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amount of water vapor allowed in the air is equal to the water
vapor saturated partial pressure at the current temperature and
current air pressure. This rule does not apply directly to the situ-
ation of heating inside the tissue because the air pressure, water
vapor diffusion rate and water liquid diffusion rate are largely
unknown.

In this paper we introduce a method to incorporate simple
water-related processes into existing thermal models to improve
ablation models at high temperatures. We� rst map tissue tem-
perature to changes of tissue water content caused by heating
and evaporation. With such a mapping from temperature to
water content, we de� ne a new term–tissue effective speci� c
heat–and use this term in place of the normal tissue speci� c
heat in the bioheat equation. This modi� ed bioheat equation
can be solved in the same way as the normal bioheat equation.

The rest of this paper proceeds as follows. A new term is
added to the bioheat equation and a new effective speci� c heat
term is presented in Section III along with a description of the
numeric simulation and experiment. Section IV presents the re-
sults of the comparison between simulation and experiment and
is followed by the conclusion.

II. M ETHODS

A. Theoretical Solution of Tissue Water Evaporation With the
Bioheat Equation

Below is the Pennes bioheat diffusion equation

(1)

where is density [ ], is speci� c heat [ ],
is temperature [ ], is thermal conductivity [ ],
is the microwave power density [ ], is a term which
accounts for the effects of perfusion (see (2) [ ], and is
the metabolic heat generation term [ ] which is considered
insigni� cant with respect to the heating term and will be ignored
for the purposes of this study

(2)

where is the blood mass density ( ), is the blood
speci� c heat [ ], is the blood perfusion rate [1/s], and

is the ambient blood temperature [] before entering the
ablation region.

Note, all variables butare spatially dependent. For purposes
of clarity the spatial dependence is left out of the equations and
is to be implied.

Evaporation requires energy, speci� cally termed the latent
heat. To account for the energy needed to vaporize water we add
a term to the bioheat equation, [ ], yielding a modi-
� ed bioheat equation

(3)

Note, here we have dropped the metabolic heat generation
term.

The power density used for evaporation is related to the
change in water content of tissue as a function of time

(4)

where is the water latent heat constant, which is 2260 [kJ/kg]
and is the tissue water density [ ] which is assumed to
be only a function of temperature.

From the chain rule the derivative of with respect to time
is

(5)

Substituting this into (3), yields

(6)

The modi� ed bioheat equation then becomes

(7)

Pulling the last term in the above equation to the left-hand-
side

(8)

Examining the above equation we can de� ne an effective spe-
ci� c heat

(9)

which yields a new modi� ed Pennes bioheat equation

(10)

Equation (10) is in the same format as the original bioheat (1),
with an effective speci� c heat used instead of the normal speci� c
heat. Since is 0 when evaporation does not occur and is
negative when evaporation occurs, effective speci� c heat is
never less than normal speci� c heat value which is consistent
with it requiring more energy to raise the temperature during a
phase change.

Tissue effective speci� c heat [ ] is the only new term
in (10). It is similar to the normal speci� c heat as it is de� ned
as the amount of energy required to increase the temperature of
a unit mass of tissue by 1 , and includes the water latent heat
energy required if tissue water evaporation occurs.

For this formulation we have assumed that the change in
tissue water content and tissue effective speci� c heat are only
dependent on tissue temperature. In actuality it is more complex
than this. However as we stated earlier, we are implementing a
model which, while still not complete, is more accurate than the
existing thermal model. We will discuss the rami� cations of this
simpli� cation in the results and discussion sections.
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TABLE I
PARAMETERS USED IN THE MODEL

Fig. 1. Axially symmetrical model geometry. A coaxial slot antenna is inserted
through a plastic positioning template along thez-axis, into the liver tissue
which is on a plastic cutting board. The radius of the coaxial antenna is 1.25 mm.
It is inserted 20 mm deep into liver tissue.

B. Numeric Simulation

To examine the effectiveness of this new speci� c heat we at-
tempt to model microwave ablation ofex vivobovine liver. Fig. 1

shows the model geometry based upon the experimental setup
(discussed subsequently). We used an axially symmetric model
[15], which minimized computation time and allowed improved
resolution while yielding a full 3-D solution.

Both EM and thermal solutions were obtained. The EM solu-
tion was solved once and used as the heat source of the thermal
model. While we expect the dielectric properties (and, therefore,
the heating pattern) to change with temperature as well as loss
of tissue water [18], for ease of computation, we assume that
the initial heating pattern remains unchanged during the course
of ablation. Normal thermal properties (i.e., , , ) are as-
sumed to be temperature and water content independent. Also,
since we are simulating anex vivocase, blood perfusion is not
included in the computer model. Boundary conditions are set
to be convective boundary conditions with the convective heat
transfer coef� cient set to 12 and the ambient air
temperature set to 25 . Microwave and thermal properties for
the various tissues and materials are listed in Table I.

To solve the modi� ed bioheat equation we need the functional
form of the temperature effective speci� c heat and, therefore,
the temperature dependence of the water content. Based upon
experiments that measured water content as a function of tem-
perature, we have developed (11), shown at the bottom of the
page, which de� nes the water content and thereby the effective
speci� c heat as a function of temperature [19]. The equation and
its derivative are plotted in Fig. 2(a) and (b).

The dynamics of water vapor movement and the issue of con-
densation are not well understood at this point. So to incorporate

(11)
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Fig. 9. Comparison among the measurement results and two different computer
simulation results. Simulation #1 uses the original Bioheat equation, which does
not consider tissue water evaporation and condensation. Simulation #2 uses the
modi� ed heat equation to consider tissue water evaporation and includes con-
densation. The comparison is done for thermal sensors which were 4.5 mm and
9.5 mm away from the antenna.

in theex vivocase, it is usually very dif� cult to identify the le-
sion boundary because of the smooth tissue color changes. The
relationship from theex vivolesion color change to tissue tem-
perature is not well known so lesion color cannot be translated
to tissue temperature directly.

Fig. 9 compares results from two different computer simu-
lations, to results from experiments. Temperature results from
only two sensor positions are used for clarity. Simulation #1
uses the original bioheat equation, which does not consider
tissue water evaporation or condensation. Evaporation and
condensation are considered in simulation #2 with the modi� ed
bioheat equation. The results show that using the original
bioheat equation (simulation #1), the temperature continues to
grow, at 4.5 mm, even though experimentally and for simulation
#2 it levels off. Also, at 9.5 mm the modi� ed bioheat equation
seems to match the experimental results better. This seems
to indicate an improvement in accuracy when incorporating
the effect of water evaporation and condensation in the form
of effective speci� c heat over the original bioheat equation.
However, it is also possible that one of the temperature effects
such as changing normal thermal properties or changing SAR
pattern would also improve the simulation to more closely
match experimental results if they were added in place of the
evaporation effects. This question is currently under investiga-
tion as we incorporate these effects into our model.

IV. DISCUSSION

As we discussed in the introduction, a full simulation of ab-
lation is extremely complex and not the goal of our paper. We
have attempted to create a more accurate if not complete thermal
model incorporating the effects of changing water content and
evaporation. As this is not a complete model we discuss some
of the limitations below.

First of all, the antenna radiation pattern is assumed to be con-
stant. Many of the tissue physical properties, including dielectric
properties and thermal properties, are dependent on tissue tem-
perature and tissue water composition. This means power depo-

sition patterns will change during heating. Dielectric loss tends
to increase with temperature while the water content tends to de-
crease. We expect this decrease of water content to lead to less
attenuation of the wave propagating through the tissue. While
these two opposing effects will not exactly cancel out, we expect
it to reduce the level of simulation error due to the assumption
of constant radiation pattern. However, this is something which
should be investigated in more detail.

We have also assumed that no water vapor escapes from the
system. This means total water is conserved and all energy lost
to evaporation is redeposited elsewhere in the tissue during con-
densation. This seems reasonable for percutaneousin vivo ab-
lation where there is not any place for the water vapor to go.
Although in theex vivocase or during tissue surface laser abla-
tion, this is less likely. As water vapor movement is largely un-
predictable due to heterogeneous tissue mechanical structures
and nonuniform mechanical stress on the tissue matrix we have
utilized a simple method of accounting for water vapor disper-
sion and condensation. Forex vivocases or tissue surface ab-
lations, our simple method could slightly overestimate the tem-
perature in the tissue, as the energy in the water vapor lost from
the system would remain in the simulation and lead to a slight
overestimation of temperature. The magnitude of this overesti-
mation is dependent on the amount of loss of water vapor.

We have also ignored tissue water diffusion by which tissue
water diffuses from a low temperature wet region to a high tem-
perature evaporation region. These could lead to relatively large
errors especially for situations of slow tissue heating at lower
powers. According to our preliminary computation modeling
with normal tissue water diffusion coef� cients, the effects of
tissue water diffusion is minimal for high power and short dura-
tion tissue heating such as microwave ablation or laser ablation.

Our assumption that tissue water content only depends on
tissue temperature is also not exactly accurate because tissue
water content depends on time, temperature and other factors.
We expect this assumption is more accurate for high power
thermal ablation than for slow thermal treatment. However, fur-
ther research needs to be done in order to understand the exact
dependencies.

Finally, our water content vs. temperature function is based
upon experimental measurements ofex vivobovine liver. Thus
extrapolation for other tissue types will only be approximate.

While we have not quantitatively analyzed errors due to
these limitations, we believe this modi� ed bioheat equation
accounting for energy lost during tissue water evaporation will
be more accurate at the high temperatures seen during ablation
than the original Pennes’ bioheat equation. Improvements on
this model could incorporate other physical processes, such
as tissue water condensation, diffusion, water vapor move-
ment, etc. We have begun work designing such comprehensive
computer models which will include tissue physical property
dependencies on tissue water content, and model the additional
physical processes.

V. CONCLUSION

We have presented a new modi� ed bioheat equation, which
incorporates the effect of water evaporation from the tissue in
the form of an effective speci� c heat. We have performed ex-
periments to validate a model of microwave ablation of bovine
liver using this new bioheat equation. Comparing the simulation
results to the experimental results, the new method has shown


