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Abstract—Radio-frequency (RF) ablation is an important many patients with cirrhosis or multiple tumors hepatic reserve
means of treatment of nonresectable primary and metastatic liver js inadequate to tolerate resection and alternative means of
tumors. RF ablation, unlike cryoablation (a method of tumor  yeatment that target the tumor, but preserve uninvolved liver

destruction that utilizes cold rather than heat), must be performed . . .
with a single probe placed serially. The ab)lation of arr)1y but the are necessary [2]. In RF ablation, RF current is delivered to the

smallest tumor requires the use of multiple overlapping treatment  tissue via electrodes inserted percutaneously or during surgical
zones. We evaluated the performance of a configuration incorpo- exploration. Different modes of controlling the electromagnetic
rating two hooked probes (RITA model 30). The probes were lined power delivered to tissue can be utilized. Power-controlled
up along the same axis in parallel 20 mm apart. Three different mode (° = constant), temperature-controlled modg (=
modes applied voltage to the probes. The first mode applied energy . '

in monopolar mode (current flows from both probes to a disper- constant) and impedance-controlled mode € Cor_lstant) e
sive e|ectr0de)_ The second mode apphed the energy to the probe§.lsed. Tumor Ce” death resu|tS from the conversion Of eleCtrO'
in bipolar mode (current flows from one probe to the other). magnetic energy to heat by ionic agitation. Temperatures above
The third method applied the energy sequentially in monopolar 45 °C-50°C cause denaturation of intracellular proteins and
mode (in 2-s intervals switched between the probes). We used the yastruction of membranes of tumor cells, eventually resulting in

finite-element method (FEM) and analyzed the electric potential . Lo . .
profile and the temperature distribution at the end of simulation cell necrosis [3]. One of the major limitations of this technique

of a 12-min ablation. The alternating monopolar mode allowed IS the inability to use multiple probes simultaneously. When
precise independent control of the amount of energy deposited at tumors greater than 2 cm are treated, multiple applications

each probe. The bipolar mode created the highest temperature in are necessary to obtain complete tumor necrosis. Often tumor
the area between the probes in the configuration we examined. cells survive, which leads to high recurrence rates [4]-[6]. In

The monopolar mode showed the worst performance since the h ltiole t tth t be treated
two probes in close vicinity create a disadvantageous electric field CAseES where MUltipie tUmors are present, these Must be reaie

configuration. We, thus, conclude that alternating monopolar RF  sequentially. Treatment time could be drastically reduced
ablation is superior to the other two methods. if multiple tumors could be treated simultaneously. Several

Index Terms—Ablation, bipolar ablation, electrode, finite-el- _methods havg been investigated for increasing lesion size and
ement model, hepatic ablation, liver ablation, radio-frequency improving efficacy. Internally cooled probes have been used
ablation, RF ablation. [7], [8]. Pulsed techniques have been used to further increase
necrosis diameter created by internally cooled probes [9].
Interstitial saline infusion creates larger lesions by cooling
and increasing effective electrode area [10]-[12]. The cooling

ADIO-FREQUENCY (RF) ablation is increasingly effects of large blood vessels and vascular perfusion can be
utilized as a minimally invasive treatment for primary angninimized by clamping the hepatic artery and portal vein and
metastatic liver tumors. Primary hepatocellular carcinoma isogcluding vascular inflow [13]. Inflow occlusion, however,
significant worldwide public health problem with an estimatetkquires a major surgical procedure, which negates one of
annual mortality of 1000000 [1]. Surgical resection offers thgae major advantages of RF ablation—the use in a minimally
best chance of long-term survival, but is rarely possible. Invasive fashion (percutaneous or laparoscopic). Bipolar RF
ablation has been shown to create larger lesions using two
needle electrodes compared with monopolar ablation using a
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in parallel. The first mode applied energy in monopolar moc Mi-Ti retractabis

(current flows from both probes to a dispersive electrode). Tl slactrodes, T——

second mode applied energy to the probes in bipolar mode (c 0.5 mm diameter j;’?ﬂ‘?‘:\ﬂ

rent flows from one probe to the other). The third mode applie

energy sequentially in monopolar mode (in 2-s intervals curre ;

is switched either from one or the other probe to the dispersi I j )
“

electrode). Staindess sheel shall, ——
insylated o
Il. METHODS ;
_ _ '
A. The Bioheat Equation I
RF ablation destroys tissue by converting electric energy in 5, 20 mm
thermal energy. The current flows from the conductive prot i [
through the tissue to a surface dispersive electrode. Tissue ;
close vicinity of the probe tip is heated by ionic agitation.
The heating of tissue during RF ablation is governed by ti i
bioheat equation . A
T . A
pegr =V EVT +3-B = by (T = Tit) = @ ; b
T =puicuiwy (1)

Fig. 1. Geometry of the probe arrangement used in the FEM. Only the prongs
wherep is the density (kg/n”q), cis the specific heat (J/(kd<)), conduct RF current. The orientation of the coordinates is shown at the bottom.
andk is the thermal conductivity (W/(mK)). .J is the current
density (A/n¥) and £ is the electric field intensity (V/m)I3,; is  have thermistors placed in each prong tip. In temperature-con-
the temperature of bloogy, is the blood density (kg/#), e, is  trolled mode the temperature sensed by the thermistors is used
the specific heat of the blood (J/(kdK)), andwy; is the blood to control the applied power. The probes were placed 20 mm
perfusion (1/s)h,; is the convective heat transfer coefficientpart. An initial model with 25-mm separation did not produce
accounting for the blood perfusion),,,(W/m?) is the energy a confluent lesion. In the actual probes, the prongs and the last
generated by metabolic processes and was neglected sinceStrism of the shaft are conducting. In our model only the prongs
small compared with the other terms [8]. are conducting and the shaft is insulated. We insulated the shaft

In the Pennes model described in the bioheat equation, the eompletely, because otherwise a disadvantageous current dis-
ergy exchange between blood and tissue is modeled as a notritiution would result when using the bipolar mode, as we de-
rectional heat source. One major assumption is that the heetibed in more detail previously [18]. The shaft was insulated
transfer related to perfusion between tissue and blood occfasall models to get comparable results. We placed the probes
in the capillary bed, which turned out not to be fully correctwithin an 80-mm diameter cylinder of liver tissue in this forma-
The main thermal equilibrium process takes place in the precajon. Due to the symmetry of the arrangement, we could reduce
illary or postcapillary vessels. Nevertheless, the Pennes modemputing time by modeling only a quarter of the cylinder. We
describes blood perfusion with acceptable accuracy, if no largeed the same material properties as in pervious models [18].
vessels are nearby [20]. The blood perfusion in hepatic tisse set the initial temperature of the liver tissue and temperature

used in the FEM wasy,; = 6.4 x 1073 [21]. at the boundary of the model to 3T. We simulated ablation
. ) for 12 min. The model consisted ef 63 000 tetrahedral ele-
B. Finite-Element Analysis Software ments andv 12 000 nodes. We used a nonuniform mesh; mesh

We used PATRAN Version 9.0 (The MacNeal-Schwendlgize was 0.2 mm close to the probe where we see large temper-
Co., Los Angeles, CA) to generate the geometric models, @ure and current gradients and 5 mm at the model boundaries.
sign material properties, assign boundary conditions and p¥¥e performed convergence tests to ensure adequate spatial res-
form meshing. After creating the model, PATRAN generates aution. The time steps during the solution of the FEM started
input file for the ABAQUS/Standard 5.8 (Hibbitt, Karlsson &at 0.05 s and were subsequently automatically controlled by the
Sorensen, Inc., Pawtucket, RI) solver. A coupled thermo-elegslver software so that the maximum temperature change during
trical analysis was performed by ABAQUS. For postprocessitige step was below 3C.
we used the built-in module ABAQUS/POST to generate pro-
files of temperature and electric field potential. All analysis wad- Energy Delivery Schemes for Multiple Probes
performed on a HP-C180 workstation equipped with 1.1 GB of We used the same model geometry for all three types of en-
RAM and 34 GB of hard disk space. Tungjitkusolmatral.[15] ergy delivery. Also, for all three types we controlled the ap-
provide a detailed description of the FEM modeling process.plied energy (i.e., voltage) so that the tip temperature was kept

at 90°C (temperature-controlled mode). We simulated ablation
C. Model Geometry for 12 min.

Fig. 1 shows that we created FEM models of two RITAmodel The monopolar mode applied the same voltage to both

30, four-prong probes axially lined up in parallel. The probgzobes. Current flows from the probe prongs to the disper-
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Fig. 3. Monopolar RF ablation. Temperature distributionzi#y plane after
12-min RF ablation in temperature-controlled mdfle= 90°C. The outermost
border (lightest gray) marks the 3@ margin, which is considered the lesion
border.

Fig. 2. Monopolar RF ablation Electric potential of FEM in they plane.
The scale on the left shows potential in volts.

sive electrode. The bipolar mode passes current between the
two probe prongs. We controlled the applied voltage so that
the probe tips of the upper probe were kept at°@ The

Ll

upper probe tips get hotter because of the nonsymmetrical EQ)
configuration of the two probes. The alternating monopolar B

scheme passed current from only one of the probe prongs to the &0 )
dispersive electrode. After 2 s, the voltage alternately switches i o
from the upper probe to the lower probe with all current

collected by the dispersive electrode. The applied voltage is "'f'
controlled independently for each of the two probes so that s

the average tip temperature of both probes is kept &®0y fio '.
independently controlling the applied voltage to each probe. BS |

The tip temperature is not constant in this case since one probe
cools off while power is delivered to the other probe and vice
versa. For monopolar mode and alternating monopolar mode,
we assigned ground potential to the model boundaries.

T Fig.4. Monopolar RF ablation. Temperature distribution in plane éfatgle
E. Model Limitations to 2—y plane plane after 12-min RF ablation in temperature-controlled mode,

Unlike our simplified FEM models, the liver is a very com-I’ = 90 °C. The outermost border (lightest gray) marks the*&0margin,

plex electrical and thermal organ due to its inhomogeneity. ‘ch is considered the [esion border.

is composed of three different types of blood vessels (hepatic

arteries, portal veins, hepatic veins) of different diameters atfRinperature distributions. For the bipolar mode, Fig. 5 shows the
flow velocities, liver parenchyma, hepatic tumors, bile duct§lectric potential profile and Figs. 6 and 7 show the temperature
and stroma, all of which have unique electrical and therm@istribution. For the alternating monopolar mode, Fig. 8 shows
properties. We did not include change of thermal and electridfe electric potential profile, Figs. 9 and 10 show the tempera-
tissue properties with temperature due to lack of data. Furthife distribution. Fig. 11 shows the progress of upper and lower
we considered perfusion to be homogenous and not dependiéhiemperatures for the alternating monopolar mode starting 11

on temperature. These limitations of our model may lead to iRlN after start of ablation. The temperature range of the probe
accurate results. tips is 79°C-101°C. The temperature at the center between the

two electrodes is 42C for the monopolar mode, 58C for the
IIl. RESULTS bipolar mode, and 52C for the alternating monopolar mode.

For each of the three modes we show the temperature distri-
bution in two planes at the end of the 12-min ablation period and
the electric potential profile in the—y plane. We show the tem-  The aim of all three modes used in this study is to allow usage
perature distribution in the—y plane and in a plane of 4®ffset of multiple probes simultaneously while performing ablation. In
to thex—y plane. In all figures the probe tines are colored whitde configuration we used in the FEM model, the probes are po-
and the probe stent is colored gray. For the monopolar modé#joned 20 mm apart. This configuration is useful for treating
Fig. 2 shows the electric potential profile, Figs. 3 and 4 show th&rge tumors, which cannot be treated with a single application

IV. DISCUSSION
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Fig. 8. Alternating monopolar RF ablation. Electric potential of FEM in the
x—y plane plane. The scale on the left shows potential in volts.

Fig. 5. Bipolar RF ablation. Electric potential of in they plane plane. The

scale on the left shows potential in volts. Ty
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W Fig. 9. Alternating monopolar RF ablation. Temperature distribution-in

plane plane after 12-min RF ablation in temperature-controlled mbde,90

. . . o °C. The outermost border (lightest gray) marks the*&margin, which is
Fig. 6. Bipolar RF ablation. Temperature distribution:iry plane plane after cgnsidered the lesion border.

12-min RF ablation in temperature-controlled mdfle= 90°C. The outermost
border (lightest gray) marks the 3@ margin, which is considered the lesion ] ] ] )
border. using a single probe. The configuration has an advantage based

on a thermodynamic effect. If two lesions were created sepa-
rately with electrodes at the same position as in a bipolar abla-
tion, the total lesion size would be smaller than a single bipolar
lesion. When only using a single probe, heat is diverted from the
ablation site in all directions. When using two probes in close
vicinity, 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
would exist 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 sequen-
tially by ablation with probes placed at the same position. A
zone of high temperature is created between the probes, which
results in more effective killing of tumor cells in this zone.

However, the configuration of the probes is not limited to that
in Fig. 1. With all three modes, probes can be placed further
Fig. 7. Bipolar RF ablation. Temperature distribution in plane ofdgle to - gpart, as is necessary when treating multiple tumors. In the fol-
x—y plane plane after 12-min RF ablation in temperature-controlled nfoee, . .

lowing sections we evaluate and compare the performance of

90 °C. The outermost border (lightest gray) marks the’ 80margin, which is
considered the lesion border. each method.
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ablation, most of the active heating occurs in a range of a few
millimeters from the electrodes. We can assume that similar re-
sistivity 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 we apply the same
[ § voltage. If one probe is cooled more by blood perfusion than the
other due to differences in local perfusion next to each probe,
more heat energy is carried away. One probe reaches a lower
temperature than the other. The cooler probe then would have
E=h to carry a higher voltage than the other, so more energy is con-
. verted to heat in the vicinity of this probe. When two different
voltages are applied to the two probes, current flows from each
of the probes toward the dispersive electrode. Additionally cur-
1 rent flows between the probes, which might also cause unde-
‘ sirable effects depending on the distance and voltage difference
£ £ between the probes.

Fig. 10. Alternating monopolar RF ablation. Temperature distributiog Bipolar Mod
in plane of 48 angle toxz—y plane plane after 12-min RF ablation in =" Ipolar iviode
temperature-controlled modg&,= 90 °C. The outermost border (lightest gray)

marks the 50 C margin, which is considered the lesion border. One way to solve the problem of the monopolar mode that
arises from the disadvantageous electric field distribution is to
110 use the bipolar mode. In the bipolar mode current passes be-
10 - A tween the two probes. Then no dispersive electrode is neces-
5 »?j/ R/X\f/ QR/ sary. Fig. 5 shows the electric potential profile created using the
s 90 bipolar mode. There are no areas of constant potential between
2 —e— Lower Probe| .
g )fﬂ\k f\ /‘R\\k —o Upper Probd the probes as occur when using the monopolar mode. More en-
g 8 4 e i K ergy is converted to heat between the probes compared with the
# 20 monopolar mode. Figs. 6 and 7 show the temperature distribu-
tion for the bipolar mode. The temperature at the center between
60 . : : : : . the probes is 56C. The bipolar mode is especially advanta-

geous with the two probes in close proximity as we used in our
simulation, since the current is more concentrated between the
Fig. 11. Progress of upper and lower probe tip temperature during alternatiPgPbes. The electric field gradient does not show large changes
monopolar ablation. The poirtt = 0 corresponds to 11 min after start ofin the region between the probes. Tissue is preferentially heated
ablation. in the region between the probes and reaches much higher tem-
peratures than in the monopolar mode (Figs. 3 and 4). This ad-
vantage is not present when the two probes are placed far apart.

The main disadvantage of the monopolar mode is that cithen the probes are placed close to each other, the orientation
rent applied to both probes travels outward (toward a cutaneaighe probes relative to each other must be considered. If the
dispersive electrode) with little traveling between them. Fig. @robes are not placed symmetrically to a plane perpendicular to
shows the electric potential created when the probes are plaagolane that encompasses both of the probe axes, the sections
close to each other. There is a large area of relatively constahthe probe that point toward the other probe will get hotter.
electric potential between the two probes. The field gradientk$g. 6 shows that the upper probe tips reach higher temperature
small between the probes and there is reduced power deposimpared with the lower probe tips. One disadvantage when
tion in this area. Figs. 3 and 4 show the temperature distribusing the bipolar mode is that only two probes can be used at the
tion. The temperature at the center in between the two probesasne time. For treating multiple tumors this means that only two
42°C and far less than the temperature reached when usingtimors can be treated simultaneously. Another problem arises
bipolar or the alternating monopolar mode. This results in twioom the fact that all the current originating from one probe
separate lesions, whereas the other two modes create one omunst also enter the second probe. We assume similar resistivity
fluent lesion. This effect is less pronounced when the probasd current density in the vicinity of both probes, as for the
are placed further apart. However, for a configuration where theonopolar mode. Then there is a comparable amount of elec-
probes are close to each other, this mode is not desirable. Anic energy converted to heat in the vicinity of both probes. When
other criteria for evaluating performance of the methods is tligere is different amount of cooling at the location of each of the
ease with which different amounts of energy can be depositebbes due to differences in perfusion, one probe reaches a lower
in the vicinity of each of the probes. The liver is a very heterdemperature than the other. When using the bipolar scheme there
geneous and well-perfused organ. Significantly different cois no way to independently control the amounts of heat gener-
ditions may exist in the vicinity of each of the probes. In RR&ted in the vicinity of each of the probes.

Time (s)

A. Monopolar Mode
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C. Alternating Monopolar Mode

The alternating monopolar mode solves most problems
present in the two other modes. At one instant in time current
flows from only one of the probes toward the dispersive elec- (1
trode. The probe from which the current flows to the dispersive 2]
electrode is changed after 2 s. So the applied voltage alternates
between the two probes at 2-s intervals. Fig. 11 shows the
progress of tip temperatures of the upper and lower probe afters]
equilibrium is reached#( = 0 corresponds to 11 min after
start of the ablation). During the 2-s interval we used, the tip 4]
temperature varies between 78 and 103°C. Since tighter
control of temperature is desirable, ideally a lower interval
should be used (e.g., 0.5 s). However, with shorter intervalsys,
the amount of time a FEM simulation takes to run increases.
We used the 2-s interval as a compromise. The alternatin%]
monopolar mode can be extended to more than two probes,
so there is no theoretical limit on how many probes to use.
Different amount of energy can be converted to heat at each of
the probes easily by applying different voltages to the probes|7]
In the bipolar mode, this is not possible. Also in the monopolar
mode, this can only be done with limitations. Another way to 8
deposit different amounts of energy to each of the probes is not
to apply different voltages, but to apply the same voltage for
different time intervals to each of the probes.

Fig. 8 shows the electric potential during the interval when
voltage is applied to the lower probe. Since voltage is only ap-
plied to one of the probes, the probes do not interfere with eacfig)
other as is the case for the monopolar mode. However, in a con-
figuration where the probes are close to each other, the bipolar
mode is advantageous due to the concentration of current 1]
between the probes. In the bipolar mode the electric field gra-
dient does not drop as sharply as in the alternating monopolar
mode and also stays fairly constant in the region between the2]
probes. This advantage also becomes apparent when comparing
the temperature distributions of the alternating monopolar and
the bipolar modes. Figs. 9 and 10 show that the temperature dig-3]
tribution of the alternating monopolar mode yields lower tem-

. X [14]
peratures than the bipolar mode (Figs. 6 and 7). However, the
alternating monopolar mode still shows significantly better re-
sults than the monopolar mode (Figs. 3 and 4), reaching a tenf-
perature of 52C at the center between the probes.

This advantage of the bipolar mode over the alternatin
monopolar mode is much less pronounced when the probes jlléi
moved far away from each other. Then the current distribution
more closely matches that of the alternating monopolar mode/[17]

(9]

[18]
V. CONCLUSION

The alternating monopolar mode is the only mode where w
can easily control the heat deposited at each probe. For treat-
ment of multiple tumors with multiple probes, this mode is the
most suitable. When probes are placed close to each other (e.g,,
to treat a large tumor), the bipolar mode creates the highest tem-
peratures in the region between the two probes, but is limited to
the use of two probes simultaneously. The monopolar mode i
the most disadvantageous one of the three modes.
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