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Abstract
Background: Temperature is a frequently used parameter to describe the predicted size of
lesions computed by computational models. In many cases, however, temperature correlates
poorly with lesion size. Although many studies have been conducted to characterize the
relationship between time-temperature exposure of tissue heating to cell damage, to date these
relationships have not been employed in a finite element model.

Methods: We present an axisymmetric two-dimensional finite element model that calculates cell
damage in tissues and compare lesion sizes using common tissue damage and iso-temperature
contour definitions. The model accounts for both temperature-dependent changes in the electrical
conductivity of tissue as well as tissue damage-dependent changes in local tissue perfusion. The data
is validated using excised porcine liver tissues.

Results: The data demonstrate the size of thermal lesions is grossly overestimated when
calculated using traditional temperature isocontours of 42°C and 47°C. The computational model
results predicted lesion dimensions that were within 5% of the experimental measurements.

Conclusion: When modeling radiofrequency ablation problems, temperature isotherms may not
be representative of actual tissue damage patterns.

Introduction
The mitigation of primary and metastatic tumors by radi-
ofrequency ablation is a developing research area. The
goal of ablation is to necrose treatment volumes by raising
the temperature of targeted tissues. Ablation probes are
inserted percutaneously, laparoscopically, or during sur-
gery into cancerous tumors. Once positioned, high fre-
quency alternating current (450–550 kHz) is delivered
through an uninsulated electrode into the surrounding
tissues to a dispersive ground pad that is applied to the

patient. The electromagnetic energy is converted to heat
by resistive heating.

While the usage of radiofrequency ablation devices is well
established, efforts to optimize treatment strategies are
ongoing. An important consideration in optimizing abla-
tion is determining what treatment volumes are necessary
and acceptable. In liver ablation, for example, treatment
volumes generally extend a centimeter beyond the dimen-
sions of a tumor [1-3]. Since the liver possesses regenera-
tive characteristics, it is more critical to insure that
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necrosis is achieved in 100% of the cancerous cell volume
than to minimize damage to healthy tissues. In contrast, a
centimeter margin in cardiac ablation is generally unac-
ceptable since many vital substructures are in close
proximity.

The growth of ablation lesions remains a central issue in
the development of radiofrequency ablation devices.
Knowing the expected shape of lesions is essential for
treatment planning and procedure optimization. To date,
many approaches have been attempted to characterize
lesion size. The results have varied widely. Ablation
lesions generated in vitro and in vivo in animal models
show wide variations, since many of the key parameters
(i.e. tissue perfusion) cannot be controlled [4,5]. In addi-
tion, the boundaries of lesions in animal models are often
"fuzzy" and are subject to interpretation. Computational
modeling is a valuable tool in the optimization process,
since it allows the systematic examination of the various
parameters affecting the outcome of ablation. However,
most computational models fail to capture essential phys-
iologic phenomena.

Many computational studies have been reported in the lit-
erature to predict the growth of lesion size during ablation
[6-19]. However, the majority of these models do not
directly calculate lesion size. Surrogate endpoints, such as
temperature [20-22] and thermal dosing [23] are calcu-
lated and are interpreted as being equivalent to lesion
size. In many cases, these surrogate endpoints do not cor-
relate well with clinical outcome and vary considerably.
The microwave hyperthermia literature, for example, cites
42 degrees Celsius as the point at which thermal damage
occurs to tissues [24,25]. In the cardiac ablation literature,
47 degrees Celsius is generally accepted as the onset of tis-
sue damage [23,24,26,27]. Neither of these values can be
derived directly from gross histological measurements of
lesion size, since the tissue pathology does not provide a
record of temperature. Many computational studies jus-
tify these surrogate endpoints by showing a high correla-
tion between temperature isotherms and lesion size.
However, temperature isotherms and lesion size have
never actually been shown to be equivalent.

Several investigators have demonstrated that tissue dam-
age is a function of both temperature and time [28-30]. As
tissue temperature is increased, the amount of time neces-
sary to achieve a threshold of damage decreases. Tissue
damage can be characterized using the Arrhenius equa-
tion which relates temperature and exposure time using a
first order kinetics relationship. Data from experimental
studies, where tissues are exposed to uniform tempera-
tures for controlled time intervals, are fit to the Arrhenius
equation to determine the frequency factor A(s-1), and the
activation energy ∆E (J mol-1). Arrhenius parameters have

been determined in skin [31-35], artery [36,37], blood
[38-40], pancreas [41,42], heart [43], cornea [44-46],
muscle [47], prostate [48], ovary [49], kidney [50-52], and
liver [30,52,53]. For a specified exposure temperature and
time, the fit parameters A and ∆E determine the amount
of cell damage incurred for a specific tissue type. In com-
bination with computational modeling techniques, it is
then possible to calculate the distribution of cell damage
surrounding ablation probes.

In this study, we compare the temperature distribution
and tissue necrosis patterns for a hepatic ablation probe at
body temperatures. At each time step, the specific absorp-
tion rate (SAR), temperature, and the tissue damage are
calculated. The level of tissue perfusion is varied for the
models to determine the maximum variation in lesion
size resulting from a typical ablation. These data are vali-
dated experimentally using an ablation probe in liver
tissue.

Methods
Radiofrequency ablation probes operate between 460–
550 kHz. At these frequencies, the wavelength of the elec-
tromagnetic energy is several orders of magnitude larger
than the size of the ablation electrodes. Thus, the primary
mode of energy transfer is through electrical conduction
and can be modeled as a coupled quasistatic electrical
conduction and heat conduction problem. The electric
field is solved by using Laplace's equation,

∇·[σ(T)∇V] = 0  (Eq.1)

where ∇ is the gradient operator, σ (T) is the temperature-
dependent conductivity (Siemens/meter), and V is the
electric potential (Volts). Temperature is solved by using a
modified Pennes bioheat equation [54],

where ρ is the density, 1060 kg/m3 [55]; C is the heat
capacity of tissues, 3600 J/kg-K [55]; k is the heat conduc-
tion coefficient, 0.502 W/K-m [55]; ρb is the density of
blood, 1000 kg/m3 [9]; Cb is the heat capacity of blood,
4180 J/kg-K [9];α is a tissue state coefficient; ω is the
blood perfusion coefficient, 6.4 × 10-3 sec-1 [9];Tamb is the
ambient body temperature, 37°C; and Qm is the meta-
bolic heat source term. For all cases, we assumed that the
metabolic heat source was insignificant. The tissue state
coefficient (α) ranges from 0–1 depending on the local
level of tissue damage

At each time step, the cumulative damage integral is com-
puted using the well established Arrhenius equation

ρ σ ρ αωC
dT

dt
k T V C T T Qb b amb m= ∇ ⋅ ∇( ) + ∇ − −( ) + ( )2 2Eq.
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where Ω(t) is the degree of tissue injury, c(t) is the concen-
tration of living cells, R is the universal gas constant, A is
a "frequency" factor for the kinetic expression (s-1), and
∆E is the activation energy for the irreversible damage
reaction (J-mol-1) [50]. The kinetic parameters account for
morphologic changes in tissue relating to the thermal deg-
radation of proteins [56]. The parameters A and ∆E are
dependent on the type of tissue and have been character-
ized for liver tissues by Jacques et. al. (A = 7.39 × 1039 s-1

and ∆E = 2.577 × 105 J-mol-1) [52]. In the context of finite
element modeling of tissue damage, a damage integral of
Ω = 1, corresponds to a 63% percent probability of cell
death at a specific point. A damage integral of Ω = 4.6, cor-
responds to 99% percent probability of cell death at a
point in the model. The significance of Ω = 1 has been
reported as the point at which tissue coagulation first
occurs [36]. Once tissue coagulation occurs, tissue per-
fusion ceases. This corresponds to a tissue state coefficient
of α = 0. Intermediate levels of the tissue state coefficient
are calculated as α = 1/exp(Ω).

Figure 1 shows a diagram of a typical needle ablation elec-
trode used in clinical practice for hepatic tumor ablation.
The probe is 6.0 cm long with a diameter of 0.15 cm. The
distal 2.0 cm of the probe is uninsulated and the proximal
4.0 cm of the probe is covered with a thin electrically insu-
lating material. Figure 2 shows a three-dimensional repre-
sentation of the axisymmetric two-dimensional geometry
of the model. The active portion of the probe is situated in
the center of a cylindrical model that is 6.0 cm in radius
and 12.0 cm in height. Electrical and thermal properties of
liver are used in the model to simulate a fully-embedded
insertion of the needle electrode. The electrical properties

of tissue are assumed to be temperature dependent and
solved according to Chang [57], where the electrical con-
ductivity appears as

σ(T,N) = σ(25,N) {1.000-1.962 × 10-2∆ + 8.08 × 10-5∆2

- N∆ [3.020 × 10-5 + 3.922 × 10-5∆ + N(1.721 × 10-5∆

- 6.584 × 10-6∆)]}  (Eq.4)

where

σ (25,N) = N [10.394-2.3776 N + 0.68258 N2 - 9.13538
N3 + 1.0086 × 10-2 N4]

;N is the normality of an electrically equivalent sodium
chloride solution, N = 0.0111; and Ä = 25-T, which pro-
duces an equivalent electrical conductivity of liver tissues
at 37°C (approximately 0.134 S/m). The thermal proper-
ties of liver used in the model were acquired from
Tungjitkusolmun et al.[9] and Duck [55].

A source voltage (Vo) is applied to the conducting tip of
the ablation probe. The outer surface of the model serves
as an electrical ground return (V = 0). An electrically insu-
lating boundary condition is applied to the non-conduct-
ing portions of the probe such that n·(σ∇ V) = 0; where n
is the unit vector normal to the surface, σ is the electrical
conductivity, and V is the voltage at the insulating surface.
A thermal boundary condition of T = Tamb is applied to the
outer surfaces of the model to simulate ambient tempera-
ture. Since the thermal mass of the probe is small com-
pared to the surrounding tissue, we assumed that heat
conduction into the probe itself was minimal. Thus, all
other surfaces of the ablation probe are considered to have
a thermally insulating boundary condition such that n·(k
∇ T) = 0.
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Ablation Probe GeometryFigure 1
Ablation probe geometry diagram of a single needle ablation electrode that is used for hepatic tumor ablation. Therapeutic 
treatment is achieved by applying a source voltage to the conducting tip. A conducting pad applied to the patient skin serves as 
an electrical ground return.
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A hybrid finite element model was developed using Fem-
lab (Comsol, Burlington MA, USA) and Matlab (Math-
works, Natick MA, USA) to calculate temperature and
tissue damage. While conventional finite element models
effectively solve field solutions using a nonuniform geo-
metrical mesh, tissue exposure calculations are integrated
at each point in the model over the course of ablation and
are more easily calculated using uniform rectilinear grids.
As shown in Figure 3, Femlab is used to solve the coupled
electromagnetic and heat conduction equations simulta-
neously at each timestep. This is done to insure that the
temperature-dependent electrical conductivity is updated
with each iterative calculation of temperature for a given
timestep. The converged temperature is mapped from the

finite element mesh into a rectilinear grid, which is passed
into the Matlab environment. The amount of tissue dam-
age occurring at each timestep is calculated using the
Arrhenius equation and tracked at each point in the
model. Once the level of damage exceeds 63% cell dam-
age, it is assumed that tissue coagulation has occurred,
causing a cessation in tissue perfusion. The 63% cell dam-
age point is historically used because it corresponds to the
earliest onset of visible tissue coagulation. A rectilinear
grid containing the perfusion characteristics at each point
in the model is mapped back into the finite element mesh
and used in subsequent Femlab calculations. The rectilin-
ear grid of temperature is also used to calculate the change
in the electrical conductivity which is an explicit function

Model GeometryFigure 2
Model geometry three dimension representation of the axisymmetric two-dimensional finite element model. All external sur-
faces of the cylindrical model serve as the electrical ground and are at body temperatures (37°C). The entire ablation probe is 
assumed to be thermally insulating.
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of temperature. This data is also mapped back into the
finite element mesh and is used to change the electromag-
netic sourcing characteristics. Augmented matrices are
used to insure that calculations made on the geometric
borders of the Femlab model are interpolated correctly.

Given the axial symmetry of the problem, we used a 2D-
axisymmetric mesh consisting of 13,641 nodes and
26,880 elements. The Femlab 'Fldaspk' ordinary differen-
tial equation solver was used to achieve convergence. This
is a robust variant of the traditional ODE15s stiff differen-
tial equation solver used in solving finite element prob-

lems in Matlab. Ablations were simulated at source
voltages of 0, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, 25,
27.5, and 30 volts. For each of the source voltages, we var-
ied the initial level of tissue perfusion at 0%, 20%, 40%,
60%, 80%, and 100% normal tissue perfusion (6.4 × 10-3

cubic meters of blood/ cubic meter of tissue/ second) [9].
Ambient tissue temperature was assumed to be 37°C. The
model simulates a 15 minute ablation and updates tissue
parameters at 2 second timestep intervals. Once the 15
minute ablation has ended, the model continues to solve
solutions for 15 minutes post-ablation. For each simula-
tion, the electric field (E), the current density (J), the tem-

Computational TechniqueFigure 3
Computational technique diagram of data flow used in a hybrid finite element model implemented in Femlab/Matlab to calculate 
temperature and tissue damage. The electric field and temperature are solved simultaneously in Femlab (blue blocks). The data 
structure is changed from finite element meshing to rectilinear gridding so that the resulting temperature can be used to calcu-
late tissue exposure and electrical conductivity change in Matlab (orange blocks). A tissue damage level of 63% corresponds to 
the onset of tissue necrosis and is associated with a cessation in local blood flow. The Matlab results are then imported into 
Femlab as inputs for calculation at the next time step.
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perature (T), and the tissue damage (D) were calculated.
All calculations were implemented on a Dual 3.02 GHz
Xeon processor workstation with 4 GByte RAM. Each sim-
ulation takes approximately 3 hours to run.

Experimental Validation
To validate the computational model, experimental meas-
urements were made in 6 freshly excised porcine liver sec-
tions. A single needle ablation probe with a 2 cm
uninsulated tip was inserted 3 cm into each liver tissue.
Since commercial RF ablation generators operate using
either constant temperature or constant power feedback
algorithms, an experimental constant voltage RF genera-
tor (500 kHz) was used [5]. Tissue samples were allowed
to equilibrate to room temperature (approximately 22°C)
prior to the start of ablation. Two samples were ablated at
20 volts for 15 minutes. After allowing the tissue to cool
for an additional 15 minutes, the probes were removed
and the tissue was bisected to expose the lesion. The tis-
sues were immediately placed in a 1% 2,3,5-triphe-
nyltetrazolium chloride (red) solution for 20 minutes to
stain for tissues containing active dehydrogenase, an indi-
cator of cell viability [58,59]. This stains healthy tissue
brick red, leaving the ablated region a pale grey color. The
maximum width and depth of the macroscopically pale
ablated regions were measured. This procedure was
repeated for two samples at 25 volts and for the last two
samples at 30 volts.

Computational model calculations were made at 20, 25,
and 30 volts following the same experimental protocol.
Ambient temperature for these calculations was 22°C

instead of the 37°C temperature used in the main simula-
tions. The calculated lesion sizes were directly compared
with the measurements in tissue.

Results
Table 1 shows the maximum temperatures attained in tis-
sue for the computational models for a range of voltages
(2.5–30 Volts) and tissue perfusion rates (0–100% nor-
mal tissue perfusion.). The table shows a nonlinear rela-
tionship between the source voltage and the maximum
temperature that results from the use of a temperature-
dependent electrical conductivity. The maximum varia-
tion in the temperature data for a given source voltage did
not exceed 17%. The data show that the rate of tempera-
ture increase accelerates as a function of the source volt-
age. As the level of tissue perfusion increases, tissue
temperature decreases.

Table 2 shows the maximum electrical conductivity in the
tissue after heating for 15 minutes at a variety of source
voltages. All tissues initially have an electrical conductivity
of 0.144 S/m at 37°C. The data show that tissue electrical
conductivity is primarily a function of the source voltage,
changing 320% over the course of a 15 minute ablation
using a 30 volt source. With normal tissue perfusion (6.4
× 10-3 mb

3/ mt
3/s), the electrical conductivity changes as

much as 260% using a 30 volt source. The electrical con-
ductivity is indirectly a function of tissue perfusion since
tissue perfusion is zero in the necrosed treatment volume.
Tissue perfusion lowers the tissue temperature outside the
treatment volume which helps to conduct heat away from
temperatures within the ablated area..

Table 1: Maximum Temperature (Degrees Celsius)1 Values represent the maximum temperature attained in tissue for the 
computational models.

Source Voltage 
(Volts)

0%2 Perfusion (0.0 
× 10-3 mb

3/mt
3/s)

20%2 Perfusion (1.3 
× 10-3 mb

3/mt
3/s)

40%2 Perfusion (2.6 
× 10-3 mb

3/mt
3/s)

60%2 Perfusion (3.8 
× 10-3 mb

3/mt
3/s)

80%2 Perfusion (5.1 
× 10-3 mb

3/mt
3/s)

100%2 Perfusion (6.4 
× 10-3 mb

3/mt
3/s)

2.5 37.3 37.3 37.2 37.2 37.2 37.2
5.0 38.6 38.5 38.4 38.3 38.2 38.2
7.5 41.0 40.6 40.3 40.1 40.0 39.9
10.0 44.3 43.6 43.1 42.8 42.5 42.3
12.5 48.8 47.7 46.9 46.3 45.8 45.4
15.0 54.6 52.9 51.6 50.7 50.0 49.4
17.5 62.0 59.5 57.7 56.2 55.2 54.3
20.0 71.1 67.9 65.5 63.4 61.9 60.7
22.5 82.4 78.6 75.4 73.0 70.7 69.0
25.0 96.1 91.8 88.0 84.8 82.1 79.7
27.5 112.73 107.83 103.43 99.5 96.1 93.4
30.0 132.53 126.93 121.83 117.43 113.43 109.93

1 – The maximum temperature for the case of 0% perfusion was located along the center of the conducting electrode. In all other cases, the 
maximum temperature occurred at the tip of the probe; 2 – The units for tissue perfusion are cubic meters of blood (mb

3) per cubic meter of tissue 
(mt

3) per second; 3 – These temperatures do not account for energy loses associated with tissue desiccation or gas formation.
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Table 3 shows the maximum SAR computed for a range of
voltages and tissue perfusion rates. The SAR is defined as
SAR = σ /ρ*|E|2, where σ is the electrical conductivity, ρ is
the tissue density, and |E| is the magnitude of the electric
field. The data shows that the SAR is highest with increas-
ing source voltage with no tissue perfusion. Initially, this
seems counterintuitive as one would expect a higher max-
imum SAR for perfused flows, where a greater amount of
power is needed to compensate for the convective heat
loss. This observation can be explained by the large

changes in the electrical conductivity (Table 2). Since
higher temperatures are achieved for cases with no tissue
perfusion, the change in the electrical conductivity is high-
est with no tissue perfusion. Since, at a given point, the
density and the magnitude of the electric field are essen-
tially constant (<0.02% change), the SAR will vary as a
function of the electrical conductivity only.

Figure 4 shows the tissue temperature and the cell death
penetration into tissue for a 15 minute ablation using a 30

Table 2: Maximum Electrical Conductivity (Siemens/meter)1 Values represent the maximum electrical conductivity attained in tissue 
for the computational models.

Source Voltage 
(Volts)

0%2 Perfusion (0.0 
× 10-3 mb

3/mt
3/s)

20%2 Perfusion (1.3 
× 10-3 mb

3/mt
3/s)

40%2 Perfusion (2.6 
× 10-3 mb

3/mt
3/s)

60%2 Perfusion (3.8 
× 10-3 mb

3/mt
3/s)

80%2 Perfusion (5.1 
× 10-3 mb

3/mt
3/s)

100%2 Perfusion (6.4 
× 10-3 mb

3/mt
3/s)

2.5 0.144 0.144 0.144 0.144 0.143 0.143
5.0 0.147 0.147 0.146 0.146 0.146 0.146
7.5 0.153 0.152 0.151 0.151 0.150 0.150
10.0 0.162 0.160 0.159 0.158 0.157 0.156
12.5 0.173 0.170 0.168 0.167 0.165 0.164
15.0 0.189 0.185 0.181 0.179 0.177 0.175
17.5 0.210 0.203 0.198 0.194 0.191 0.189
20.0 0.238 0.228 0.221 0.215 0.210 0.207
22.5 0.274 0.262 0.251 0.244 0.237 0.232
25.0 0.321 0.306 0.293 0.282 0.273 0.265
27.5 0.383 0.364 0.348 0.334 0.321 0.312
30.0 0.463 0.440 0.419 0.401 0.385 0.372

1 – The maximum electrical conductivity for the case of 0% perfusion was located along the center of the conducting electrode. In all other cases, the 
maximum temperature occurred at the tip of the probe; 2 – The units for tissue perfusion are cubic meters of blood (mb

3) per cubic meter of tissue 
(mt

3) per second.

Table 3: Maximum Specific Absorption Rate (Watts/kg)1 Values represent the maximum specific absorption rate (SAR) attained in 
tissue for the computational models.

Source Voltage 
(Volts)

0%2 Perfusion (0.0 
× 10-3 mb

3/mt
3/s)

20%2 Perfusion (1.3 
× 10-3 mb

3/mt
3/s)

40%2 Perfusion (2.6 
× 10-3 mb

3/mt
3/s)

60%2 Perfusion (3.8 
× 10-3 mb

3/mt
3/s)

80%2 Perfusion (5.1 
× 10-3 mb

3/mt
3/s)

100%2 Perfusion (6.4 
× 10-3 mb

3/mt
3/s)

2.5 645.6 645.3 645.1 644.9 644.8 644.8
5.0 2608 2603 2600 2598 2596 2595
7.5 5966 5940 5924 5912 5903 5896
10.0 10850 10770 10720 10680 10650 10630
12.5 17450 17260 17120 17030 16950 16900
15.0 26030 25620 25330 25120 24970 24860
17.5 36940 36140 35600 35190 34900 34680
20.0 50590 49180 48230 47480 47000 46620
22.5 67470 65210 63520 62510 61610 60990
25.0 88170 84890 82360 80440 78940 77910
27.5 113300 108900 105300 102400 100100 98390
30.0 143400 137700 133000 129000 125700 123000

1 – The maximum current density was always located at the tip of the ablation probe. Therefore, all values listed above are comparable with each 
other; 2 – The units for tissue perfusion are cubic meters of blood (mb

3) per cubic meter of tissue (mt
3) per second.
Page 7 of 19
(page number not for citation purposes)



BioMedical Engineering OnLine 2004, 3:27 http://www.biomedical-engineering-online.com/content/3/1/27
volt constant voltage source for perfusion rates ranging
from no perfusion to 100% normal tissue perfusion. The
data show that cell death decreases more rapidly than tis-
sue temperature. At the center of the active electrode, tem-
peratures decrease as a function of the inverse of the
radius squared (1/r2), whereas cell damage exhibits an S-
shaped curve. Figure 4 shows that 63% tissue damage is
roughly correlated with the 60°C isotherm for liver
tissues. Conventional temperature isotherms for tissue
damage for hyperthermia (42°C) and radiofrequency
ablation (47°C) substantially overestimate the size of the
lesions.

Figure 5 shows a plot of tissue temperature and cell dam-
age calculated at a distance of 4 millimeters from the
center of the active electrode for a 15 minute ablation
using a 30 volt constant voltage source. Temperature
decrease and cell damage that occurs after the ablation is
monitored for an additional 15 minutes. The data show
that near the electrode, tissue damage will reach 100%
well within the first few minutes of energy application.
For cases of no tissue perfusion, 100% tissue damage
occurs after 5 minutes at a distance of 4 millimeters. For
cases with normal tissue perfusion, 100% tissue damage
occurs approximately 8 minutes into the ablation. At a
distance of 10 millimeters from the center of the active
electrode under the same conditions (Figure 6), the data

Tissue temperature and cell death penetration for a 15 minute ablation using a 30 volt constant voltage sourceFigure 4
Tissue temperature and cell death penetration for a 15 minute ablation using a 30 volt constant voltage source. Simulation 
results for a 15 minute ablation using a 30 volt constant voltage source measured from the center of the active electrode. The 
graph shows temperature (solid) and cell death (dotted) penetration into liver tissue for a range of tissue perfusion rates. The 
units for tissue perfusion are cubic meters of blood (mb

3) per cubic meter of tissue (mt
3) per second (s).
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show that tissue damage will not always reach 100%. For
the case of no perfusion, 100% cell damage is reached a
minute after the termination of radiofrequency energy. In
cases with varying levels of tissue perfusion, cell damage is
significantly reduced and, in some cases, insignificant.
Although the overall temperatures are lower at 10 millim-
eters than at 4 millimeters, temperatures near 60°C are
reached but do not result in complete tissue damage
because the length of time in which the tissue is exposed
is not sufficient.

Figure 7 and 8 show comparisons of temperature distribu-
tion and lesion size development with no tissue perfusion

(Figure 7) and with normal tissue perfusion (Figure 8) for
a 30 volt constant voltage source ablation at 1, 3, 5, 10
and 15 minutes. The data demonstrate that the shapes of
the temperature isotherms do not correlate well with tis-
sue damage profiles. Tissue perfusion greatly affects the
size of the resulting ablated region. At 15 minutes, lesion
volumes are 267% larger without perfusion than with tis-
sue perfusion. Figures 9 and 10 show a comparison of the
temperature distribution and lesion size development
with no tissue perfusion (Figure 9) and with normal tissue
perfusion (Figure 10) at 1, 3, 5, 10, and 15 minutes fol-
lowing a 15 minute constant 30 volt ablation. In the case
of no tissue perfusion, the lesion size continues to grow

Tissue temperature and cell death at a distance of 4 millimeters from the center of the active electrode using a 30 volt constant voltage sourceFigure 5
Tissue temperature and cell death at a distance of 4 millimeters from the center of the active electrode using a 30 volt constant 
voltage source. Ablation simulation results attained 4 millimeters from the center of the active electrode for a 15 minute abla-
tion using a 30 volt constant voltage source. The graph shows temperature (solid) and cell death (dotted) penetration into liver 
tissue for a range of tissue perfusion rates. The units for tissue perfusion are cubic meters of blood (mb

3) per cubic meter of 
tissue (mt

3) per second (s).
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14% within the first 5 minutes after radiofrequency
energy is terminated. The lack of tissue perfusion prolongs
the time needed to conduct the heat away from tissues
near the surface of the ablation electrode. For cases with
normal tissue perfusion, heat is quickly dissipated by tis-
sue perfusion causing the lesion volume to stabilize in less
than 2 minutes. By definition, the area of coagulative
necrosis has no tissue perfusion. This accounts for the
residual heating pattern within the ablated region as seen
up to 3 minutes following the ablation.

A comparison of lesion volumes with no tissue perfusion
computed using 63% and 100% iso-damage threshold

contours and 42°C, 47°C, 60°C, and 90°C isothermal
contours is presented for the cases of no tissue perfusion
(Table 4) and normal tissue perfusion (Table 5). The sen-
sitivity of the cell damage function (Figure 4) results in
less than 10% differences in the size of lesions calculated
using tissue damage thresholds of 63% and 100% cell
damage. In contrast, volume sizes based on isothermal
contours varies considerably at each temperature. When
using traditional isothermal contours of 42°C and 47°C,
the calculated lesion volumes are grossly overestimated by
500% and 167%, respectively. In both the case of no tis-
sue perfusion and normal tissue perfusion, the 60°C

Tissue temperature and cell death at a distance of 10 millimeters from the center of the active electrode using a 30 volt con-stant voltage sourceFigure 6
Tissue temperature and cell death at a distance of 10 millimeters from the center of the active electrode using a 30 volt con-
stant voltage source. Ablation simulation results attained 10 millimeters from the center of the active electrode for a 15 minute 
ablation using a 30 volt constant voltage source. The graph shows temperature (solid) and cell death (dotted) penetration into 
liver tissue for a range of tissue perfusion rates. The units for tissue perfusion are cubic meters of blood (mb

3) per cubic meter 
of tissue (mt

3) per second (s).
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isothermal contour resembles the lesion sizes calculated
using the iso-damage contours.

Table 6 shows a comparison of lesion width and depth
computed using 63% and 100% iso-damage threshold
contours and 42°C, 47°C, 60°C, and 90°C isothermal
contours. The data show overestimations of 30–77% in
the width and 18–54% in the depth of lesions when using
traditional isothermal temperatures for a 15 minute abla-
tion with no perfusion. Table 7 shows that in cases with
normal tissue perfusion, calculations using traditional
isothermal contours results in overestimations of 25–88%
in the width and 15–41% in the depth of lesions.

To validate the computational model, ablation experi-
ments were performed at room temperature (22°C) in
excised porcine liver tissue using 20, 25, and 30 volt con-
stant voltage radiofrequency sources (500 kHz). Ablations

were made for a 15 minute exposure time. Figure 11
shows that no visible lesion can be seen in tissues where
the 20 volt constant voltage ablation was performed, as
predicted by the computational simulation. A lesion that
was approximately 10 millimeters in width and 22 mm in
depth resulted from the 30 volt constant voltage ablation.
Table 8 shows a high correlation between the
computational data calculated at 22°C and the experi-
mental results.

Discussion
To date, several computational studies have been per-
formed to described the rate of lesion growth in radiofre-
quency ablation applications. In many cases, these studies
use surrogate endpoints such as temperature isotherms
and thermal dosing to calculate equivalent expressions for
lesion size. While many models exists that account for far-
more elaborate parameters such as tissue perfusion

Comparison of temperature and lesion size development with no tissue perfusion for a 30 volt constant voltage source ablationFigure 7
Comparison of temperature and lesion size development with no tissue perfusion for a 30 volt constant voltage source abla-
tion. Ablation simulation results for a 30 volt constant voltage source ablation with no tissue perfusion. The results on the top 
half of the figure represent the temperature distribution surrounding the ablation probe in degrees Celsius. The results on the 
bottom half of the figure represent the percent tissue damage. The numbers listed at the bottom are the lesion volume sizes 
computed from the 63% cell damage isocontours at each time interval shown.
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through large blood vessels, the interpretation of such
models is difficult since most do not account for transient
changes in tissue properties and often report tissue tem-
perature only [6-9,12,14-19,56,57,60]. Several studies
have identified that both exposure time and temperature
contribute to tissue damage, however, few have actually
calculated tissue damage. Those that do, have not allowed
tissue damage to transiently influence the electrical and
thermal properties of tissues [6,56].

In this study, we created a computational simulation that
tested some of the basic assumptions made in modeling
lesion growth problems. We developed a model where tis-
sue perfusion and the electrical conductivity are allowed
to vary at each time step and spatial position as a function
of tissue damage and temperature. These simulations are
significantly more time-consuming since gross simplifica-

tions to heating mechanisms are not made. Although our
model geometry is simpler than others that appear in the
literature, we chose to ignore large vessels since their posi-
tion and impact are highly variable. We chose a simpler
geometry so that the impact of damage-dependent tissue
perfusion and temperature-dependent electrical conduc-
tivity could be assessed more directly.

The damage-dependent tissue perfusion accounts for
physiological observations of tissue coagulation and local
cessation of blood flow. Unlike thermal dosing, where
thermal injury is calculated globally over the entire dura-
tion of an ablation, tissue damage is calculated at every
time step. The intermediate tissue damage that results at
every timestep influences the local tissue perfusion and
creates a moving boundary condition which changes the
local heat sink properties. Ignoring the intermediate

Comparison of temperature and lesion size development with normal tissue perfusion (6.4 × 10-3 mb
3/mt

3/s) for a 30 volt con-stant voltage source ablationFigure 8
Comparison of temperature and lesion size development with normal tissue perfusion (6.4 × 10-3 mb

3/mt
3/s) for a 30 volt con-

stant voltage source ablation. Ablation simulation results for a 30 volt constant voltage source ablation with normal tissue per-
fusion (6.4 × 10-3 mb

3/mt
3/s). The results on the top half of the figure represent the temperature distribution surrounding the 

ablation probe in degrees Celsius. The results on the bottom half of the figure represent the percent tissue damage. The num-
bers listed at the bottom are the lesion volume sizes computed from the 63% cell damage isocontours at each time interval 
shown.
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timesteps causes tissue perfusion to remain constant
throughout the entire ablation, which results in an under-
estimation of the true lesion size. The use of temperature-
dependent electrical conductivity greatly affects modeling
results, as the electrical conductivity has been shown to
increase dramatically over the course of tissue heating
[57]. When constant electrical conductivity is used, the
SAR is grossly underestimate, which also results in an
underestimation in lesion size.

An important outcome of this study is the demonstration
that, temperature isotherms and tissue damage patterns
are not synonymous. Traditional use of temperature iso-
therms that are used to define lesion size rely on coagula-
tion temperature for protein (42–47°C) and grossly
overestimate lesion dimensions. Our studies show that
temperature decrease is gradual, while tissue damage
decreases rapidly as a function of distance. It is this sharp

decrease in tissue damage that causes lesion boundaries to
appear fuzzy, as predicted by our model. The results also
demonstrate that ablation lesions continue to grow after
the applied power is terminated. Lesions continue to grow
while temperature envelopes collapse after ablation since
sufficiently high temperature are present to accrue tissue
damage. In nearly all cases, lesions continued to grow sev-
eral minutes following the ablation. A comparison of the
resulting lesion dimensions between fully perfused and
non-perfused tissues show that the lesion width decreases
38–46% and the lesion depth decreases 18–20% when tis-
sue perfusion is accounted for in the model. Previous
studies have shown that tissue perfusion can account for
as much as 50% change in the size of the lesions generated
during ablation [59].

An important observation in this study is the resemblance
of the 60°C isocontour to lesion size. While the 42°C and

Comparison of temperature and lesion size development post ablation with no tissue perfusion for a 30 volt constant voltage source ablationFigure 9
Comparison of temperature and lesion size development post ablation with no tissue perfusion for a 30 volt constant voltage 
source ablation. Ablation simulation results following a 15 minute ablation without perfusion for a 30 volt constant voltage 
source ablation. The results on the top half of the figure represent the temperature distribution surrounding the ablation 
probe in degrees Celsius. The results on the bottom half of the figure represent the percent tissue damage. The numbers listed 
at the bottom are the lesion volume sizes computed from the 63% cell damage isocontours at each time interval shown.
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Comparison of temperature and lesion size development post ablation with normal tissue perfusion (6.4 × 10-3 mb
3/mt

3/s) for a 30 volt constant voltage source ablationFigure 10
Comparison of temperature and lesion size development post ablation with normal tissue perfusion (6.4 × 10-3 mb

3/mt
3/s) for a 

30 volt constant voltage source ablation. Ablation simulation results following a 15 minute ablation with normal tissue per-
fusion (6.4 × 10-3 mb

3/mt
3/s) for a 30 volt constant voltage source ablation. The results on the top half of the figure represent 

the temperature distribution surrounding the ablation probe in degrees Celsius. The results on the bottom half of the figure 
represent the percent tissue damage. The numbers listed at the bottom are the lesion volume sizes computed from the 63% 
cell damage isocontours at each time interval shown.

Table 4: Lesion Volume with No Tissue Perfusion Values represent the total volume of tissue necroses calculated over the course of 
the simulated ablation using various cell damage thresholds (D) and isothermal temperatures (IT).

Source Voltage 
(Volts)

D = 63% (mm3) D = 100% (mm3) IT = 42°C (mm3)1 IT = 47°C (mm3)1 IT = 60°C (mm3) IT = 90°C (mm3)

2.5 0 0 0 0 0 0
5.0 0 0 0 0 0 0
7.5 0 0 0 0 0 0
10.0 0 0 89 0 0 0
12.5 0 0 444 13 0 0
15.0 0 0 942 216 0 0
17.5 9 3 1649 526 6 0
20.0 121 67 2508 915 87 0
22.5 314 242 3549 1414 296 0
25.0 577 495 4860 2070 547 6
27.5 923 809 6452 2866 870 55
30.0 1388 1228 8386 3830 1243 202

1 – The 42°C and 47°C isothermal volumes were chosen specifically because they are frequently used to establish damage thresholds in 
hyperthermia and radiofrequency ablation, respectively.
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the 47°C isotemperature contours are poor indicators of
lesion size, 60°C is highly correlated with the lesion vol-
umes. Seemingly, this would suggest that time-intensive
tissue damage calculations need not be made since a crit-
ical temperature of 60°C can be used to identify lesion
size. However, this is only true if the calculated
temperature is a function of both transient changes in tis-
sue perfusion and the electrical conductivity. In the
absence of either of these phenomena, lesion sizes calcu-
lated at 60°C would underestimate lesion size.

The validation data demonstrate that the model accu-
rately accounts for the behavior of lesion growth in tissue.

There are, however, a few limitations to this model. First,
it is well established that temperature elevation of tissues
results in the denaturing of proteins, which may drasti-
cally change the electrical conductivity of tissue in a non-
linear fashion [51,57]. Preliminary data suggests that the
electrical conductivity substantially increases, which
would likely increase the rate of tissue damage. The results
of this study show that as a first order approximation the
conductivity of equivalent sodium chloride solutions pro-
duces results that are within 5% of the experimental
measurements. Although the phenomena described in
this reporting are applicable to different tissues, the result-

Table 5: Lesion Volume with 100% Normal Tissue Perfusion. Values represent the total volume of tissue necroses calculated over the 
course of the simulated ablation using various cell damage thresholds (D) and isothermal temperatures (IT).

Source Voltage 
(Volts)

D = 63% (mm3) D = 100% (mm3) IT = 42°C (mm3)1 IT = 47°C (mm3)1 IT = 60°C (mm3) IT = 90°C (mm3)

2.5 0 0 0 0 0 0
5.0 0 0 0 0 0 0
7.5 0 0 0 0 0 0
10.0 0 0 1 0 0 0
12.5 0 0 47 0 0 0
15.0 0 0 185 6 0 0
17.5 0 0 358 68 0 0
20.0 4 2 513 177 1 0
22.5 23 19 784 287 15 0
25.0 131 89 1068 488 107 0
27.5 251 222 1502 759 241 3
30.0 433 364 2014 1064 423 24

1 – The 42°C and 47°C isothermal volumes were chosen specifically because they are frequently used to establish damage thresholds in 
hyperthermia and radiofrequency ablation, respectively.

Table 6: Lesion Dimensions with no Tissue Perfusion Values represent the maximum lesion width and depth calculated over the course 
of the simulated ablation using various cell damage thresholds (D) and isothermal temperatures (IT).

Width (mm) Depth (mm)

Source Voltage 
(Volts)

D = 63% D = 100% IT = 42°C1 IT = 47°C1 IT = 60°C IT = 90°C D = 63% D = 100% IT = 42°C1 IT = 47°C1 IT = 60°C IT = 90°C

2.5 0 0 0 0 0 0 0 0 0 0 0 0
5.0 0 0 0 0 0 0 0 0 0 0 0 0
7.5 0 0 0 0 0 0 0 0 0 0 0 0
10.0 0 0 8 0 0 0 0 0 19 0 0 0
12.5 0 0 16 0 0 0 0 0 26 0 0 0
15.0 0 0 22 8 0 0 0 0 31 13 0 0
17.5 6 4 28 14 4 0 7 5 35 24 6 0
20.0 10 8 32 18 10 0 21 16 39 28 18 0
22.5 14 12 36 22 14 0 25 24 43 31 24 0
25.0 18 18 40 26 18 4 28 26 45 34 28 6
27.5 22 22 44 30 22 8 31 30 49 37 30 14
30.0 26 26 46 34 26 12 33 33 51 39 33 23

1 – The 42°C and 47°C isothermal volumes were chosen specifically because they are frequently used to establish damage thresholds in 
hyperthermia and radiofrequency ablation, respectively.
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ing lesion dimensions and temperature profiles in this
study apply only to liver tissue. Similar studies can be
made in other tissues, but were not pursued in this study.

A second limitation in our model is that it is only valid for
temperatures below 100°C. At temperatures above
100°C, tissues begin to boil and generate gas. When this
occurs, some of the energy that contributes to temperature
increase is used to change the water content of tissues into
gas. At substantially higher temperatures, the composition
of gas may be highly complex as tissue begins to burn and
break down. Although gas generation is commonly seen
in clinical use of radiofrequency ablation, impedance rises
due to tissue charring limit the progressive rise in

temperature. The complexity of multi-phasic ablation was
beyond the scope of this study.

Disclaimer
The mention of commercial products, their sources, or
their use in connection with material reported herein is
not to be construed as either an actual or implied endorse-
ment of such products by the Department of Health and
Human Services.

Table 7: Lesion Volume with 100% Normal Tissue Perfusion Values represent the maximum lesion width and depth calculated over the 
course of the simulated ablation using various cell damage thresholds (D) and isothermal temperatures (IT).

Width Depth

Source 
Voltage 
(Volts)

D = 63% D = 
100%

IT = 
42°C1

IT = 
47°C1

IT = 
60°C

IT = 
90°C

D = 63% D = 
100%

IT = 
42°C1

IT = 
47°C1

IT = 
60°C

IT = 
90°C

2.5 0 0 0 0 0 0 0 0 0 0 0 0
5.0 0 0 0 0 0 0 0 0 0 0 0 0
7.5 0 0 0 0 0 0 0 0 0 0 0 0
10.0 0 0 2 0 0 0 0 0 2 0 0 0
12.5 0 0 8 0 0 0 0 0 16 0 0 0
15.0 0 0 10 0 0 0 0 0 25 0 0 0
17.5 0 0 14 6 0 0 0 0 27 7 0 0
20.0 4 4 16 8 2 0 5 4 29 23 2 0
22.5 6 6 20 10 6 0 10 8 31 25 8 0
25.0 10 8 24 14 8 0 23 23 33 27 23 0
27.5 12 12 26 18 12 4 25 25 36 29 25 5
30.0 16 14 30 20 16 6 27 27 38 31 27 9

1 – The 42°C and 47°C isothermal volumes were chosen specifically because they are frequently used to establish damage thresholds in 
hyperthermia and radiofrequency ablation, respectively.

Table 8: Comparison of Computational Data to Experimental Validation Data at 22°C.

Lesion Width Lesion Depth

Source Voltage (Volts) D = 63% (mm) Experimental (mm) D = 63% (mm) Experimental (mm)

20.0 0 0 0 0
22.5 0 -- 0 --
25.0 4 5 5 6
27.5 8 -- 9 --
30.0 10 10 21 22

Simulated lesion dimensions with no tissue perfusion at an ambient temperature of 22°C using a 63% cell damage threshold (D) were compared to 
experimental measurements made at 20, 25, and 30 volts using an experimental constant voltage radiofrequency ablation source. Lesions were 
generated with a single needle ablation probe with a 2.0 cm active electrode. All lesion measurements were measured visually under a micrsope at 
10× magnification.
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Experimental validation radiofrequency ablation lesions in excised porcine liver tissue produced by a 20 volt (left) and 30 volt (right) constant voltage radiofrequency generator (500 kHz) for a 15 minute exposure timeFigure 11
Experimental validation radiofrequency ablation lesions in excised porcine liver tissue produced by a 20 volt (left) and 30 volt 
(right) constant voltage radiofrequency generator (500 kHz) for a 15 minute exposure time. The lesions were produced using 
a single needle ablation probe with a 2 centimeter uninsulated tip.
Page 17 of 19
(page number not for citation purposes)



BioMedical Engineering OnLine 2004, 3:27 http://www.biomedical-engineering-online.com/content/3/1/27
References
1. Hu RH, Lee PH, Chang YC, Ho MC, Yu SC: Treatment of centrally

located hepatocellular carcinoma with central hepatectomy.
Surgery 2003, 133(3):251-6.

2. Kitamura K, Shirato H, Seppenwoolde Y, Shimizu T, Kodama Y, Endo
H, Onimaru R, Oda M, Fujita K, Shimizu S, Miyasaka K: Tumor loca-
tion, cirrhosis, and surgical history contribute to tumor
movement in the liver, as measured during stereotactic irra-
diation using a real-time tumor-tracking radiotherapy
system. Int J Radiat Oncol Biol Phys 2003, 56(1):221-8.

3. Curley SA, Izzo F: Radiofrequency ablation of primary and
metastatic hepatic malignancies. Int J Clin Oncol 2002,
7(2):72-81.

4. Haines DE, Nath S: New horizons in catheter ablation. J Interv
Cardiol 1995, 8(6 Suppl):845-56.

5. Chang I, Beard BB: Precision Test Apparatus for Evaluating the
Heating Pattern of Radiofrequency Ablation Devices. Med
Eng Phys 2002, 24(9):633-640.

6. Labonte S: A computer simulation of radio-frequency ablation
of the endocardium. IEEE Trans Biomed Eng 1994, 41(9):883-90.

7. Haemmerich D, Tungjitkusolmun S, Staelin ST, Lee FT, Mahvi DM,
Webster JG: Finite-element analysis of hepatic multiple probe
radio-frequency ablation. IEEE Trans Biomed Eng 2002,
49(7):836-842.

8. Tungjitkusolmun S, Woo EJ, Cao H, Tsai JZ, Borperian VR, Webster
JG: Thermal-electrical finite element modeling for radiofre-
quency cardiac ablation: effects of changes in myocardial
properties. Med Biol Eng Comput 2000, 38(5):562-8.

9. Tungjitkusolmun S, Staelin ST, Haemmerich D, Tsai JZ, Webster JG,
Lee FT Jr, Mahvi DM, Vorperian VR: Three-dimensional finite ele-
ment analyses for radio-frequency hepatic tumor ablation.
IEEE Trans Biomed Eng 2002, 49(1):3-9.

10. Arkin H, Xu LK, Holmes KR: Recent developments in modeling
heat transfer in blood perfused tissues. IEEE Trans Biomed Eng
1994, 41:97-107.

11. Yeung CJ, Atalar E: A green's function approach to local rf heat-
ing in interventional MRI. Med Phys 2001, 28(5):826-832.

12. Johnson PC, Saidel GM: Thermal model for RF tumor ablation
under MRI guidance. Ann Biomed Eng 2002, 30:1152-1161.

13. Breen MS, Butts K, Chen L, Wilson D: Image-guided laser ther-
mal ablation therapy: A comparison of modeled tissue dam-
age using interventional MR temperature images with tissue
response". Proceedings of Society of Photo-Optical Instrumentation Engi-
neers Society (SPIE) Medical Imaging 2004: Visualization, Image-Guided
Procedures, displays, Bellingham, WA 2004.

14. Jain MK, Wolf PD: Temperature-controlled and constant-
power radio-frequency ablation: What affects lesion growth?
IEEE Trans Biomed Eng 1999, 46:1405-1412.

15. Jain MK, Wolf PD: Three-dimensional finite element model of
RF ablation with blood flow and its experimental validation.
Ann Biomed Eng 2000, 28:1075-1084.

16. Panescu D, Webster JG: Effects of changes in electrical and
thermal conductivities on radiofrequency lesion dimensions.
Proc 19th internat Conf IEEE/EMBS 1997:154-156.

17. Panescu D, Whayne JG, Fleischman SD, Mirotznik MS, Swanson DK,
Webster JG: Three-dimensional finite element analysis of cur-
rent density and temperature distiributions during radiofre-
quency ablation. IEEE Trans Biomed Eng 1995, 42:879-889.

18. Shahidi AV, Savard P: Finite element model for RF ablation of
the myocardium. IEEE Trans Biomed Eng 1994, 41:963-968.

19. Zhu L, Xu LX: Evaluation of the effectiveness of transurethral
RF hyperthermia in the canine prostate. J Biomech Eng 1999,
121:584-590.

20. Haines DE: The biophysics of radiofrequency catheter abla-
tion in the heart: the importance of temperature
monitoring. Pacing Clin Electrophysiol 1993, 16(3):586-91.

21. Goldberg SN, Stein MC, Gaazelle GS, Sherman RG, Kruskal JB,
Clouse ME: Percutaneous radiofrequency tissue ablation:
Optimization of pulsed-radiofrequency technique to
increase coagulation necrosis. J Vasc Interv Radiol 1999,
10:907-916.

22. Miao Y, Ni Y, Mulier S, Wang K, Hoez M, Mulier P, Penninckx F, Yu J,
De Scheerder I, Baert AL, Marchal G: Ex vivo experiment on radi-
ofrequency liver ablation with saline infusion through a
screw-tip cannulated electrode. J Surg Res 71(1):19-24. 1997 Jul
15

23. Chen L, Wansapura JP, Heit G, Butts K: Study of laser ablation in
the in vivo rabbit brain with MR thermometry. J Magn Reson
Imaging 2002, 16(2):147-52.

24. Wong TZ, Jonsson E, Hoppes PK, Trembly BS, Heaney JA, Douple EB,
Coughlin CT: A coaxial microwave applicator for transure-
thral hyperthermia of the prostate. Prostate 1993, 22(2):125-38.

25. Takahashi S, Tanaka R, Watanabe M, Takahashi H, Kakinuma K, Suda
T, Yamada M, takahashi H: Effects of whole-body hyperthermia
on the canine central nervous system. Int J Hyperthermia 1999,
15(3):203-16.

26. Steinke K, Arnold C, Wulf S, Morris DL: Safety of radiofrequency
ablation of myocardium and lung adjacent to the heart: an
animal study. J Surg Res 2003, 114(2):140-5.

27. Bhatt N, Peyman GA, Khoobehi B, Golshani MR: Microwave-
induced retinal destruction with sparing of sclera and
choriocapillaris. Ophthalmic Surg 1993, 24(2):125-8.

28. Sapreto SA, Dewey WC: Thermal dose determination in can-
cer therapy. Int J Radiat Oncol Biol Phys 1984, 10:787-800.

29. Miller MW, Ziskin MC: Biological consequences of
hyperthermia. Ultrasound Med Biol 1989, 15:707-722.

30. Iizuka MN, Vitkin A, Kolios MC, Sherar MD: The effects of
dynamic optical properties during interstitial laser
photocoagulation. Phys Med Biol 2000, 45:1335-1357.

31. Moritz AR, Henriques FCJ: Studies of thermal injury II: The rel-
ative importance of time and surface temperature in the
causation of cutaneous burns. Am J Pathol 1947, 23:695-720.

32. Henriques FC: Studies of thermal injury, V. The predictability
and the significance of thermally induced rate processes
leading to irreversible epidermal injury. Arch Pathol 1947,
43:489-502.

33. Diller KR: Modeling Thermal skin burns on a personal
computer. J Burn Care Rehabil 1998, 19(5):420-9.

34. Ng EY, Chua LT: Prediction of skin burn injury. Part 1: Numer-
ical modeling. Proc Inst Mech Eng [H] 2002, 216(3):157-170.

35. Jacques SL, Prahl SA: Modeling optical and thermal distribu-
tions in tissue during laser irradiation. Lasers Surg Med 1987,
6(6):494-503.

36. Agah R, Pearce JA, Welch AJ, Motamedi M: Rate process model
for arterial tissue thermal damage: Implications on vessel
photocoagulation. Lasers Surg Med 1994, 15:176-84.

37. Valvano JW, Chritsabesan B: Thermal conductivity and diffusiv-
ity of arterial wall and atherosclerotic plaque. Lasers in Life
Sciences 1987, 1:3.

38. Liu J, Christian JA, Critser JK: Canine RBC osmotic tolerance
and membrane permeability. Cryobiology 2002, 44(3):258-68.

39. Przybylska M, Bryszewska M, Kdziora J: Thermosensitivity of red
blood cells from Down's syndrome individuals. Bioelectrochem-
istry 2000, 52(2):239-49.

40. Bielinska I, Terlecki J: Temperature dependence of the dielec-
tric properties of blood. Folia Histochem Cytobiol 1985, 23(1–
2):33-42.

41. Fedorow C, McGann LE, Korbutt GS, Rayat GR, Rajotte RV, Lakey JR:
Osmotic and cryoprotectant permeation characteristics of
islet cells isolated from the newborn pig pancreas. Cell
Transplant 2001, 10(7):651-9.

42. Liu C, Benson CT, Gao D, Haag BW, McGann LE, Critser JK: Water
permeability and its activation energy for individual hamster
pancreatic islet cells. Cryobiology 1995, 32(5):493-502.

43. Agah R, Gandjbachche AH, Motamedi M, Nossal R, Bonner RF:
Dynamics of temperature dependent optical properties of
tissue: dependence on thermally induced alteration. IEEE
Trans Biomed Eng 1996, 43(8):839-46.

44. Welch AJ, Polhamus GD: Measurement and prediction of ther-
mal injury in the retina of rhesus monkey. IEEE Trans Biomed
Eng 1984, 31:633-643.

45. Bringruber R, Hillenkamp F, Gabel VP: Theoretical investigations
of laser thermal retinal injury. Health Phys 1985, 48:781-796.

46. Kampmeier J, Radt B, Birngruber R, Brinkmann R: Thermal and bio-
mechanical parameters of porcine cornea. Cornea 2000,
19(3):355-63.

47. Portela A, Guardado MI, Jenerick H, Stewart PA, Perez RJ, Rodriguez
C, de Xamar Oro JR, Zothner E, Rozzell TC, Gimeno AL: Temper-
ature dependence on the passive and dynamic electrical
parameters of muscle cells. Acta Physiol Lat Am 1979, 29(1):15-43.
Page 18 of 19
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1067/msy.2003.102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1067/msy.2003.102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12660635
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12694842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12694842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12694842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0360-3016(03)00082-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12018113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12018113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10159777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12376050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12376050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S1350-4533(02)00044-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.312096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.312096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7959815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/TBME.2002.800790
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/TBME.2002.800790
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12148822
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11094815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11094815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11094815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.972834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.972834
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11797653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.284920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.284920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8026856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1118/1.1367860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1118/1.1367860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11393478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1114/1.1519263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1114/1.1519263
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12502226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.804568
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.804568
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10612898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1114/1.1310219
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1114/1.1310219
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11132191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.412649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.412649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.412649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7558062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.324528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.324528
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7959803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10633257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10633257
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7681962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7681962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7681962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10435709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10435709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10435709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/jsre.1997.5133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/jsre.1997.5133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/jsre.1997.5133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/jmri.10152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/jmri.10152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12203761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7681205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7681205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1080/026567399285729
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1080/026567399285729
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10365688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0022-4804(03)00164-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0022-4804(03)00164-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0022-4804(03)00164-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14559439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8446349
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8446349
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8446349
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6547421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6547421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0301-5629(89)90111-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0301-5629(89)90111-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2694557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0031-9155/45/5/317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0031-9155/45/5/317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0031-9155/45/5/317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10843108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9789178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9789178
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1243/0954411021536379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1243/0954411021536379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12137283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3573921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3573921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7799743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7799743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7799743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0011-2240(02)00032-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0011-2240(02)00032-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12237091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0302-4598(00)00106-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0302-4598(00)00106-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11129248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4043438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4043438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11714201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11714201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11714201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/cryo.1995.1049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/cryo.1995.1049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/cryo.1995.1049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7587287
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.508546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.508546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/10.508546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9216156
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6490023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6490023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3997529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3997529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1097/00003226-200005000-00020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1097/00003226-200005000-00020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10832699
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=318091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=318091
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=318091


BioMedical Engineering OnLine 2004, 3:27 http://www.biomedical-engineering-online.com/content/3/1/27
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

48. Skinner MG, Everts S, Reid AD, Vitkin IA, Lilge L, Sherar MD:
Changes in optical properties of ex vivo rat prostate due to
heating. Phys Med Biol 2000, 45(5):1375-86.

49. Uchida N, Kato H, Ishida T: A model for cell killing by continu-
ous heating. Med Hypotheses 1993, 41(6):548-53.

50. Borelli MJ, Thompson LL, Cain CA, Dewey CA: Time-tempera-
ture analysis of cell killing of BHK cells heated at tempera-
tures in the range of 43.5°C to 57°C. Int J Radiet Oncol Biol Phys
1990, 19:389-399.

51. Pop M, Molckovsky A, Chin L, Kolios MC, Jewett MA, Sherar MD:
Changes in dielectric properties at 460 kHz of kidney and fat
during heating: importance for radiofrequency thermal
therapy. Phys Med Biol 2003, 48(15):2509-25.

52. Jacques S, Rastegar S, Thomsen S, Motamedi M: The role of
dynamic changes in blood perfusion and optical properties in
laser coagulation of tissue. IEEE J Sel Top Quantum Electron 1996,
2:922-33.

53. Whaelan WM, Wyman DR: Dynamic modeling of interstitial
laser photocoagulation: implications for lesion formation in
liver in vivo. Lasers Surg Med 1999, 24(3):202-8.

54. Pennes HH: Analysis of tissue and arterial blood temperatures
in the resting human forearm. J Appl Physiol 1998, 85:5-34.

55. Duck F: Physical Properties of Tissue: A Comprehensive Ref-
erence Book,. Academic Press, New York 1990:167-223.

56. Baldwin SA, Pelman A, Bert JL: A heat transfer model of thermal
balloon endometrial ablation. Ann Biomed Eng 2001,
29:1009-1018.

57. Chang I: Finite element analysis of hepatic radiofrequency
ablation probes using temperature-dependent electrical
conductivity. Biomedical Engineering Online 2003, 2:12.

58. Kloner RA, Darsee JR, DeBoer LWV, Carlson N: Early pathologic
detection of acute myocardial infarction. Arch Pathol Lab Med
1981, 105:403-406.

59. Chang I, Mikityansky I, Wray-Cahen D, Pritchard WF, Karanian JJ,
Wood BJ: Effects of perfusion on radiofrequency ablation of
the kidneys. Radiology 2004, 231:500-505.

60. Haemmerich D, Mahvi DM, Lee FT Jr, Webster JG: Ablation at
audio frequencies preferentially targets tumor – A finite ele-
ment study. Proceedings of the 2nd Joint EMBS/BMES Conference Hou-
ston, TX 2002:1797-98.
Page 19 of 19
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0031-9155/45/5/319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0031-9155/45/5/319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0031-9155/45/5/319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10843110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0306-9877(93)90112-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/0306-9877(93)90112-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8183133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0031-9155/48/15/317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0031-9155/48/15/317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0031-9155/48/15/317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12953912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/2944.577317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/2944.577317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1109/2944.577317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/(SICI)1096-9101(1999)24:3<202::AID-LSM5>3.0.CO;2-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/(SICI)1096-9101(1999)24:3<202::AID-LSM5>3.0.CO;2-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1002/(SICI)1096-9101(1999)24:3<202::AID-LSM5>3.0.CO;2-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10229151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9714612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9714612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11791672
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11791672
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1114/1.1415521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1186/1475-925X-2-12
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1186/1475-925X-2-12
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1186/1475-925X-2-12
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12780939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=156890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6894846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6894846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15128994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15128994
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Experimental Validation

	Results
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6

	Discussion
	Table 7
	Table 8

	Disclaimer
	References

