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Abstract

A new bioheat model is applied to evaluate the use of elevated-temperature thermal therapies for the non-surgical ablation of diseased
tissue. The new model is based on the use of the enthalpy method to account for liquid-to-vapor phase change. In addition, the model
includes thermophysical property dependence on liquid content and variations of blood perfusion rates dependent on the local necrotic
state of the tissue or external pressure applied by the therapy-delivering device. This model is applied here specifically to endometrial
ablation for the treatment of menorrhagia. The results of the implementation of the model yielded the depth of tissue necrosis corre-
sponding to a given application of heat at the exposed inner surface of the uterine tissue. These results definitively establish the occur-
rence of phase change and the complete suppression of perfusion as the major factors governing the necrosis depth. The accounting of
moisture-dependent properties had a negligible effect on necrosis.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

This paper is concerned with the development and
implementation of a model to predict tissue necrosis during
thermal-ablation therapy. Thermal therapy is used to treat
various afflictions such as menorrhagia [1–3], cancer [4,5]
and benign prostate hyperplasia [6–10]. Typical means of
delivering thermotherapies include laser thermotherapy
[11], application of heated liquids [1,3], microwave heating
[5–7], among others.

The specific application of the model developed here is
elevated-temperature-induced endometrial ablation which
is used as a treatment of menorrhagia. The general
approach to the implementation of thermal-ablation ther-
apy is the controlled application of heat to the tissue bed.
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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An elevated temperature front migrates through the tissue
causing coagulative necrosis to the targeted tissue. Over
time, the necrosed tissue is sloughed off, thereby complet-
ing the needed surgery.

The prediction of the depth to which necrosis will extend
is a major issue with respect to the practical implementation
of this therapy. In particular, the control of the depth of
necrosis requires knowledge of the various parameters that
govern the heat transfer process. The specific foci of the
present investigation are threefold: (a) accounting of liquid-
to-vapor phase change in the inter-tissue spaces, (b) consid-
eration of the effect of water content on key thermophysical
properties, and (c) taking account of the variation of perfu-
sion with respect to both the necrotic state of the tissue and
the pressure imposed by the therapeutic delivery system.

A painstaking review of the literature suggests that
Baldwin et al. [1,3] were the first and, seemingly, the only
group to investigate the role of inter-tissue liquid-to-vapor
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Nomenclature

c specific heat (J/kg �C)
Cliq concentration of liquid
hfg volumetric enthalpy of vaporization (J/m3)
h volumetric enthalpy (J/m3)
kt thermal conductivity of tissue (W/m �C)
Qmet metabolic energy generation rate (W/m3)
R universal gas constant (J/kmole K)
t time (s)
T temperature (�C)
Tcore body core temperature (�C)
x coordinate location (m)

Greek symbols

DE burn activation energy (J/mole)
d distance of phase front from uterine lining (m)

k variable of integration
q density (kg/m3)
n frequency factor (1/s)
x blood perfusion rate (1/s)
x0 initial blood perfusion rate (1/s)
X tissue injury integral

Subscripts

b blood
t tissue

Superscripts

pre zones which have not undergone phase change
post zones which have undergone phase change
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phase change on the outcomes of thermal therapy pro-
cesses. Consideration of their phase-change model suggests
a potentially significant misapplication, the details of which
will be elaborated later.

The present phase-change model is based on the enthalpy

method [12], which has been successfully used in non-bio-
medical contexts [13–18]. The strength of the enthalpy
method is that it naturally incorporates the latent heat of
evaporation in the energy conservation equation which
applies throughout the entire solution domain, thereby
obviating the need to specifically track the location and
velocity of the moving phase front.

The literature review also revealed the present status of
the parameterization of blood perfusion, with special refer-
ence to the changes in perfusion that accompany necrosis.
This knowledge is needed as background for incorporation
into the present model. In this regard, a strong point of
Baldwin’s work is the attention given to the details of
blood perfusion. Specifically, consideration was given to
the response of perfusion to temperature, pressure, and
thermal injury. These three factors were evaluated using
the best available information at the time. The necessary
information is a work-in-progress.

In the present model, a somewhat different approach
to the effect of perfusion on energy transfer has been
employed. First, very recent information on necrosis-
affected blood perfusion has been taken into account [5].
Second, to provide an indication of the maximum effect
of perfusion, the limiting case in which perfusion is totally
suppressed was considered. In the present context, the sup-
pression can be related to the pressure applied externally by
the device which delivers the therapy.

The thermophysical properties which are relevant to a
realistic model of the heat transport and necrosis pro-
cesses are the thermal conductivity, the density, and the
specific heat of the tissue. A key issue here is an under-
standing of what is meant by tissue. The writers view tis-
sue as a composite of liquids, solids, and possibly water
vapor. The water vapor component is a critical one which
has, in the past, received virtually no consideration. If a
given volume of tissue is considered, the constituents that
compose that volume may change markedly during a heat-
ing period when there is a change of phase from liquid to
vapor.

The values of the relevant thermophysical properties
depend on temperature, composition, and necrotic state.
It appears that greater attention has been given in the liter-
ature to the variation of the tissue properties with temper-
ature than to the variations with composition. Major
contributions to the temperature dependence of the proper-
ties have been reported [19–21]. Although there is a signif-
icant amount of information on the effect of temperature
on the properties, it does not appear that this knowledge
has been incorporated into any of the existing modeling
efforts.

The effect of necrosis on property values has evoked
only a minimum of investigation [5,22]. The information
available from these investigations is insufficient to serve
as a definitive input to a numerical simulation. Up to the
present, the impact of necrosis on the properties has not
been accounted for in modeling.

A number of experiments have been performed to deter-
mine the effect of liquid content on the relevant properties
[20,21,23–27]. Based on the published data, the effect of
composition on the values of the thermophysical properties
appears to be of greater significance than the effect of tem-
perature variations. Despite the presence of information
about the thermophysical property dependence on compo-
sition, it does not appear that any of the current heat trans-
port models have properly accounted for the variation of
the properties with the instantaneous constituents of the
tissue [1,3,28].
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2. Model

2.1. The bioheat model

The starting point of the analysis is the Pennes bioheat
equation [29], which is generalized here to take account
of liquid–vapor phase change. The Pennes model has been
employed as the most accepted bioheat model over a per-
iod of 60 years. Unlike other bioheat models which take
account of arterial and venus temperature variations and
the structure of local vasculature [30–34], the Pennes model
treats the perfusion term as an isotropic heat sink. With the
incorporation of the enthalpy method into the Pennes
model, phase-change problems can be treated without the
need of following the phase front as it moves through the
tissue. To the best knowledge of the authors, the bioheat
equation used here has not appeared in the published liter-
ature. The proposed bioheat equation is

oht

ot
¼ kt

o2T t

ox2
þ ðqcÞbxðT core � T tÞ þ Qmet ð1Þ

The enthalpy per unit volume, thermal conductivity, den-
sity, and specific heat are represented by h, k, q, and c,
respectively. The subscript t corresponds to the tissue
which is regarded here as a composite of liquids, solids,
and possibly water vapor. Subscript b is used for blood
properties, and x is the blood perfusion rate expressed as
the volumetric flowrate per unit volume of tissue. T t and
T core denote the local tissue and body core temperatures.

The physical process represented by the left-hand term
in Eq. (1) is the change in the energy content of the tissue
due both to temperature change and phase change. On the
right-hand side, the first term accounts for heat conduc-
tion, which in the present application, is written in the
one-dimensional form. The one-dimensional treatment is
appropriate to the present situation because the convective
heat transfer coefficients at the surface of the uterine lining
are independent of location. Next, the second term on the
right is the Pennes perfusion term. The other term, Qmet, is
the metabolic heat generation rate.

To accommodate the phase change, the enthalpy must
be given a three-part description. One part corresponds
to temperature changes in the liquid-containing tissue,
Eq. (2a); the second part accounts for the latent heat of
evaporation, Eq. (2b); and the third part corresponds to
the temperature changes in the post-phase-change tissue,
Eq. (2c)

ðqcÞpre
t ðT t� 37 �CÞ; 376 T t 6 99 �C ð2aÞ

ht ¼
ðqcÞpre

t ðT t� 37 �CÞ; 376 T t 6 99 �C

htð99Þþ hfg �Cliq � ðT t�99 �CÞ
ð100�99 �CÞ ; 99< T t 6 100 �C

(
ð2bÞ

htð100Þþ ðqcÞpost
t ðT t� 100 �CÞ; T t > 100 �C ð2cÞ

It can be seen from Eq. (2a) that the datum for the enthalpy
has been set at 37 �C, without loss of generality. Between
37 �C and 99 �C, there is no phase change, and the enthalpy
increases linearly with the temperature. The phase change
is assumed to occur between 99 and 100 �C. The concentra-
tion of the liquid, Cliq, in the tissue is taken to be 79% [21].
The term hfg is the latent heat of evaporation. For temper-
atures in excess of 100 �C, it is assumed that no liquid is
present, and the volumetric specific heat ðqcÞpost is that of
the solid portion of the tissue. The superscripts ‘pre’ and
‘post’ refer respectively to temperatures less than 99 �C
and greater than 100 �C.

The dependence of the perfusion rate, x, on the state of
the tissue is the least certain of all of the property specifica-
tions. The best available and most recently available infor-
mation is for a porcine model [5]. Information from this
paper was extracted to characterize the variation of perfu-
sion throughout the heating process and was fitted by a
polynomial which relates to the perfusion rate, x, to the
Henriques–Moritz thermal damage integral, X [36]. The
fitted equation is

x ¼ ð1þ 25X� 260X2Þx0; 0 < X 6 0:1

ð1� XÞx0; 0:1 < X 6 1

(
ð3Þ

The first of these equations reflects an initial increase in the
perfusion rate as tissue is heated and vasodilation occurs.
The second shows that as the heating process continues
and cell injury accumulates, blood flow decreases as the
vasculature begins to shut down (thrombosis). The term
x0 is the rate of perfusion in totally undamaged tissue
[1,35].

The tissue injury integral is taken from [36] to be

Xðx; tÞ ¼ n
Z t

0

e�
DE
RTð Þ dk ð4Þ

Experimentally determined values of the n and DE are
available in the literature. For example, Baldwin et al. [1]
reports the values of n and DE as 3.1 � 1098 s�1 and
6.27 � 108 J/kmole, respectively. The quantity R is the uni-
versal gas constant whose value is 8.314 kJ/kmole K. The
commonly accepted criterion for complete necrosis,
X ffi 1 [20], will be adopted here.

2.2. Physical properties

To complement the governing equations, Eqs. (1) and
(2), it is necessary to provide values of the physical proper-
ties and other parameters that appear in Table 1.

It is relevant to contrast the present enthalpy-based bio-
heat equation, Eq. (1), with the approach used by Baldwin
et al. [1], which is expressed by Eq. (13) of that paper. Care-
ful examination of the latter equation leads to an uncer-
tainty about whether it represents a field equation, valid
throughout the tissue, or an interface equation which is
applied at the boundary between the pre and post tissue.

Suppose first that Eq. (13) of [1] is considered to be an
interface equation. A schematic diagram illustrating the
physical situation is shown in Fig. 1. The figure shows a
one-dimensional model which spans the tissue bed from



Table 1
Physical properties used in the numerical simulation

Physical quantity Value Ref. Physical quantity Value Ref.

hfg 2.25 � 106 J/kg Tcore 37 �C
ðqcÞpre

t 3.8 � 106 J/m3 �C [5,27] kpre
t 0.52 W/m �C [25]

ðqcÞpost
t 4.4 � 105 J/103 �C [5,27] kpost

t 0.092 W/m �C [25]
ðqcÞb 4.1 � 106 J/m3 �C [5] x0 0.0028 s�1 [35]

Fig. 1. Instantaneous locations of the phase front and temperature wave
in a one-dimensional tissue model.
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the uterine cavity at the left to the thermally undisturbed
tissue at the right. The instantaneous location of the phase
front, the liquid–vapor interface, is also shown. In addi-
tion, the temperature wave, created by the exposure of
the uterine lining to the hot liquid in the uterine cavity, is
indicated. The inset at the top of the diagram represents
a control volume which spans the phase-change interface.
The instantaneous energy inflows and outflows at the
boundaries of the control volumes are called out in the
inset. Due to the liquid–vapor phase change which occurs
within the control volume, the energy inflow is necessarily
greater than the energy outflow. The complete energy
balance is

�kpost oT
ox

� �
d�
¼ �kpre oT

ox

� �
dþ
þ hfg

dd
dt

ð5Þ

In contrast to this energy balance, Baldwin et al. [1] uses an
energy balance involving a second derivative o

2T=ox2. Since
the derivatives ðoT =oxÞd� and ðoT=oxÞdþ are discontinuous,
it is mathematically impossible that their difference would
yield a second derivative. In this light, it is believed that
Baldwin et al.’s [1] Eq. (13) is not an energy balance at
the phase-change interface.

The second possible interpretation of Baldwin et al.’s [1]
Eq. (13) is that it is a field equation. However, the absence
of a perfusion term in that equation argues against this
interpretation. Furthermore, the presence of a phase-
change term in Baldwin et al.’s equation (13) is inconsistent
with the heat transfer processes which occur away from the
phase-change front. These facts provide strong evidence
against the interpretation of Baldwin et al.’s Eq. (13) as a
field equation.

The preceding paragraphs cast some uncertainty about
the model used by Baldwin et al. [1,3] for the investigation
of phase change in tissue.

2.3. Initial and boundary conditions

The bioheat differential equation, Eq. (1), was solved by
first discretizing it to obtain a set of algebraic equations.
While the results presented here were obtained by using
an explicit finite-difference solution method, others have
utilized more complex numerical schemes for solving
bioheat problems including Monte Carlo and variational
calculus methods (for example, [37–40]). The spatial and
temporal discretization was chosen to ensure solutions
of sufficient accuracy. The initial conditions that were
imposed on the solution are a uniform temperature of
37 �C throughout and a uniform liquid concentration of
79% [21]. Also required are boundary conditions at the
two ends of the solution domain. At x = 0, the uterine lin-
ing, a temperature of 140 �C was imposed. The attainment
of this temperature level can be achieved by the irrigation
of the uterine cavity with a mixture of liquid water and
an additive which increases the boiling point temperature;
for instance, a 5% dextrose solution in water [1,3]. The
use of water as the heating medium results in both high
and spatially uniform heat transfer coefficients. The distal
end of the solution domain was selected to be at
x = 15 mm from the uterine lining. At that location, the
temperature was assigned a value of 37 �C.

3. Results and discussion

3.1. Necrosis depths

Computations were performed for cases encompassing
three levels of perfusion, with or without phase change,
and constant properties versus variable properties. The
results for the necrosis depths achieved during a 2-min
and a 4-min therapeutic duration are presented in Figs.
2–4, respectively. Each of these figures is a bar graph whose
heights indicate the depth of necrosis. Fig. 2 delineates the
effect of variable properties; Fig. 3 is focused on the role of
phase change; and Fig. 4 elucidates the influence of perfu-
sion. In each figure, results are conveyed for two durations
of the therapeutic period, 2 and 4 min, respectively.



Fig. 2. Effect of property variations on necrosis depths for 2- and 4-min
therapy durations.

Fig. 3. Effect of phase change on necrosis depths for 2- and 4-min therapy
durations.

Fig. 4. Effect of perfusion variation on necrosis depths for 2- and 4-min
therapy durations.
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Attention will first be directed to the results presented in
Fig. 2. The results exhibited there are clustered into three
groups, with each group being characterized by the extent
of perfusion. All groups include phase change. Within each
group, results are shown for the respective cases in which
property variations are either accounted or omitted. In
general, it can be seen that for all of the considered cases,
the effect of property variations are minimal. Also note-
worthy is the depth of necrosis achieved during the simu-
lated therapy. For the 2-min duration, necrosis depths of
approximately 4 mm are observed. When the therapy dura-
tion is increased to 4 min, necrosis depths of 5–6 mm are
achieved.

The next figure, Fig. 3, focuses on the role of phase
change. In this figure, the clusters of results are segregated
according to the extent of the perfusion. Inspection of the
figure reveals a major effect of phase change. When phase
change is taken into account, necrosis depths are seen to
decrease markedly. This behavior is due to the heat-sink
nature of the phase-change process which intercepts the
heat flow and prevents it from penetrating the tissue.

For instance, in the absence of perfusion, for the 4-min
therapy duration, the respective necrosis depths without
and with phase change are 7.75 mm and 6.25 mm.

The effects of various rates of perfusion are identified by
the results conveyed in Fig. 4. As in Figs. 2 and 3, the
results of Fig. 4 are clustered into three categories. The cat-
egories for Fig. 4 are the absence or presence of phase
change and property variations. The three levels of perfu-
sion indicated in the figure are: (a) the limiting case of no
perfusion, (b) perfusion variations with necrosis according
to Eq. (3), and (c) constant perfusion [35]. The figure shows
that the rate of perfusion has a marked effect in altering the
depth of necrosis. The no-perfusion cases show the greatest
necrosis depths. The variable perfusion case exhibits
lesser necrosis depths, and constant perfusion displays the
least necrosis. This trend can be attributed to the fact that
the variable perfusion model, Eq. (3), is based on a diminu-
tion of the constant perfusion rate, x0. The decrease of
necrotic depth with increasing perfusion can be explained
by noting that the perfusive blood flow acts as a heat sink.
In this regard, it is similar to the presence of phase change.

3.2. Criterion of necrosis

A detailed presentation of the method for the determi-
nation of the necrosis depth is set forth in Fig. 5. In the fig-
ure, the thermal injury integral, x, is plotted as a function
of position in the tissue at the termination of a 4-min appli-
cation of the therapy. The horizontal axis measures
distances from the uterine lining. The figure contains six
curves which are numbered according to Table 2. Each
intersection between a x curve and the line X = 1 has been
marked.



Fig. 5. Thermal injury achieved during a 4-min heating period. Necrosis
was defined by the attainment of the value X = 1 for the tissue injury
integral, Eq. (4). Cases 1–6 are keyed to the descriptions in Table 2.

Table 2
Key to the results conveyed in Figs. 5–7

Case no. Phase change Perfusion model

1 None None
2 None Variable
3 None Constant
4 Yes None
5 Yes Variable
6 Yes Constant

Fig. 6. Spatial temperature variations after a 2-min heating period for
each of the investigated cases. Cases 1–6 are keyed to the descriptions in
Table 2.

Fig. 7. Spatial temperature variations after a 4-min heating period for
each of the investigated cases. Cases 1–6 are keyed to the descriptions in
Table 2.
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Inspection of the figure shows that the three cases with-
out phase change (Cases 1–3) achieve notably deeper
necrosis than do their counterparts which are characterized
by phase change (Cases 4–6), respectively. This finding
reinforces the information that was presented in Fig. 3.
3.3. Temperature distributions

The temperature distributions in the tissue at the termi-
nation of the 2- and 4-min heating durations are presented
in Figs. 6 and 7, respectively. Each figure contains curves
that are labeled according to Table 2. It can be seen from
both of these figures that the cases which represent phase
change (Cases 4–6) form a separate group from those with-
out phase change (Cases 1–3). In particular, the phase-
change cases are characterized by lower temperatures than
those cases where there is no phase change. This behavior is
consistent with the interpretation of the phase-change pro-
cess as providing a sink of thermal energy at the liquid–
vapor interface. These interfaces can be detected by the
change of slope which is evident in the curves. The change
of slope is demonstrated by Eq. (5). In contrast, the no-
phase-change cases do not have a change of slope since
the heat conduction is continuous.

These figures also enable the detection of the effects
of constant perfusion versus variable perfusion. For exam-
ple, Cases 1–3 differ among themselves only by the treat-
ment of perfusion. In Case 1, the heat sink associated
with perfusion drops out while in Cases 2 and 3, the heat
sink remains. As a consequence, the temperatures for
Cases 2 and 3 are lower than those for Case 1. A similar
explanation can be offered for the spread among Cases 4
and 6.
4. Concluding remarks

A new bioheat equation, based on the enthalpy model of
phase change, has been formulated and applied to the
determination of the necrosis of tissue due to elevated tem-
peratures. The thermophysical properties used in the model
are explicit functions of the instantaneous, local moisture
content of the tissue.

Numerical simulations have been carried out to predict
necrosis depths encountered in endometrial ablation ther-
apy for the treatment of menorrhagia. The key issues that
were investigated were: (a) liquid-to-vapor phase change,
(b) dependence of the properties of tissue on moisture
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content, and (c) various perfusions models. The latter
encompass the entire range of possible perfusion rates.
One of these is the limit of no perfusion; a second is the
case in which the rate of perfusion is a function of the
degree of necrosis; and the third is a limit in which the per-
fusion is constant regardless of the status of the necrosis.

The results show that the accounting of phase change
has a dominant effect on the depth of necrosis achieved
as a result of the applied thermal therapy. In the presence
of phase change, the necrosis depth decreases markedly.
Perfusion was also found to have a major effect on necrosis
depth, with higher rates of perfusion resulting in a lesser
necrosis depth. The effect of moisture-dependent thermo-
physical properties was negligible.

The use of the enthalpy method eliminated the need to
track the location of the phase-change front during the
numerical calculations.
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