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Abstract—Thermal ablation of a tumor with radio frequency These temperature maps acquired repeatedly during the
(rf) energy from a small probe inserted into the solid tumor can procedure can assist the clinician in maximizing tumor

be accomplished with minimal invasiveness under guidance d . d minimizi d h di
with magnetic resonance imagiiyRI). A theoretical study is estruction and minimizing damage to the surrounding

presented of 3D temperature distribution dynamics in tissue hormal tissue. Characteristics of MRI have been used to
with rf heating to show the feasibility of fast numerical solution examine the tissue temperature distribution produced by

for repeated simulations during an ablation procedure. Model the rf heat source using low field strength magﬁéf’s
simulations are intended to be used during an ablation treat- '

ment together with temperature field images obtained by MR to ~ Currently, procedural decisions with respect to se-
predict the effect of alternative strategies of source heating and quential positioning the probe and the conditions of the
placement. A feature of the model is that it incorporates a heat rf energy input rely solely on the experience of the cli-
source term that varies with distance from the rf probe to avoid .o in interpreting the MRI data. If, in addition to MR

the need for solving electric field equations. The effects of . . . ! L.
perfusion and internal cooling of the rf probe on the tempera- IMages, model simulations were available to the clinician
ture distribution are simulated to show the model flexibility. to predict tissue temperature and ablated regions with
Using a personal computeiPC), numerical solution of the little or no perfusion during a procedure, then the effec-

model equations required 10 s to 2 min depending on the yyaness and reliability of this interventional treatment
perfusion—temperature relationship. The results show the feasi-

bility of using thermal model simulations in an iterative manner could be improved. Such improvement requires that
with MR images to help guide thermal ablation procedures in model simulations of 3D tissue temperature dynamics be
the clinical setting. ©2002 Biomedical Engineering Society. accomplished many times during the procedure. To make
[DOI: 10.1114/1.1519263 this clinically feasible, each model simulation should be
accomplished in the order of seconds using a personal
computer(PC). The main objective of this study is to
show that fast simulations are feasible with a novel

Keywords—Radio frequency ablation, Thermal model, Coagu-
lative necrosis, Bioheat equation, Modeling, Interventional

MRI. model and a combination of well-established and effi-
INTRODUCTION cient numerical methods.

A typical rf ablation procedure involves inserting the

Thermal ablationa.k.a. coagulative necrogisf a tu- MR-compatible rf probe into the desired location within

mor using radio frequencyrf) energy from a small probe  a tumor under near real-time MR guidance. For intersti-
can be accomplished with minimal invasiveness under tial thermal ablation, the rf power input is sustained
guidance with magnetic resonance imagifgRI)."* between 6 and 40 min depending on the desired lesion
From an electrode at the probe tip, an alternating electric yolume®® The duration of the ablation heating in a probe
current passes through the tissue to cause heating thahosition is based on estimates of the time required to
can lead to cell death and apoptosis depending on thereach an approximate thermal steady state. This may be
temperature and duration of heatitif? MR systems can significantly longer than necessary to produce the opti-

assist in inserting and positioning the rf probe, monitor- a1 gamage. A better determination of the optimal dura-
ing the thermal therapy, and evaluating the procedure o, can e achieved by a model that can quantitatively

results: Ablggg_n m?nltonntg by I\/IIRt_prowdes ttemtpe_zrature evaluate thermal damage with time at any point in the
maps in addition 1o anatomical tissue-contrast Images. oy with respect to the target tissues of interest for
this study as well as clinical preference, we will consider

Address correspondence to Gerald M. Saidel, Ph.D., Department of

Biomedical Engineering, Case Western Reserve University, 10900 Eu- ablations that take about 10 min. During an ablation

clid Ave. Cleveland, OH 44106-7207. Electronic mail: gsaidel@ procedure, a S?quenc_e of heating. and imaging might con-
cwru.edu sist of successive periods of heating for 15 s followed by
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A Z FIGURE 1. Probe along the z axis in the
dirg center of the x-y plane of a discretized
1 7 cube of tissue. Tumor tissue centrally lo-
a0%an%and y cated; grid pattern illustrates the spatial

/// 1 discretization.
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temperature image acquisition for 5 s. At the end of an From simulations of the temperature distributions of the
ablation procedure, tissue-contrast images may be ob-model, the effects of thermal damage on perfusion and
tained to determine the extent of tumor ablation. If the internal cooling of the rf probe are examined to show the
tumor is not sufficiently ablated, then the rf probe is versatility of the model. Then, MR temperature measure-
repositioned within the tumor and another ablation pro- ments from preliminary experiments with excised liver
cedure is performed. If many model simulations could be are shown for comparison with model simulations. Our
performed within a few minutes and modified as needed model provides distinct advantages for analyzing the ef-
by comparison to MR temperature images, then a clini- fects of rf tumor heating and ablation relative to previ-
cian would have a better basis for predicting the effects ously published models. Finally, we discuss future quan-
of each step in an ablation procedure. This interactive titative validation of this modeling approach to assist in
process involving model simulation and data acquisition MRI guidance of tumor ablation in a clinical setting.
could be repeated for each 10 min ablation period.

Mathematical models developed to describe the tissue
temperature dynamics associated with rf ablation also THERMAL MODEL DEVELOPMENT
include a concomitant model of the electric field distri-
butions to determine current densify*?141°Although
not usually reported, the numerical solution of these
equations takes much longer than 1 min on a PC, making

impractical the process of continually repeated simula- 7. " . .
tions and comparison with MR images during an ablation dissipated by therma'l conduction through the tissue and
uptake by blood flowing through primarily small vessels

procedure. Therefore, we present an alternative math- . . )
ematical model of the tissue temperature dynamics asso-that perfuse the tissue. We can quantify and predict the

ciated with rf ablation that allows a much faster solution. teurggigatgfrerfd|tsr;[2:)r$]':(|)nagé Ti?)rlcbsag;dtlssrl:eaalso:alc ohnes;-
This model with a heat source that decreases with dis- q

We model the dynamic temperature distribution in a
cube of tissue in which the tumor is centrally located
(Fig. 1). Within the tumor, electric current from the rf
probe produces a distributed heat source. The heat is

4,17
tance from the rf probe obviates the need for explicit balance’
inclusion of the electric field equations. For numerical
soluti(_)n of 'Fh_e bioheat_ model equatk_)n, we _m_odify and ﬂ=aVZT—w(r,t)[T—Tb]+U(r,t), )
combine efficient algorithms that provide sufficiently fast at
simulations to be feasible for use in guiding an ablation
sequence during a treatment procedure. where the temperatur@(r,t) is a function ofr, the

In the following sections, a model of 3D tissue tem- three-dimensional position vector, andtime. The do-
perature dynamics is presented. This model incorporatesmain for each side of the cube is the interyatL,L].
a heat source term based on the decreasing current flowThe terms on the right-hand side of E(.) represent
in tissue with distance from the rf probe. Furthermore, to heat transfer in tissue by conductigar thermal diffu-
produce a fast numerical solution, the method of lines is sion), the heat loss by perfusion, and the rf heat source.
applied with spatial derivatives discretized using a Since tissue thermal diffusivity increases slightly with
fourth-order approximation to produce an initial-value temperaturg<0.5%/°Q,° we represent the change as a
problem solved efficiently with a sparse-stiff integrator. linear function:
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a(T)=ag+ ay[T—Tg]. (2) given in Appendix A. This distance relationship for the rf
heat source has been validated experimentaliyhe

The rate of heat loss by perfusion depends on the per-er’be glectrode temperature variation with time is ob-
fusion  and the difference between the local tissue t@ineéd independently:

temperaturel and blood input orlbasal temperature of

tissue T,. The perfusion functionw(r,t) varies with r=rp:T=Ty(1). (7)
position and time as a consequence of reduced perfusion

by blood coagulation associated with ablation. To appre- In other words, the temperature is specified only in the
ciate the effect of temperature history on perfusion, we domain —L,<z<L,, x=y=0. Initially, the tissue is
can compare the effects of two representations of the assumed to be at a known basal temperature:
dependence of perfusion on temperature. First, consider a

simple model in which perfusion exists locally in the t=0: T=Ty(r). (8)
tissue as long as the tissue temperature is below a critical
value, T¢: With a step input of rf power, we can simulate the probe

temperature change with the approximation:
w(r,t)=w0U[TC—T(O<t)], (3)
To()=Tp+Tal1l—exp—t/7)], 9)
whereU[ ] is the unit step function.

Generally, the perfusion at any position and time may where 7 is a characteristic response time. Since the
be described using a probability model, which reflects boundaries of the cube surrounding the tumor are far
the local variability of the thermal response in tissue. enough from the heat source, the temperature remains at
Based on a two-state Markov process with a transition the basal level:
probability B(t) between normal and thermally damaged
states, the perfusion function is proportional to the prob- r=r.; T=T,. (10)
ability, Py, of no thermal damage:

In other words, this condition applies wha&ny, or z has
the valuesL or —L.

An analytical solution of a special case of this model
(Appendix B is used for validation of the numerical

w(r,t)=w0PU=w0ex;{ J;B(r,t)dt} (4)

The transition probability can be represented by Solution.
Arrhenius-type activation:
NUMERICAL METHODS

Ar O =A{exd —BIT(r,H JULT=Tol, © For numerical solution, our objective is to implement

a method that is sufficiently fast to simulate temperature
distributions assuming alternative power inputs and po-
sitions of the rf electrode. To aid in decision making
during MRI-guided treatment, the model must be able to
predict the tissue temperature distributions for various
tumor ablation strategies. A necessary tradeoff for shorter
simulation times is reduced spatial resolution. Further-
more, for low cost application in the clinical setting, the
computation can be accomplished on a personal com-
puter (PC) whose speed and memory are sufficient, such
as the one used for this stud§00 MHz processor, 512
Mbytes of RAM). Our strategy in developing a suitable
method for simulations is to use state-of-the-art algo-
rithms that are robust, well tested, and easily imple-
mented. For a geometrically simple systéeng., tissue
cube, we apply the method of Ilines or
r#ry, o(r,t)=hy(t)/[r—rp]° (6) semidiscretizatiof.

In this case, the spatial derivatives of the model are
In other words, the source is defined only outside the represented in Cartesian coordinates. By discretizing the
domain —Ly<z<L,, x=y=0. A formal derivation is spatial derivatives of the model with the boundary con-

where A and B are constants. A tissue damage model of
this character has been used by otHérs.with appro-
priate parameter values, E@l) would indicate no dam-
age even with chronic heating below a reference tem-
perature T, (about 41°Q;'® above some temperature
level (about 60 °Q, the rate of thermal damage is high
and approaches a maximum.

The probe electrode is considered as a uniform line
source located by the 3D position vectgy (for conve-
nience set at th&-y center along the axis of the tissue
cube from —L, to L,). From the probe, the rf heat
sourceo(r,t) is a known function of the measured input
power hy(t) and varies inversely with the square of the
distance from the probe,—r,:
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ditions incorporated, we convert the model from a para-
bolic differential equation into a set of differential-
difference equations that constitute an initial-value
problem. Each equation represents the temperature at a
specific spatial node. The spatial discretization is accom-
plished based on a 3D extension of an efficient 1D code
with fourth-order accuracy(DSS044°® available from

the Internet (http://www.lehigh.edutwes1/wesl.html

The resulting initial-value problem is integrated using
Lsopes® an efficient code for stiff and sparse systems L
available from the Internghttp://www.netlib.org/cgi-bin/
search.pl A Lahey PCFORTRAN compiler was used to
execute these codes.

To test the accura_cy of _Our prOgram'.We compar'ed the FIGURE 2. Mean spatial temperature distribution of eight
method of lines solution with the numerical evaluation of equal radial distances as measured by MRI thermometry in
an analytical solution of a special case of the bioheat an excised bovine liver during an ablation procedure. Three
transfer mode(Appendix B. The analytical solution was ~ M® POints are shown: 100, 200, and 600 s.
evaluated usingnATLAB (Mathworkg. Summations were
It;lg:i% ?sdwggigsghfhgfi&ﬁcgof ?;V;e?{]l;f:i??/eem‘?um'perature at the probe—tissue interface. Temperature maps

the numerical solution agrees with the analytical solution were then calculated fqrm the d|ﬁerepce bereen the

within 3% near the boundaries and 0.1% elsewhere Thereference and the _experlmental phase imdgesis MR

(21)® node system increases the aC(.:uracy reduciné thethermometry techn_lq_u_e has_ an accuracy=d°C. .

error to 0.4% near the boundaries and 0 026/0 everywhere From a suscept|p|l|ty artifact, the prob(_e location was
| The.simulation with the (13)0de s .stem required determined and callbr_ated by the_thermlstor. The tem-

Sslg.s to reach 95% of steady state Wh)i/Ie the si?nulation perawre data was fitered spatialijusing a 3<3

with the (21F nodeosystem réquireér49 min o reach smoothing filtey and temporally (using a three-point

_ . ... moving average filtgrto reduce noise. Steady state tem-
0,
95% of steady state. Since the accuracy assouatgq W'thperatures were approached within 250 s after heating
the smaller number of nodes is sufficient for clinical

N i ) . began. The temperature decreases rapidly with distance
application and the computational time is much less, we from the probe heat sourd&ig. 2
used this discretization for almost all simulations. e
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- . . . . Simulation Strate
For preliminary comparison with model simulations, 9y

we obtained MR temperature data from an excised nor-  Through model simulations we can examine the ef-
mal bovine liver. Ablation experiments were performed fects of perfusionw, heat input rateh,, rf probe tem-

with a liver, refrigerated overnight, placed in a 0.2 T perature,T,, and temperature dependence of thermal
resistive MR imagefMagnetom Open, Siemens Medical diffusivity, «, on the temperature distribution in tissue. A
Systems. A copper probe wit a 2 cmexposed electrode  key objective is to find a simulation strategy for increas-
coupled to a rf ablation generatoNo. RFG-3C, Radi- ing heat transfer from the rf electrode to the tissue pe-
onics was inserted into the liver. To complete the circuit, riphery in order to increase the potential size of the
a ground pad84 cnf) was placed under the liver pro- ablated tissuélesion. To account for a decrease in heat
viding a return path for the current. Using an echo- loss with ablation, we consider perfusion to depend on

shifted, gradient recalled ech&S-GRE sequenceg5 s local tissue damage based on local temperature history.
acquisition time¢, phase images that produce relative As described in the earlier section on model develop-
temperature fields were acquired at 15 s intervals. ment, we present two models for the change of local

All images were taken perpendicular to the rf probe to perfusion with temperature. The simpler model assumes
easily examine deviations from symmetry. Before creat- that local perfusion is eliminated when the tissue tem-
ing a lesion, a reference phase image at a known tem-perature reaches a threshold critical valtig, With the
perature was obtained for calibration of the experimental more general model, tissue damage reduces local perfu-
MR phase images with measured tissue temperature. Thesion according to the local temperature history and an
tissue was heated for 600 s to a steady state by main-Arrhenius activation functior®!’ An issue to be ad-
taining the probe tip at approximately 90°C. A ther- dressed is the tradeoff between the generality of the
mistor located at the tip of the probe measured the tem- perfusion modeling and the simulation speed.
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FIGURE 3. Simulated tissue temperature distribution after 600 s of heating with no perfusion and constant thermal diffusivity.
Tp,=37°C, T,=90°C, h,=4.0, =20, FOV=46.8 mm?. Nodes: 113, CPU processing time: 20 s: (a) Plane perpendicular to probe
in the x-y plane. (b) Plane along the length of probe in the  z-x plane.

Another important aspect of model simulation is de- an exponential function with a 20 s time consténtand
termining the maximum heat input. If the heat input rate a steady-state maximum of 90°C. For the internally
is too great, then the tissue temperature can rise abovecooled probeT,=20°C in the steady state. For simula-
100 °C causing vaporization and carbonizatiom this tions of in vivo tissue, the basal tissue temperature was
case, the rate of heat transfer in tissue would decreaseT, =37 °C. The field of view(domain of the simulation
and the lesion size would not reach its potential. By was 46.8 mm in each direction, which provides consis-
setting the power input so that the maximum tissue tem- tency between experimental data and simulations. For the
perature is no more than 90 °C, an accidental increase tothreshold perfusion model,c=60 °C. Parameters of the
the vaporization point can be avoided. With a rf probe Arrhenius equationA and B, were estimateld to be
that is not internally cooled, the maximum temperature 2.9e37 and 4.
occurs in tissue adjacent to the probe where the current
density is highest. However, if the rf probe is internally  Temperature Distributions and Transient Responses
cooled, then the maximum temperature will occur in ) ) ) ]
tissue at some distance from the prdHe. this case, the As a reference simulation, we consider the simple
heat input raten,(t) can be increased while keeping the C€ase of ablating nonperfused tissue with constant prop-
tissue within the maximum temperature constraint. Effec- €rties. In the plane perpendicular to a centrally located
tively, the temperature of the internally cooled rf probe probe, the temperature distribution is circularly symmet-
can be decoupled from the heat input. This situation is "C about the probe when tissue properties are homoge-
simulated by making the step difference in temperature N€ous and isotropiFig. 3(a)]. With only a few tempera-
(T,) negative so that the steady-state probe temperatureture nodes, especially in the neighborhood of the origin,

(T,+T,) becomes significantly lower than the surround- iSotherms appear noncircular as a consequence of inter-
ing tissue temperature. polation by simple contour algorithricontourf.m, MAT-

LAB, MathWorkg. To minimize this artifact, we applied
a two-dimensional bicubic interpolation of the simulation
results (interp2.m, MATLAB, MathWorks. When the
Parameter values used for the model simulations wereprobe lies in the plane of a temperature map, the tem-
derived from various sources. Thermal diffusivityr (  perature distribution reflects the longitudinal shape asso-
=0.15 mnf/s) was based on measurements in human ciated with the probe electrode that occupies the central
liver tissue as published in previous literatréhe basal node pointg[Fig. 3b)]. The simulation results can also
perfusion,w, was calculated based on a perfusion rate of be displayed in terms of the temporal response of the
42 mL/A100 gmin. For comparison with experimental tissue temperature to the rf heating at specific distances
data, the input poweh,(t), was calculated from experi-  from probe (Fig. 4). With increasing distance from the
mental data and EqA3) in Appendix A. For simulation probe, the response time is longer and the steady-state
with the standard probéy,=4.0 with an average current temperature is lower. Although not shown, the tempera-
input of 400 mA; for simulation with the internally ture dependence of thermal diffusivity has only a slight
cooled probeh,=9.0 for which the tissue temperature effect on the temperature distribution.
did not exceed 90 °C. In the absence of specific experi- Simulations based on a threshold and temperature his-
mental data, the probe temperatufg, was modeled as  tory models can be compared to the simulation with

Simulation Parameters
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FIGURE 4. Simulated tissue temperature dynamics at several
distances from the rf probe with no perfusion and variable
thermal diffusivity. Tp,=37°C, T,=90°C, h,=4.0, 7=20,
FOV=46.8 mm?®. Nodes: 113; CPU processing time: 19 s.

FIGURE 6. Simulated tissue temperature distribution after
600 s of heating with various perfusion expressions and vari-

able thermal diffusivity. T,=37°C, T,=90°C, h,=40, 7
=20, FOV=46.8 mm®. Nodes: 11%. (a) Constant perfusion,
CPU processing time: 19 s. (b) Constant perfusion until
threshold (T-=60°C), CPU processing time: 60 s; (c) gen-
eral perfusion model with Arrhenius equation (A=2.9e37,B

constant perfusiofiFig. 5). At a fixed distancé4.6 mm) —3e4). CPU processing time: 119 s

from the probe, the constant perfusion model reaches a
steady-state temperature of 62°C. Because of the de-
creased perfusion of the corresponding threshold model
a sharp change in temperature slope occursTat

=60°C and the tissue temperature reaches 69 °C. With

the more general modgincorporating an Arrhenius ac- We also simulated the tissue temperature response

tivation function, more tissue damage appears t0 Pro- it an internally cooled probe that keeps the electrode
duce a further decrease in local perfusion, which allows temperature at 20 °C. This allows an increased heat input
the temperature to reach 73 °C. A reduction in perfusion ... \vhile not exceeding a tissue temperature of 90 °C,
leads to less heat_ loss _and higher tissue temperatu_resthereby avoiding vaporization. Figure 7 compares tem-
From the same simulations, Fig. 6 shows the spatial peraryre distributions for the internally cooled probe

temperature distribution of following 600 s of heating. (with and without perfusion reductiorand for the stan-

These temperature distributions show that the 10Ss Of yary prohe(without perfusion reduction The increased
perfusion by tissue damage allows the higher tempera-

'tures to be distributed further from the probe. The great-
est spread of higher temperatures is produced by the
more general model.
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FIGURE 5. Simulated tissue temperature dynamics at one
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FIGURE 7. Simulations after 600 s of heating. Parameters:
a=0.15, ©=0.007, T,=37.0, 7=20, FOV=46.8 mm?3, variable

Bim 1 e BN 2 wiis 50 Sim3]

location (4.6 mm from probe ) with variable thermal diffusivity
and different perfusion models. Tp=37°C, T,=90°C, h,
=4.0, 7=20, FOV=46.8 mm?; Nodes: 11 °. Temperature his-
tory for simulations with  (a) constant perfusion; (b) constant
perfusion until threshold; and (c) general perfusion model
with Arrhenius function.

diffusivity. Sim 1 assumes a standard probe with constant

perfusion:
cooled probe with constant perfusion:

CPU processing time: 22 s. Sim 3 assumes an internally

cooled probe with the Arrhenius perfusion model:

T,=20.0, A=2.9e37, B=2.44e5/8.134.

h,=4.0, T,=90.0; Sim 2 assumes an internally
h,=9.0, T,=20.0,

h,=9.0,
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FIGURE 8. Comparison of model simulated temperature dis-
tributed at several times corresponding to experimental tem-
perature data (using MRI thermometry ) from excised bovine
liver heated with a rf probe. Simulation parameters: Ty
=15°C, T,=68°C, h,=2.7, 7=33, a=0.18, FOV=46.8 mm?;
Nodes: 11 °.
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electric field equations, allows much faster simulation.
The source term is an approximation that assumes uni-
form current along the rf electrode and electrical conduc-
tivity is independent of temperatui@ppendix B. Any
nonuniformity would be expected to decrease with dis-
tance from the electrode. If quantitative analysis by com-
parison of model output with experimental data from
excised tissue indicates that nonuniformities affect the
source term, then the source term can be readily modi-
fied to take these into account. Each added features,
however, must be balanced against the associated addi-
tional computational time for simulation.

Model Simulations

By comparison of a model simulation for a special
case with an analytical solutiofAppendix A), we deter-
mined the accuracy of the numerical solution. With just
113 nodes, the simulations of temperature distribution for
the different perfusion models are sufficiently accurate

heat input rate causes higher temperatures that are disfor comparison with experimental data. The computation

tributed further from the probe. This effect is enhanced
further by perfusion reduction.

As a first step in model validation, we compare the
model corresponding simulation with preliminary data
from excised tissudFig. 2) in which no perfusion oc-

time varies from 10 s to 2 min using a PC. No other
models that deal with rf ablatid?'2'*°can be solved
numerically with such speed. In fact, for a model that
includes equations for blood flow, the reported time for
one simulation was 10.3 . Although this simulation

curs. In this case, we used the independently measuredime may be reduced by an order of magnitude with
current input and the probe temperature that vary with current computers, it would still be much too slow for

time. Also, we assumed the value of thermal diffusivity use in guiding a clinical rf ablation. Although errors of a

given in the literature. Consequently, there are no un- few percent occur in a region near the rf probe where the
known parameters in this simple case. As shown in Fig. temperature gradient is large, the practical effect of this
8, the model simulation of the temperature distribution at temperature inaccuracy is not expected to be significant.
several times agrees well with the corresponding experi- In this region, the temperature is high enough to ensure

mental data obtained by MRI thermometry.

DISCUSSION
Modeling Concepts

that ablation occurs. When we compared model simula-
tions with 12 and 2# nodes, the accuracy of the latter
is much greater, but the computational time increases by
two orders of magnitude. This longer simulation time,
however, makes the simulation with more nodes unfea-

The thermal model presented here describes the 3Dsible for repeated application during the process of MR-
temperature dynamics in tissue heated by a rf heatguided tumor ablation.
source. The parameter values used in model simulations With an internally cooled rf probe, simulation of the

(given in the figure captionswere based on estimates
from the literature as well as comparison with experi-
mental data. This model is intended to allow fast, re-
peated simulations for clinical guidance during a rf ab-
lation procedure with MR imaging. In the region where

tissue temperature distribution was accomplished with
about the same speed as that without internal cooling.
Compared with other models that incorporate coofing,
our model does not need to describe the details of the
heat transfer within the probe because the model uses the

the temperature ranges from 41 to 60 °C, model simula- measured temperature at the probe surface as a boundary
tion is especially important for prediction of thermal condition. Also, our model simulates 3D temperature dis-
damage because of the continuously changing perfusiontribution dynamics without assuming symmetry to reduce
according to the temperature history. Local tissue tem- the problem to two spatial dimensions as reported
perature above 60 °C is expected to produce cell deathpreviously!” Such symmetry is not valid when the probe
within seconds. is repositioned in a tumor for sequential ablations or
A feature of this model is a heat source that decreaseswhen the tissue perfusion is not homogeneous.

with square of distance from the rf probe. Such a heat During the ablation process, tissue perfusion is re-
source, which obviates the need for explicit inclusion duced by thermal damage. We simulated this reduction
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by either a temperature threshold function or by a tissue  Further experiments with excised tissue and initial
damage function based on local tissue temperature his-intact animal models can be used to test the mathemati-
tory and incorporating an Arrhenius activation function. cal model validity. As shown with the preliminary bovine
This latter approach is similar to that of Schwarzmaier liver experiment described above, excised tissue can pro-
et all” who modeled laser-induced tumor ablation in vide a basis for experimental and model comparison.
brain tissue. In addition to the differences in application, This experiment eliminates the perfusion term as well as
the intention of their model was to assist in pretreatment imaging difficulties such as respiratory motion. Excised
planning rather than for guidance during ablation treat- tissue experiments can also be compared with the same
ment as is the intention with our model; consequently, tissues in intact animals to validate the model represen-
the numerical algorithm used by Schwarzmaieal’ to tation of the perfusion dependence on temperature his-
solve their model is not particularly fast. With our tory. With a validated model, simulations of various
model, even with the perfusion dependence on tempera-power input options for each ablation step with sequen-
ture history, the simulation was accomplished in about tial repositioning of the rf probe could be used as part of
1-2 min. This is not as fast as needed for many repeatedthe decision-making process during an ablation treat-
simulations in a 10 min ablation procedure. However, ment. Such repositioning is essential to obtain thermal
several modifications to the solution algorithms could lesions that conform to the shape of the tumor.
improve the efficiency of the computations. These in- Many improvements are needed to bring this ap-
clude using a different coordinate system, adaptively grid proach into clinical practice. To reduce the simulation
spacing, and adaptive switching between stiff and non- time, improvements are needed in the numerical solution
stiff techniques to solve the initial-value problem. Also, as mentioned above. In some cases, a greater spatial
computational time for simulation will continue to de- resolution may be needed even though a fourth-order
crease as PC speed continues to increase significantly. spatial discretization is applied. Also, iterative adaptation
of the thermal model during a clinical ablation procedure
requires comparison of the simulations to tissue tempera-
Model Validation and Implementation ture dynamics obtained by noninvasive MR thermometry.
This information would be integrated with MR anatomi-
Our preliminary study shows that the model simula- cal (tissue-contragtimages and interpreted to give infor-
tions have characteristic behavior similar to that shown mation about optimum sequence of rf probe orientations
with experimental tissue temperature distributions ac- and power inputs to maximize tumor ablation with mini-
quired using MR thermometry. Although current MR mal damage to normal tissue.
temperature data are not as accurate as desired for quan- The key for a model to be useful in MRI guided
titative comparison of the model and optimal estimation treatment is that the model be continually updated during
of model parameters, recent studies indicate that suchthe treatment process based on the MRI data obtained as
data will be available soohWhen quantitative compari-  the experiment progresses. In our case, we will be rees-
son becomes possible, then the few unknown model pa-timating model parameters, especially associated with
rameters can be estimated repeatedly for each ablationchanges in the perfusion distribution, by comparing
component in a clinical procedure. With this information, model predicted temperature distributions with MRI data.
a clinician can examine scenarios with various probe This adaptive, iterative process has not been applied pre-
positions and power inputs as part of a MRI-guided ab- viously to tumor ablation treatment with MRI guidance.
lation proceduré? Although tissue properties have some Only by virtue of fast model simulations in the order of
inhomogeneity, these produce only minor effects on cur- seconds is this iterative process feasible. The iterative
rent heating by a 500 kHz rf power source. From this process can be considered as a combination of feed for-
power source, the wavelength is large relative to the ward by model predictions and feedback from experi-
dimensions of both the probe and region to be ablated somental data for reestimation of model parameters. Fur-
that the dielectric properties of tissues can be negléetted. thermore, model simulations can yield the optimal
The quantitative validation of our models require duration for heating to produce the desired thermal dam-
comparison of the model outputs to experimental data. age for tumor ablation.
Model parameters can be evaluated based on nonlinear,
least-squares fitting of the predicted temperature distribu- CONCLUSION
tion dynamics to the measured MR temperature images.
At several levels of input power, the dynamic spatial Our study demonstrates the feasibility of using re-
distributions of the tissue temperature field from MR peated model simulations of tissue temperature dynamics
images can be compared with the corresponding bioheatinteractively with MR temperature and anatomical tissue-
model prediction to obtain optimal estimates of the un- contrast imaging to help guide the process of tumor ab-
known parameters and coefficients. lation. This would lead to better prediction of the effects
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of each step in an ablation procedure so that an efficient, e d?¢ d? (P d?¢
time-saving strategy could be determined. Consequently, ¢ d_xf+ —yz 92 —weto, (B1)

the potential exists for a clinician to improve the effec-
tiveness and reliability of an interventional tumor abla-
tion treatment. with the initial condition:
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CABAASS. We solved this problem using the finite Fourier sine
transform?*
APPENDIX A
Heat Source from rf Current arb fc [px
q)p,q,r(t):fo fO J;) QD(X,y,Z,t)sm<T>

The rf-generated heat term is derived from the current

density and the tissue properties as follows: Ty

X sin
b

rar
)sm( )dxdydz (B2)
J2
o(r,t)zm, (A1)
eP Applying the transform results in the following initial-

whereJ is the current densitX(A m~?), ke is the electri- value problem:

cal conductivity of tissudQ tm™?), p is the density of

tissue (kg m°), and C, is the specific heat of tissue

(Jkg *m™1). For the case where the probe is constrained ra kd+Bo (B3)
to a line source and the current is assumed to be a

uniform average along the probe, the current density at

any spatial location can be derived using conservation of with the initial condition:

charge. The current density is defined by

) () - d=0t=0
S 2m(r—ryL’ (A2)
where
wherel is the current(A), L is the length of the probe
(m), andr —r, is the radial distance from the proloe). p\2 (q\2 [r)\2
Substituting Eq(A2) into Eq. (A1) yields k=A+w, A=—an? 5) +\5 +<E) ,

(t)z 2_ 2
a(r,t)= 270k, (r=rp)*=hy(t)/(r—rp*. b c
(A3 BlI-(- >P]( )[1 (- 1)‘1]( )[1 H”(_m)'

APPENDIX B
the solution of which is

Validation of Model using Analytical Solution

To obtain an analytical solution corresponding to Eq. Bo
(1) and its initial and boundary conditions, we simplify Ppq.r()= - [expkt)—1]. (B4)
the problem assuming a constant heat source and defin-
ing a scaled temperatuke=T—T,, so that the boundary
conditions become homogeneous: Using the inverse transform
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(P(vaazat):

(B5)

and substitutingh=T—T,, we obtain the analytical so-
lution for T.
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