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Abstract—Radiofrequency (RF) ablation is a minimally invasive
method for treatment of primary and metastatic liver tumors.
One of the currently commercially available devices employs an
internally cooled 17-gauge needle probe. Within the probe, cool
water is circulated during ablation, which cools tissue close to
the probe resulting in larger lesions. We evaluated the effect of
different cooling water temperatures on lesion size. We created a
finite-element method model, simulated 12 min impedance-con-
trolled ablation and determined temperature distribution for
three water temperatures. Lesion diameters in the model were
33.8, 33.4, and 32.8 mm for water temperatures of 5C, 15 C,
and 25 C, respectively. We solved a simplified model geometry
analytically and present dependence of lesion diameter on cooling
temperature. We further performed ex vivoexperiments in fresh
bovine liver. We created four lesions for each water temperature,
with the same water temperatures as used in the finite-element
method (FEM) model. Average lesion diameters were 28.3, 30,
and 29.5 mm for water temperatures of 5 C, 15 C, and 25 C,
respectively. Water temperature did not have a significant effect
on lesion size in theex vivoexperiments( = 0 76), the FEM
model, and the analytical solution.

Index Terms—Ablation, bipolar ablation, finite-element method,
hepatic ablation, liver ablation, multiprobe, radiofrequency abla-
tion, RFA, RF ablation.

I. INTRODUCTION

RADIOFREQUENCY (RF) ablation is a promising,
minimally invasive treatment method for primary and

metastatic liver tumors. In 2002, an estimated 150 000 new
cases of colorectal cancer will be diagnosed in the US alone,
with 57 000 deaths [1]. Among men 40 to 79 years old,
colorectal cancer is the second leading cause of cancer death.
A large number of these deaths are due to liver metastases.
In addition, primary liver cancer is one of the most common
malignancies worldwide. There were an estimated 437 000
new cases in 1990 with the highest incidences occurring in
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Asia and Middle Africa [2]. An estimated 16 600 new cases
of primary liver cancer, and over 14 000 deaths will occur in
the US in 2002 [1]. Traditionally, the only curative option for
patients with liver tumors has been hepatic resection, with
a five-year survival between 25% and 60%, compared with
a 0% five-year survival without resection [3]–[5]. Unfortu-
nately, only 10%–20% of patients with liver tumors will have
disease amenable to surgical resection due to limited hepatic
reserve, high surgical risk, or unfavorable tumor location [6],
[7]. Currently, clinically used alternative treatments include
cryoablation and RF ablation. A recent study of RF ablation
in 117 patients has shown 1-, 2- and 3-year survival rates
of 93%, 62%, and 41%, respectively [8]. In RF ablation,
RF current is delivered to the tissue via electrodes inserted
percutaneously, during laparoscopy, or during surgery. The
electromagnetic energy is converted to heat by ionic friction.
Tissue damage can occur at temperatures above 43C with
long heating times of several hours [9]; around 3 min of heating
time are required at 50C. Different modes of controlling the
power delivered to tissue are utilized. Power-controlled mode

constant), temperature-controlled mode constant)
and impedance-controlled mode (power is applied as long as

constant) are commonly used. One of the commercially
available systems is the Radionics Cool-Tip system (Radionics,
Burlington, MA). This system uses 17-gauge needles with
active tip exposures of 1, 2, and 3 cm; the remainder of the
needle is electrically insulated. Within the probe, water is
circulated during the ablation procedure to cool tissue next to
the probe and prevent tissue charring [10]. The cooling enables
more power to be dissipated in the tissue, resulting in larger
lesions of about 2.4-cm diameter compared with 1.2-cm lesion
diameter without cooling [11].

We evaluated the effect of changes in temperature of the
water used for cooling on lesion size. We created finite-element
method (FEM) models of a Cool-Tip probe with 3-cm expo-
sure. We simulated a 12 min, impedance-controlled ablation for
different cooling water temperatures of 5C, 15 C, and 25 C
and compared dimensions of the lesions created. We performed
an analytical solution of a simplified problem and show change
of lesion diameter with temperature. We performedex vivo
experiments in bovine liver using the commercial Radionics
generator and a Cool-Tip probe with 3-cm exposure. We
created lesions while circulating water of 5C, 15 C, and
25 C temperatures in the probe and compared lesion sizes.
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TABLE I
MATERIAL PROPERTIESUSED IN FEM. FOR ELECTRICAL CONDUCTIVITY OF LIVER TISSUE A TEMPERATURE

COEFFICIENT OF2%/ C WAS ASSUMED

Fig. 1. Applied voltage during impedance-controlled ablation simulation. Voltage was applied until impedance reached threshold, at which point a 20-s cooling
period was interleaved.

II. M ATERIALS AND METHODS

A. FEM Model

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
transfer equation [12]

(1)

where is the density (kg/m , is the specific heat (J/kgK),
and is the thermal conductivity (W/m K). is the current
density (A/m and is the electric field intensity (V/m). is
the temperature of blood, is the blood density (kg/m, is
the specific heat of the blood (J/kgK), and is the blood
perfusion (1/s). is the convective heat transfer coefficient
accounting for the blood perfusion. (W/m is the energy
generated by metabolic processes and was neglected since it is
small compared with the other terms. Since we compared the
simulation results toex vivoexperiments, we did not include
perfusion in our models.

We created an axisymmetric FEM model for a Cool-Tip probe
with 3-cm exposure. The probe was placed within a cylinder of
liver tissue (200-mm diameter, 170-mm height). We used the
same material properties as previously [13], which are shown
in Table I. We used temperature-dependent electrical conduc-
tivity, with a temperature coefficient of 2%/C [14]. If tem-

perature rose above 100C, we assumed a rapid drop in tissue
conductivity by a factor of 10 000 between 100C and 102 C.
This is to emulate vaporization where gas forms and creates an
electrically insulating layer. In addition, we applied latent heat
associated with water vaporization of 2.257 J/kg, once tissue
reached 100C. We set the initial temperature of the liver tissue
and temperature at the boundary of the model to 25C; this is
also the initial temperature in theex vivoexperiment. We sim-
ulated probe cooling by assigning the water temperature (5C,
15 C, or 25 C) as a boundary condition to the probe, i.e., the
probe is kept at constant temperature assuming high water flow
rate. We simulated impedance-controlled ablation for 12 min.
Constant voltage was applied to the probe throughout the simu-
lation. Dissipated power was 40 W at the start of the simulation
and applied voltage was 50 V throughout the whole ablation
procedure. Ground potential (0 V) was assigned to the model
boundaries. Once impedance rose above the threshold (20
above baseline value), power was shut down for 20 s, and then
reapplied. Fig. 1 shows the alternating scheme of voltage appli-
cation and 20-s cooling period. This scheme was repeated until
the 12 min ablation time was completed. This is an approxi-
mation of the actual algorithm used by the Radionics generator
[15]. The lesion size was determined using the 50C margin
(i.e., tissue above 50C is considered destroyed). Even though
tissue damage is dependent on temperature and time of elevated
temperature (i.e., thermal dose) [9], similar lesion dimensions
have been predicted by both thermal dose and threshold tem-
perature during ultrasound ablation [16]. In clinical application,
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cooling water circulation is turned off at the end of the ablation
to fill the lesion gap next to the probe. We did not simulate that
in our model since we only measured maximum lesion diam-
eter, which is not affected by the final RF application without
cooling. The model consisted of35 000 triangular elements
and 18 000 nodes. We used anisotropic mesh. Mesh size was
0.1 mm next to the probe, where high electric and thermal gra-
dients occur, and 1 mm at the model boundaries. We performed
convergence tests to ensure that the mesh is sufficiently small.
Time steps started at 0.05 s and were automatically controlled
so that temperature increase at any node was below 3C be-
tween steps. We used PATRAN Version 2001 (The MacNeal-
Schwendler Co., Los Angeles, CA) to generate the geometric
models, assign material properties, assign boundary conditions
and perform meshing. We performed a coupled thermo-elec-
trical analysis using the FEM software ABAQUS 6.2 (Hibbitt,
Karlsson & Sorensen, Inc., Pawtucket, RI). All analysis was per-
formed on a SUN Blade 1000 workstation equipped with 2.5 GB
of RAM, and 20-GB hard disk.

B. Analytical Solution

We determined the steady-state solution to a simplified
problem incorporating an ideal conductor of 1.5-mm diameter
with infinite length, placed in a tissue cylinder of 200-mm
diameter, where we assumed constant thermal and electrical
properties. First we solved the electric field problem. We set
following electrical boundary conditions:

— ground potential (0 V) at the outer cylinder boundary
mm);

— potential at the conductor, resulting in constant cur-
rent density at the conductor surface

mm).
Due to the cylindrical geometry the current only has a ra-

dial component. From the law of charge preservation, the total
current through any hypothetical cylinder around the conductor
must be constant. Applying this law to the conductor surface

and an arbitrary radius yields

(2)

We can then express the current at a radiusas a function of the
current at the conductor surface,

(3)

The dissipated power density as a function of radius be-
comes

(4)

where is an arbitrary constant that determines how much
power is dissipated.

For the steady-state solution, the left-hand side of the bioheat
equation,(1), is equal to zero since . The steady-state
bioheat equation in cylindrical coordinates including the electric
power density term from (4) is

(5)

We set the following boundary conditions for (5):

— temperature at the outer model boundary
C;

— to model probe cooling we set the temperature of con-
ductor surface .

The solution for (5) with these boundary conditions is

(6)

Since a limitation is that the temperature in the tissue cannot
exceed 100 C, we chose the constant in a way so that the
maximum temperature in the tissue is equal to
100 C. We set the cooling temperature to 5 C and 25 C
and show resulting temperature profiles. If no cooling is present,
the highest temperatures occur right next to the catheter. We
show the result for 100 C assuming no cooling is present.
We further performed a parametric study for the dependence of
lesion diameter (i.e., 50C boundary) on cooling temperature

.

C. Ex Vivo Experiments

We acquired two pieces of fresh bovine liver from a local
butcher. We immersed the tissue in 0.9% saline solution and
waited until the liver was at room temperature (25C). We
placed a Cool-Tip probe with 3-cm exposure into the liver
at 5-cm depth. Aluminum foil was located at least 50 cm
away from the probe as a dispersive electrode. The ablation
probe was perfused with water for cooling. We performed
impedance-controlled RF ablation for 12 min, which is the
typical time used clinically [15]. We set the maximum power to
40 W, as in the FEM models. Inin vivo settings, higher power
is used; however, since no blood-mediated cooling was present
in the ex vivoexperiment, 40 W was sufficient. We created a
total of 12 lesions, four at each different water temperature
of 5 C, 15 C, and 25 C in a randomized fashion. The
minimum distance between the lesions was 7 cm. After we
completed the ablations, we sliced the tissue perpendicular to
the direction of probe insertion. We selected the slice where
the lesion was largest, and determined average lesion diameter
by optical inspection. The boundary between the pale central
section and the darker outer section was considered lesion
boundary. We performed an analysis of variance (ANOVA)
to examine the effect of water temperature on lesion size.

III. RESULTS

A. FEM Model

Fig. 2 shows the temperature distribution for a water temper-
ature of 5 C at the end of the final period of power application
(see Fig. 1). Fig. 3 shows the temperature profile versus dis-
tance from probe surface for all three water temperatures. The
profile was measured at the end of the final period of power ap-
plication (see Fig. 1). The maximum temperature of102 C
is reached in the model at a distance of about 2.5 mm from the
probe, which is similar to values observed by other investigators
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Fig. 2. Temperature distribution after 12 min. ablation for 5C water. The outermost border (lightest gray) marks the 50C border which is considered lesion
boundary. The darker gray portion of the probe represents the active segment.

Fig. 3. Temperature profile as function of distance from probe surface. Profile was measured 15 mm from tip, perpendicular to probe surface. Temperature profile
is shown for all three different water temperatures. Markers indicate node locations in FEM model.

duringex vivoexperiments with actively cooled needle probes
[17]. Fig. 4 shows the temperature profile at the beginning and
at the end of the final cooling period for 5C water temperature.
All temperature profiles were measured 15 mm from the probe
tip. The lesion diameter was 33.8 mm for 5C water, 33.4 mm
for 15 C water, and 32.8 mm for 25C water. Lesion diam-
eter was measured at the location where it was largest,16 mm
from the probe tip.

B. Analytical Solution

Fig. 5 shows the temperature profile of (5) for different
cooling temperatures of 5C, 25 C, and 100 C. Fig. 6
shows the change of lesion diameter with cooling temper-
ature from 0 C to 100 C. There is little change in lesion
diameter at cooling temperatures below 25C. Between 5 C

and 25 C cooling temperature, lesion diameter changes by
2.6%, from 131 to 127.6 mm. We can determine the impact
of cooling temperature on the temperature profile by
examination of (6). The numerator of the right-hand-side term

, governs the impact of on .
At temperatures below 25C, ,
since . Only at high temperatures do we see significant
impact, and .

C. Ex Vivo Experiments

Fig. 7 shows a typical lesion created with the Cool-Tip probe.
Table II summarizes the lesion diameter for the three different
water temperatures acquired during theex vivoexperiments. The
ANOVA analysis did not show significant effect of water tem-
perature on lesion diameter .
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Fig. 4. Temperature profile before and after cooling period for 5C water, as a function of distance from probe surface. Profile was measured 15 mm from tip,
perpendicular to probe surface. Markers indicate node locations in FEM model.

Fig. 5. Temperature profile for analytical steady-state solution of simplified problem.

IV. DISCUSSION

Currently, there are three different systems commercially
available in the United States. Rita Medical Systems (Mountain
View, CA) and Radio Therapeutics (Sunnyvale, CA) use
multiprong probes, whereas Radionics employs a simple needle
probe, which is actively cooled internally with water. Rita
uses temperature control, Radionics and Radio Therapeutics
employ impedance control. The multiprong designs do not
utilize active cooling of the probe; heating is greatest next to
the probe, which results in tissue charring next to the probe

if temperature rises too high. Tissue charring occurs above
100 C and creates an electrically highly resistive interface,
which impedes further power deposition in the tissue. The
charring is irreversible and cannot be removed once it is
formed. Active cooling of the probe causes a heat sink effect,
which removes heat from the tissue next to the probe. This
prevents tissue charring, and enables the deposition of more
power into the tissue, thus producing larger lesions than without
cooling [11], [17]. Pulsed-power application further increases
lesion diameter. Power is applied until impedance reaches a
threshold, after which a period of no power application follows
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Fig. 6. Analytical solution: lesion diameter vs. cooling temperature.

Fig. 7. Cross section of a typicalex vivolesion, 24-mm diameter. The light
gray area represents the lesion.

TABLE II
LESION DIAMETERS FOREX VIVO EXPERIMENTS

(see Fig. 1). This results in preferentially cooling of the tissue
close to the probe, but negligible cooling of the tissue near the
lesion boundary (see Fig. 4). At distances greater than 2.5 mm

from the probe surface the tissue temperatures before and
after the cooling period are virtually the same. Note however,
that perfusion is not included in the model and, therefore, the
situation likely will be different in thein vivo case.

In both the FEM models and the analytical solution, the
temperature distribution was similar for all water temperatures
between 5 C and 25 C. The only notable differences in
temperature were seen very close to the probe (see Fig. 3).
Close to the probe, the tissue temperature difference between
the different water temperatures is highest. However, already
at 1 mm from the probe surface the temperature is almost the
same for all three water temperatures, lying within a range
of 82.5 C to 83.3 C for the different water temperatures.
Subsequently, the location of maximum temperature is also
similar for all water temperatures. During RF ablation, only
tissue close to the probe is heated directly by the RF current.
The lesion then propagates by thermal conduction until an
equilibrium is reached (i.e., the lesion cannot grow beyond a
certain size). For a probe without cooling, maximum heating
occurs right next to the probe since this is the location of largest
current density, and the lesion is mainly formed by thermal
conduction (see Fig. 5). Current density is highest close to
the probe, most pronounced at the tip and at the interface
between exposed and insulated portions of the probe.

When we cool the probe, we create a heat sink that cools the
tissue in the probe vicinity. The location of maximum tempera-
ture is shifted about 2.5 mm away from the probe surface (see
Figs. 2 and 3). Beyond this point of maximum temperature, the
lesion is mainly formed passively by thermal conduction. The
lower the cooling temperature, the larger region we are able to
cool. Since the tissue also acts as a thermal insulator, there is a
limit on the region we can cool with a heat sink by thermal con-
duction. Apparently, at cooling temperatures of 5C to 25 C
we already are in the limiting region, and as a result we ob-
serve little difference in lesion size when we lower the cooling
temperature.

Intuitively, a lower temperature of the cooling water should
result in a larger lesion due to an increased heat sink effect of
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cooling next to the probe. However, the analytical solution, the
FEM model as well as theex vivoexperiments show no signif-
icant increase in lesion diameter with lower water temperature.
The increase in lesion diameter was 2.6% in the analytical solu-
tion and 3% in the FEM model when the water temperature was
lowered from 25 C to 5 C. Theex vivoexperiments did not
show significant difference in lesion diameter and
support the model results. The models correctly predicted that
this intuitively obvious method of enhancing lesion size is not
effective.

The lesion diameter resulting from the analytical model
is much larger (135 mm) compared with the FEM model
(33.3 mm) andex vivoresults (29.3 mm). This is mainly due
to the simplified geometry with a probe of infinite length, and
due to the steady-state solution which would correspond to
applying RF energy for infinite time.

The lesion dimensions predicted by the FEM models
(33.3 mm) were 14% larger than measured during theex
vivo experiments (29.3 mm). We explain this discrepancy by
limitations of the model. Unlike our simplified FEM model,
the liver is a very complex electrical and thermal organ due
to its inhomogeneity. It is composed of three different types
of blood vessels (hepatic arteries, portal veins, hepatic veins)
of different diameters and flow velocities, liver parenchyma,
hepatic tumors, bile ducts, and stroma, all of which have unique
electrical and thermal properties. We did not include change
of thermal tissue properties with temperature due to lack of
available data. Tungjitkusolmunet al.showed the error in lesion
volume prediction to be 3.5% when temperature dependence of
either thermal conductivity or heat capacity during cardiac RF
ablation is neglected [18]. These limitations of our model may
lead to inaccurate results.

V. CONCLUSION

The temperature of the water employed for cooling does not
significantly affect the lesion size within the range of 5C to
25 C. This conclusion is supported by computer simulations
incorporating FEM models, an analytical solution, andex vivo
experiments.
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