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Abstract—Radio-frequency (RF) ablation has become an
important means of treatment of nonresectable primary and
metastatic liver tumors. Major limitations are small lesion size,
which make multiple applications necessary, and incomplete
killing of tumor cells, resulting in high recurrence rates. We
examined a new bipolar RF ablation method incorporating two
probes with hooked electrodes (RITA model 30). We performed
monopolar and bipolar in vivo experiments on three pigs. The
electrodes were 2.5 cm apart and rotated 45 relative to each
other. We used temperature-controlled mode at 95 C. Lesion
volumes were 3.9 1.8 cm3 ( = 7) for the monopolar case
and 12.2 3 cm3 ( = 10) for the bipolar case. We generated
finite-element models (FEMs) of monopolar and bipolar con-
figurations. We analyzed the distribution of temperature and
electric field of the finite element model. The lesion volumes for
the FEM are 7.95 cm3 for the monopolar and 18.79 cm3 for the
bipolar case. The new bipolar method creates larger lesions and
is less dependent on local inhomogenities in liver tissue—such
as blood perfusion—compared with monopolar RF ablation. A
limitation of the new method is that the power dissipation of the
two probes cannot be controlled independently in response to
different conditions in the vicinity of each probe. This may result
in nonuniform lesions and decreased lesion size.

Index Terms—Bipolar ablation, electrode, finite element model,
liver ablation, radio-frequency, RF ablation.

I. INTRODUCTION

RADIO-FREQUENCY (RF) ablation has become of con-
siderable interest as a minimally invasive treatment for

primary and metastatic liver tumors.Hepatocellular carcinoma
is one of the most common malignancies, worldwide with an
estimated annual mortality of 1 000 000 people [1]. Surgical
resection offers the best chance of long-term survival, but is
rarely possible. In many patients with cirrhosis or with mul-
tiple tumors, hepatic reserve is inadequate to tolerate resection
and alternative means of treatment are necessary [2]. In RF
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ablation, RF current is delivered to the tissue via electrodes
inserted percutaneously or during surgery. Different modes of
controlling the electromagnetic power delivered to tissue can
be utilized. Power-controlled mode constant, tempera-
ture-controlled mode constantand impedance-controlled
mode constant are commonly used. The electromagnetic
energy is converted to heat by ionic agitation. Temperatures
above 45 C–50 C have been shown to cause denaturation
of intracellular proteins and destruction of membranes of tumor
cells, eventually resulting in cellnecrosis[3]. One of the major
limitations of this technique is the extent of inducednecrosis.
When tumors greater than 2 cm are treated, multiple applica-
tions are necessary to obtain complete tumornecrosis. Often
tumor cells survive, which leads to high recurrence rates [4]–[7].
Several methods have been investigated for increasing lesion
size and improving efficacy. Internally cooled probes have been
used [8], [9]. Pulsed techniques have been used to further in-
creasenecrosisdiameter created by internally cooled probes
[10]. Interstitial saline infusion creates larger lesions by cooling
and increasing effective electrode area [11]–[13]. The cooling
effects of large blood vessels andvascularperfusion can be min-
imized by the Pringle maneuver, in whichvascularinflow oc-
clusion is performed by clamping the hepatic artery and portal
vein [14]. However, the Pringle requires a major surgical pro-
cedure, which negates one of the major advantages of RF abla-
tion—the use in a minimally invasive fashion (percutaneous or
laporoscopic). Vasoactive pharmacologic agents have also been
used to reduce blood flow to the liver [15] to reduce the blood
cooling effect.

Bipolar RF ablation has been shown to create larger lesions
using two-needle electrodes compared with monopolar ablation
using a single-needle electrode [2], [13], [16]. We investigated
the potential of a novel bipolar RF ablation technique using two
parallel oriented, hooked electrodes (model 30, RITA Medical
Systems, Mountain View, CA). There have been many finite-el-
ement method (FEM) studies of cardiac RF ablation [17], [18]
but few FEM modeling studies on hepatic ablation [19]. We
initially generated FEM models to analyze differences in dis-
tribution of temperature and electric field intensity. We created
monopolar and bipolar lesionsin vivo in pig liver and compared
the results with the FEM model.

II. M ATERIALS AND METHODS

We used a RITA 500 RF generator and RITA 4-prong
15-gauge probes (model 30, RITA Medical Systems, see Fig. 1)
for creating monopolar and bipolar lesions. For clinical use,
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Fig. 1. Geometry of fully deployed Rita model 30 umbrella probe used in
FEM. The prongs and the distal 10 mm of the shaft conduct RF current. The
orientation of the coordinates is shown at the bottom.

the probe is inserted with retracted prongs. Once the probe is
in place, the prongs are deployed. The prongs can be deployed
to a maximum diameter of 3 cm. A thermistor is located in the
tip of each of the prongs. The thermistors allow temperature
monitoring with an accuracy of 2 C from 35 C to 100 C
and 5 C over 100 C. The shaft of the probe is insulated to
within 1 cm of the tip. For creating bipolar lesions, we attached
a second probe to the generator replacing the dispersive elec-
trode using a modified cable for connection. Figs. 2 and 3 show
the electrical configuration for monopolar and bipolar ablation,
respectively. The control circuit varies the applied power so
that the temperature, which is monitored by the thermistors, is
kept constant.

A. Bioheat Equation

Joule heating arises when an electric current passes through
a conductor. Electromagnetic energy is converted into heat. The
heating of tissue during RF ablation is governed by the bioheat
equation:

where
density (kg/m);
specific heat (J/kgK);
thermal conductivity (W/mK);
current density (A/m);
electric field intensity (V/m);
temperature of blood;
blood density (kg/m);
specific heat of the blood (J/kgK);
blood perfusion (L/s);
convective heat transfer coefficient ac-
counting for the blood perfusion;

Fig. 2. Electrical configuration of monopolar ablation.

Fig. 3. Electrical configuration of bipolar ablation.

(W/m ) energy generated by metabolic processes and
was neglected since it is small compared with
the other terms.

In the Pennes model described in the bioheat equation, the en-
ergy exchange between blood and tissue is modeled as a nondi-
rectional heat source. One major assumption is 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 precap-
illary or postcapillary vessels. Nevertheless, the Pennes model
describes blood perfusion with acceptable accuracy, if no large
vessels are nearby [20]. The blood perfusion in hepatic tissue
used in the FEM was 6.4 10 [21].

B. Finite-Element Method

We created FEM models for monopolar and bipolar ablation.
For all FEM analyses, we used a RITA model 30, 4-prong probe.
Initially we created different FEM models for bipolar ablation
where we varied probe distance in 0.5-cm increments. We found
the ideal distance (i.e., largest lesion size) at 2-cm probe dis-
tance.

Fig. 1 shows the geometry of the probe model. For the
bipolar model, the distal probe shaft was considered insulated,
except for the most distal 2 mm. In the actual probe, the shaft
tip is cut at an angle. Even though we insulated the outside
of the shaft, the inside still conducts and contributes toward
lesion formation. We created a similar situation in the model
by considering the distal 2 mm of the distal probe conducting.
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TABLE I
MATERIAL PROPERTIESUSED IN FEM

The probes were placed within a cylinder (80-mm diameter) of
liver tissue in this formation. Due to the symmetry of the ar-
rangement, we could reduce computing time by only modeling
a quarter of the cylinder. Table I lists the material properties
used in the model, which were taken from the literature [22],
[23]. We set the initial temperature of the liver tissue and
temperature at the boundary of the model to 37C. Blood
perfusion was modeled according to the Pennes model [24].
We simulated ablation for 12 min. The maximum temperature
of hepatic tissue was kept at 95C by varying the voltage
applied to the electrodes. The lesion size was determined
using the 50 C margin (i.e., tissue above 50C is considered
destroyed). The bipolar model consisted of63 000 tetrahedral
elements and 12 000 nodes. The monopolar model consisted
of 35 000 tetrahedral elements and7000 nodes. We used
PATRAN Version 9.0 (The MacNeal-Schwendler Co., Los
Angeles, CA) 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 (Hibbitt, Karlsson & Sorensen, Inc.,
Pawtucket, RI) solver. A coupled thermo-electrical analysis
was performed by ABAQUS. For postprocessing we used the
built-in module ABAQUS/POST to generate profiles of tem-
perature and electric field intensity. All analysis was performed
on a HP-C180 workstation equipped with 1.1 GB of RAM and
34 GB of hard disk space. Tungjitkusolmunet al. [17] provide
a detailed description of the FE modeling process.

C. In Vivo Studies

We used three domestic pigs (30–40 kg) for thein vivo ex-
periments. We obtained preapproval for all animal experiments
from the Institutional Animal Care and Use Committee, Uni-
versity of Wisconsin, Madison. All procedures were performed
with the animals under generalanesthesia. Induction ofanes-
thesiawas achieved by using anintramuscularinjection of tile-
tamine hydrochloride, zolazepam hydrochloride, and xylazine
hydrochloride. The animals were then intubated and maintained
on inhaled halothane. Once adequateanesthesiawas achieved,
theabdomenwas opened. The placement of the electrodes was
guided by ultrasonic imaging to avoid blood vessel rupture and
placement near large vessels. The probes were inserted with
retracted prongs. The prongs were deployed once the probes
were placed at the desired position. For monopolar ablations,
the dispersive electrode was placed on the subject’s backpos-
terior to the liver. We performed preliminaryin vivo experi-
ments with bipolar configuration at probe distances of 3.5, 3,
and 2.5 cm. When the distance was 3.5 and 3 cm, in some
cases we found a gap of viable tissue between two lesions cre-
ated by the two probes after performing ablation. Subsequently,
probes were placed 2.5 cm apart. Furthermore, probes were ro-
tated 45 relative to each other, and no dispersive electrode was

used. The distal 10 mm of the distal probe shaft were insulated
using epoxy resin (see Fig. 4). Both monopolar and bipolar ab-
lations were performed for 12 min using temperature-controlled
mode at 95 C. After the experiments were completed, the an-
imal was sacrificed and the ablated liver lobes were resected.
The liver was placed in 10% formalin for fixation. After fixa-
tion, the tissue was cut into slices 3–5 mm thick and the slices
were scanned at a resolution of 300 dpi to obtain digital images.
We measured the lesion area of each slice using the software
ImageJ Version 1.16 (NIH). The lesion border was determined
by optical inspection. The pale central area of the RF lesion has
been shown to correspond to the zone ofnecrosis[25]. Lesion
volume was computed by multiplying the lesion area of each
slice by slice thickness, and summating results for all slices.

III. RESULTS

A. In Vivo Studies

We created seven monopolar and ten bipolar lesions. Tables II
and III show the lesion volumes of the resulting bipolar and
monopolar lesions respectively. For monopolar ablation, lesion
volumes were 3.9 1.8 cm . For bipolar ablation, lesion vol-
umes were 12.2 3 cm . Figs. 5 and 6 show typical monopolar
and bipolar lesions, respectively. Fig. 7 shows a bipolar lesion
with severe charring around the shaft of the distal probe. Fig. 8
shows a bipolar lesion where the two probes have been heated
nonuniformly.

B. Finite Element Method

We generated models of monopolar and bipolar ablation and
analyzed the distribution of temperature and electric field inten-
sity. Figs. 9 and 10 show the profiles of the temperature distribu-
tions of monopolar and bipolar ablation, respectively. The lesion
volumes were 7.95 cmfor monopolar ablation and 18.79 cm
for bipolar ablation. The monopolar model shows a mushroom
shaped lesion while the bipolar model resembles the shape of
a cylinder. Figs. 11 and 12 show the electric field intensity of
monopolar and bipolar ablation, respectively.

IV. DISCUSSION

We propose a new bipolar method for creating larger and
more controllable lesions (i.e., less dependent on local inhomo-
geneities in liver tissue such as blood perfusion).

In the bioheat equation, the term represents the power
density of the electromagnetic field, which is converted into
thermal energy. The electric field intensitycan be expressed
as , where is the electric resistivity. Therefore, the
power density can also be expressed as . Fig. 11 shows
that the electric field intensity is high only very close to the
probe; hence, active heating is also limited to this region. We
hypothesized that we could extend the zone of high field inten-
sity further away from the probe using the bipolar configuration
and thereby extend the zone of active heating.

In the ideal case of two parallel plates at different voltages
extending infinitely in all directions, electric field intensity is
homogenous. Then, the deposition of electric energy is homo-
geneous, if the electrical resistivity of the material in between
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Fig. 4. Arrangement of two probes for bipolar ablation.

Fig. 5. In vivo monopolar lesion. Lesion volumeV = 3.0 cm .

TABLE II
LESION SIZES, IN-VIVO, BIPOLAR ABLATION

TABLE III
LESION SIZES, IN-VIVO, MONOPOLARABLATION

the plates is constant. When the plates have finite dimensions
and the distance between the plates is small compared with the
plate dimensions, a homogenous electric field gradient develops

Fig. 6. In vivo bipolar lesion. Lesion volumeV = 14.2 cm .

Fig. 7. In vivobipolar lesion, severe charring around uninsulated shaft of distal
probe, lesion volumeV = 12.2 cm .

in-between the plates except for the plate edges. Fig. 13 shows
this situation for the electric field gradient of two plates. We tried
to create a similar case by using two umbrella electrodes placed
parallel to each other at a close distance. We examined the elec-
tric field between two such probes with a FEM model. Figs. 11
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Fig. 8. Nonuniform heating. Lower probe creates smaller lesion due to lower
temperature. Lesion volumeV = 10.3 cm .

Fig. 9. Monopolar RF ablation: Temperature distribution after 12 min RF
ablation in temperature-controlled mode,T = 95 C. The distal 10 mm of the
shaft and the prongs conduct current. The gray part of the shaft is insulated. The
outermost border (lightest gray) marks the 50C margin, which is considered
the lesion border. Lesion sizeV = 7.95 cm .

and 12 show the electric field intensity for the monopolar and
bipolar configurations. For the bipolar configuration we see in-
creased field intensity between the probes. However, for probes
with four prongs this increase is not sufficient to contribute sig-
nificantly toward heating (note the scale, where the shades of
gray correspond to field intensity from zero to 1/3 of the max-
imum intensity. Black covers the range above 1/3 of maximum
field intensity). Therefore, probes with a large number of prongs
are necessary for the heating between probes to become consid-
erable. Disadvantages of using probes with a higher number of
prongs are increased risk of blood vessel rupture and the ne-
cessity for a larger gauge needle to house the prongs. Larger
gauge probes are associated with a higher complication rate
when placed in the liver. Intrahepatic hemorrhages and tumor
seeding along the needle tract are more likely to occur [26].

The major contribution toward larger lesion size of bipolar
ablation is based on a thermodynamic effect. If two lesions are

Fig. 10. Bipolar RF ablation: Temperature distribution after 12 min RF
ablation in temperature-controlled mode,T = 95 C. Only the prongs conduct
current. The shafts (gray) are insulated, except for the distal 2 mm of the distal
shaft. The outermost border (lightest gray) marks the 50C margin, which is
considered the lesion border. Lesion sizeV = 18.79 cm.

Fig. 11. Monopolar RF ablation: Electric field strength. The distal 10 mm of
the shaft and the prongs conduct current. The gray part of the shaft is insulated.

Fig. 12. Bipolar RF ablation: Electric field strength. The distal 2 mm of the
distal probe shaft and the prongs of both probes conduct current. The gray parts
of the shafts are insulated.

created separately with electrodes at the same position as in a
bipolar ablation, the total lesion size is smaller than a single
bipolar lesion. In monopolar ablation, heat is diverted from
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Fig. 13. Two parallel plates: electric field intensity. Homogenous electric field is created, except at the plate edges.

the ablation site in all directions. In the bipolar case, however,
one probe is thermally shielded by the opposing second probe,
which also actively heats the tissue in its proximity. There is
less cooling in the direction toward the collateral probe than
exists in monopolar ablation. Heat is trapped between the
two probes and higher temperatures are reached. This results
in a lesion of larger size than that of two lesions produced
sequentially by monopolar ablation with probes placed at the
same position. The temperature distributions for monopolar
and bipolar ablation shown in Figs. 9 and 10 show increased
lesion size between the probes in bipolar configuration. A
zone of high temperature is created between the probes, which
results in more effective killing of tumor cells in this zone.
Furthermore, dependence of lesion size on local differences in
cooling mediated by perfusion is reduced. This is supported by
the fact that the standard deviation of bipolar ablation lesion
size relative to its mean is smaller than for the monopolar case.

The average lesion size createdin vivo with bipolar RF
ablation ( 12.2 3 cm ) was 210% larger than average
lesion size of lesions created with monopolar RF ablation
( 3.9 1.8 cm ). The results obtained from FEM anal-
ysis show only 136% increase of bipolar ( 18.79 cm)
versus monopolar ( 7.95 cm ). However, the conditions
between the FEM model and thein vivo experiments have to
be considered different. In the FEM model, we used temper-
ature-independent tissue properties due to lack of data. We
also considered blood perfusion to be constant whereas ac-
tually blood perfusion drops as coagulation occurs with high
temperatures. Furthermore, we did not consider the impact of
large blood vessels close to the ablation site. Due to these
inaccuracies in the FEM model we obtain different results
for the model and the experiment. However, both the FEM
model and thein vivo experiments show a more than two-fold
increase in lesion size, which demonstrates superior perfor-
mance of the bipolar configuration.

Figs. 5 and 9 both show the typical mushroom shaped lesion
observed after RF ablation utilizing umbrella probes. The lesion
shape generated by bipolar ablation resembles a cylinder (see
Figs. 6 and 10). It is easier to encompass tumors with a cylin-

drical bipolar lesion than with a mushroom shaped monopolar
lesion.

McGahanet al. [16] made extensive bipolar RF ablation ex-
perimentsin vitro using two needle electrodes. They found an
ideal distance between the two needle electrodes. The situation
is similar in our bipolar ablation method. When electrode dis-
tance is too far, two small, unfused lesions are generated instead
of one large lesion. The sum of the small lesions in this case is
smaller than the larger lesion created using a smaller gap. Since
the intention is to kill a tumor located in between the electrodes,
a continuous lesion between the electrodes has to be produced
and, therefore, distance must be kept less than a certain limit.
The liver is a very heterogeneous organ, particularly in regards
to vascularity. Therefore, for thein vivoexperiments there is no
distance of probe spacing that is ideal for all cases. The ideal gap
between the two probes depends upon the local properties of the
ablation site and is different for each ablation. We performed
preliminaryin vivo experiments with probe distances of 3.5, 3,
and 2.5 cm. When the distance was 3.5 and 3 cm, in some cases
we found a gap of viable tissue between two lesions created by
the two probes after performing ablation. We chose a distance of
2.5 cm for subsequent experiments. A different distance might
be appropriate if hooked probes with other geometries are used
(e.g., ten-prong umbrella probe from Radiotherapeutics, Sunny-
vale, CA).

We rotated the probes 45relative to each other to achieve
more uniform current distribution and heating in between the
probes. We did not perform any experiments to prove that this
rotation is beneficial. We also insulated the distal 10 mm of the
probe shafts. When probes are used for conventional monopolar
ablation, the distal 10 mm of the shaft is not insulated and is elec-
trically active (see Fig. 1). Initial experiments, where this sec-
tion of the distal probe was not insulated, showed occurrences of
charring around the distal portion of the shaft (see Fig. 7), which
eventually resulted in impedance rise. Impedances above 200
trigger generator shut-down. This is a safety feature to avoid
charring and boiling. An explanation for the rise in impedance
is that the temperature at the uninsulated shaft exceeded the
temperature monitored at the probe tips. The region around the
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uninsulated shaft was heated more because it was closer to the
second probe resulting in higher local current density. Temper-
atures above 100C cause boiling, vaporization and charring,
which raises impedance. We solved this problem by insulating
this region on the distal probe shaft using epoxy resin.

A limitation of the bipolar method described in this study is
that temperature was measured at only one probe. In RF abla-
tion, most of the active heating occurs within a range of a few
millimeters from the electrodes. Similar resistivity and current
density are present in the vicinity of both probes. Therefore, a
comparable amount of energy is converted into heat next to each
of the two probes. If one probe is cooled more by blood perfu-
sion than the other, more heat energy is carried away. One probe
reaches a higher temperature than the other. If the cooler probe is
temperature-controlled at 95C, the uncontrolled probe reaches
temperatures above 95C, which can lead to boiling and va-
porization. Impedance rises, and the RF generator shuts down.
In four cases, during bipolar ablation the impedance showed a
sudden rise resulting in the shut-down of the generator. In these
cases, we switched the connections of the probes so that the
temperature of the previously overheating probe was measured.
If the temperature of the hotter probe is controlled to be kept
at 95 C, the other probe does not reach this temperature and
heating near this probe is less. Fig. 8 shows a lesion, where one
probe produced only a minor lesion because the desired temper-
ature was not reached.

When treating large tumors with current RF ablation tech-
niques, multiple ablations often must be performed on the same
tumor to obtain completenecrosisof tumor tissue. Bipolar
RF ablation exhibited superior performance compared with
monopolar ablation, creating lesions about three times as large
in in vivo experiments. The proposed bipolar method may
kill all tumor cells with a single application, which reduces
treatment time. Since both probes can be inserted from the same
site, insertion is only minimally more complicated compared
with insertion of a single probe. Ultrasound guided placement
can be used to place the probes on opposite sides of the tumor
to be treated. Ultimately, a probe where two sets of electrodes
at a specified distance are held within a single catheter could
be manufactured. Different probes with variable distances
between prong arrays, each specified for a certain tumor size,
could be produced.
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