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Abstract
AIM: To evaluate the effects of combined radiofrequen-
cy ablation and transcatheter arterial embolization with 
iodized oil on ablation time, maximum output, coagula-
tion diameter, and portal angiography in a porcine liver 
model.

METHODS: Radiofrequency ablation (RFA) was applied 
to in vivo  livers of 10 normal pigs using a 17-gauge 3.0 
cm expandable LeVeen RF needle electrode with or with-
out transcatheter arterial embolization (TAE) with iodized 
oil (n  = 5). In each animal, 2 areas in the liver were ab-
lated. Direct portography was performed before and af-
ter RFA. Ablation was initiated at an output of 30 W, and 
continued with an increase of 10 W per minute until roll-
off occurred. Ablation time and maximum output until 
roll-off, and coagulated tissue diameter were compared 
between the 2 groups. Angiographic changes on portog-
raphy before and after ablation were also reviewed. 

RESULTS: For groups with and without TAE with iodized 
oil, the ablation times until roll-off were 320.6� �� ����� ± �����30.9 
seconds and 445.1� �� ����� ����������������������������   ± ����� ����������������������������  35.9 seconds, respectively, maxi-
mum outputs were 69.0� �� ����� �����������   �� �������  ± ����� �����������   �� ������� 7.38 W and 87.0� �� �������  ± ������� 4.83 W 
and maximal diameters of coagulation were 41.7� �� ����� ± �����3.85 
mm and 33.2� �� ����� ���� ������������ ����������� ��� ����� ± ����� ���� ������������ ����������� ��� �����2.28 mm. Significant reductions of abla-
tion time and maximum output, and significantly larger 
coagulation diameter were obtained with RFA following 
TAE with iodized oil compared to RFA alone. Portography 
after RFA following TAE with iodized oil revealed more 
occlusion of the larger portal branches than with RFA 
alone.

CONCLUSION: RFA following TAE with iodized oil can 

increase the volume of coagulation necrosis with lower 
output and shorter ablation time than RFA alone in nor-
mal pig liver tissue.
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INTRODUCTION
Percutaneous radiofrequency ablation (RFA) is widely used 
to treat focal malignant tumors such as hepatocellular car-
cinoma (HCC) and metastatic liver�������  tumors[1-3]. It has been 
reported by many authors that this is a satisfactory thera-
peutic modality because it results in reliable local control 
and is minimally invasive[4,5]. The greatest disadvantage of  
RF ablation for treating liver tumors is difficulty of  ablat-
ing large tumors due to the limited coagulation area������ , ����fre-
quently observed in the treatment of  large HCC. Inability 
to reliably creating adequate volumes of  complete tumor 
coagulation limits the adoption of  RF ablation for large 
hepatic tumors.

One characteristic of  RF ablation is its susceptibility 
to the cooling effect of  blood flow[6,7], a factor which has 
a considerable effect on RFA treatment. The reduced 
efficacy of  RF ablation for large tumors reflects the  
in vivo biophysiological limitations imposed by perfusion-
mediated vascular cooling, which limits heat-induced 
coagulation necrosis. HCCs, in particular, are supplied 
almost entirely by the hepatic arteries, and the abundant 
tumoral arterial blood flow has a cooling effect, which 
diminishes radiofrequency wave heat ing. Several 
investigators have been able to increase RF-induced 
coagulation necrosis by occluding blood flow to the liver 
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during ablation procedures in animal models[7-10]. 
Transcatheter arterial embolization (TAE) using 

iodized oil mixed with an anticancer drug has been widely 
performed to treat HCC[11-13]. TAE can block hepatic 
arterial blood flow and attenuate the cooling effect of  
tumoral arterial blood flow. Recently, many clinical studies 
have shown that RF combined with TAE is effective on 
large HCC lesions[14,15].

In the present study, we evaluated whether TAE with 
iodized oil can increase RF-induced coagulation necrosis, 
and what modifications and effects are added in terms of  
ablation time, maximum output, and portal angiography by 
TAE with iodized oil.

MATERIALS AND METHODS
Animals and animal care
Approval of  the institutional committee for the care 
of  research animals was obtained before the study was 
initiated. This study was conducted in accordance with the 
guideline for the care and use of  laboratory animals.

Ten healthy male pigs (weighing 52-59 kg; mean,  
56.6 kg) were subjected to laparotomy under general 
anesthesia. The animals were sedated with an intramuscular 
injection of  ketamine (5 mg/kg weight), xylazine (5 mg/kg  
weight), and atropine (0.02 mg/kg weight). General 
anesthesia was maintained with 1.5% fluothane containing 
a mixture of  oxygen and nitrous oxide after tracheal 
intubation. Cardiac and respiratory parameters were 
monitored throughout the procedures. A longitudinal 
midline abdominal incision was made, and the peritoneum 
was opened. A 4 Fr. catheter (RC2; Clinical Supply, Gifu, 
Japan) was inserted into the proper hepatic artery via the 
femoral artery. The portal vein was exposed and punctured 
directly, and the 4 Fr. catheter was inserted. Hepatic 
arteriography and direct portography were performed 
before and after RFA. Hepatic ar teriography was 
performed with an injection of  contrast agent (Iomeprol 
350 Ezai, Tokyo, Japan) at a rate of  3 mL/s for a total 
volume of  15 mL, and direct portography at a rate of   
6 mL/s for a total volume of  24 mL. TAE was performed 
by selectively introducing a microcatheter (Sniper; Clinical 
Supply, Gifu, Japan) into the right and left hepatic arteries, 
and injecting iodized oil (10 mL per body ; lipiodol ultra-
fluid: iodine addition products of  the ethylesters of  the 
fatty acid obtained from poppyseed oil, Nihon Schering, 
Osaka Japan) (LP) and 1 mm gelatin sponge particles in 5 
animals. Animals were divided into 2 groups of  5 animals 
each: RFA-alone group and RFA following TAE with 
iodized oil group (LP-TAE group).

RF procedure
The RF device used was a RF2000 radiofrequency ablation 
system (Boston Scientific Corporation, Natick, MA, USA) 
with an expansion-type electrode (LeVeen needle). A 
17-gauge, 3.0-cm expandable 10-hook needle electrode was 
inserted directly into the liver with ultrasound guidance. 
After the needle position was confirmed with X ray and 
ultrasound, ablation was started. For each pig, 2 areas of  
the right and left lobes were ablated, yielding a total of  20 
areas.

The RF 2000 generator monitors system impedance, 
the level of  which determines the extent of  tissue necrosis. 
In this apparatus, an increase of  tissue impedance to 
current flow, which is caused by decreased conductivity 
of  electrical current due to protein denaturation and loss 
of  intracellular fluids, is measured in ohms. When tissue 
impedance rises above 200 Ω, the power output passively 
decreases to less than 10 W (roll-off). Roll-off  indicates 
a precipitous drop of  power output with a marked 
increase of  tissue impedance because of  tissue necrosis, 
which prohibits the passage of  electrical current[16]. For 
all experiments, impedance and power output status 
were monitored on the display window of  the RF2000 
generator, and recorded on paper every 15 s. 

A 2-phase application process was performed. The 
baseline power output was set at 30 W. Ablation was 
continued with an increase of  10 W per minute until roll-
off  occurred. After the first RO, ablation was resumed 30 
seconds later at 70% of  the maximum power achieved, and 
was completed when RO occurred a second time (Table 1).  
The total RF application time was calculated as the sum of  
the duration of  the first and second phases of  ablation.

Animals were sacrificed using an overdose of  pento-
barbital immediately after post-RFA angiography, and 
their livers were removed for gross pathologic analysis. 
Visible regions of  coagulation necrosis were measured 
with calipers in fresh tissue prior to preservation. 
Measurements of  the diameter of  coagulation were based 
on the consensus of  2 observers. The 2 groups were 
compared with respect to ablation time and maximum 
output required for the occurrence of  the second RO, 
as well as maximum coagulation diameter. Angiographic 
changes on portography before and after ablation were 
also compared. Data were analyzed using Student’s t-test 
with a significance level of  5%. 

RESULTS
Both cardiac and respiratory parameters remained stable 
throughout the experiments. No thermal injuries to 
adjacent structures or organs occurred. Regions of  RF 
ablation were easily distinguished from untreated tissue.

For the RFA-alone group and LP-TAE group, total 
ablation times were 445.1 �� �����������������    �� �������� ± �����������������    �� �������� 35.9 s and 320.6� �� ��������  ± �������� 30.9 s, 
maximum outputs were 87.0� �� �����������   ����� �� ��������  ± �����������   ����� �� �������� 4.83 W and 69.0� �� ��������  ± �������� 7.38 W, 
and maximal diameters of  coagulation were 33.2� �� ����� ± �����2.28 
mm and 41.7� �� �����������������������   ����������������������   ± �����������������������   ����������������������  3.85 mm, respectively (Table 2). Significant 
reductions of  ablation time and maximum output and sig-
nificantly larger coagulation diameter were obtained with 

Table 1  Ablation protocol

Baseline
power output 

Step up rate Maximum 
output

Restart output Application 
process 

30 W 10 W/min Until roll-off 70% of the
maximum output

Twice

The baseline power output was set at 30 W. Ablation was continued with an 
increase of 10 W per minute until roll-off occurred. After the first RO, abla-
tion was resumed 30 s later at 70% of the maximum power achieved, and was 
completed when RO occurred a second time�.
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RFA following LP-TAE compared to RFA alone. 
In the RFA-alone group, disappearance of  the small 

distal branches of  the portal vein was observed on por-
tography (Figure 1A), and a compensatory increase of  
hepatic arterial blood flow was noted on hepatic arteriog-
raphy (Figure 1B). Subsegmental or distal portal branches 
disappeared in 8 ablated areas (80%), and segmental portal 
branches disappeared in 2 ablated areas (20%) on portog-
raphy. 

After LP-TAE, portal venous blood flow was decreased 
(Figure 2A) and the liver- enforced LP-TAE changed to 
dark red���������������������������������������������        ��������������������������������������������      (Figure 2�����������������������������������     B����������������������������������     ). Disappearance of  blood flow in 
large portal branches was recognized after RFA following 
LP-TAE (Figure 3). Segmental portal branches or larger 
branches such as the primary branch of  the portal vein 
disappeared in 8 ablated areas (80%) on portography. 

Gross examination revealed a gray core of  ablated 
tissue surrounded by a dark rim in all ablation areas. The 
RFA-alone group exhibited coagulation necrosis with 
sparing of  large vessels (Figure 4A). In the LP-TAE group, 
the boundaries of  coagulation necrosis were ill-defined, 
and the diameters of  necrotic areas were increased  
(Figure 4B).

DISCUSSION
The results of  the present study demonstrate that RF 
ablation following TAE with iodized oil induce a larger 
coagulation necrosis with lower output and shorter 
ablation time than with RFA alone. To our knowledge, this 
is the first formal animal study evaluating the effects of  
combined RFA and TAE with iodized oil on ablation time, 
maximum power output, and portal angiographic changes.

Radiofrequency tumor ablation has been demon-
strated to be a reliable method for creating heat-induced 
coagulation necrosis using a percutaneous approach[17]. A 

Figure 3  Portography showing large 
branches of portal veins have disa-
ppeared (arrow) after RFA following 
LP-TAE.

A B

Figure 2  ������������ ������������  ��������� ��� ������� ������� ������ ����� ��� ���� �����Portography revealing a decrease of portal venous blood flow in the left 
lobe ���������������������������������     after LP-TAE before RFA����������   (arrow) (A) and photograph of liver showing the 
dark red left lobe ��������������������������������������      after LP-TAE before RFA ��������������  (arrow head) (B).

B

A

Figure 4  ��������������������������������������������������������������         �������� Region of necrosis avoiding large vessels (white arrow) in group with 
RFA alone (A)�� ���� �������� ������������ ����������� ��� ������������ ��������� ����, and� �������� ������������ ����������� ��� ������������ ��������� ���� showing ill-defined boundaries of coagulation necrosis and 
increase of the necrotic area in the group with RFA following LP-TAE (B)�.

Figure 1 ��������������������������  �����������������   �����������������������������    Portography revealing occlusion of distal small portal vein branches in 
the ablated area (arrow) (A) and hepatic arteriography showing a compensatory 
increase in hepatic arterial blood flow in response to occlusion of the portal vein 
branches (arrow head) (B) in group with RFA ������a�����lone.

BA

Table  2 Ablation time to roll-off, maximum output, and 
coagulation diameter

Group with RFA 
alone

Group with RFA 
following LP-TAE 

P  value

Ablation time to roll-off (s) 445.1 ± 35.9 320.6 ± 30.9 P < 0.05 
Maximum output (W)   87.0 ± 4.83   69.0 ± 7.38 P < 0.05 
Coagulation diameter (mm)   33.2 ± 2.28   41.7 ± 3.85 P < 0.05

Significant reductions in roll-off time and output and significantly greater 
coagulation diameter were obtained with RFA following LP-TAE compared 
with RFA alone. LP-TAE: Transcatheter arterial embolization with iodized oil 
(Lipiodol); RFA: radiofrequency ablation.
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RF electrode is inserted into the tumor under ultrasound 
guidance. After attachment to the appropriate generator, a 
radiofrequency current is emitted from the electrode. RF 
energy can cause localized cell desiccation and necrosis. 
Radiofrequency current is emitted from the exposed, non-
insulated portion of  the electrode, and ion agitation is pro-
duced within the tissues surrounding the electrode. This 
agitation is converted by friction into heat, inducing cellu-
lar death via coagulation necrosis[18]. When the temperature 
within the tissue rises above 60℃, a region of  necrosis 
surrounding the electrode begins to develop[19]. The extent 
of  RF-induced coagulation necrosis depends on overall 
energy deposition, the duration of  radiofrequency applica-
tion, and radiofrequency electrode tip length[20]. A larger 
coagulation necrosis is formed with a 3.0 cm expandable 
electrode than with a 2.0 cm expandable electrode. 

RF-induced heating is limited by perfusion-mediated 
vascular cooling[6,7]. A reduction of  blood flow during RF 
application has been shown to increase coagulation ne-
crosis in animal models[7-10]. Goldberg et al[7] applied RF 
to normal in vivo porcine liver with and without balloon 
occlusion of  the portal vein and the hepatic artery, and 
found that greater coagulation could be achieved during 
portal venous occlusion. Chinn et al[9] compared 4 vascular 
occlusion groups: portal vein, hepatic artery, both hepatic 
artery and portal vein, and no occlusion, and reported that 
coagulation volume is the greatest with occlusion of  both 
hepatic artery and portal vein. Sugimori et al[21] applied RF 
to normal pig livers using a 15-gauge LeVeen needle with a 
2.0 cm expandable electrode at the maximum output of  60 
w after transcatheter arterial infusion (TAI) of  iodized oil, 
TAE with gelatin sponge, and TAE with iodized oil and 
gelatin sponge. They reported that RF ablation after TAE 
with iodized oil and gelatin sponge induces the largest co-
agulation necrosis, but there are no significant differences 
in RF ablation times with RFA alone and RFA combined 
TAE. In the present study, we applied RF to normal pig 
livers using a 17-gauge 3.0 cm expandable electrode until 
roll-off, and compared ablation time, maximum power 
output, and coagulation diameter between RFA alone and 
RFA following TAE with iodized oil and gelatin sponge, 
demonstrating that RF ablation following TAE with io-
dized oil and gelatin sponge could induce a larger coagula-
tion necrosis with a lower output and a shorter ablation 
time than RFA alone with a significant difference. It is sug-
gested that the cooling effects of  blood flow are greater, 
so ablation range and expansion diameter of  electrode are 
large. 

Arterioportal communications occur through the sinu-
soids (transsinusoidal communications) and the peribiliary 
vascular plexus (transplexal communications)[22,23]. It is 
postulated that when more than a certain amount of  io-
dized oil (lipiodol) is pooled in the sinusoids, a change oc-
curs in the hepatic microcirculation and iodized oil flows 
into the portal vein through arterioportal communications 
after pooling in the sinusoids[24]. Therefore, injection of  io-
dized oil into the hepatic artery results in a retrograde flow 
to the portal vein through the sinusoids and occlusion of  
portal vein branches[25]. Both hepatic artery and branches 
of  the portal vein are simultaneously blocked after TAE 
with iodized oil, and perfusion-mediated vascular cooling 

effect limiting RF-induced coagulation necrosis is thus re-
duced. As a result, a larger coagulation necrosis is formed 
with lower output and shorter ablation time than with RFA 
alone. Furthermore, disappearance of  blood flow in large 
portal branches was recognized after RFA following TAE 
with iodized oil in the present study, however, the necrosis 
achieved with RFA alone avoided the large vessels, prob-
ably due to the cooling effect of  blood flow.

Because HCCs are hypervascular tumors and have 
abundant tumoral arterial blood flow, which diminishes 
radiofrequency wave heating, higher power output ablation 
compared to normal liver tissue is required until roll-off  in 
opposition to the cooling effect. However, high-output RF 
ablation by RFA alone results in boiling and carbonization 
of  the tissue near the electrode[7,19], leaving an incompletely 
ablated tumor, and increases the frequency of  puncture 
and the risk of  dissemination. It is presumed that scattered 
recurrence or rapid tumor growth after RFA is attributable 
to a rapid increase of  local tissue temperature and intra-
tumoral pressure due to high-output ablation, and bump-
ing (explosion) in the early process of  ablation might cause 
a spreading of  incompletely ablated neoplastic cells via the 
portal vein[26-30]. Moreover, with RFA alone, a compensa-
tory increase of  hepatic arterial blood flow in response to 
occlusion of  the portal vein branches after RFA might be 
related to a rapid growth of  residual tumors. Because TAE 
with iodized oil can block hepatic arterial and portal blood 
flow and attenuate the vascular cooling effect, RF ablation 
with a low output for hypervascular hepatic tumors is en-
abled by combining TAE with iodized oil. Low output RF 
ablation combined with TAE with iodized oil can prevent 
a rapid increase of  local tissue temperature and intra-tu-
moral pressure, and may prevent intraportal disseminations 
and intrahepatic scattered recurrence. Furthermore, TAE 
with iodized oil prior to RFA can cause ischemic necrosis 
of  the tumors, thereby decreasing the number of  neoplas-
tic cells, which can reduce the risk of  dissemination even 
if  bumping (explosion) occurs. Our results strongly sug-
gest that a combination of�����������������������������       ����������������������������     low ������������������������    output �����������������   RFA and TAE with 
iodized oil might be efficacious for treating hypervascular 
large hepatic tumors without complications such as scat-
tered recurrence or rapid tumor growth.

In conclusion, reduction of  arterial and portal blood 
flow due to TAE with iodized oil before RF increases 
coagulation necrosis with lower output and shorter ablation 
time than with RFA alone. Strategies for combining RFA 
with TAE with iodized oil to reduce tumoral blood flow 
might improve treatment effect on hypervascular large 
hepatic tumors.
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