
  

 

Abstract— A new probe for tumor treatment is designed and 

simulated in this study. This probe combines the cryosurgery and 

hyperthermia which is suitable for the treatment of subcutaneous 

tumors. Simulations of the cooling and heating processes 

demonstrate that the probes are capable of treating the tumor 

effectively. And the numerical results indicate that the lengths of 

the probe, the diameters of the inner tube and the pressures of 

liquid nitrogen influence the probes’ cooling ability. The 

temperature responses at the tumor base induced by different 

probes are similar, though the great differences appear on the 

treatment interface of the probes, thus the temperature gradient 

within the tumor. Based on the simulation results, the heating 

effect of the probe is shown to be effective in damaging the tumor 

while protecting normal tissue in the surrounding. Animal 

experiments will be carried out using this type of probe to treat 

tumor in the near future. 

I. INTRODUCTION 

HERMOPHYSICAL treatment is an efficient therapy for 

tumors, aiming at demolishing the target tumor through an 

ablation with extremely low or high temperature. In the 

mid-1960, Cooper began the modern cryosurgery and improved 

the techniques [1]. Compared to the conventional clinical 

modalities, cryosurgery has obvious advantages, such as fewer 

bleeding, anesthetic effect during the cryogenic producer, little 

destruction on normal tissues, and so on [2]. Early reports 

focused on one technical aspects of cryosurgery, i.e. how to 
accelerate the efficiency of freezing. Basic features of the 

cryosurgical technique were proposed, i.e. rapid freezing, slow 

thawing, repetition of the freezing-thaw cycles [1, 3]. Recently, 

a new theory has become appealing that cryogenic therapy may 

induce the immunologic responses [4-11]. 

Radiofrequency (RF) is another method used to ablate tumor 

tissue efficiently, which has been widely used clinically and 

implemented as commercial products. Physicians have applied 

this technique to treat many kinds of tumors such as skin, 

gastrointestinal, tracheobronchial and intracranial tumors [12].   

Combination of cooling and heating therapy has been 

developed recently. One type is composed of cryogen 
evaporation for cooling, and RF for heating. The other is based 

on Joule-Thomson effect of Argon gas or Nitrogen gas [2, 13]. 
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Sun et al. designed and developed an alternate cooling and 

heating system. Experiments were performed in the VX2 breast 

carcinoma model in female New Zealand rabbits [14]. They 

demonstrated that no metastasis and recurrence appeared in the 

following three months after such alternate cooling and heating 

treatment. A new experiment about thermal physical method 

combining both cryosurgery and local hyperthermia was used 

to treat mice bearing 4T1 murine mammary carcinoma by Dong 

et al. [15]. The results suggested that alternate cooling and 
heating had synergistic effect and resulted in the stimulation of 

whole body immune response. The second challenges of tumors 

in the treated mice were rejected. Liu et al. also developed a 

cryoprobe system with a steam heating device. They revealed 

the thermal stress mechanisms in tissues. But this system was 

only based on conduction heat transfer, less effective in thermal 

penetration [16]. Takahashi built the treatment system 

integrating cryosurgery and hyperthermia [13]. They concluded 

that combination treatment of both was effective to destroy the 

tissue and the higher temperature applied immediately after 

thawing in cryosurgery might reinforce the tissue destruction.  
In this study, a probe suitable for treating subcutaneous 

tumors in particular based on LN2 cryosurgery and RF 

hyperthermia is designed and studied. The cycle of cooling by 

liquid nitrogen and heating by RF is found to enhance the 

efficiency of thermo-physical therapy for subcutaneous tumors. 

II. PROBE DESIGN AND HEAT ANALYSIS 

A. Probe design 

The design of probe is shown in figure 1. The device is 

consisted of five parts: inner tube, out tube, treatment interface, 

exhausting pipe and T type pipe. There are three types of probes. 

Probe 1 is 70mm long and the diameter of inner tube is 1mm; 

probe 2 is 100mm long and 1.5mm in diameter; and probe 3 is 

100mm long and 2mm in diameter; The treatment interface is 

round with a diameter about 10mm. An inner tube is inserted in 

the probe with a certain distance from the treatment interface, 

no more than 2mm. The diameter of probe wall is 5mm. During 

cooling, the liquid nitrogen flows out from a Dewar, and flows 
into inner tube(1), then jets at the treatment interface(3), 

causing the interface to cool down to a controlled aim 

temperature at last. Then after heat exchanging, the fluid flows 

out of the tube and T type pipe (5) through the exhausting pipe 

(4). The temperature of the treatment interface can finally get to 

the range of -160℃ and -175℃, according to different inner 
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tubes. Not only is the treatment interface used as cryogenic unit 
but also severed as an electrode when RF is generated. The 

interface is quite fit to the size of subcutaneous tumors in our 

4T1 tumor model of mice. The ground electrode is located 

under the body. 

 
Fig.1 Design of the probe. 

1, inner tube, 2, out tube, 3, treatment interface, 4, exhausting pipe, 5, T type 

pipe 

B. Thermal analysis 

The probe is directly pressed to the skin where tumor grows 

inside. Then cooling and heating treatment can be performed 

alternately by this probe. 

A numerical model has been established by Gambit to 

simulate the performance of the probe. The finite volume 
method (FVM) based model is calculated by FLUENT. There 

are three parts in the model: probe, tumor and normal tissues. 

Tumor and tissue are assumed to be symmetric to the axis, so 

the model can be simply designed as two-dimensional 

axi-symmetric shapes as shown in figure 2. The tumor in the 

model is 5mm wide which is half of the whole tumor, and its 

thickness is 7mm. The size of tissue is 20 mm 14mm. 

 
Fig.2 1-tissue, 2-tumor, 3-probe, 4-axis 

In the FVM calculation, Mixture Model is used to simulate 

flowing and heat transfer of liquid nitrogen and nitrogen gas in 

the probe. In the Mixture Model, continuity equation, 

momentum equation and energy equation need to be solved for 

the mixture. 

The continuity equation is shown as: 

                                                                           (1) 

 

where m is the mass-averaged velocity, m is the mixture 

density. 

The momentum equation for the mixture summing all phases 

momentum equations can be expressed as: 
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where n is the number of phases, which is 2 here; F is the body 

force, and m is the viscosity of the mixture; 
,dr k is the drift 

velocity for secondary phase, and is 0 here. 

The energy equation for the mixture takes the following 

form: 
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where
effk is the effective conductivity, the first term on the right 

side of equation is energy transfer due to conduction. ES
 

includes any other volumetric heat sources. kE 
kh

 
for an 

incompressible phase and kh is the sensible enthalpy.  

The Pennes equation [17] is used as the governing equation 

for heat transfer in both tumor and tissue: 
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(4) 

where t is tissue’s destiny (kg/m3), 
pC is specificheat of tissues 

(J/kg·°C), b is the destiny of blood and bc is specificheat of 

blood, bw is the blood perfusion rate,
metQ is the volumetric 

metabolic heat, and here is neglected.  
To obtain the heating effects of the probe on the tissue, the 

specific absorption rate (SAR) is calculated in the software 

(COMSOL) based on the finite element method (FEM).  In the 

tissue, the lower frequency is corresponding to a longer 

wavelength [18]. And Electromagnetic fields can be regarded as 

quasi-stationary state field. So by simply mathematical 

derivations, we obtain [19]: 

[ ( ) ] 0T V                                  (5) 

where V is the electrical potential (V) and T is the temperature 
(°C). The thermal performance is governed by the bio-heat 

equation: 

( ) ( )t p b b b a t met

T
C k T c w T T Q q

t
 


     


        (6) 

The added q is the electrical energy source. That is calculated 

by COMSOL to convert the electromagnetic energy to heat. 

The simulation of heating on the tumor with RF is also 

two-dimensional axi-symmetric like the cooling model. The 

thickness of tumor is 7mm, and 5mm wide. The frequency of 

RF is 460 kHz, and the voltage is accelerated slowly to 20V. 

The parameters of the tumors and muscle tissues are cited in 

the table 1 [19]. 
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III. RESULTS AND DISCUSSION 

In the experiment of cooling, the temperature at the tumor 

base in conjunction to normal tissue is cooled to 273K in 2 

minutes and kept for 5 minutes through feedback control 

algorithm. Then a RF power is induced to heat the tumor to 

318K after about ten minutes natural thawing. The temperature 

has been monitored and controlled through the whole process 

which will not exceed the desired value. 

Figure 3 shows the processes of freezing in 2 minutes on the 

treatment interfaces of different probes. Shown in this figure, 

probe 3 has the greatest freezing ability. That is because its 
inner tube is wider than that of probe 2 and probe 1. The radius 

of inner tube is considered as the primary factor influencing the 

freezing ability of probes. The large inner tube in diameter 

allows for much more liquid nitrogen flowing into the probe 

than smaller ones. More mass flux would be benefit for cooling. 

Although probe 2 is longer than probe 1, its larger inner tube 

enhances its cooling rate.  

In figure 4, the processes of cooling with different pressures 

are simulated for probe 2. The blue, red and green lines 

represent the processed of cooling with 3, 5 and 7 standard 

atmospheric pressures, respectively. It is shown that when the 

inlet pressure is higher, the final temperature on the treatment 
interface is lower due to larger heat convection by higher flow 

velocity under higher pressure.  

 

 
Fig.3 The processes of cooling down about probe 1, 2, 3 are simulated under 5 

standard atmospheric pressure. The blue line represents process of freezing of 

probe 1; the red line represents process of freezing of probe 2; the green line 

represents process of freezing of probe 3. 

 

 
Fig.4 The processes of cooling down about probe 2 are simulated under 3, 5, 7 

standard atmospheric pressures respectively. The blue line represents process of 

freezing under 3 standard atmospheric pressures; the red line represents process 

of freezing under 5 standard atmospheric pressures; The green line represents 

process of freezing under 7 standard atmospheric pressures. 

The different velocities under different pressures at the 

outside of inner tube are shown in table 2. The higher the 

pressure, the larger the velocity is. The variations of velocities 

greatly affect the cooling ability of the probes. 

 
TABLE 2 

VELOCITY OF THREE TYPEs OF PROBES UNDER DIFFERENT 

PRESSURES 

 

Probe type 
Velocity under 3  

sap
a
 (m/s) 

Velocity under 5  

sap (m/s) 

Velocity under 7  

sap (m/s) 

Probe1 20.11 29.06 35.85 

Probe2 17.57 25.08 31.51 

Probe3 19.33 26.55 32.81 

    

     
a
sap is abbreviation of standard atmospheric pressures   

 

In figure 5, the temperature mapping after freezing for 2 

minutes is shown. Near the treatment interface, the temperature 

of the tissue is almost equal to that of probe. And there is a large 

temperature gradient within the tumor. The temperature at the 

tumor base in conjunction to normal tissue is about 273K, 

caused by the thermal resistance thru tissue. 

 
Fig.5 Contour of temperature for freezing for 2 min of probe 3 under 5 standard 

atmospheric pressure 

0 20 40 60 80 100 120
100

120

140

160

180

200

220

240

260

280

300

Time (s)

T
e
m

p
e
ra

tu
re

 (
K

)

 

 

probe1_5

probe2_5

probe3_5

0 20 40 60 80 100 120
120

140

160

180

200

220

240

260

280

300

Time (s)

T
e
m

p
e
ra

tu
re

 (
K

)

 

 

probe2_3

probe2_5

probe2_7

TABLE 1 

ELECTICAL AND THERMAL PARAMETERS  

type 

Electric 

conductivity 

(S/m) 

Thermal 

conductivity 

(W/(m·℃)) 

Specific heat 

(kJ/(kg·℃)) 

Density       

(kg/ m
3
) 

tumor 0.64 0.56 3689 1050 

muscle 0.64 0.56
 

3639 1050 
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The result shown in figure 6 is a process simulated by 
COMSOL about the heating of RF in 5 minutes. The 

temperature rise becomes less steep along with the time, and it 

takes about 2 minutes to reach 318K, whose distribution is 

shown in figure 7. In the simulation, the tumor temperature is 

raised higher than 318K while less heating occurs in normal 

tissue. And the edge temperature is lower than the center in 

tissue because of the air convection. 
 

 
Fig.6 The temperature on the border between the tumor and tissues during RF 

heating in 5 minutes 

 
Fig.7 The distribution of temperature by heating the tumor 

 

IV. CONCLUSION 

In this study, a new probe has been designed which can 

perform cryosurgery and hyperthermia for treating 

subcutaneous tumors. Simulation results show that the length of 

the tube, the diameter of the inner tube and the pressures all 

have effects on the freezing ability of the probe. With the 

pressure of 7 standard atmospheric pressures in the probe 3, the 

ability of freezing is better than other configurations.  The 
heating process proves that the probe can heat the tumor quickly 

while keeping the normal tissues intact through a feedback 

control algorithm. Experiments in the animal tissues both in 

vitro and in vivo will be performed to further test the 

performance of the probe. 
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