program GIMP, ver.2.10.22
and automatically calculated using Python version 3.7.

Statistical Analysis

Means, standard deviations, and 95% confidence intervals
were calculated for the evaluated parameters. The Kruskal—
Wallis test was used for the univariate comparisons of each
parameter among the three groups, and the paired Mann—
Whitney U test with Holm correction was conducted to
compare the difference among each group if the Kruskal—
Wallis test showed statistical significance. Analysis of
covariance (ANCOVA) was used for the multivariable
analysis to reveal the independent factors that increased
ablation volume or area. Spearman rank correlation
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coefficient was used to assess the correlation between
ablation volume on MRI and coagulative necrosis on
histopathology and the congestion area. P < 0.05 was
considered statistically significant. All statistical tests were
conducted using R version 4.0.2 (R Foundation for Sta-
tistical Computing, Vienna, Austria).

Results

One rabbit in the control group was excluded because of
fusion of two ablation zones, two rabbits in the arterial
occlusion group were excluded because of poor liver intake
of gadoxetate sodium, and two rabbits in the portal
occlusion group were excluded because of unsuccessful
portal occlusion. Consequently, a total of 43 RFA sessions
were performed, which included 15 sessions in six rabbits
in the control group (two sessions in three rabbits and three
sessions in three rabbits), 14 sessions in five rabbits in the
arterial occlusion group (two sessions in one rabbit and
three sessions in four rabbits), and 14 sessions in five
rabbits in the portal occlusion group (two sessions in one
rabbit and three sessions in four rabbits).

A significant difference was found among the three
groups with respect to tissue temperature (P = 0.003), total
intensity—changed volume (P = 0.003), and ablation vol-
ume (P < 0.001) on MRI, total area of pathology change
area (P =0.003), and coagulative necrosis area
(P =0.010) (Table 1). Tissue temperature in the portal
occlusion group (77.0 °C £ 7.7 °C) was significantly
higher compared to the control (59.2 °C &£ 18.8 °C;
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Fig. 2 Volume measurement on MRI and area measurement on
histopathology A Ablated hepatic lesion demonstrated a low signal
intensity area (*) surrounded by low signal intensity rim (arrow) on
the fat-suppressed T1-weighted image at the hepatobiliary phase.
B The low signal intensity volume was segmented as ablation volume
(purple segmentation), and the volume including the low signal
intensity and peripheral low signal intensity rim was segmented as the
total volume of signal intensity change (blue segmentation).

P =0.010) and hepatic artery occlusion groups
(67.5 °C £ 9.9 °C; P = 0.010) (Tables 1 and 2). The tissue
temperature of the hepatic artery occlusion group was
higher than that of the control group, but this was not
significant (67.5 & 9.9 vs. 59.2 £ 18.8 °C; P = 0.710). All
RFA sessions (15/15) wunder portal vein occlusion
achieved > 60 °C tissue temperature, whereas in the con-
trol and hepatic artery occlusion groups, > 60 °C tissue
temperature was attained in only 66.7% (10/15) and 57.1%
(8/15), respectively.

On MRI, total signal intensity change and ablation
volumes in the portal vein occlusion group (2.81 + 1.64
and 2.10 & 1.37 cm’, respectively) were larger than those
of the control (1.61 +0.53 cm’; P =0.003 and
0.84 + 0.30 cm®; P < 0.001, respectively) and hepatic
artery occlusion groups (1.55 + 0.80 cm®; P = 0.012 and
0.89 £+ 0.59 cm3; P =0.002, respectively) (Tables 1 and
2). There was no significant difference in the shortest

Segmentation was performed for every slice with a signal intensity
change due to ablation. C Ablated lesion around the central needle
scar (*) observed on histopathology (H&E stain). D Inner coagulative
necrosis area (dark gray) and peripheral edema (light gray) converted
to binary data. (e and f) The low signal intensity (*) and peripheral
low intensity signal rim (arrows) on MRI corresponding to coagu-
lative necrosis (*) and congestion and edema (arrows) on histopathol-
ogy. H&E, hematoxylin—eosin

distance from the liver surface to the center of ablation
zone among the three groups (P =0.290). On
histopathology, the total change and coagulative necrosis
area in the portal vein occlusion group (1.22 £ 0.28 and
0.86 + 0.28 cm?, respectively) were larger compared with
the control (0.80 4 0.31; P = 0.002 and 0.55 £ 0.26 rnmz;
P =0.020, respectively) and hepatic artery occlusion
groups (0.87 + 0.28 cm®; P = 0.018 and 0.60 + 0.22 cm®;
P = 0.024, respectively) (Tables 1 and 2). Ablation volume
on MRI and coagulative necrosis area on histopathology in
the hepatic artery occlusion group were greater than those
in the control group, but these did not reach significance
(P = 0.683 and 0.533, respectively).

In ANCOVA, the ablation time and types of occluded
vessels  independently  affected ablation  volume
(F =4.080; P =0.052 and F = 9.427; P = 0.001, respec-
tively) and coagulative necrosis (F = 4.934, P = 0.034 and
F =6.665, P =0.004, respectively) (Table 3). Ablation
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Table 1 Means (standard deviations), 95% confidence intervals, and P-value for each parameter

Control Hepatic artery occlusion Portal vein occlusion P-value
RFA parameter
Ablation time (sec) 173.1 (69.7) 126.1 (45.3) 148.9 (33.5) 0.137
95% CI: 133.2-213.1 95% CI: 98.9-153.2 95% CI: 128.9-169.0
Tissue temperature (°C) 59.2 (18.8) 67.5 (9.9) 77.0 (7.7) 0.003"
95% CI: 48.4-70.0 95% CI: 58.5-70.4 95% CI: 72.4-81.6
The shortest distance from 8.7 (1.9) 8.7 (1.6) 10.2 (2.9) 0.290
hepatic surface to center of 95% CI: 7.6-9.8 95% CI: 7.8-9.7 95% CI: 8.5-11.9
the ablation zone (cm)
Volume on MRI
Total volume of signal 1.61 (0.53) 1.55 (0.80) 2.81 (1.64) 0.003"
intensity change (cm’) 95% CI: 1.30-1.91 95% CI: 1.07-2.03 95% CI: 1.83-3.79
Ablation volume (cm?) 0.84 (0.30) 0.89 (0.59) 2.10 (1.37) < 0.001"
95% CI: 0.67-1.02 95% CI: 0.54-1.25 95% CI. 1.27-2.91
Area on histopathology
Total area of pathological change (cm2) 0.80 (0.31) 0.87 (0.28) 1.22 (0.28) 0.003"
95% CI 0.62-0.98 95% CI: 0.70-1.03 95% CI: 1.05-1.39
Coagulative necrosis (cm?) 0.55 (0.26) 0.60 (0.22) 0.86 (0.28) 0.010"

95% CI 0.41-70.4

95% CI: 0.47-0.74 95% CI: 0.69-1.02

95% CI, 95% confidence interval; SD standard deviation, RFA radiofrequency ablation

*P < 0.05 (Kruskal-Wallis test)

Table 2 P values of the intergroup comparison results

Control
versus

hepatic artery occlusion

Control
versus
portal vein occlusion

Hepatic artery
occlusion

versus

portal vein occlusion

RFA parameter

Tissue temperature (°C) 0.710
Volume on MRI

Total volume of signal intensity change (cm®) 0.591

Ablation volume (cm?) 0.683
Area on histopathology

Total area of pathological change (cm?) 0.591

Coagulative necrosis (cm?) 0.533

0.010* 0.010*
0.003* 0.012*
< 0.001* 0.002*
0.002* 0.018*
0.020%* 0.024*

RFA radiofrequency ablation
*P < 0.05 (Wilcoxon signed-rank test)

time and ablation volume were correlated (p = 0.692,
R < 0.001), and the slope was steeper in the order of portal
vein occlusion, hepatic artery occlusion, and control groups
(Fig. 3A). Ablation time and coagulative necrosis were
also correlated (p = 0.666, R < 0.001), and the slope of the
portal vein occlusion group was steeper compared with the
control and hepatic artery occlusion groups (Fig. 3B).
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Discussion

This animal experiment investigated how hepatic artery
and portal vein occlusion affect the ablation zone as stan-
dard reference of MRI as well as histopathology because
volume measurement by MRI with a 1 mm thickness
provides more detailed three-dimensional information. In
the normal rabbit liver, portal vein occlusion by balloon
catheter facilitated an increase in the ablation zone on MRI
and histopathology as well as tissue temperature in the
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Table 3 Results of the analysis Mean square F-value P-value
of covariance
Ablation volume on MRI
Ablation time 3,242,117 4.08 0.052*
Procedure 7,489,768 9.427 0.001%*
Tissue temperature 19,154 0.0241 0.878
Ablation time—procedure 1,520,210 1.9134 0.165
Ablation time—tissue temperature 2055 0.0026 0.960
Procedure-tissue temperature 258,313 0.3251 0.725
Ablation time—procedure—tissue temperature 171,154 0.2154 0.807
Coagulative necrosis on histopathology
Ablation time 3246.800 4.934 0.034*
Procedure 4386.400 6.665 0.004*
Tissue temperature 176.700 0.269 0.608
Ablation time—procedure 111.900 0.170 0.844
Ablation time-tissue temperature 650.200 0.988 0.328
Procedure—tissue temperature 309.1 0.470 0.630
Ablation time—procedure—tissue temperature 618.7 0.940 0.401

Ablation time and vascular occlusion procedure (hepatic artery occlusion and portal vein occlusion)
independently affects ablation volume on MRI and coagulative necrosis on histopathology, but not tissue

temperature
P <0.05
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Fig. 3 Relationship between ablation time and A ablation volume on
MRI and B coagulative necrosis on histopathology in each group. The
slope of the regression line of ablation volume on MRI was steeper in
the order of portal vein occlusion, hepatic artery occlusion, and

hepatic RFA group compared with the hepatic artery
occlusion and control groups. MRI was visually evaluated
and segmented. Total signal intensity change consisted of
low signal intensity and peripheral low signal intensity rim.
The low signal intensity and peripheral low signal intensity
corresponded to coagulative necrosis and peripheral con-
gestion and edema, respectively (Fig. 2E, F). The hepatic
artery occlusion group showed greater ablation volume and
coagulative area than the control group, but this was not
statistically significant. Total intensity change and ablation
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control groups (A). The slope of the regression line of coagulative
necrosis on histopathology in the portal vein occlusion group was
steeper compared with those in the control and hepatic artery
occlusion groups (B)

volumes on MRI were correlated with total pathological
change, which included congestion and edema (p = 0.692,
R < 0.001) and coagulative necrosis area (p = 0.666,
R < 0.001), respectively; therefore, ablation volume may
be an accurate proxy for post-ablative coagulative necrosis.
The ANCOVA results showed that the type of blood vessel
maneuvers and ablation time are independent factors in
increasing ablation volume. However, the regression
between ablation time and ablation zone showed that the
increasing rate of ablation area per ablation time was
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highest with portal vein occlusion. Portal vein occlusion
was shown to be more effective than hepatic artery
occlusion and control.

The heat sink effect depended on whether RFA was
performed in a peripheral or central location of the liver.
Given that the shortest distance between the surface of the
liver and the center of the ablation volume was not sig-
nificantly different between the three groups (P = 0.290),
the ablation zone may be compared without considering the
difference in the degree of the heat sink effect between
groups. The coagulative necrosis area was smaller than
expected considering an ablation length of 1 cm. However,
it is possible that the sampling for the histopathological
examination was not obtained at the center of the ablation
zone with a maximum diameter.

Tissue temperature is another important outcome of
hepatic RFA. A temperature > 60 °C is considered a target
to ablate hepatic neoplasms, because above this tempera-
ture, rapid protein denaturation occurs [3, 4]. Compared
with hepatic arterial occlusion, portal vein occlusion miti-
gates the heat sink effect and increases tissue temperature,
although extremely high temperatures may cause carbon-
ation with insulation, which would subsequently reduce
energy deposition.

Most studies investigating the effect of portal vein
occlusion on RFA used the Pringle maneuver, which sur-
gically occludes both the hepatic artery and portal vein at
the porta hepatis. RFA with the Pringle maneuver produces
a larger ablation area compared to RFA without it [11-13].
However, RFA with the Pringle maneuver frequently has
adverse effects (portal vein thrombosis, hepatic infarction,
and bile duct dilation) several days post-RFA [11, 14]. In
contrast, RFA with portal vein occlusion using a balloon
catheter shows a higher ablation area and temperature
compared to RFA with natural blood flow in the porcine
model, with no related complications [15]. While the pre-
vious study conventionally measured only the maximum
diameter to evaluate the ablation range, we measured the
ablation volume on MRI and area on histopathology, with
the results consistent with the previous study. Also, the
Spearman rank correlation coefficient showed a positive
correlation between ablation volume and coagulative
necrosis area.

There are several approaches to accessing the portal
venous system in the interventional procedure: percuta-
neous transhepatic [16], percutaneous transsplenic [17],
transmesenteric  [18], and transjugular intrahepatic
approaches [19]. Although we adopted the open-abdominal
transmesenteric approach because of simplicity and time
saving, the percutaneous transhepatic approach is the most
appropriate in terms of convenience and less invasiveness.

This study had several limitations. First, we performed
RFA of the non-cirrhotic liver parenchyma to investigate
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how portal vein occlusion increases the ablation area by
mitigating the heat sink effect. The non-cirrhotic liver
parenchyma has 75% and 25% of blood supply from the
portal vein and hepatic artery, respectively [8]. In contrast,
in liver cirrhosis, the blood supply increases from the
hepatic artery and decreases from the portal vein; therefore,
the results of this study can be translated to hepatic tumors
in a non-cirrhotic liver but not in hepatocellular carcinoma
in a cirrhotic liver. Hepatocellular carcinoma (HCC) is fed
almost only by the hepatic artery but drains blood into the
portal vein [20]. Transarterial chemoembolization is a
more reasonable combination with RFA for HCC than
portal vein occlusion in terms of the multiplier effect and
invasiveness [21, 22]. Second, we did not evaluate delayed
adverse events or the presence of arterial and portal
thrombosis. However, rabbits are more prone to thrombosis
and dissection than humans. Although RFA with the
Pringle maneuver causes portal vein thrombosis [11, 14],
whether balloon occlusion of the portal vein is safe is
unclear. Furthermore, it is uncertain whether simultaneous
balloon occlusion of both the hepatic artery and portal vein
is safe and effective compared with the Pringle maneuver.
Third, the number of rabbits included was small, although
it was the minimum sample size required to comply with
animal ethics. Fourth, gadoxetate sodium administration
shortly after RFA is not recommended clinically although
it was performed in the current study to measure ablation
volume more precisely. Finally, this study investigated the
effect of portal vein occlusion during RFA. The effect of
portal vein occlusion during multipolar RFA or microwave
ablation, which are the devices most commonly used, was
not studied.

Conclusion

Portal vein occlusion is potentially helpful in obtaining a
higher tissue temperature and a larger ablation volume in
hepatic RFA for the non-cirrhotic liver.
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