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Abstract
Purpose: To use an established computer simulation model of radiofrequency (RF) ablation to further characterize the effect
of varied perfusion on RF heating for commonly used RF durations and electrode types, and different tumor sizes.
Methods: Computer simulation of RF heating using 2-D and 3-D finite element analysis (Etherm) was performed. Simulated
RF application was systematically modeled on clinically relevant application parameters for a range of inner tumor perfusion
(0–5 kg/m3-s) and outer normal surrounding tissue perfusion (0–5 kg/m3-s) for internally cooled 3-cm single and 2.5-cm
cluster electrodes over a range of tumor diameters (2–5 cm), and RF application times (5–60min; n¼ 4618 simulations).
Tissue heating patterns and the time required to heat the entire tumor� a 5-mm margin to >50�C were assessed. Three-
dimensional surface response contours were generated, and linear and higher order curve-fitting was performed.
Results: For both electrodes, increasing overall tissue perfusion exponentially decreased the overall distance of the 50�C
isotherm (R2

¼ 0.94). Simultaneously, increasing overall perfusion exponentially decreased the time required to achieve
thermal equilibrium (R2

¼ 0.94). Furthermore, the relative effect of inner and outer perfusion varied with increasing tumor
size. For smaller tumors (2 cm diameter, 3-cm single; 2–3 cm diameter, cluster), the ability and time to achieve tumor
ablation was largely determined by the outer tissue perfusion value. However, for larger tumors (4–5 cm diameter single;
5 cm diameter cluster), inner tumor perfusion had the predominant effect.
Conclusion: Computer modeling demonstrates that perfusion reduces both RF coagulation and the time to achieve thermal
equilibrium. These results further show the importance of considering not only tumor perfusion, but also size (in addition to
background tissue perfusion) when attempting to predict the effect of perfusion on RF heating and ablation times.
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Introduction

Radiofrequency (RF) ablation has been used for the

treatment of focal primary and secondary liver

malignancies as a minimally invasive, image-guided

alternative to standard surgical resection [1–3].

Indeed, for hepatocellular carcinoma, long-term

studies have demonstrated survival outcomes similar

to surgical resection for focal tumors <3 cm in

diameter [3, 4]. However, an inability to achieve

complete ablation of larger tumors (3–5 cm in

diameter) persists, secondary to unfavorable tissue

characteristics, most notably blood flow, and

limitations to intratumoral RF energy deposition

[5, 6]. Even so, RF ablation is being applied for the

minimally invasive, image-guided treatment of focal

tumors in a wide range of tissue sites, including

kidney [7], liver [3, 8], lung [9, 10] and bone

[11, 12] with markedly varied tissue characteristics.

RF ablation-induced coagulation is dependent

upon achieving focal temperatures usually exceeding

50�C for 4–6min within designated tissue [13]. The

principles of this are characterized by Pennes et al.

[14] in the Bioheat equation and further simplified to

describe the basic relationship guiding thermal

ablation induced coagulation necrosis as ‘coagulation
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necrosis¼ energy deposited X local tissue interac-

tions—heat loss’’ [15]. RF and other methods of

thermal ablation require a defined thermal dose be

delivered to tissue to achieve coagulation [16]. Thus,

for in vivo tissues, a heat-sink effect from flowing

blood limits the extent of tissue in which the

necessary cytotoxic temperatures can be achieved.

The role of perfusion-mediated vascular cooling

in limiting RF-induced tissue heating and the ability

to mitigate its effects somewhat with mechanical or

pharmacologic modulation of perfusion are well-

established in both in vivo experimental and multiple

clinical studies in vascular organs such as the liver

and kidney [17–19]. Based upon this, intrinsic tissue

characteristics such as perfusion-mediated tissue

cooling are important in predicting RF-induced

tissue heating patterns [20]. Hence, further char-

acterization is warranted, but challenging using

clinical data or in vivo models alone, given the

innate heterogeneity of perfusion of the tumors stud-

ied and other confounding variables such as variable

electrical [21] and thermal conductivity [20].

The purpose of this study is to use an established

computer simulation model of RF energy (Etherm)

to characterize further the effect of varied perfusion

on RF heating for commonly used RF durations and

electrode types, and different tumor sizes.

Materials and methods

Overview of experimental design

Computer simulation of RF heating using a finite

element analysis program (Etherm) was performed

in three phases. In the first phase, simulation of

RF heating patterns over time was performed by

studying the effect of ablation duration 0–60min for

a range of perfusion values (0–10 kg/m3-s; n¼ 5

parameters) for a single compartment model (i.e. no

difference in tissue characteristics between ‘tumor’

and surrounding ‘background’ tissue) for an intern-

ally cooled 3-cm single and 2.5-cm cluster electrode

(n¼ 10). In the second phase, two compartment

simulations were performed for varied inner ‘tumor’

(0–5 kg/m3-s) and outer ‘background’ (0–5 kg/m3-s)

perfusions for simulated tumor sizes of 2–5 cm to

determine the effects of different perfusion in the

tumor and background tissue. A matrix of eight inner

and eight outer perfusion values (n¼ 64) were

studied for each of four tumor diameters for the

two electrodes (total n¼ 64� 4� 2¼ 512). In the

third phase, simulations were performed characteriz-

ing the effect of different tumor and tissue perfusions

(0–5 kg/m3-s) on the time (6–20min) necessary to

heat completely theoretical 2–5-cm diameter tumors

with or without a 5-mm ablative margin to 50�C

using a 3-cm single or 2.5-cm cluster electrode.

Five additional RF durations (6, 8, 10, 16, and

20min) were studied for the original four tumor sizes

of Phase II (5� 64 matrix parameters�4 tumors� 2

electrodes¼ 2560 simulations). Two additional

tumor sizes were also studied for an additional

1536 simulations, for a total of 4608 simulations

[including phase II data] that were analyzed

in Phase III.

Computer simulation model

All software was provided by Field Precision

(Albuquerque, NM) [22]. A two-dimensional

finite-element model of coupled RF electric fields

and thermal transport was used as a platform for

performing computer simulated RF ablation of 3-cm

single electrodes, while a three-dimensional model

was used for the more complex geometry of cluster

electrodes. Comparative temperature profiles were

generated using computer simulation of the electro-

static equations coupled to Pennes’ Bio-Heat equa-

tion (Etherm) [22, 23]. Prior versions of this model

have been validated as predictive of tissue heating

and ablation in agar phantoms and non-perfused

ex vivo liver [21, 24, 25]. The computer model has

been modified with a general control algorithm to

permit the generation of matrices of large volumes of

data from which we fashioned temperature response

surfaces. The model has been previously modified to

be biologically relevant, most notably by constructing

a temperature limitation control [20]. Specifically,

temperature within the model is not allowed

to exceed 100�C, the temperature at which boiling

limits the ability to apply RF energy [26]. The model

automatically provides the necessary current to

achieve up to 100�C heating in the system to a

maximum specified current (as would occur clini-

cally based upon maximum current output of

presently available commercial RF generators).

When 100�C is achieved at any point in space or

time during the simulated RF application, the

program automatically reduces the applied voltage

to the maximum level, at which no tissue is heated

beyond this temperature. Thus, our model mimics

the biologic and physical constraints present during

actual RF ablation including experimentally realistic

temperature and current limitations. Additionally,

for the purposes of this study, simulated perfusion

was eliminated for all mesh points that reached

a temperature of 60�C to simulate coagulation

eliminated microvascular perfusion.

Finite-element analysis software

To simulate a 3-cm single probe of 0.146 cm

(17 gauge) in diameter in tumors of different sizes

(2 cm, 3 cm, 4 cm) in a cylindrical background tissue
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of 10 cm in length and 14 cm in diameter, we used

the computer program MESH version 5.0 (Field

Precision) to generate conformal triangular meshes.

For 2-D finite-element calculation for both the

electrical and thermal solutions, we used

ETHERM to perform coupled electro-thermal solu-

tions using the geometry generated by MESH

(Figure 1a). To simulate a 2.5-cm cluster electrode

in tumors of different sizes in a cylindrical

background tissue of 10 cm in length and 14 cm

in diameter, we used the computer program

METAMESH (Field Precision) to generate confor-

mal meshes of hexahedrons for the 3-D calculations

(Figure 1b). For 3-D finite-element calculation for

both the electrical and thermal solutions, we used

ETHERM3 to perform coupled electro-thermal

solutions using the geometry generated by

METAMESH. We used ETHERM3 to perform

coupled electro-thermal solutions using the geometry

generated by METAMESH.

Simulated RF application

RF parameters were selected to best simulate clinical

practice in liver using a commonly used electrode

system. This included the use of internally cooled

electrodes (10�C) of 3 cm tip length, a generator

maximum current output of 2000mA and RF

application for 12min at 500KHz [2, 5]. The time

of RF application was varied where specified.

Two-compartment model

In order to assess the wide range of clinically relevant

tumor and background perfusions, a previously

reported [20] template was used that enabled us to

study the effects of a defined parameter space

(response contour) consisting of a varied range of

tissue perfusion for inner ‘tumors’ of variable radius,

surrounded by uniform tissue parenchyma. A vari-

able sized two-compartment model with a 10 cm

radius was used. At the innermost region of the

cylindrically symmetrical model, is a 3-cm long,

0.146-cm (17G) wide electrode or 2.5-cm cluster

electrodes (Figure 1). Surrounding this is an inner

compartment of 4 cm length of a variable diameter

measuring 1–5 cm (simulating tumors of correspond-

ing diameters). For two-compartment modeling, a

range of varied inner (0–5 kg/m3-s) and outer (0–

5 kg/m3-s) perfusions were used for each tumor size.

The remainder of the underlying tissue character-

istics were standardized and identical for both the

inner and outer compartments and were selected to

approximate normal liver parenchyma (including

specific permittivity of 2000, specific heat of 3400 J/

Kg-�C, baseline electrical conductivity of 0.5 S/m,

and thermal conductivity of 0.5W/m-�C) [27].

Additionally, for 3-cm single and 2.5-cm cluster

electrodes, the 50�C isotherm was calculated for a

range of inner and outer tissue perfusions (0–5 kg/

m3-s) for RF application times of 6, 8, 10, 12, 16 and

20min for tumor sizes of 2–5 cm.

Outcome measurements

The primary measurement used to evaluate RF

heating patterns was the 50�C isotherm (i.e. the

distance from RF electrode at which the temperature

of the tissue is simulated to be 50�C at the end of the

RF ablation session), as this has been used in the past

to represent the most clinically relevant outcome (i.e.

the temperature above which the tissue is completely

irreversibly coagulated) [20]. This measure was also

Figure 1. Finite element model meshes. This is an illustrative representation of both the (a) 2-D finite element model used
for simulating a 3-cm single internally cooled electrode (red arrow) in a 4-cm tumor (yellow tumor, white arrow), and (b) the
3-D finite element model used to simulate a 2.5-cm cluster electrode (red arrow) in a 4-cm tumor (white arrow).
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used to calculate an estimated coagulation diameter

where specified. For two-compartment models, the

times required to achieve a minimum 50�C

temperature at specified distances from the elec-

trode, specifically at the tumor margin and an

‘ablative margin’ of normal tissue (defined as 5mm

of surrounding normal tissue beyond the tumor

margin [28]) was also recorded (Figure 2).

For the initial single compartment studies, com-

puter-simulated heating profiles were also created for

a distance of 1, 2, 3 and 4 cm away from the

electrode. Additionally, the time required to reach

thermal equilibrium, as defined by the time to reach

90% or 95% of the maximum 50�C isotherm during

RF ablation, was determined.

Data analysis

Non-linear curve fitting including exponential and

power function (Origin 6.1, Microcal Software Inc.,

Northampton, MA) was performed for plotting the

effects of varied perfusions on the time required to

reach 50�C isotherms, with determination of good-

ness of fit. Subsequently, for both single and cluster

electrodes, resultant 50�C isotherms were used to

construct three-dimensional contour maps (surface

responses) expressing the relationship between inner

and outer perfusion and heating, using Dataplot

graphing software (D-plot, Vicksburg, MS). Separate

surface responses were created for different tumor

sizes (2–5 cm diameter) and single and cluster

electrodes. Additionally, surface contour plots were

also constructed demonstrated the 50�C isotherms

for varying RF times (6–20min) for both single and

cluster electrodes. The ‘approximate’ known perfu-

sion of three different, and clinically relevant, tumor

types and their background tissues were overlaid

onto these graphs (renal cell carcinoma in normal

kidney: inner perfusion 3 kg/m3-s, outer perfusion

3.34 kg/m3-s, hepatocellular carcinoma in cirrhotic

liver: inner perfusion 3 kg/m3-s, and outer perfusion

1 kg/m3-s, and colorectal metastasis to normal liver:

inner perfusion 0.5 kg/m3-s, outer perfusion

3.34 kg/m3-s) [27, 29].

Results

Phase I: Effect of perfusion on RF heating patterns in a

single compartment model

Computer modeling demonstrated that increasing

perfusion from 0 kg/m3-s to 10 kg/m3-s reduced the

size of the heated zone (as evidenced by decreases

in the distances at which the 50�C isotherm was

identified; Table I, Figure 3). For example, for

heating with the 3-cm single probe at 3600 s, the

50�C isotherm was located 3.3 cm from the electrode

for 0 kg/m3-s compared with just 1.1 cm for higher

perfusion (10 kg/m3-s). Greater coagulation dia-

meters were observed using the cluster electrode

compared with the single electrode ( p<0.05)

(Figure 4). Additionally, increasing perfusion

reduced the time required to achieve thermal

equilibrium in a negative exponential fashion

(Figures 3 and 5, Table I).

Phase II: Effect of varied inner and outer tissue

perfusions in a two-compartment model

The surface response maps generated with varying

inner and outer perfusion for different tumor

diameters for ablation times of 12min (Figure 6)

Figure 2. Measurement of temperatures at the tumor and ablative margin. In this example, a 3-cm single electrode is
inserted into a 3-cm tumor (light green area). The times needed to achieve a 50�C isotherm at the margin of this tumor as
well as at the ablative margin 5-mm (red zone) surrounding the tumor were calculated.
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identified several trends. For smaller tumors,

results were dependent largely on background

tissue perfusion. For larger tumors (greater than

4 cm for single and 5 cm for cluster electrodes), the

location of the 50�C isotherm (i.e. the amount

of ablation) depended largely on the perfusion

within the tumor (Figure 6). For intermediate sized

tumors, there was a mixed pattern, as both tumor

and background tissue perfusion effected the time

to achieve ablation.

Phase III: Effect of perfusion on achieving tumor

ablation with or without an ablative margin

Although phase I demonstrated that thermal equili-

brium is reached faster with increasing perfusion,

for each tumor of a given size increasing ablation

time enables successful ablation of a greater portion

of the perfusion surface domain (Figures 7 and 8).

Additionally, these plots further demonstrated in

general that the thermal profile is much steeper when

ablating just the tumor compared with the tumor and

ablative margin (Figures 7 and 8). In other words,

achieving complete ablation of the tumor alone was

more dependent on inner/tumor perfusion, while

achieving ablation of the tumor and 5-mm ablative

margin was more dependent on the outer perfusion.

In these modeling scenarios, tumors with a

diameter of 2 cm or less could be completely ablated

for a 3-cm single electrode, and tumors with a

diameter of 3.5 cm or less for a 2.5-cm cluster

electrode. Both inner and outer perfusion had a

major impact on the ability to achieve complete

ablation and the time necessary to completely treat

tumor and/or ablative margin. As expected, lower

perfusion and smaller tumor size increased the

likelihood of getting the tumor and/or the margin

and reduced time.

Accordingly, the time and ability to completely

treat tumor or achieve a 5-mm ablative margin varied

considerably based upon tumor type and size

between HCC in cirrhotic liver (high inner perfusion,

low outer perfusion), RCC (high inner perfusion,

high outer perfusion), and metastatic colorectal

carcinoma to normal liver (low inner perfusion,

Table I. Effect of perfusion on the size of the ablation
zone and time required to achieve thermal equilibrium.
Increasing tissue perfusion (0–10 kg/m3-s) for both a 3-cm
single and 2.5-cm cluster electrode decreases both the
50�C isotherm and the time required to achieve thermal
equilibrium in a negative exponential manner.

90% max

50�C isotherm

95% max

50�C isotherm

Perfusion

(kg/m3-s)

Time

(s)

50�C

isotherm (cm)

Time

(s)

50�C

isotherm (cm)

Single 0 2430 2.99 2960 3.15

1 1080 1.99 1500 2.10

3.34 481 1.40 670 1.48

5 371 1.22 481 1.29

10 251 0.95 311 1.01

Cluster 0 2250 3.78 2940 3.98

1 1010 2.63 1480 2.77

3.34 392 1.95 582 2.06

5 282 1.75 422 1.85

10 192 1.47 252 1.55

Figure 3. The effect of tissue perfusion on the size of the ablation zone, and the time required to reach thermal equilibrium.
The effects of varied perfusion from 0 kg/m3-s to 10 kg/m3-s on tissue heating are displayed for (a) 3-cm single and (b) 2.5 cm
cluster electrodes. Black arrowheads represent the time necessary to achieve 95% of the largest 50�C isotherm; while open
arrows represent 90% of the largest 50�C isotherm. Increasing perfusion not only reduces the size of the heated zone, but
also reduces the time necessary to achieve 90% or 95% of the 50�C isotherm. Additionally, cluster electrodes substantially
increase the size of the 50�C isotherm.
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normal/high outer perfusion) (Figure 8). For

example, achieving complete ablation of a 4.5-cm

colorectal metastasis would take 10min, while the

HCC would require more than 12min of heating and

the RCC in excess of 20min.

Discussion

As RF ablation is increasingly applied in a wide range

of tumor and tissue types, further characterization

and understanding of the role of intrinsic tumor and

tissue characteristics will be required to optimize RF

energy delivery paradigms and tumor coagulation.

Both experimental and clinical studies have demon-

strated that perfusion-mediated vascular cooling

significantly decreases overall tissue heating and

tumor ablation efficacy [30–33]. Our study uses

computer modeling of the Bioheat equation to

characterize further the effects of simulated tissue

and tumor perfusion on RF heating patterns.

The results of our study demonstrate that increas-

ing overall tissue perfusion exponentially decreases

achievable RF tissue heating for both single and

cluster electrodes. These findings confirm the results

of many experimental and clinical studies that have

demonstrated significantly reduced zones of coagula-

tion in tissues with higher perfusion [27], such as

liver and kidney, and increased coagulation when

RF ablation is combined with perfusion modulators

such as mechanical vessel occlusion and pharmaco-

logic agents [31–35]. However, while prior studies

Figure 4. Tissue perfusion vs. 50�C isotherm. In a single-compartment model, the size of the ablation zone decreases with
increasing tissue perfusion. As tissue perfusion increases (0–10 kg/m3-s), the size of the ablation zone (demonstrated here
as the 50�C isotherm) decreases. This is represented by negative exponential correlations between perfusion and the 50�C
isotherm (i.e. 90% and 95% of maximum) for both 3-cm single and 2.5-cm cluster electrodes.

Figure 5. Tissue perfusion vs. time to reach thermal equilibrium. The time required to achieve thermal equilibrium
decreases in a negative exponential manner with increasing tissue perfusion. Increasing tissue perfusion (0–10 kg/m3-s)
decreases the time required to achieve tissue thermal equilibrium (90% and 95% of maximum thermal equilibrium).
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have suggested a linear relationship between tissue/

tumor perfusion and ablative sizes [16], our results

go beyond this to suggest a non-linear, exponential

relationship between these variables. We attribute

this finding to our ability to interrogate a wider range

of perfusion variables more precisely, thereby

enabling determination of the true shape of the

curve. As such, computer modeling may be bene-

ficial in reducing experimental noise or increasing

the number of data points to provide greater insight

into physical relationships.

Additionally, our results demonstrate that

increased overall tissue perfusion not only reduces

the size of the heated area, corresponding to

decreased 50�C isotherms, but also decreases the

time required to achieve tissue heating. Several

currently used clinical RF ablation paradigms apply

RF energy for set standard amounts of time (12min

is the most commonly used) [13]. In our study,

thermal equilibrium was reached earlier at higher

perfusion rates, which suggests that the actual time

required to achieve maximum heating probably

differs, based in part on tissue perfusion.

Therefore, in highly vascular tissues such as liver

and kidney, shorter amounts of RF time may yield

maximum gain, compared with tissues with

relatively smaller amounts of perfusion, such as

lung and bone.

Figure 6. Surface contour maps for RF ablation of varied tumor and tissue perfusion. This set of surface contour maps
plots the different 50�C isotherms at 12min for varied inner (i.e. tumor; X-axis) and outer perfusions (i.e. background
tissues; Y-axis) (0–5 kg/m3-s) over a range of tumor sizes (2–5 cm in diameter) for both 3-cm single and 2.5-cm cluster
electrodes. For smaller tumors, the horizontal pattern denotes that results were dependent largely on background tissue
perfusion. For larger tumors (greater than 4 cm for single and 5 cm for cluster electrodes), the vertical orientation of the 50�C
isotherm (i.e. the amount of ablation) depended largely on the perfusion within the tumor.

Figure 7. Effect of perfusion and the time required to ablate with RF energy. The 50�C isotherm for achieving complete
tumor ablation without (red isobars) and with (blue isobars) a 5-mm ablative margin was plotted for different RF ablation
times (6–20min) and different tumor sizes (2–4 cm diameter) using a 3-cm single electrode. Tumor and background tissue
perfusion were varied 0–5 kg/m3-s. For 2- and 3-cm tumors, the red line denotes that complete ablation of the tumor could
be achieved at 6min of RF ablation time for all levels of outer and inner perfusion. With increasing tumor size, achieving
complete ablation requires longer RF times, achieving an ablative margin becomes increasingly difficult, and the effect
becomes increasingly dependent on inner perfusion. Additionally, there are almost no inner/outer perfusion levels at which
an ablative margin could be achieved for tumors equal to, or larger than 3.5 cm.
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Differences in both inner tumor and background

tissue perfusion also appear to significantly influence

RF heating patterns depending on the size of the

tumor. Our results demonstrate that for smaller

tumors, the ability and time to achieve tumor

ablation was largely determined by background

tissue perfusion, whereas for larger tumors, the

inner tumor perfusion had the predominant effect

on the time to achieve maximum ablation. This has

significant potential clinical implications as there are

often differences in tumor and background tissue

perfusion, especially when comparing primary HCC

in cirrhotic liver (high tumor perfusion and low

surrounding perfusion) and colorectal metastases to

liver (low tumor and normal/high surrounding

perfusion) [27]. Thus, optimal heating times for

different tumors is likely to vary substantially

(6–20min) from currently suggested guidelines (i.e.

12min) [13]. Accordingly, one can envision future

pre-procedural planning with CT or MR perfusion

studies to permit better refinement of ablation

algorithms or improve clinical outcome predictability

[36, 37]. Furthermore, characterization of varying

perfusion on RF-induced tissue heating patterns

may ultimately permit extrapolation to other similar

and clinically relevant high-temperature point-source

thermal ablative therapies from microwave, laser

and ultrasound energies [38].

As our study suggests, with further refinement,

computer modeling of tumor and surrounding tissue

perfusion characteristics for specific tumors, such as

renal cell carcinomas or hepatic colorectal metas-

tases, may permit prediction of the likelihood of

achieving complete ablation with currently recom-

mended RF ablation strategies (i.e. 3-cm single or

2.5-cm cluster electrode for 12min), and the optimal

(either shorter or longer) times required to treat

different tumors. Additionally, as clinical studies

have demonstrated, achieving optimal tumor abla-

tion includes ablating at least a 5-mm margin of

surrounding normal-appearing background tissue

[28], our results demonstrate that differences in

tumor/background perfusion can determine if and

when ablation of a peripheral margin can be

achieved. Given the well-documented difficulties in

achieving complete RF ablation of larger tumors,

Figure 8. Effect of perfusion on the time required to achieve ablation for a cluster electrode. The 50�C isotherm for
achieving complete tumor ablation without (red isobars) and with (blue isobars) a 5-mm ablative margin was plotted
for different RF ablation times (6–20min) and different tumor sizes (3–5 cm diameter) and varied inner and outer perfusion
0–5 kg/m3-s using a 2.5-cm cluster electrode. The approximate inner/outer perfusions for varying types of commonly treated
tumors overlay the 4.5-cm tumor surface response contour and are represented as: Colorectal metastases to normal liver
(M), renal cell carcinoma (R), and hepatocellular carcinoma (H). The time and ability to completely treat tumor or achieve
a 5-mm ablative margin varies considerably based upon tumor type and size. In this scenario, achieving complete ablation
of the colorectal metastasis would take 10min, while the HCC would require greater than 12min of heating and the
RCC in excess of 20min.
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especially in the liver, using differences in tumor/

background perfusion in conjunction with tumor size

may help to identify which tumors have a higher

likelihood for success with RF treatment.

Alternatively, in those tumors that are unlikely

to be completely ablated with the existing clinical

RF paradigms, further modeling may allow us to

identify the extent of ablation that can be achieved

with a single RF application, which can help design

the more robust protocols for ‘overlapping’ ablations

[6, 39].

Our results, along with prior studies, demonstrate

that generation of surface response maps using data

from multiple simulations from computer modeling

of the Bioheat equation continues to be a robust

strategy for optimizing and evaluating RF ablation

techniques. Indeed, in this paper we show how this

mapping of trends in tissue heating can help explain

why given RF parameters are successful for some

clinical scenarios (such as treating a 3-cm HCC with

a single electrode) and not others (such as a similarly

sized, more vascular RCC). Given that current

clinical RF paradigms, and the most clinical experi-

ence, are based upon treatment of hepatic tumors,

it is likely that optimized RF ablation techniques

in other tissues will require differing amounts of RF

application time based upon differences in perfusion.

While these initial results give further insight into

the role of RF tissue interactions on RF-induced

heating, there are several limitations of this study,

and further characterization of the effects of tissue

perfusion is required. While several prior studies

have used this model in characterization of the effects

of both electrical and thermal conductivity on RF

ablation with good ex vivo correlation [21, 24],

correlation of these findings to in vivo models will be

required. Additionally, this study only examines the

effects of tissue perfusion, while standardizing other

tissue characteristics such as thermal and electrical

conductivity. Ultimately, further computer modeling

will be required to examine the specific influences

of each of these characteristics when varied in a

compounded manner. Finally, our modeling

assumes that 50�C is an absolute thermal threshold

for tissue destruction when, in fact, RF thermal

dosimetry is likely to vary, as different tissues

demonstrate varying tissue-specific thermal sensitiv-

ities. Additionally, we assume tissue perfusion

homogeneity and have as of yet not incorporated

the potential effect of larger vessels that are known

to induce ‘heat-sink’ and influence ablation shape

and outcome [19, 40, 41]. Thus, further refinements

in defining endpoints may ultimately be needed for

true predictability. Regardless, the current strategy

of characterizing RF-tissue interactions by isolating

and modulating individual parameters has already

expanded our understanding of clinical RF ablation.

In conclusion, computer modeling demonstrates

that blood flow reduces not only RF coagulation but

also the time to achieve thermal equilibrium. These

results further show the importance of considering

not only tumor blood flow, but also size (in addition

to background tissue blood flow) when attempting

to predict the effect of perfusion on RF heating and

ablation times. Accordingly, computer modeling

demonstrates that a greater appreciation of tumor

and background tissue blood flow, as well as tumor

size, will probably be beneficial in choosing optimal

RF application parameters and for improving

predictability of RF outcome.
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