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ABSTRACT 

 

COMPUTER-AIDED PATIENT SPECIFIC TREATMENT PLANNING OF 

CRYOSURGERY FOR BREAST CANCER 

 

Publication No. ______ 

 

JUNKYU JUNG, M.S. 
 

The University of Texas at Arlington, 2006 

 

Supervising Professor:  Bumsoo Han  

Cryosurgery, which is to destroy tumors by use of localized freezing, is an 

emerging treatment modality for breast cancer as the size of detectable tumor becomes 

smaller due to more frequent use of various diagnostic imaging including MRI, CT and 

mammogram. Although general surgical guideline has been developed and its 

effectiveness has been demonstrated, cryosurgical protocol should be adjusted for a 

given patient to accommodate patient-specific variations including tumor size, location 

and geometry of patient's breast.   
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In this study, a computerized treatment planning tool was developed to aid 

surgeons to determine surgical parameters considering patient specific diagnostic 

information.  This tool consists of three modules - 1) three dimensional reconstruction 

of diagnostic images, 2) numerical simulation of cryosurgical procedure, and 3) 

prediction of the treatment outcome.  Three dimensional image reconstruction was 

performed by digitizing two patient specific diagnostic images perpendicular to each 

other, importing the digitized key points of the images into a commercial finite element 

analysis software (ANSYS), and constructing three dimensional volume.  With a given 

surgical parameter, the numerical simulation module performed three dimensional 

transient thermal analysis of a cryosurgical procedure.  Using the results of thermal 

analysis, the extent of cryodesturction was predicted through an empirical correlation 

for cryoinjury of human breast cancer cells.  By iteratively using the developed 

modules, the surgical parameters can be determined for optimum treatment outcome. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of cryosurgery

Humans have been fighting against cancers past hundreds years. During that 

period, many clinical modalities have been proposed to treat cancers. Among them, the 

clinical procedure known as cryosurgery, cryoablation or cryotherapy is currently 

brought into real surgical field to treat localized tumors because of both its advantages 

over other applications. It is minimally invasive, repeatable, has less side effects and 

can be operated at different targets in the same organ at the same time. Surgical 

procedure of cryosurgery is relatively simple comparing to its underlying tissue 

destruction mechanism inside and around tumors. Cryosurgery is operated with single 

or multiple cryoprobes which are placed at tumor or target tissue through small 

incisions. When the probes are activated, cooling achieved by Joule-Thompson effect 

will continue until the targeted tissue is completely destroyed. After all tumors are killed, 

a cryoprobe will be pulled out of the targeted area. 

Studies on cryosurgery began around 1850’s by Arnott who brought the idea of 

cryosurgery which uses freezing to destroy undesirable cells [24]. He could achieve low 

temperatures about -20°C by mixing ice and calcium chloride, and apply this low 

temperature to reduce tumor cells. Later in 1870’s, vacuum insulated flask designed by 

Dewar enabled storage of cryogenic gases and Linde’s effort to produce cryogenic 
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liquid gas by applying the Joule-Thompson effect led advances in cryosurgery [15]. In 

1960’s usually called modern cryosurgery, Cooper and Lee [23] invented cryosurgical 

probe in which liquid nitrogen flows to conduct cryosurgery.   

Despite of all these early attempts, cryosurgery is partially successful due to the 

limit of mapping the temperature in targeted area. This lack of ability hinders the 

precision and accuracy of cryosurgery. Furthermore, it can cause the damage to normal 

cells and tissues which make cryosurgery difficult to apply and disturb further 

improvement. 

Even though cryosurgery has become a fast growing surgical technique recently 

due to new imaging techniques which can monitor cryolesion including ultrasound, 

magnetic resonance imaging (MRI) and computed tomography (CT), we still have some 

challenges to improve the efficacy of cryosurgery. Furthermore, optimization of 

cryosurgical planning and even integration of the patient specific modeling, meshing, 

thermal analysis, post-processing and prediction of the treatment outcome into a single 

software are essential to future study in this field [1,5]. 

 There has been several studies regarding two dimensional and three dimensional  

simulation of cryosurgery for different organs such as prostate, kidney, breast and so on. 

To reduce the normal cell or tissue destruction during the cryosurgery, precise 

prediction of temperature mapping which is one of the key factors for successful 

surgery would be necessary. 

 To investigate freezing process during cryosurgery, Diller et al [19,20] studied 

one dimensional and two dimensional computerized simulation of binary mixture 
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solidification in 1980’s. In their papers, the finite element model was applied to trace 

thermal histories, isothermal lines, even interface moving between solid and liquid 

phases. In later studies, thawing process is added into simulation which becomes more 

close to cryosurgery.  Bischof et al [3] achieved the temperature distribution and history 

throughout the cryosurgery of Dunning At-1 rat prostate tumors numerically. They tried 

to understand and predict mechanisms of cellular and tissue level cryosurgical 

destruction, then compared those results with the quasi-steady analytical solution. Rabin 

[26] investigated multi-dimensional freezing problem and verified the results with 

existing solution of a one-dimensional inverse Stefan problem. Rewcastle et al [4] 

described three-dimensional cylindrical model of single probe cryosurgery. In their 

paper, ice ball growth, which was assumed critical to damage on both tumor and normal 

cells, had been estimated with several isotherms.  

 Besides these studies, a lot more researches have investigated this area to get 

fully developed three dimensional temperature mapping inside and around the tumor 

during cryosurgery. Zhang et al [11] generated breast model to analyze micro-scale 

damage during cryosurgery. He et al [2] created computing model with convective 

boundary condition to figure out thermal stress distribution during cryosurgery of 

kidneys. 

 Recently, Zhang et al [1] performed prostate cancer cryosurgery simulation base 

on the enthalpy method to predict outcome of clinical freezing process. Their numerical 

analysis was based on commercially available cryoprobe and MRI data of the real 

prostate. A significant difference from previous papers is that more realistic three 
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dimensional patient specific model was used and source term such as metabolic heat 

generation and blood perfusion were implanted into simulation.  

 Recent innovation of imaging technology enabled three dimensional 

visualization of clinical geometry. Both computed tomography (CT) and magnetic 

resonance imaging (MRI) could be used to generate computerized three dimensional 

geometry. Despite of these advantages, these advanced technologies are not feasible to 

breast cancer cryosurgery because of its own characteristics. MRI and CT are turned out 

to not be successful to detect malignant cells in breast. Therefore, mammogram should 

be used to locate tumors at current stage. Mammography typically has two of two 

dimensional images which are top view and side view which can be described as from 

head to toe and diagonally from shoulder to hip respectively. These limited two 

dimensional images hinder three dimensional reconstruction of geometry which is basic 

step for computer simulation. Furthermore, patient specific modeling which is essential 

to successful cryosurgery will not be feasible. 

 Primary purpose of cryosurgery is destruction of malignant cells and tissues 

while minimize the damage on healthy cells and tissues. Hence, evaluation of cell 

viability or destruction from simulation results is indispensable. In the language of 

cellular injury, cell viability is more critical than temperature mapping or isotherm 

tracking. Therefore, prediction of outcome must be followed by computer simulation to 

be completely ready for cryosurgery operation. 
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1.2 Objectives

The primary objective of this study is to establish a framework for patient 

specific treatment planning. The framework consists of three modules. First, 2D 

diagnostic images will be imported into 3D interface for modeling process. Throughout 

this process, patient specific modeling protocol can be explained. Second, breast cancer 

cryosurgery simulation would be described using commercially available thermal 

analysis software. Finally, treatment outcome could be obtained by three dimensional 

curve-fitting of simulation results. Integration of each of these studies shall allow 

surgeons to confidently and completely kill tumors with less damage on normal cells.  

 

Schematic diagram of computer-aided patient specific
treatment planning of cryosurgery for breast cancer

2D MRI images
Generate & connect

key points
Mesh generation &

3D transient thermal
calculation

Export result data
from FEM software

Import data file
into Post-processing

software
Structured data

Post-processing
(cross-sectional

temperature contour)

Step 1-4, 7 : FEM software

Step 5-6 : Post-processing software

Step 6 : a) Calculate ET & HT

b) 3D curve-fitting (Cell Viability)

Figure 1.1 Schematic diagram of computer-aided patient specific treatment planning of 
cryosurgery for breast cancer
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CHAPTER 2 

METHODS AND THEORITICAL BACKGROUND 

2.1 Patient specific diagnostic image reconstruction

Patient specific diagnostic image reconstruction is feasible with two 2D images. 

Starting with two of 2D clinical images, key points were imported from images, then, 

wired frame was built up. Then, it became a breast volume and was combined together 

with other volumes such as a tumor and a cryoprobe. Finally, a completed 3D patient 

specific model was meshed for thermal analysis. 

In this section, a method for automated reconstruction of 2D diagnostic image 

into 3D geometry is demonstrated. In this study, two 2D MRI images which are 

perpendicular each other are used for illustration as shown in Figure 2.1. These images 

are digitized by determining key points along the profile of breast and tumor. This can 

be easily implemented in clinical settings, where the diagnostic images can be scanned 

and digitized in an image processing program. For simplicity, a hemisphere breast 

model was initially used. After key points are collected from the images, the 

coordinates were digitized and saved as a text file.  

Following step is importing the text file into an FEM software package to create 

patient specific 3D geometry. The key points are, then, connected to neighboring points 

using straight line. After all adjacent key points are connected, they will be connected 

horizontally with a spline to build up breast surfaces. A wired frame for breast is set up 
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and areas will be generated first with four closed lines. Then, these areas will be 

assembled together covering all breast surfaces including bottom and top surface. 

Figure 2.1 MRI images of breast [10]  
 

Next step is tumor model generation inside the breast volume. In this study, a 

tumor is assumed to be a sphere whose center is located at (2, 2, 2) in (cm) with a radius 
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0.5cm for simplicity. A tumor was created in 3D breast geometry with the given 

location of the tumor and its radius. 

 In this study, cylindrical cryoprobe with round tip will be applied to mimic a 

commercially available cryoprobe. First, a small sphere with its radius 1.7mm [1] will 

be generated at the center of the tumor. Secondly, a cylinder which has the same radius 

of the small sphere will be generated with two end points at center of a tumor and an 

insertion point. Finally, these two volumes which are a small sphere and a long cylinder 

will be glued together so that becomes a single cryoprobe with round tip toward the 

tumor. After that, uniform tetrahedral mesh is used with total 49052 nodes. 

 
2.2 Thermal simulation of surgical procedure

Cryosurgery is mainly based on cooling and thawing process. After cryoprobe is 

placed on target tissue, cooling is activated until it reaches designated cryo-temperature 

around -180℃. Then, thawing is activated to warm up frozen and unfrozen region until 

the temperature restores to body temperature. In this section, thermal modeling protocol 

will be presented based on those procedures. 

Thermal analysis in freezing and thawing of biological tissues can be described 

by Penn’s bioheat equation.  [18] 

∂H

∂t
=∇(k∇T) + ρ

b
C

b
W

b
(T

a
−T) +Q

met

(2-1) 

where subscripts b and a refer to blood and arterial blood respectively, H is volumetric 

enthalpy, k is thermal conductivity, C is specific heat, Wb is blood perfusion and 
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Qmet is metabolic heat generation. In this study, a commercial FEM package (ANSYS 

version 10) was used to calculate the temperature distribution during cryosurgery, using 

enthalpy method. 

 The enthalpy is composed of a sensible heat, ,t sh , and latent heat, H∆ and 

calculated as below [1].  

h
t
= h

t,s
+ ∆H (2-2) 

where the sensible heat is calculated by 

ht,s = ht,s(T
ref

) + C
p

(T)dT
T
ref

T
∫ (2-3) 

and the latent heat is 

∆H = βL (2-4) 

where β is the liquid fraction, which goes to zero in the solid phase and 1 in the liquid 

phase, and calculated by equation (2-5) in the phase transition zone. 

β =
T −T

s
T
l
−T

s
T
s
< T < T

l
(2-5)  

where sT and lT are temperature at the boundary of solid and liquid phase respectively  

In this study, both source terms which are blood perfusion and metabolic heat 

generation will be assumed a volumetric heat generation due to the absence of blood 

vessel model in simulation.  

Temperature dependent material properties were used. Table 2.1 is summary of 

material properties and Figure 2.2 shows temperature dependency of the volumetric 



10

enthalpy. The following assumptions are employed for the temperature dependent 

material properties. 

� Tissue is approximated to a binary mixture of water and Nacl so that 

phase change occurs between -0.5℃ and -21℃.

� The tissue density is assumed to be constant. 

� Breast tissue and tumor have the same thermal properties.  

� The blood perfusion rate is constant during cooling and then drops to 

zero once freezing begins, according to the experimental studies of 

[21,22] 

� The metabolic heat generation rate decays linearly in the unfrozen 

region and becomes zero in the phase transition and frozen regions. 

This reasonable assumption can also reduce simulation time [1]. 

 

Table 2.1 Temperature dependent properties 

Temperature(℃) -180 -21 -0.5 37 

Density(Kg/m^3) 970 970 970 970 

Conductivity(W/mk) 1.56 1.56 0.51 0.51 

Volumetric enthalpy(J/m^3) 0 276503010 619242876 811630235 

Blood perfusion term(W/m^3) 0 0 24800 0 

Metabolic heat generation(W/m^3) 0 0 0 450 
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Figure 2.2 Volumetric enthalpy of breast tissue and tumor 
 

A body temperature 37℃ is applied as an initial condition on the entire 3D 

breast model including bottom and surrounding surfaces. Boundary conditions can be 

explained as a constant cooling rate 50℃/min until the temperature of cryoprobe 

reaches -163℃, then thawing process will begin until it reaches back to a body 

temperature. Both cooling and thawing rate will only be applied on the activated 

cryoprobe surface which is located inside the tumor. The rest of cryoprobe is insulated 

as well as breast surfaces. 

( , , , ) 370T x y z t C= ° (2-6) 
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37T C Btprobe activated
= ° + (2-7) 

where B is 50℃/min in cooling process and 20℃/min in thawing process  

0
Tt
n insulated

∂
=

∂
(2-8) 

Figure 2.3 shows time dependent boundary conditions applied in FEM software.  

 

Figure 2.3 Cooling and thawing rate  
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For transient analysis, fully implicit method was used. Total simulation time in 

this study was 840 seconds which presented real cryosurgical procedure around from 

five to thirty minutes.  

 

2.3 Prediction of treatment outcome

To estimate the treatment outcome, the viability of breast tumor was evaluated 

from the thermal history calculated from the simulation. Hoffmann and Bischof [8] 

suggested hold time [HT] and end temperature [ET] are predominant parameters 

determine whether cells or tissues survive or not during freezing process. Han et al. [25] 

investigated to quantify the effects of ET and HT on the cellular viability. In that study, 

cell viability is examined with ET and HT which ranges from -80℃ to 0℃ and from 0 

minute to 10 minutes respectively.  

 

Table 2.2 Cell viability data [25] 
ET HT Viability 

-20 0 72.9 

-20 0 53.1 

-20 0 62.2 

-20 0 59.2 

-80 0 7.8 

-80 0 6.8 

-80 0 5.6 



14

Table 2.2 - continued   

-80 0 4.5 

-50 5 6.2 

-20 10 37.2 

-20 10 45.4 

-20 10 15.6 

-20 10 22 

-80 10 3.4 

-80 10 3.7 

-80 10 3.5 

-80 10 6.5 

In the present study, the experimental viability data was correlated with ET and 

HT through 3D curve-fitting. It will be assumed that viability drops to 0% if ET is 

lower than -80℃ and be 100% when ET is higher than 5℃.

3D surface-fitting is achieved by considering second order term of end 

temperature and multiplied term of ET and HT while second order term of hold time is 

neglected because ET is more dominant. Detailed script is described in APPENDIX C. 

The thermal analysis data were processed further to determine the minimum 

temperature and hold time at each node. ET is the minimum temperature which a 

certain node experience during the all freezing and thawing process. It can be easily 

obtained and be used to calculate HT. HT is the time gap between two time steps where 
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minimum temperature and 5 ℃ higher than minimum temperature occurs respectively. 

Figure 2.4 briefly explains this calculation.  

HT

T

t

5

ET

Figure 2.4 Illustration of how ET and HT were determined from a typical temperature 
history simulated 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Patient specific diagnostic image reconstruction

Figure 3.1 shows patient specific diagnostic image reconstruction process. Top 

two images are array of key points on X-Y plane and Y-Z plane respectively. Then, 

these two images are assembled perpendicular to each other and adjacent key points are 

linked to build up wired frame for breast model. Finally, areas are generated with four 

closed lines and will be assembled together covering all breast surfaces including 

bottom and top surface. 

 Then, a tumor is created as shown in Figure 3.2 (a). The center of tumor is (2, 2, 

2) in (cm) with radius 0.5cm. With a given target point, a surgeon will decide from 

where to insert a cryoprobe. After an insertion point is determined, cylindrical 

cryoprobe is generated with round tip. Figure 3.2 (b) and (c) depict the cryoprobe and 

location of tumor and cryprobe respectively. Finally, a tetrahedral mesh is generated on 

the 3D breast model shown as Figure 3.3. 
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Figure 3.1 A procedure of patient specific modeling of breast 

(a) (b)

(c)  

Figure 3.2 Location and size of tumor and cryoprobe 
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Figure 3.3 3D tetrahedral mesh on the breast model 

 

3.2 Thermal simulation

Temperature distribution and ice ball growth can give a general overview of 

cryosurgical process to surgeons. Figure 3.4 through 3.9 show temperature contours and 

ice ball growth during the simulated surgical procedure. Figures 3.4, 3.6 and 3.9 are at 

the beginning of cryosurgery, the end of freezing process (i.e. after 240 seconds) and 

the end of cryosurgery (i.e. after 840 seconds) respectively while figure 3.8 is at time 

when cryoprobe temperature reaches -21℃ during thawing process (i.e. after 664 

seconds). At this time, ice ball stops growing since cryoprobe temperature is higher than 

eutectic phase change temperature. It is observed that ice ball is growing fast after 
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cryoprobe is activated and decreases its propagation speed after thawing is activated and 

disappeared eventually at the end of cryosurgery. Figure 3.10 shows size of ice ball 

edge at the end of freezing which can completely cover the tumor whose radius is 0.5 

cm.  

 

Figure 3.4 Temperature contour on geometry after 1 second 
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Figure 3.5 Temperature contour on geometry after 117 seconds 
 

Figure 3.6 Temperature contour on geometry after 237 seconds 
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Figure 3.7 Temperature contour on geometry after 534 seconds 
 

Figure 3.8 Temperature contour on geometry after 664 seconds 
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Figure 3.9 Temperature contour on geometry after 840 seconds 
 

Figure 3.10 Ice ball edge after 237 seconds 
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3.3 3D curve-fitting of experimental data

Through 3D curve-fitting, the viability is expressed as a function of hold time 

(HT) and end temperature (ET) as shown in Figure 3.11. Here, only the end temperature 

range between -80℃ and 5℃ will be considered because it can be assumed from the 

experiment that viability drops to zero when the ET is below than -80℃. Equation 3-1 

is cell viability calculation which is a function of HT and ET only. 

2101.28 2.60* 2.72* 0.018* 0.028* *V ET HT ET ET HT= + − + − (3-1) 

Figure 3.12 shows that the viability is relatively low until -40℃ and rapidly 

increases up to 0℃. In Figure 3.13, it is observed that the viability is decreased as HT 

increases. 
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Figure 3.11 3D curve-fitting data 
 

Figure 3.12 2D viability plot with various HT 
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Figure 3.13 2D viability plot with various ET 
 

3.4 Viability prediction

A typical procedure how to determine hold time is shown in Figure 3.14. 5th 

order polynomial curve-fitting was used to mimic the temperature history of the node. 

Then, 2t (i.e. time when the temperature reaches to a point where its temperature is 

5 ℃ higher than ET after passing through the ET point) was determined by solving the 

5th polynomial equation. 

At node 1800, ET is -50.4℃ and HT is 2.17 minutes. By substituting these 

values into viability equation, the viability of node 1800 is predicted as 9.96%. Also, the 

viability along the path can be predicted as shown in Figure 3.15. A path was chosen 

perpendicular to cryoprobe, then, 10 points were used for calculation.  
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Figure 3.14 Curve-fitting of nodal temperature history at node 1800 
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Figure 3.15 Viability plot along the path with corresponding ET 
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3.5 Clinical implication for cryosurgery and treatment planning

Although reconstruction of 3D geometry in this study was based on two 2D 

images perpendicular to each other, other diagnostic images from MRI and CT can also 

be integrated into the developed tool. In these imaging modalities, a stacking of 

multiple images can be used for 3D reconstruction. However, mammogram is not much 

feasible as others due to the deformation of breast during diagnostic imaging.  

Viability prediction takes a significant role in treatment planning of cryosurgery 

because it is a measure to judge or predict the efficacy of cryosurgery. However, since 

the viability evaluated in this study was based on cellular level, it did not include the 

contribution of other injury mechanisms including vascular and immunological injuries. 

The effects of thermally significant blood vessels can be an important future study topic 

since it can significantly alter the thermal history. Furthermore, it can be observed how 

the presence of blood vessel can effect or change the phase change interface. 

With the available patient specific diagnostic information, the developed tool 

could be used to determine the treatment parameters for an optimized outcome. In other 

words, optimization can be achievable by iteration of these procedures until the viability 

of tumor or target tissue drops to designated value. 
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CHAPTER 4 

SUMMARY AND CONCLUSION 
 

In this study, computerized treatment planning tool was developed for 

cryosurgery of breast cancer considering patient specific diagnostic information.  

1. Patient specific diagnostic image reconstruction protocol was developed. 

Starting with two 2D images, key points were imported from images, then, wired frame 

was built up to create a breast volume. The tumor was created as a sphere with the 

information of radius and location. Cylindrical cryoprobe was created with the given 

location of the tumor and insertion. Then, completed 3D patient specific model was 

meshed with 49052 nodes with tetrahedral mesh for thermal analysis.  

2. Thermal simulation of surgical procedure was presented. A commercial FEM 

package (ANSYS version 10) was used to calculate temperature distribution and history 

during cryosurgery, using enthalpy method. To mimic cryosurgical procedure, cooling 

was applied on cryoprobe for first 240 seconds, then, thawing was activated for rest of 

simulation. Minimum temperature of cryoprobe was -163℃. Temperature contours and 

ice ball growth were shown to give a general overview of cryosurgical process. 

3. Treatment outcome was predicted by correlating ET and HT with 

experimental viability data through 3D curve-fitting. HT was determined by solving 5th 

polynomial equation which presents a typical temperature history of node. With the 

given ET and HT, viability was calculated at node and along the path.  
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For future study, integration of all these modules is necessary to let surgeons be 

easily able to predict surgical outcome. Furthermore, the developed tool could be used 

to determine the treatment parameters for an optimized outcome with the available 

patient specific diagnostic information. In other words, optimization can be achievable 

by iteration of these procedures until the viability of tumor or target tissue drops to 

designated value. Also, the contribution of other injury mechanisms including vascular 

and immunological injuries should be included since it can significantly alter the 

thermal history. 
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APPENDIX A 
 

NOMENCLATURE 
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1. NOMENCLATURE

CR  Cooling rate, ℃/min 

CT  Computed tomography 

ET  End temperature, ℃

FEM  Finite element method 

HT  Hold time, min 

MRI   Magnetic resonance image 

TR  Thawing rate, ℃/min 

2. SUBSCRIPTS

a arterial blood 

b blood 

l liquid 

met  metabolic 

s solid 
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APPENDIX B 
 

FEM SIMULATION SCRIPT 
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!!!!!  IMPORTING A PATIENT SPECIFIC INFORMATION  !!!!! 

/PREP7 

NREAD,'data2','txt' 

/uis,msgpop,3 

KNODE,0,all 

middle=19 

end=38 

 

!!!!!  GENERATING 3D BREAST MODEL  !!!!! 

*do,i,1,middle-1 

lstr,i,i+1 

*enddo 

*do,i,middle+1,end-1 

lstr,i,i+1 

*enddo 

*do,j,1,(middle-1)/2 

spline,j,j+middle,middle+(1-j) 

spline,j,end+(1-j),middle+(1-j) 

*enddo 

*do,i,1,((middle-1)/2)-1 

al,i,(middle-1)*2+3+4*i,(middle-1)*2+(1-i),(middle-1)*2+3+4*(i-1) 
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*enddo 

*do,i,1,((middle-1)/2)-1 

al,i,(middle-1)*2+1+4*(i-1),middle-1+i,(middle-1)*2+1+4*i 

*enddo 

*do,i,1,((middle-1)/2)-1 

al,middle-i,(middle-1)*2+2+4*(i-1),middle+i-1,(middle-1)*2+2+4*i 

*enddo 

*do,i,1,((middle-1)/2)-1 

al,middle-i,(middle-1)*2+4*i,(middle-1)*2+(1-i),(middle-1)*2+4*(i+1) 

*enddo 

al,(middle-1)/2,2*(end-1)-2,2*(end-1)-3,(middle-1)/2+1 

al,(middle-1)/2,2*(end-1)-4,2*(end-1)-5,(middle-1)/2+1 

al,2*middle-1,2*middle,2*middle+1,2*middle+2 

va,all 

 

!!!!!  GENERATING TUMOR AND CRYOPROBE  !!!!! 

k,end+1,0.02,0.02,0.02 

k,end+2,0.02,0.04,0.04 

lstr,end+1,end+2 

*afun,deg 

*if,kx(end+1),ne,kx(end+2),then 

local,11,1,0.02,0.02,0, 
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acos(sqrt(((kx(end+2)-kx(end+1))**2+(kz(end+2)-kz(end+1))**2))/sqrt(((kx(end+2) 

-kx(end+1))**2+(ky(end+2)-ky(end+1))**2+(kz(end+2)-kz(end+1))**2))), 

0,acos((kz(end+2)-kz(end+1))/sqrt((kx(end+2)-kx(end+1))**2+(kz(end+2)-

kz(end+1))**2)) 

*elseif,kx(end+1),eq,kx(end+2) 

local,11,1,0.02,0.02,0,0,acos((ky(end+1)-ky(end+2))/sqrt((kz(end+2)-

kz(end+1))**2+(ky(end+2)-ky(end+1))**2)),0 

*endif 

wpcsys,-1,11 

SPH4,0,0,0.005 

vsbv,1,2,,,keep 

vglue,2,3 

SPH4,0,0,0.0017 

vsbv,2,1,,,keep 

vglue,1,4 

cyl4,0,0,0.0017 

vdrag,end+2,,,,,,73 

 

!!!!!  INTEGRATION OF ALL VOLUMES & MESHING  !!!!! 

vadd,1,2 

vsbv,4,5,,,keep 

vsbv,3,5,,, 
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vglue,1,2 

ET,1,SOLID87 

vmesh,all 

 

!!!!!  THERMAL ANALYSIS  !!!!!! 

/NOPR    

/PMETH,OFF,0 

KEYW,PR_SET,1    

KEYW,PR_STRUC,0  

KEYW,PR_THERM,1  

KEYW,PR_FLUID,0  

KEYW,PR_ELMAG,0  

KEYW,MAGNOD,0    

KEYW,MAGEDG,0    

KEYW,MAGHFE,0    

KEYW,MAGELC,0    

KEYW,PR_MULTI,0  

KEYW,PR_CFD,0    

/GO  

!*   

 

!!!!!  MATERIAL PROPERTIES  !!!!! 
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MPTEMP,,,,,,,, 

MPTEMP,1,-180 

MPTEMP,2,-21 

MPTEMP,3,-0.5 

MPTEMP,4,37 

MPDATA,KXX,1,,1.56 

MPDATA,KXX,1,,1.56 

MPDATA,KXX,1,,0.51 

MPDATA,KXX,1,,0.51 

MPDATA,DENS,1,,970 

MPDATA,DENS,1,,970 

MPDATA,DENS,1,,970 

MPDATA,DENS,1,,970 

MPDATA,ENTH,1,,0 

MPDATA,ENTH,1,,276503010 

MPDATA,ENTH,1,,619242876 

MPDATA,ENTH,1,,811630235 

TOFFST,273 

/SOL 

!* 

ANTYPE,4 

!* 
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TRNOPT,FULL 

LUMPM,0 

!* 

TUNIF,37, 

/GO 

!*  

 

!!!!!  BOUNDARY & INITIAL CONDITIONS  !!!!! 

*DIM,CR,TABLE,3,1,1,TIME,TEMP, ,   0 

!*   

/GO  

DA,44,TEMP, %cr%   

*SET,CR(1,0,1) , 0   

*SET,CR(1,1,1) , 37  

*SET,CR(2,0,1) , 240 

*SET,CR(2,1,1) , -163 

*SET,CR(3,0,1) , 840 

*SET,CR(3,1,1) , 37 

DA,52,TEMP, %cr%   

*SET,CR(1,0,1) , 0   

*SET,CR(1,1,1) , 37  

*SET,CR(2,0,1) , 240 
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*SET,CR(2,1,1) , -163 

*SET,CR(3,0,1) , 840 

*SET,CR(3,1,1) , 37 

DA,42,TEMP, %cr%   

*SET,CR(1,0,1) , 0   

*SET,CR(1,1,1) , 37  

*SET,CR(2,0,1) , 240 

*SET,CR(2,1,1) , -163 

*SET,CR(3,0,1) , 840 

*SET,CR(3,1,1) , 37 

DA,43,TEMP, %cr%   

*SET,CR(1,0,1) , 0   

*SET,CR(1,1,1) , 37  

*SET,CR(2,0,1) , 240 

*SET,CR(2,1,1) , -163 

*SET,CR(3,0,1) , 840 

*SET,CR(3,1,1) , 37 

DA,40,TEMP, %cr%   

*SET,CR(1,0,1) , 0   

*SET,CR(1,1,1) , 37  

*SET,CR(2,0,1) , 240 

*SET,CR(2,1,1) , -163 
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*SET,CR(3,0,1) , 840 

*SET,CR(3,1,1) , 37 

DA,41,TEMP, %cr%   

*SET,CR(1,0,1) , 0   

*SET,CR(1,1,1) , 37  

*SET,CR(2,0,1) , 240 

*SET,CR(2,1,1) , -163 

*SET,CR(3,0,1) , 840 

*SET,CR(3,1,1) , 37 

SFA,13,1,CONV,0,37 

SFA,14,1,CONV,0,37 

SFA,36,1,CONV,0,37 

SFA,37,1,CONV,0,37 

DA,35,TEMP,37  

SFA,1,1,CONV,0,20          

SFA,2,1,CONV,0,20 

SFA,3,1,CONV,0,20 

SFA,4,1,CONV,0,20 

SFA,5,1,CONV,0,20 

SFA,6,1,CONV,0,20 

SFA,7,1,CONV,0,20 

SFA,8,1,CONV,0,20 
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SFA,9,1,CONV,0,20 

SFA,10,1,CONV,0,20 

SFA,11,1,CONV,0,20 

SFA,12,1,CONV,0,20 

SFA,15,1,CONV,0,20 

SFA,16,1,CONV,0,20 

SFA,17,1,CONV,0,20 

SFA,18,1,CONV,0,20 

SFA,19,1,CONV,0,20 

SFA,20,1,CONV,0,20 

SFA,21,1,CONV,0,20 

SFA,22,1,CONV,0,20 

SFA,23,1,CONV,0,20 

SFA,24,1,CONV,0,20 

SFA,25,1,CONV,0,20 

SFA,26,1,CONV,0,20 

SFA,27,1,CONV,0,20 

SFA,28,1,CONV,0,20 

SFA,29,1,CONV,0,20 

SFA,30,1,CONV,0,20 

SFA,31,1,CONV,0,20 

SFA,32,1,CONV,0,20 
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SFA,33,1,CONV,0,20 

SFA,34,1,CONV,0,20 

SFA,59,1,CONV,0,20 

SFA,60,1,CONV,0,20 

!* 

*DIM,source,TABLE,2,1,1,TEMP,HGEN,, 0 

!* 

 

!!!!!  SOURCE TERMS  !!!!! 

BF,all,HGEN,%source% 

*SET,SOURCE(1,0,1),0 

*SET,SOURCE(1,1,1),24807 

*SET,SOURCE(2,0,1),37 

*SET,SOURCE(2,1,1),450 

/GO 

KEYOPT,1,1,1 

KEYOPT,1,5,0 

!* 

TIMINT,1 

TINTP,0.005,,,1.0,,, 

LNSRCH,AUTO 

!* 
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OUTPR,BASIC,ALL, 

!* 

OUTRES,ALL,ALL 

!* 

 

!!!!!  TOTAL TIME AND TIME STEP SIZE  !!!!! 

TIME,840 

AUTOTS,ON 

DELTIM,1,1,10,1 

KBC,1 

!* 

TSRES,ERASE 

!/STATUS,SOLU 

SOLVE 

FINISH 
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APPENDIX C 
 

3D CURVE-FITTNG SCRIPT 
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data=load('Han_data.txt'); 

 

x=data(:,1); 

y=data(:,2); 

z=data(:,3); 

 

intercept=ones(length(z),1); 

 

predictors=[intercept, x, y, x.^2, x.*y] 

 

[B,BINT,R,RINT,STATS] = Regress(z,predictors); 

 

ezsurf('101.28+2.6*ET-2.72*HT+0.018*ET^2-0.028*ET*HT',[-80,5,0,10]) 
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APPENDIX D 
 

5TH POLYNOMIAL CURVE-FITTING SCRIPT 
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t=time' 

p(49052,1:6)=0 

ET(49052,2)=0 

ET1(49052,1)=0 

t1(49052,1)=0 

t3(49052,1)=0 

HT(49052,1)=0 

HT1(49052,1)=0 

t2(49052,5)=0 

V(49052,1)=0 

 

for i=1:1:49052 

[ET(i,1),ET(i,2)]=min(TT(i,:)) 

end 

 

for i=1:1:49052 

p(i,1:6)=polyfit(t,TT(i,:),5) 

end 

 

for i=1:1:49052 

t1(i,1)=t(ET(i,2)) 
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end 

for i=1:1:49052 

ET1(i,1)=ET(i,1)+5.0 

end 

 

for i=1:1:49052 

p(i,1:6)=[p(i,1),p(i,2),p(i,3),p(i,4),p(i,5),p(i,6)-ET1(i,1)] 

end 

 

for i=1:1:49052 

t2(i,1:5)=roots(p(i,1:6)) 

end 

 

for i=1:1:49052 

if imag(t2(i,4))~=0 

t3(i,1)=t1(i,1) 

else if t2(i,3)>t1(i,1) 

t3(i,1)=t2(i,3) 

 else 

 t3(i,1)=t2(i,4) 

end 

end 
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end 

for i=1:1:49052 

HT(i,1)=t3(i,1)-t1(i,1) 

end 

 

for i=1:1:49052 

HT1(i,1)=HT(i,1)/60 

end 

 

for i=1:1:49052 

if ET(i,1)>=-80&ET(i,1)<5 

V(i,1)=101.28+2.6.*ET(i,1)-2.72.*HT1(i,1)+0.018.*ET(i,1).^2-

0.028.*ET(i,1).*HT1(i,1) 

else if ET(i,1)>5 

V(i,1)=100 

else 

V(i,1)=0 

end 

end 

end 
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APPENDIX E 
 

COORDINATE OF KEYPOINTS 
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Table A.1 Coordinate of key points 
 
Key point number X[m] Y[m] Z[m] 

1 0.050000000000 0 0 
2 0.049240390000 0.008682409000 0 
3 0.046984630000 0.017101010000 0 
4 0.043301270000 0.025000000000 0 
5 0.038302220000 0.032139380000 0 
6 0.032139380000 0.038302220000 0 
7 0.025000000000 0.043301270000 0 
8 0.017101010000 0.046984630000 0 
9 0.008682409000 0.049240390000 0 
10 0 0.050000000000 0 
11 -0.008682409000 0.049240390000 0 
12 -0.017101010000 0.046984630000 0 
13 -0.025000000000 0.043301270000 0 
14 -0.032139380000 0.038302220000 0 
15 -0.038302220000 0.032139380000 0 
16 -0.043301270000 0.025000000000 0 
17 -0.046984630000 0.017101010000 0 
18 -0.049240390000 0.008682409000 0 
19 -0.050000000000 0 0 
20 0 0 0.050000000000 
21 0 0.008682409000 0.049240390000 
22 0 0.017101010000 0.046984630000 
23 0 0.025000000000 0.043301270000 
24 0 0.032139380000 0.038302220000 
25 0 0.038302220000 0.032139380000 
26 0 0.043301270000 0.025000000000 
27 0 0.046984630000 0.017101010000 
28 0 0.049240390000 0.008682409000 
29 0 0.050000000000 0 
30 0 0.049240390000 -0.008682409000 
31 0 0.046984630000 -0.017101010000 
32 0 0.043301270000 -0.025000000000 
33 0 0.038302220000 -0.032139380000 
34 0 0.032139380000 -0.038302220000 
35 0 0.025000000000 -0.043301270000 
36 0 0.017101010000 -0.046984630000 
37 0 0.008682409000 -0.049240390000 
38 0 0 -0.050000000000 
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