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Abstract--Radiofrequency (RF) ablation has become an important means of treat- 
ment  of  non-resectable pr imary and metastatic l iver tumours. Recurrence of treated 
tumours is associated with cancer cell survival next to blood vessels. The paper 
examines the performance of classical monopolar, and two configurations of bipolar, 
RF ablation using a LeVeen ten-prong catheter. Finite element method models of 
monopolar  and bipolar configurations were created at 5 m m  distance from a vessel 
of  the size of a typical portal vein ( lOmm diameter). In one bipolar configuration, the 
probes were oriented in the same axial direction (asymmetric configuration); in the 
second bipolar configuration, the two probes were facing each other (symmetric 
configuration). The distribution of temperature and current density was analysed for 
three different f low conditions: normal flow, reduced f low due to portal hypertension 
and high flow. For normal flow, the distance between the formed coagulation zone 
and the blood vessel was 1.8mm for monopolar, l mm for asymmetric bipolar, and 
0.2 mm for symmetr ic bipolar, configurations. Symmetric bipolar RF ablation creates 
coagulation zones signif icantly closer to blood vessels compared with monopolar  RF 
ablation. This may reduce tumour cell survival next to blood vessels and reduce 
recurrence rates. 
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1 Introduction 

RADIOFREQUENCY (RF) ablation has become of considerable 
interest as a minimally invasive treatment for primary and 
metastatic liver tumours (GAZELLE et al., 2000). Primary 
hepa toce l lu la r  c a r c i n o m a  is one of the most common malig- 
nancies worldwide with, annually, around 500 000 new cases 
worldwide (KEW, 1985). Surgical resection offers the best 
chance of long-term survival, but is rarely possible, in many 
patients with cirrhosis or with multiple tumours, hepatic reserve 
is inadequate to tolerate resection, and alternative means of 
treatment are necessary (CURLEYet al., 1997). in RF ablation, 
RF current is delivered to the tissue through electrodes inserted 
percutaneously or during surgery. Different modes of controlling 
the electric power delivered to tissue are utilised. Power- 
controlled mode (P = constant), temperature-controlled mode 
(T = constant) and impedance-controlled mode (power is applied 
as long as Z <  constant) are commonly used. The electric power 
is converted to heat by resistive frictional forces among ions. 
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Tissue damage can occur at temperatures above 43 °C with long 
heating times of several hours; around 3 min of heating time are 
required at 50 °C (SAPARETO and DEWEY, 1984). 

The liver is a highly perfused organ, with a dual blood supply 
from the hepatic artery and the portal vein. Large portal and 
hepatic veins are found throughout the liver parenchyma. These 
vessels are responsible for perfusion-mediated tissue cooling 
and can limit the size of  the zone of necrosis caused by RF 
ablation (Lu et al., 2002; PATTERSON et al., 1998). As a result, 
tumour cells in perivascular locations can often escape the high 
heat of RF ablation, and this area is responsible for a dispro- 
portionately large number of  local recurrences. Despite adequate 
temperatures within RF lesions, local recurrence at the ablation 
site occurs in as many as 40% of treated tumours (RossI e t  al., 
1996; JIAO et al., 1999; SOLBIATI et al., 1997; CURLEY et al., 
1999). 

The high recurrence rates stem partially from tumour cell 
survival next to large vessels and limitations in generator 
technology to overcome vessel-mediated cooling, in a report 
of  recurrences after RF ablation, the majority were noted as 
being next to large blood vessels (GILLAMS and LEES, 1999). 
The lowest rate of  local recurrence reported to date (less than 
5%) was noted in a series of  patients treated with RF ablation 
during a Pringle manoeuver (occlusion of vascular flow to 
the liver) (CURLEY et al., 1999). The cooling effects of large 
blood vessels and vascular perfusion thus were minimised by 
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this manoeuver. However, the Pringle manoeuver requires a 
major surgical procedure, which negates one of the major 
advantages of  RF ablation, its use in a minimally invasive 
fashion (percutaneous or laparoscopic) (DELVA et al., 1989). 
Vaso-active pharmacological agents have also been used to 
reduce blood flow to the liver (GOLDBERG et al., 1998a) to 
reduce the blood cooling effect. 

it has been previously shown that bipolar RF ablation between 
separated electrodes can create larger RF lesions using needle 
electrodes (CURLEY et al., 1997; BURDIO et al., 1999; 
MCGAHAN et al., 1996). We showed previously, with four- 
prong electrodes*, that multi-prong probes can create larger RF 
lesions in bipolar mode. From our previous studies, it became 
evident that more than four prongs are desirable for bipolar 
application, so that current is more effectively concentrated in 
the region between the probes to heat this region preferentially 
(HAEMMERICH et al., 2001; 2002). Therefore we used a 
different, commercially available probe with ten prongs t for 
this study. 

We created finite element method (FEM) models of  mono- 
polar and bipolar RF ablation, with the ten-prong electrodes next 
to a blood vessel the size of a typical human portal vein. We 
compared current density, temperature distribution and distance 
between RF lesion and vessel wall for monopolar and two 
bipolar configurations to determine if a bipolar configuration 
had the potential to decrease the high mmour recurrence rate 
adjacent to hepatic blood vessels. We further investigated the 
effect of  different flow conditions in the vessel on RF lesion 
formation for normal flow, reduced flow due to portal hyperten- 
sion (which occurs in patients with cirrhosis) and high flow. 

2 Materials and methods 

2.1 Bioheat  equation 

Joule heating arises when an electric current passes through a 
conductor. Electric power is converted into heat. The heating of 
tissue during RF ablation is governed by the bioheat equation 
introduced by PENNES (1948) 

OT 
pc - -~  = V .  k V T  + J .  E - hbt(T - Tbl ) -- Qm 

hbl = ,OblCblWbl 

where p is the density (kgm-3), c is the specific heat 
(J (kg-K)-I) ,  and k is the thermal conductivity (W (m-K)- I ) .  
J i s  the current density (A m2), and E is the electric field intensity 

1 ( V m - ) .  Tbz is the temperature of  blood, PbZ is the blood density 
3 1 ( k g m - ) ,  cbl is the specific heat of  the blood (J (kg -K) -  ), and 

1 wbl is the blood perfusion ( s - ) .  hbl is the convective heat transfer 
coefficient accounting for the blood perfusion. Q,; (Wm -3) is 
the energy generated by metabolic processes and was neglected 
as it is small compared with the other terms. 

In the Pennes model described in the bioheat equation, the 
energy exchange between blood and tissue is modelled as a non- 
directional heat source. One major assumption was that the heat 
transfer related to perfusion between tissue and blood occurs in 
the capillary bed, which turned out not to be fully correct. The 
main thermal equilibrium process takes place in the pre- or post- 
capillary vessels. Nevertheless, the Pennes model describes 
blood perfusion with acceptable accuracy, if no large vessels 
are nearby (ARKIN et al., 1994). The blood perfusion in hepatic 
tissue used in the FEM model was wbZ = 6.4 × 10 -3 S -1 (EBBINI 
et al., 1988). 

*RITA Medical Systems, Mountain View, CA, USA 
tDistributed by RadioTherapeutics, Sunnyvale, CA, USA 
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2.2 Blood vessel heat transfer 

in our model, we included a vessel with 10 mm diameter, 
which is the typical size of  the portal vein (GRAY, 1990). We set 
the temperature of  the blood vessel to 37 °C as an additional 
boundary condition in our initial models. This can be considered 
the worst case (i.e. very high heat transfer coefficient between 
vessel and tissue). Later, we considered different flow velocities 
in the vessel. We assumed thermally and hydrodynamically fully 
developed flow in the vessel, which resulted in a constant heat 
transfer coefficient between vessel and tissue. The normal flow 
velocity in the portal vein is 22.9cms -1 (CIONI et al., 1992). 
Hepatocellular carcionoma often appear in patients with liver 
cirrhosis. In these cases, portal venous blood velocity can be 
reduced significantly owing to portal hypertension, with an 
average flow velocity of  16.9cms -1 (CIONI et al., 1992). 
Below, we estimate the heat transfer coefficient for normal and 
reduced portal venous blood velocity. 

SHAH et al. (1976) determined the heat transfer coefficient for 
constant vessel wall temperature. Their results for the local 
Nusselt number can be approximated, within 3.5%, by 
(CHATO, 1980) 

NUD = 4 + 0.48624 In 2 [Re ×Pr ×D/(18 ×L)] 

Re = pbVbD/# 

where Re is the Reynolds number, Pr is the Prandtl number 
(Pr = 25 for blood), D is the vessel diameter, L is the vessel 
length, Pb is the mass density of blood, # is the viscosity of  
blood, Vb is the average blood velocity, and kb is the thermal 
conductivity of blood. With the typical length of the portal vein 
of  70 mm (GRAY, 1990), we can calculate the Nusselt number 
for normal flow (NUD = 16.2) and for portal hypertension due to 
cirrhosis (NUD = 12.8). We can now calculate the heat transfer 
coefficients for the two cases with 

h = NUDkb/D 

The heat transfer coefficient is h = 810 W (m 2- K) -1 for normal 
flow and h = 639W(m 2- K) -1 for reduced flow due to portal 
hypertension. We created models where we assigned these heat 
transfer coefficients to the vessel-tissue boundary and deter- 
mined the RF lesion dimensions for these different flow 
conditions. 

2.3 Finite element method 

We created 3D finite element method (FEM) models for 
monopolar and bipolar ablation. For all FEM analyses, we 
used a LeVeen ten-prong probe with 3 cm diameter (when 
prongs are extended). The prongs are of rectangular cross- 
section, measuring 0 . 4 m m × 0 . 3 m m  (width×height). The 
shaft is 2.3 mm in diameter and is insulated; only the tines 
conduct current, in the bipolar configuration, the two probes are 

2 

Fig. 1 Geometry o f  asymmetric bipolar model 
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Table 1 Material properties used in FEM 

Element Material p, kg m 3 c, J (kg. K) 1 k, W (m. K) 1 a, S m 1 at 500 kHz 

tines Fe 21500 132 71 4 × 106 
s h a f t  polyurethane 70 1045 0.026 10 5 
blood blood 1000 4180 0.543 0.667 
tissue liver 1060 3600 0.512 0.333 

placed 20 mm apart, with the vessel centred in between (i.e. the 
vessel is 5 mm away from the probes). 

We created three different geometrical configurations: mono- 
polar, asymmetric bipolar and symmetric bipolar. Fig. 1 shows 
the geometry of the probe model for the asymmetric bipolar 
configuration, where both probes are oriented in the same axial 
direction, in the bipolar configurations, current flowed between 
the two probes (i.e. one of the probes was assigned to ground 
potential), in the monopolar configuration, only the lower probe 
was present next to the blood vessel, and ground potential was 
assigned to the model boundaries. In the symmetric bipolar 
configuration, the upper probe was rotated by 180 °, i.e. the two 
probes were positioned contra-axially. 

We created an additional model using the symmetric bipolar 
configuration, where we altered the conductivity of the blood 
inside the vessel to be the same as tissue conductivity. In all 
models, probes and vessel were surrounded by a cylinder of liver 
tissue, 100mm long and 100mm in diameter. Owing to the 
symmetry of the arrangement, we could reduce computing time 
by only modelling half of the geometry shown in Fig. 1. Table 1 
lists the material properties used in the model, which were taken 
from the literature (PANESCU et al., 1995; VALVANO et al., 
1985). We set the initial temperature of the liver tissue and the 
temperature at the boundary of the model to 37°C. Blood 
perfusion was modelled according to the PENNES (1948) model. 

In clinical applications, the amount of power applied to the 
LeVeen probe is controlled by impedance control; i.e. the power 
is reduced once the impedance rises a certain amount above 
baseline impedance owing to desiccation and vaporisation 
(MCGAHAN and DODD, 2001). However, we were unable to 
simulate this process in our FEM models, owing to lack of 
information on the change in tissue properties above 100 °C. We 
used temperature control in such a way that the maximum 
temperature within hepatic tissue was kept at 95 °C for the 
duration of the treatment. We simulated ablation for 12 min; in 
our models, we did not observe any significant change in 
coagulation zone dimensions beyond that time. The maximum 
temperature of hepatic tissue was kept at 95 °C by varying the 
voltage applied to the electrodes. The RF lesion size was 
determined using the 50 °C margin (i.e. tissue above 50 °C is 
considered destroyed) at the end of the simulation. 

The bipolar FEM models consisted of ~255 000 tetrahedral 
elements; the monopolar model consisted of ~ 160 000 tetrahe- 
dral elements. We used a non-uniform mesh; mesh size was 
0.2 mm close to the probe, where we see large temperature and 
current gradients, and 5 mm at the model boundaries. We used 
PATRAN Version 2000 ~ to generate the geometric models, 
assign material properties, assign boundary conditions and 
perform meshing. After creating the model, PATRAN generates 
an input file for the ABAQUS/Standard 5.8** solver. A coupled 
thermo-electrical analysis was performed by ABAQUS. For 
post-processing, we used the built-in module ABAQUS/POST 
to generate profiles of temperature and electric field intensity. All 
analysis was performed on an HP-C180 workstation equipped 
with 1.1 GB of RAM and 34 GB of hard disk space. 

SThe M a c N e a I - S c h w e n d l e r  Co., Los Ange les ,  CA, U S A  

* *H ibb i t t ,  Kar lsson & Sorensen,  Inc., Pawtucket ,  RI, USA  
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3 Results 

We generated FEM models ofmonopolar and bipolar ablation 
and analysed the distribution of temperature and current density 
distribution at the end of a 12min ablation simulation. 
Temperature distributions are shown for the worst-case scenario, 
where blood vessel temperature is constant at 37 °C (h --+ cx~ ). 

Temperature and current density maps were generated for two 
planes. Plane 1 was oriented perpendicular to the blood vessel 
axis, through the catheter axis (parallel to x, z-plane in Fig. 1); 
plane 2 was oriented through the vessel axis (i.e. along the 
vessel) and through the catheter axis (parallel to y, z-plane in 
Fig. 1). Owing to the probe geometry, plane 1 cut through the 
tines, whereas plane 2 cut in between two neighbouring tines. 
Figs 2 and 3 show the temperature map for the monopolar 
configuration in plane 1 and plane 2, respectively. 

Fig. 4 shows the current density map for the monopolar 
configuration in plane 1. Fig. 5 shows the temperature map for 
the asymmetric bipolar configuration in plane 1. Only the upper 
tine tips reach the set temperature of 95°C, whereas the 
lower tine tips only reach around 70 °C. Figs 6 and 7 show the 
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Fig. 2 Temperature map of monopolar configuration in plane 1. 

Cirele represents vessel wall, grey block represents shaft, and 
white ares represent tines. Outermost grey border marks 
50°C margin 
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Fig. 3 Temperature map of  monopolar configuration in plane 2. Line 
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Fig. 4 Current density map of  monopolar configuration in plane 1. 

Cirele represents vessel wall, grey block represents shaft, and 
white arcs represent tines 
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Temperature map of  asymmetric bipolar configuration in 
plane 1. Cirele represents vessel wall, grey block represents 
shaft, and white arcs represent tines. Outermost grey border 
marks 50 °C margin 

Fig. 7 Temperature map of  symmetric bipolar configuration in 
plane 1. Cirele represents vessel wall, grey block represents 
shaft, and white ares represent tines. Outermost grey border 
mark" 50°C margin 

temperature maps for the symmetric bipolar configuration in plane 
1 and plane 2, respectively. Fig. 8 shows the temperature map in 
plane 1 for the symmetric bipolar configuration, where blood 
conductivity inside the vessel has been altered to be the same as 
tissue conductivity. The distance between RF lesion and vessel for 
the model with modified blood conductivity is 1.2 mm in the 
vertical direction and 1.8 mm in horizontal direction. 

Fig. 9 shows the current density map for the symmetric bipolar 
configuration in plane 1. Fig. 10 shows the current density map 
for the symmetric bipolar configuration with altered blood 
conductivity in plane 1. For normal flow, the distance between 
the formed coagulation zone and the blood vessel was 1.8 mm for 
monopolar, 1 mm for asymmetric bipolar and 0.2mm for 
symmetric bipolar configuration. Table 2 summarises the 
distance between RF lesion and vessel for different probe 
configurations and different flow conditions: normal flow 
(h = 810 W (m 2- K)-I), reduced flow due to portal hypertension 
(h = 639 W (m 2 K) -1) and high flow (h --+ oo ). 
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Fig. 6 Temperature map of  symmetric bipolar configuration in 
plane 2. Lines represent vessel wall, and grey block rep- 
resents shaft. Outermost grey border marks 50 °C margin 

Fig. 8 Temperature map of  symmetric bipolar configuration in 
plane 1. Blood conductivity is altered to be same as tissue 
conductivity. Circle represents vessel wall, grey block 
represents shaft, and white arcs represent tines. Outermost 
grey border marks 50 °C margin 
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Fig. 9 

Fig. 10 
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4 Discussion 

it is well known that cooling mediated by large blood 
vessels has a major impact on RF lesion formation during 
hepatic RF ablation (Lu et al., 2002; PATTERSON et al., 1998; 
GOLDBERG et al., 1998b). More specifically, tumour recur- 
rence is associated with incomplete destruction of cancer cells 
close to blood vessels (GILLAMS and LEES, 1999). We exami- 
ned the performance of bipolar RF ablation next to a large 
blood vessel compared with monopolar RF ablation. Figs 2 
and 3 show the temperature distribution at the end of ablative 
treatment for the monopolar configuration, which is currently 
used clinically. Figs 2 and 3 show a large deflection of the RF 
lesion caused by the vessel. This may result in sub-optimum 
heating of a tumour located close to this vessel, ultimately 
leading to a lack of complete destruction or tumour recurrence. 

We compared two methods of bipolar RF ablation using the 
same probe used in the monopolar configuration. First, we 
examined the asymmetric bipolar configuration. The RF lesion 
created by the lower probe showed less deflection and extended 
closer to the vessel compared with the monopolar configuration. 
Only the upper tines reached set temperature, with much lower 
temperature observed at the lower tine tips (see Fig. 5). This 
stems from the asymmetry of the configuration, where the upper 
probe tines point towards the lower probe and therefore create 
higher current density at the tine tips in contrast to the lower 
tine tips, which point away from the upper probe. The upper 
probe tines greatly limit the total amount of  energy that can be 
dissipated by the two probes. 

A large improvement over the asymmetric bipolar configura- 
tion is achieved by inverting the upper probe, which leads to a 
symmetric bipolar configuration (Figs 6 and 7). We now observe 
a confluent RF lesion surrounding the blood vessel, and the RF 
lesion extends much closer to the vessel compared with the 
asymmetric bipolar configuration. Owing to the symmetry, the 
tines of  both probes now reach the set temperature. 

The superior performance of the bipolar configuration is 
partially caused by the thermally synergistic effect owing to 
the simultaneous creation of two RF lesions close to each 
other. Two probes in close proximity to each other create a 
larger lesion than two separate lesions created by a single 
probe. This effect has been previously observed during micro- 
wave ablation using multiple probes (WRIGHT et al., 2001). A 
second effect is the increased current density between the two 
probes, in previous experiments, where we evaluated the per- 
formance of bipolar RF ablation using four-tine multi-prong 
probes, we observed only a negligible increase in current 
density in between the probes (HAEMMERICH et al., 2001). 
However, with the ten-tine probes used in this study, we see a 
substantial increase in current density between the probes com- 
pared with the monopolar configuration (see Figs 4 and 9). 

Table 2 Lesion-vessel distance for difJbrent flow conditions and probe configurations. 
Lesion distance is given in vertical direction (along probe axis') and horizontal direction 
(perpendicular to probe axis') 

Bipolar Bipolar 
Flow condition Direction Monopolax asymmetric symmetric 

Portal hypertension 
h = 639 W (m 2. K) 1 

Normal 
h = 8 1 0  W ( m Z , K )  1 

Worst  case  

vertical 1.4 mm 0.5 mm 0 
horizontal oc oc 1.2 mm 

vertical 1.8 mm 1 mm 0.2 mm 
horizontal oc oc 1.5 mm 

vertical 2.3 mm 1.8ram 1 mm 
horizontal oc oc 2.3 mm 
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Owing to the increase in current density between the probes, 
the zone of active heating (i.e. not considering RF lesion 
formation caused by thermal conduction) extends further 
towards the collateral probe (i.e. towards the blood vessel). 
This effect may contribute substantially to the lesion extending 
closer to the vessel. This confirms the hypothesis of  
HAEMMERICH et al. (2001) that bipolar RF ablation using 
multi-prong probes is more effective, the more tines the probe 
has, in that it causes a more significant increase in current 
density between the two probes. 

However, the increase in current density between the probes 
seen in Fig. 9 could be partially due to the blood vessel located 
between the probes. Blood has a much higher conductivity than 
liver tissue (see Table 1). Therefore current paths preferentially 
go through the vessel, resulting in a 'channelling' effect (see 
Fig. 9). This effect is smaller for smaller vessel sizes, as then the 
area of  blood is also smaller. To examine the significance of 
the channelling of current caused by the vessel, we modified the 
symmetric bipolar model by altering the conductivity of  the 
blood inside the vessel to be the same as the tissue conductivity 
(see Figs 8 and 10). We only observed a slight change in RF 
lesion appearance for the modified model (Fig. 8) compared with 
the original model (Fig. 7). The RF lesion of the modified model 
is slightly closer to the vessel in the horizontal direction and 
slightly further away from the vessel in the vertical direction. 
This is the result of  the absence of current channelling in the 
modified model (Fig. 10), which was present in the original 
model (Fig. 9). Nevertheless, we still obtain a confluent RF 
lesion surrounding the vessel and conclude that the symmetric 
bipolar configuration creates RF lesions much closer to a blood 
vessel, largely independent of  the vessel-mediated current 
channelling effect. 

A disadvantage of the symmetric bipolar configuration is that 
the two RF probes need to be inserted from two opposing sides, 
which may not always be possible. A single catheter that 
contains two sets of  tines is better from a clinical standpoint 
(the insertion would only require a single insertion into the liver 
parenchyma). Comparably, the asymmetric bipolar configura- 
tion is much simpler to implement in practice. Two catheters can 
be easily lined up axially and introduced together into the tissue. 
However, the asymmetric bipolar configuration exhibits inferior 
performance. 

For each probe configuration, we also estimated the heat 
transfer between vessel and tissue for normal flow and for 
reduced flow due to portal hypertension, in these cases, the RF 
lesion extends closer to the vessel compared with the worst- 
case scenario (see Table 2). Flow velocity has a significant 
effect on RF lesion formation. For symmetric bipolar ablation 
in the reduced flow scenario, the RF lesion extends up to the 
vessel wall. in reality, both monopolar and bipolar RF ablation 
could create continuous RF lesions up to the vessel wall, 
depending on the distance between vessel and probe, vessel 
size and blood flow rate. Nevertheless, we showed that bipolar 
RF ablation is more effective in creating RF lesions next to a 
vessel. 

5 Conclusions 

We evaluated the clinically used monopolar configuration and 
asymmetric and symmetric bipolar configurations in close 
proximity to a large blood vessel. The symmetric bipolar 
configuration created an RF lesion fully encompassing the 
vessel. The RF lesion was also closest to the blood vessel, but 
the symmetric bipolar method may be difficult to apply in 
practice without substantial probe modifications. The asym- 
metric bipolar method performed better than the monopolar 
method, but only the upper probe reached a set temperature, 
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and this therefore limited power deposition by the lower probe. 
No confluent RF lesion was produced. The monopolar method 
showed the worst performance. 

We conclude that the use of  bipolar RF ablation may reduce 
recurrence rates associated with tumour cell survival close to 
blood vessels by increasing current density and heat deposition 
in the perivascular spaces, in large vessels with high flow, even 
bipolar RF ablation may not create lesions up to the vessel walls 
and result in tumour cell survival. Therefore, although the 
ablation closer to blood vessels is beneficial, this may not 
ultimately change clinical outcome, given that, even with 
bipolar ablation, some residual tumour can persist. The model- 
ling results presented will need to be verified in animal models 
with implantable tumours placed in close proximity to blood 
vessels prior to RF ablation. 
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