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a b s t r a c t

A new system aiming for more effective thermal treatment of tumor is presented in this paper. It facil-
itates liquid nitrogen (LN2) cooling and radiofrequency (RF) heating in tissue. The bio-heat transfer model
has been built to illustrate temperature transients during the treatment, and the induced bio-thermal
effects were analyzed at both the tissue and cellular levels. For accurate predictions, the corresponding
inactivation energy DH of human breast cancer cells (MAD-MB-231) has been obtained through experi-
mental measurements. The results show that through the alternate cooling and heating, the damage
region is significantly increased, which cannot be achieved by either the cooling or heating treatment
alone.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Treating tumor with little alteration to the surrounding normal
tissue has long been the goal of medical research. In the past two
decades, technological advances have brought forth minimally
invasive approaches to eliminating undesired tissues. Both cryo-
surgery and radiofrequency (RF) heating have attracted a great
deal of attention.

In cryosurgery, the freezing process causes direct cellular injury,
vascular injury, and possible immunologic responses [1]. In addi-
tion, it has the benefit of: (1) anesthetic effect of cold; (2) de-
creased bleeding; (3) and low cost [2]. For cryosurgery of skin
cancer, the five-year cure rate has been reported to be 90–98%
[3]. However, Rabin and co-workers found that five months after
cryosurgery, only about 50% of the tissue in the frozen region
was damaged in a sheep breast tumor model [4]. This indicated
that for deeply seated tumors, freezing alone might not be enough
to completely destroy tumor cells.

On the other hand, RF heating has demonstrated its effective-
ness in treating many types of tumors, among the higher temper-
ature treatment methods [5]. Because of the relatively long
wavelengths, the RF signals penetrate deeply into the tissue. In
the hyperthermia treatment between 43 �C and 45 �C, the tissue
temperature mildly raised for a certain period of time is expected
to induce cell death by affecting the membrane fluidity, cytoskele-
tal, protein structure, nuclear structure and disruption of DNA rep-
lication [6,7]. But, there are concerns lying in: (1) its effective
treatment region, especially in the tumor periphery where the
ll rights reserved.
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heating is rapidly attenuated by locally augmented blood flow
and (2) possible metastasis induced by single local heating [8–10].

To improve tumor shape confirmation during the hyperthermia
treatment, researchers have used cool-tip RF probes [11], multi-
gauge umbrella RF probes [12], multi-probe arrays [13,14] among
others. From the treatment protocol point of view, the idea of com-
bined freezing and heating was first proposed by Gage et al. in
1982. Its effect on increasing the destruction volume was observed
experimentally [15]. In 2000, Hoffman et al. performed a histolog-
ical study of the normal tissue treated by freezing and heating sub-
sequently, and found inconclusive results [8]. Later, Hines-Peralta
et al. proposed a hybrid device to enhance the efficiency of a bipo-
lar RF system by placing a freezing unit between the two RF poles
[16]. RF heating and cooling based on the Joule–Thomson effect by
argon gas were used simultaneously. Their preliminary results
showed that with the addition of freezing in the middle of the RF
probes, the treated region was enlarged and the shape was better
controlled owing to the change of the electrical impedance caused
by the ice formation in tissue. Liu et al. also designed a cryo-probe
system with vapor heating [17]. They reported that cooling imme-
diately followed by a rapid heating of the target tissue would im-
prove the treatment effect due to thermal stress. However, it is
difficult to achieve a rapid heating through conduction only as
used in their system, and no biological effect has been
demonstrated.

In this study, the effect of alternate cooling and heating on bio-
logical tissues has been investigated mechanistically. Using the
nude mouse dorsal skin flap chamber tumor model, we have found
that tumor cells and vessels were completely destroyed after an
alternate treatment, while neither cooling nor heating alone of
the same period could induce similar effects [18,19]. In this light,
a new thermal system has been designed to provide liquid N2
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Nomenclature

A surface area of cells (m2)
c specific heat capacity (J kg�1 K�1)
Ct scale constant in the SAR expression
D diameter of pipe (mm)
h convective coefficient (W m�2 K�1)
ks the inverse of the slope on the exponential portion of

the heat inactivation survival curve (s�1)
n the extrapolation number
P RF power (W)
Pr Prandtl number
Pk Planck’s constant
qmet volumetric metabolic (J/kg)
r radial distance (mm)
R the universal gas constant (8.314 J mole�1 K�1)
ri radius of inner tube (mm)
ro radius of probe (mm)
Re Reynolds number
SAR special absorption rate (W/kg)
Scool the total cell survival rate during freezing
Sheat the total cell survival rate during heating
T temperature (K)
Tseed the ice nucleation temperature (K)
Tf the intracellular phase change temperature (K)
t thermal treatment in time units (s)
t50 the equivalent time at 50 �C (s)
v velocity of the nitrogen flow (m/s)
wb blood perfusion rate (ml s�1 ml�1)
z axial distance (mm)

Greek symbols
a a known attenuation constant
c Boltzmann’s constant
DE the activation energy for the ‘‘lethal reaction” (J/mole)
DG the Gibbs free energy of inactivation
DH the inactivation energy (cal/mole)
Ds the entropy of inactivation in entropy units

(cal K�1 mole�1)
g viscosity of the intracellular cytosol (kg m�1 s�1)
j0 the cell-type dependent constant
k thermal conductivity (W m�1 K�1)
n the frequency factor constant (3.1 � 1098 s�1)
q density (kg/m3)
x the rate of thermal injury degree on cellular level
X the rate of thermal injury degree on tissue level
X0 the cell-type dependent constant

Subscripts
a arterial blood
b blood
g gas
i inner pipe
L liquid
met metabolic
t tissue
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cooling and RF heating alternatively. A bio-heat transfer model is
built to describe the temperature field during the treatment and
to predict the resulted therapeutic effect at the tissue and cellular
levels.

2. System design

Fig. 1 shows the new thermal treatment system. For heat trans-
fer enhancement, liquid–gas separator, coiled wire insertions or
helical mesh insertions have been considered in the system [20].
It is composed of fourteen units. Liquid nitrogen or nitrogen gas
flows out of the Dewar (1), through the liquid–gas separator (7),
and into the probe (8). The fluid circulating within the probe gen-
erates the freezing effect. The active part of the probe also serves
as an RF emission electrode. The probe is made of a metal and
the current introduced through the shielded wire (10) inside the
probe emitting the RF signals at the active part. A thermocouple
is placed inside the probe to monitor the transient temperatures
that are collected by the data acquisition system (12) and (14).
The measured temperature is compared with the set point to con-
trol the electromagnetic valve (6) and the power of an RF genera-
tor (13) through a feedback controller. The detailed structure of
the cryo-heat probe is illustrated in Fig. 2. It is divided into three
segments: the 30 mm long and 2.5 mm diameter active part, the
5 mm diameter vacuum insulation to protect the normal tissue,
and the handle. An inner tube (1) of 1 mm diameter is placed in-
side the probe, through which the nitrogen flows. The flow exits
the probe through the outer tube (2) to the exhausting pipe (3).
This probe can be cooled to �150 �C in about 2 min, which ensures
a rapid cooling as the first step of the treatment. For the subse-
quent rapid thawing and heating processes, RF has been chosen
to achieve deep volumetric heating through longer electric mag-
netic waves.
3. Heat transfer analysis

The newly designed thermal system enables rapid alternation of
cooling and heating in tissue. The system performance has been
evaluated through heat transfer modeling. During the thermal
treatment, the probe is inserted into the tumor. For simplicity,
the tumor can be modeled as a sphere (i.e. 50 mm in radius), and
the tip is located at 35 mm from the bottom as illustrated in Fig. 3.

When the liquid–gas separator is set open, vapor and liquid
phases in the transportation pipe are stratified due to the differ-
ence in densities. The vapor phase, with smaller density, flows
above liquid phase, and is ejected through a row of small bores
drilled along the upside of the inner pipe. Liquid then flows into
the probe. With this separator, the N2 flow into the probe is set
to be in the liquid phase (LN2) during freezing and in the gas phase
during the RF heating. For simulations, the following assumptions
are made:

(1) Tissue volume does not change during the treatment, and its
density is 970.6 kg/m3 [21];

(2) The thermal conductivity is constant but at different values
in the frozen and unfrozen regions. It changes linearly in the
phase transition region [22].

The Pennes equation [23] is used as the governing equation for
heat transfer in tissue:

qtct
oTt

ot
¼ rðktrTtÞ þ qbcbwbðTa � TtÞ þ qmet þ SAR ð1Þ

where t refers to tissue, a arterial blood, b blood, and wb is the blood
perfusion rate (ml s�1 ml�1, the volumetric blood flow rate per tis-
sue volume), qmet is the volumetric metabolic heat and the specific
absorption rate (SAR) of the volumetric RF heating in tissue.



Fig. 1. The newly designed thermal system for breast tumor treatment. 1. Liquid nitrogen Dewar; 2. switch; 3. safety valve; 4. pressure meter; 5. transfer pipe; 6.
electromagnetic valve; 7. liquid–gas separator; 8. cryo-heat probe; 9. exhaust pipe; 10. single conductor shielded wire; 11. data-cable; 12. data acquisition system; 13. RF
generator; 14. control system.

Fig. 2. The cryo-heat probe and its internal structure. 1. Inner tube; 2. outer tube; 3. exhausting pipe; 4. single conductor shielded wire.

Fig. 3. Physical model of cryo-heat surgery.
Fig. 4. SAR distributions at 4.5 mm from the probe center in both frozen and
unfrozen gels.
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In the cylindrical coordinates, the origin locates at the probe tip
shown in Fig. 4, the corresponding thermal boundary conditions
are:

(1) For the insulated part of the probe:
Table 1
Thermo

Thermo

Therma
Specific
Metabo
Blood p

a The
the inte
oT t

or
¼ 0 at r ¼ ro; z 6 �30 mm ð2Þ
where ro is the probe radius.
(2) For the active part of the probe:

(a) When the inner fluid is in the gas phase, the boundary
condition for the tissue contacting the probe surface is
kt
oT t

or
¼ hgðTt � T iÞ at r ¼ ro; z > �30 mm ð3Þ
where T i is the inner-flow temperature and its initial value is
the liquid nitrogen temperature �196 �C, hg is the internal
convection coefficient. For the case studied in this paper, a
turbulent flow inside the probe is suggested to prevent over-
heating at the probe surface which would impede the pene-
tration of RF signals in tissue. This probe inner surface can be
purposely fabricated to ensure the turbulent flow. The Dittus
and Boelter form is used for hg [24]

hg ¼ 0:023Re0:8Pr0:4kL=D ð4Þ

where Pr is the Prandtl number, kL is the thermal conductiv-
ity of nitrogen and D is the probe inner diameter.The flow in-
side the probe should satisfy the energy conservation law.
For a small element of length Dx, one has

0� �

qgcgðT 0i � T iÞ � pðr2

o � r2
i Þv ¼ hg T t �

T i þ T i

2
� 2proDx

at r ¼ ro; 0 > z > �30 mm ð5Þ
where qg is the nitrogen gas density, cg is the specific heat, T 0i
is the nitrogen bulk temperature on the next node, ri is the
probe inner radius, and v is the flow velocity.
(b) When freezing is turned on, the fluid inside the probe is
set to be at �196 �C. The convection effect is considered
based on the results reported in [25,26], and the boundary
condition for the tissue contacting the probe surface is

kt
oTt

or
¼ hLðT t � T iÞ at r ¼ ro; z > �30 mm ð6Þ

where hl is the empirical convection coefficient for the two-
phase flow, approximately 8000 W m�2 K�1 [25,26].

The thermophysical properties used in the present simulations
are taken from literatures [27–29] and listed in Table 1. The appar-
ent specific heat is used to account for the latent heat of tissue
solidification [30], where it is represented by two linear functions,
which start from 0 �C to �10 �C, respectively, and intersect at �3 �C
[31]. It is constant in the frozen and unfrozen regions. According to
Song [32], a piecewise linear relationship between blood flow and
tissue temperature is assumed during either freezing or heating
treatment. Fluent was used to solve Eqs. (1)–(5) and to obtain
the temperature distributions inside the tissue during different
physical properties of tissue

physical properties �10 �C �3 �C

l conductivity, k (W/(m K)) [27] 1.56 0.825
heat, cp (kJ/(kg K)) [27] 1.977 47.509a

lic heat generation, qmet (W/m3) [28,32] 0 0
erfusion rate, wb (ml s�1 ml�1) [27,32] 0 0

apparent specific heat formulation is used to account for the phase change of tiss
gral of specific heat at phase transit range is equal to the latent heat (250 kJ/kg
thermal treatments. A user-defined function (UDF) written in C
language is developed to incorporate the boundary conditions
and the source terms in the Pennes equation using a similar meth-
od developed in [26].

To obtain the volumetric RF heating in tissue, the specific
absorption rate (SAR) is measured experimentally. When the RF
power is turned on, the surrounding tissue is heated up and tissue
temperature rises. The SAR can be calculated from the initial tem-
perature rising rate as the conduction effect is negligible at the
beginning of the heating [33]:

SAR ðW=kgÞ ¼ cpðoT=otÞjt¼0þ ð7Þ

where cp is the specific heat of tissue (J kg�1 K�1), T temperature (K)
and t time (s). Tissue-equivalent phantom gel is used to electroni-
cally mimic tissue at 460 kHz, which is a common frequency used
in the commercial RF heating devices. It is prepared according to
the formula provided in [34], and the mixture consists of 88.5%
water, 5.54% formaldehyde solution (37%), 5.51% gelatin (Sigma
Chemical Company, MD), and 0.46% NaCl.

Both the SAR of the frozen and unfrozen gel is measured. In
Fig. 4, results show that although the SAR trend in the frozen gel
is similar to that in the unfrozen gel, the magnitude is much smal-
ler. This is mainly due to the relatively larger electric resistance
caused by the ice formation.

Based on the above measurements, a similar SAR expression is
assumed in both frozen and unfrozen tissues but with different
scaling factors. By fitting the data to the proposed line source
expression [34–36], the SAR expression is obtained:

SAR ¼ CtP
ð2arþ1Þe�2ar

r3 ; �30 mm 6 z 6 0
0; else

(
ð8Þ

where Ct is a scaling constant that is about 670 for unfrozen tissue
and 360 for frozen tissue respectively, a (1/m) is a known attenua-
tion constant for the uniform plane wave in a given media and P
(W) is the RF power level set during each treatment, and r is the dis-
tance from the probe in radius. The heat transfer model is validated
with the analytical solutions to the following simplified cases: (1)
without blood perfusion and metabolism and (2) constant
properties.

Shown in Fig. 5, the dynamic temperature changes have been
simulated at different distances from the active probe wall during
an alternate cooling and heating treatment. The protocol is 10 min
freezing followed by 100 W-RF heating for 30 min with 6.0 m/s
nitrogen flow inside the probe. After the 10 min freezing, an iceball
is formed, and blood perfusion stops in the area where tempera-
tures are below 0 �C [22].

Also seen in this figure, there is a sharp increase in temperature
when the RF heating is turned on. Thermal stresses are expected to
occur, and the heterogeneous mechanical properties may lead to
more damage inside the tumor than a uniform material experienc-
ing the similar thermal history. Using histopathological analysis, it
is found that after the alternate cooling and heating treatment, tu-
mor vessels are completely destroyed, but a cooling or heating
treatment for the same period alone could not achieve similar
0 �C 37 �C 42 �C 44 �C 46 �C

0.51 0.51 0.51 0.51 0.51
3.689 3.689 3.689 3.689 3.689
0 30,000 30,000 30,000 30,000
0 0.009 0.018 0.036 0

ue from liquid to solid, a piecewise linear function is assumed with a constraint that
for tumor tissue), and it peaks at �3 �C according to previous reports [21,31].



Fig. 5. Dynamic temperature changes at different distances of 4 mm, 6 mm, 8 mm,
and 10 mm, respectively, from the active probe wall during an alternate cooling and
heating treatment (10 min cooling followed by 100 W-RF heating for 30 min with
6.0 m/s nitrogen flow inside the probe).

Fig. 6. Damage degree during heating alone for 10, 20 and 30 min, respectively
(100 W-RF heating with 6.0 m/s nitrogen flow inside the probe turned on as the
probe temperature exceeds 60 �C).
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effects [18]. The alternate cooling and heating treatment also en-
hances damage to the tumor cells. The thermally induced biologi-
cal effects have been investigated at both the tissue and cellular
levels as the follows.

4. Study of bio-thermal damages

4.1. Tissue damage model

The model developed to describe burn injury is frequently ap-
plied for evaluation of tissue damage after the heat treatment.
The tissue damage process is assumed to follow the Arrhenius
function from the thermodynamics point of view [37]. Thus, the
rate of injury degree X can be described as

dX
dt
¼ ne�

DE
RT ð9Þ

It can be integrated as

X ¼ n
Z t

0
e�

DE
RT dt ð10Þ

where n is the frequency factor constant, DE is the tissue inactiva-
tion energy to govern the development of injury in J/kmole. R is
the universal gas constant 8.314 J mole�1 K�1, T is the absolute tem-
perature, and t is the thermal treatment in time units.

In clinical applications, values of X are usually quantified, and
X ¼ 0:53, X ¼ 1:0, and X ¼ 104 are associated with the first-degree,
second-degree, and third-degree burns, respectively [37,44], which
have been defined mainly from the tissue function point of view. In
particular, the first-degree burn, which is the least severe, involves
only temporary discomfort and a general erythema on the surface.
A second-degree burn injury increases the permeability of the vas-
cular endothelium and resulted in the lost of blood perfusion and
paler appearance on the skin. The third-degree injury normally
causes permanent destruction of the tissue.

Eq. (9) was used to fit to different experimental data sets and
different values of the inactivation energy and the scaling con-
stants were obtained by researchers, such as Henriques [38], Fugitt
[39], Stoll [40], Takata [41] and Wu [42], and compared by Palla in
1981 [43]. The corresponding Henriques’ values of n ¼
3:1� 1098 s�1 and DE ¼ 6:27� 108 J=kmole are used in this study.
As proposed by Moritz and Henriques, the second-degree burn
X ¼ 1 may be evaluated as tissue necrosis [44].

Fig. 6 shows the integral damage degree during heating alone
for 10, 20 and 30 min, respectively, as a function of position inside
tumor. The vertical axis represents the damage degree, X, and the
horizontal axis represents the short-axis radius from the probe.
The cross point of each curve with the line X ¼ 1 has been marked
as 8.7 mm, 9.4 mm, and 9.75 mm, respectively. Within these re-
gions where X > 1, complete tissue necrosis is assumed.

However, the quantification by Henriques’ model only predicts
the degree of tissue damage as discussed above. It is difficult to
draw the conclusion that all tumor cells have been killed, which
is critical in tumor treatment. Any cell survival might result in tu-
mor recurrence or tumor metastasis. Thus, more accurate predic-
tions of the cell survival rate in the treatment region is necessary
and of clinical importance.

4.2. Cellular damage model

The life of a cell is sustained by various metabolic activities. Its
death may be an accumulation of inactivation of different reactions
and denaturation of chromosomal proteins [45], while the damage
of each reaction or protein denaturation also follows the Arrhenius
function [46–48]:

dx
dt
¼ ks ¼

cT
Pk

e�DG=RT ð11Þ

where x represents the total damage, ks is the rate of damage, c is
Boltzmann’s constant, Pk is Planck’s constant, DG is the Gibbs free
energy of inactivation which equals DH � TDs, where Ds is the en-
tropy of inactivation (cal K�1 mole�1), and DH is the molecular inac-
tivation energy. An approximate expression for ks is [47,48]

ks ¼ 2:05� ð10Þ10 � T � eDs=2 � e�DH=2T ð12Þ

The occurrence of a complete inactivation of certain reaction
and protein denaturation is related to the damage rate ks and time
t. The quantity Ds is an extensive state function that accounts for
the effect of irreversibility in a thermodynamic system, and the
smallest functional unit in a living system, a cell, can be considered
as such a system. As a living cell goes to death, the maximum Ds is
expected. In comparison, the differences in Ds between different
kinds of live cells and the same cells at different temperatures
are relatively small and assume to be negligible. The reported
Ds ¼ 374:5 cal K�1 mole�1 for CHO cells [45,49] is used in this
study.

The fraction of the reactions or the damaged proteins is
[48,50,51]



Fig. 7. The survival rate distributions after different protocols: (1) solid line, cooling
for 30 min; (2) dotted line, 30 min of the 100 W-RF heating and with 6.0 m/s nit-
rogen flow inside the probe turned on as the probe temperature exceeds 60 �C; (3)
dashed line, 10 min pre-cooling followed by the 100 W-RF heating for 30 min and
with 6.0 m/s nitrogen flow inside the probe turned on as the probe temperature
exceeds 60 �C; (4) dash-dot line, the tissue damage degree X ¼ 1 after 30 min of the
100 W-RF heating and with 6.0 m/s nitrogen flow inside the probe turned on as the
probe temperature exceeds 60 �C for 30 min (from Fig. 6).
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FðtÞ ¼ 1� e�kst ð13Þ

Assuming the total cellular damage is an accumulation of n discrete
and independent proteins’ or reaction inactivations, the survival
rate of the cells treated shall follow the equation [46–48]:

Sheat ¼ 1� ½FðtÞ�n ¼ 1� ð1� e�kstÞn ð14Þ

where Sheat is the cell survival rate, and n ¼ 100 from [45].
Owing to different sensitivity of cells to heat, the values of inac-

tivation energy DH have been reported to be 271,000 cal/mole,
135,600, 141,000, for mouse tumor [52], mouse ear cells [48],
and CHO cells[45,49], respectively. As there has been no report of
the DH value for human breast cancer cell lines, and especially
for those exposed to pre-freezing before the heat treatment, exper-
iments have been performed to evaluate the inactivation energy
for cells which have undergone different thermal treatments. The
mortality of MAD-MB-231 cells heated to different temperatures
for different time intervals with or without pre-freezing has been
measured by staining of Trypan Blue. By fitting the experimental
data to Eq. (14), the inactivation energy DH for the cells to heating
and heating after pre-freezing to �13 �C for 10 min have been
found to be 145,149 cal/mole and 143,898 cal/mole, respectively.
The pre-freezing reduces the inactivation energy about 1251
(0.87%) cal/mole compared to direct heating alone, but its effect
is significant given the exponential relationship presented by Eq.
(14). The results suggest that the cells are more sensitive to heat
after the pre-cooling process, and possible synergistic effect has
been demonstrated of the alternate cooling and heating treatment.

For further investigation, the cellular survival rate undergone
the freezing process is also analyzed. When the cooling rate is slow,
extracellular ice forms and water is transported out of the cell
causing its osmotic dehydration. The consequent increase of intra-
cellular solute concentrations may induce damage of intracellular
proteins, the membrane and enzymatic machinery of the cell.
When the cooling rate is fast, there is not enough time for water
to be transported out of the cell and intracellular ice forms (IIF)
[21,53]. Formation of intracellular ice causes serious damage to
the plasma membrane, the organelles and the nucleus membrane
also, which are lethal to the cell. For tumor cells closely packed
[54], intracellular ice formation shall be the key factor determining
the cell death. Thus the survival rate of the tumor cells after freez-
ing can be determined from the intracellular ice formation proba-
bility Piif :

Scool ¼ 1� Piif ð15Þ

where Scool is the cell survival rate during freezing.
The intracellular ice formation (IIF) probability, Piif , can be pre-

dicted given the thermal history that cells experienced [55]:

Piif ¼ 1� exp �
Z T

Tseed

AX0
T

T f0

� �
g0

g

� �
A
A0

� �
exp �j0ðT f=T f0 Þ

4

DT2T3

 !" #

ð16Þ

where Tseed is the ice nucleation temperature (K), X0 and j0 are the
cell-type dependent constants, A is the surface area, and T f is the
intracellular phase change temperature, which depends on the sol-
ute mole fraction, and can be determined by analyzing of the cellu-
lar dehydration process [56–59].

Using both the tissue damage model and the cellular damage
model, the survival rates of the tumor cells after different treat-
ments are simulated and shown in Fig. 7.

Setting the criterion of X ¼ 1 in the tissue damage model, the
damage region after the 30 min of RF heating (assuming all tumor
cells completely killed within the region) is predicted to be
9.75 mm, shown by the dash-dot line. However, as predicted by
the cellular damage model, the region with incomplete cell killing
after the RF treatment is clearly illustrated by the dot line in Fig. 7
(8.2 mm in radius). In comparison, the tissue damage model highly
overestimates the damaged region by nearly 15%. This model was
originally proposed for burn injury evaluation after tissue experi-
encing a high temperature for a short time period, based on which
Abraham and Sparrow had built a more accurate thermal ablation
model by accounting for the phase change (water evaporation), the
change of blood perfusion and other thermophysical properties
[60]. However, it seems not suitable for the hyperthermic condi-
tion while tissue temperature is mildly raised over a relatively long
period of time.

With the cellular damage model, after cooling alone for 30 min,
the complete damage region is only about 7.6 mm in radius from
the probe, shown by the solid line. Tumor cells survival rate after
the alternate freezing and heating is also determined and shown
by the dashed line in Fig. 7. As seen, the influence of a 10 min
pre-freezing treatment before the same heating protocol (100 W-
RF and with 6.0 m/s nitrogen flow protection turned on as the
probe temperature exceeds 60 �C) for 30 min is significant. The
complete damage region increases and reaches about 9.2 mm in
radius. This is much larger than that caused by either the heating
or cooling treatment alone.

5. Conclusions and discussion

In this study, a new thermal system is presented to enhance the
efficacy of tumor treatment through a rapid alternation of cooling
and heating. The heat transfer analysis and the corresponding cel-
lular damage have been performed to show the system perfor-
mance. Different models have been used to evaluate the induced
damage at both the tissue and cellular levels. Results show that
the tissue damage model based on the Arrhenius function cannot
be properly used to qualitatively illustrate the degree of tumor
damage under the hyperthermic condition. For more accurate pre-
dictions, the cellular damage model is suggested to account for the
thermo-biological effects.

Comparison of the thermal damage region induced by the alter-
nate cooling and heating treatment to that of either cooling or
heating treatment alone clearly demonstrates its advantage. Heat
causes cell death through denaturation of proteins and enzymes
depending on the thermal dose [45]. The relationship has been
quantitatively described using the entropy and the enthalpy of
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the inactivation at a given temperature. The cryo-injury to tissue is
the result of direct cellular injury and the vascular injury [61]. Di-
rect cellular injury is caused by either extreme dehydration dam-
age to the cellular membranes [62], or intracellular ice formation
that tends to disrupt the intracellular organelles and the cell mem-
brane [58,63]. Both of these damages may influence the entropy
and enthalpy values. Thus, synergetic therapeutic effects are ex-
pected when heat is applied to tissue after it has experienced a
pre-freezing process. This is confirmed by fitting the experimental
results to the cellular damage model. A decrease of heat inactiva-
tion energy is found as the result of pre-freezing, suggesting the in-
crease of cell sensitivity to heat. Given the complex relationship, it
is highly desirable to further investigate the underlying mecha-
nisms of such biochemical synergic effects through thermal phys-
ical stimulations.

Besides, it is worthy noting that in this study only the direct cel-
lular damage by the alternate cooling and heating has been stud-
ied. Given the thermal stress through the rapid alternation of
cooling and heating and possible vessel wall fractures induced,
the corresponding damage to tumor vasculature is also expected
to be greater than that of either the cooling or heating treatment
alone, which has already been observed in vivo through our previ-
ous experimental study [18]. Moreover, the alternate cooling and
heating treatment of tumor may trigger a much stronger immuno-
logic response of the body, which further enhances the overall
treatment effect of the system [64]. A comprehensive model
should be developed to quantify both the direct and indirect cellu-
lar damage for more accurate predictions of the treatment out-
come in future.
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