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Large blood vessels can produce steep temperature gradients in frozen tissues, resulting in

inadequate cooling temperatures during cryosurgery. In addition, blocking of blood vessels

and=or bleeding due to ruptures of large blood vessels by the iceball during the cryoablation

procedure may cause undesired damage to healthy tissues or organs. However, such impor-

tant issues have received little attention up to now. In this article, several typical vascular

models, which have been widely used in simulation of tissue temperature during tumor

hyperthermia, are applied to study the effects of large blood vessels on the transient tissue

temperature distributions during cryosurgery treatment. The thermal model combines the

Pennes bioheat transfer equation describing perfused tissues and the energy equation for

single or countercurrent large blood vessels with a constant Nusselt number. A finite-differ-

ence algorithm based on the effective heat capacity method is applied to solve these complex

heat transfer problems with phase change in biological tissues embedded with large blood

vessels. In the algorithm, the tissues are treated as nonideal materials, freezing over a tem-

perature range, and the effects of blood perfusion and metabolic heat generation in the

unfrozen tissues are also included. Numerical analyses are then performed to test the influ-

ence of the blood vessels on the temperature distributions of tissues. The results indicate that

different vascular models produce significantly different temperature transients for a given

freezing pattern. Therefore, without careful treatment planning on some specific tumors

close to or with large vessels transmitting through, the final cryosurgery may turn out to

fail. In other words, insufficient cooling of the targets due to heating of large and warm

blood vessels may lead to the regeneration of tumor cells. This study has raised quite a

few important issues in modeling the cryosurgical phase-change behavior of living tissues

embedded with large blood vessels.

INTRODUCTION

Cryosurgery, sometimes referred to as cryotherapy or cryoablation, is a form
of treatment performed with an instrument that freezes and destroys the diseased
tissue, and is fast becoming a minimally invasive surgical technique. One of the big-
gest breakthroughs in the field of cryosurgery for tumor treatment has been the
application of intraoperative ultrasound to monitor the cryosurgical destruction
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process. Under the monitoring of ultrasound, the size of the iceball created during
the cryosurgery procedure can be carefully controlled, and complete ablation of
the undesirable tissues is then assured. Generally speaking, cryosurgery has the
advantage of being an excellent technique that spares much more noncancerous
tissue than conventional surgical resection [1].

As is well known, tumor growth and survival ultimately depends critically on
its blood vessel network. The process of neovascularization, as shown in Figure 1, is
a universal characteristic of solid cancers larger than a few millimeters [2], which
results from the fact that tumors are often situated near some large blood vessels.
In addition, some malignancies, such as pancreatic tumors, encase the aorta and
other major vessels (as shown in Figure 2) [3]. The presence of tumor involvement
of vessels will, in most cases, make the patient ineligible for curative resection. There-
fore the use of cryosurgery in these cases often appears as an attractive choice. How-
ever, it can be a plague to implement cryosurgery when a tumor is too close to a
critical blood vessel or such vessel transits the tumor. There are two main reasons
for this: on the one hand, the heating nature of the flowing blood in the large vessels
can produce steep temperature gradients in frozen tissues, resulting in inadequate
cooling temperatures and then contributing to nonkilling of tumor during cryosur-
gery; on the other hand, cutting off circulation of blood vessels and=or bleeding
due to rupture of large blood vessels by the iceball during the cryoablation procedure
may cause undesired damage to healthy tissues [4]. In addition, there is still much
concern about the effect of cryotherapy on major vessels in a young patient with
anticipated subsequent growth [5], although blood vessels do seem to tolerate some
freezing [6]. In order to implement effective cryosurgery for the case of large blood

NOMENCLATURE

C heat capacity, J=m3 �C
D diameter of vessel, m

Fo ¼ ðekkDtÞ=ðeCC Dx2Þ
h convective heat transfer coefficient,

W=m2 �C
k thermal conductivity, W=m �C
Nu Nusselt number

P perimeter of vessel, m

Ql latent heat, J=m3

Qm metabolic heat generation, W=m3

R thermal resistance, m �C=W
S cross-sectional area of vessel, m2

t time, s

T temperature, �C
Ta artery temperature, �C
Tm freezing point of ideal tissue, �C
Tml lower phase transition temperature

of tissue, �C
Tmu upper phase transition temperature

of tissue, �C
Tw temperature at probe tip, �C

Twb temperature of the vessel wall, �C
v velocity of blood flow, m=s

W ¼ exxb Cb=eCC
x, y, z Cartesian coordinate, m

X location

b parameter taking a value between 0

and 1

D step size

p circular constant

xb blood perfusion, ml=s=ml

X computation domain

Subscripts

b blood

f frozen tissue

t tumor

u unfrozen tissue

0 initial value

Superscript

� effective value
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vessels embedded in or close to the tumor, the effects of large blood vessels on the
transient temperature distributions of tissues subject to controlled freezing must be
well understood. Unfortunately, the current situation is that little is known about
the role of the large blood vessels in the freezing behavior of living tissues, and most

Figure 2. Angiography for pancreatic cancer [3]. Coronal three-dimensional volume-rendered multidetec-

tor computerized tomography (CT) scan shows pancreatic tumor (arrows) encasing mid-portion of

superior mesenteric artery (arrowhead). This tumor was not eligible for curative resection (citation with

permission).

Figure 1. Tumor blood vessel network [2] (citation with permission).
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of the existing studies [7–14] on the freezing behavior of living tissues during cryosur-
gery have been based on the classical bioheat transfer model—the Pennes bioheat
equation, in which a collective perfusion term is used to reflect the thermal effect
of blood flow. However, the Pennes equation has the inherent limitation that it can-
not simulate the effects of widely spaced thermally significant blood vessels [15].
Such vessels are distributed throughout the body, and can perturb the temperature
field of tissue [16]. In particular, when large blood vessel are present, the convective
effect of the blood flow may significantly heat the surrounding cold tissues frozen by
the cryoprobe, thus possibly forming steep temperature gradients between large
blood vessels and the tissues near the vessels. If such temperature gradients are
present, the freezing protocol must be revised to provide adequate freezing and to
avoid damaging normal tissue. As is well known, any revision of the freezing proto-
col depends on the tissue temperature responses to it. Therefore, a quantitative
mathematical model including the thermal effects of large blood vessels is urgently
needed for predicting the temperatures of tissues subject to freezing.

Many vascular heat transfer models currently exist which account for the
convective effects of large blood vessels on the temperatures of tissues. However,
most of them were developed for hyperthermia [17–29] or for basic bioheat studies
[15, 30–45], and did not take into consideration the cryosurgical phase-change heat
transfer in living tissues with large blood vessels. Among them, Chato’s work [30]
was among the first to investigate the thermal behaviors of blood vessels. By introdu-
cing several simplifications, he solved analytically the temperature fields for a single
vessel and a countercurrent vessel pair embedded in nonperfused tissues. Weinbaum-
Jiji’s modified bioheat transfer equation [31], which did not explicitly include large
blood vessels, is also used as an alternative equation to study bioheat transfer pro-
blems. Lagendijk and his colleagues established a discrete vasculature thermal model,
in which the vessel network is described as a structured tree of vessel segments [40, 42].
Chen and Roemer [20] developed several vascular models, and then studied the effects
of large blood vessels on the tissue temperature distributions during simulated
hyperthermia. Due to its important applications in tumor hyperthermia, the study
of thermal behavior of large blood vessels has been a focus in the bioheat transfer
field. Unfortunately, little attention has been paid to the effects of large blood vessels
on the phase-change heat transfer in living tissues subject to freezing. Quite recently,
Zhang et al. [4] made the first attempt to develop a theoretical model as well as simu-
lating experiments for cryogenic heat transfer in biological tissues embedded with
large blood vessels. They proposed a conceptual model for characterizing the heat
transfer in two-dimensional cylindrical tissues with a single blood vessel, and solved
it analytically. Using this model, they investigated the influence of the blood vessel
entrance temperature, the vessel diameter, the blood flow velocity, and the vessel
length on the tissue temperature distributions. However, due to the complexity
of such problems, only a two-dimensional steady-state case with a single blood vessel
transiting the tissues was considered. The details of three-dimensional transient
cases with a single vessel or a countercurrent vessel pair, which is more real, are
still unknown. Tremendous efforts are needed to probe into such important issues.

In this study, several typical vascular models, which have been widely used in
hyperthermia modeling, are applied to study the effects of large blood vessels on the
tissue temperature distributions during cryosurgery. Both the convective mechanism
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of blood flow in the large blood vessels and the heat source mechanism of the per-
fused blood are considered. Due to the complexity, the models are solved by a
numerical algorithm based on the effective heat capacity method. The numerical
solutions are then used to demonstrate the influence of the different vessel models
on tissue temperature fields during cryosurgery. The present work is expected to
be valuable in optimizing cryosurgery procedures in which the tissues are embedded
with large blood vessels.

MODELS AND ALGORITHM DEVELOPMENT

In this study, four different vascular models with typical geometric configura-
tions are applied to simulate the cryogenic heat transfer of in situ tissues (shown in
Figure 3), which include: (1) the bioheat transfer equation model, BHTE; (2) a model
with a single artery transiting the tumor, SATT; (3) a model with a single artery close
to the tumor, SACT; and (4) a model with countercurrent-flow vessels close to the
tumor, CVCT. The boundary conditions are a constant temperature of 37�C on
all surfaces of the parallelepiped. Similar vascular models were first developed to
study the effects of large blood vessels on temperature distributions during simulated
hyperthermia by Chen and Roemer [20]. In these models, the whole tissue domain
consists of unfrozen tissue, frozen tissue, and large blood vessel domains.

In order to avoid the time-consuming iteration at the moving boundary, the
effective heat capacity method is used in this study. A detailed description of the effec-
tive heat capacitymethod for theBHTEmodel (shown inFigure 3a) has beenpresented
in our previous study [46]. The derivation is not repeated here, for brevity. In this study,
the tissues are treated as nonideal materials, freezing over a temperature range
(Tml , Tmu), where Tml and Tmu are respectively the lower and upper phase transition
temperatures of tissue, aiming to reflect a relatively real clinical situation. Then the uni-
form energy equation for the unfrozen and frozen biological tissues can be written as

eCC qT
qt

¼ r � ekkrT � exxbCbT þ eQQm þ exxbCbTa X 2 X ð1Þ

whereCb is the heat capacity of blood;X contains theCartesian coordinates x, y, and z;
X denotes the analyzed domain; T the tissue temperature; Ta the arterial temperature;eCC the effective heat capacity; ekk the effective thermal conductivity; eQQm the effective
metabolic heat generation; exxbðTÞ the effective blood perfusion; and

eCCðTÞ ¼

Cf T < Tml

Ql

Tmu � Tmlð Þ þ
Cf þ Cu

2
Tml � T � Tmu

Cu T > Tmu

8>><>>: ð2Þ

ekkðTÞ ¼

kf T < Tml

kf þ ku
� �

2
Tml � T � Tmu

ku T > Tmu

8><>: ð3Þ
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Figure 3. Illustration of several typical vascular models: (a) bioheat transfer equation model, BHTE; (b) a

model with a single artery transiting the tumor, SATT; (c) a model with a single artery close to the tumor,

SACT; (d) a model with countercurrent flow vessels close to the tumor, CVCT.
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eQQmðTÞ ¼
0 T < Tml

0 Tml � T � Tmu

Qm T > Tmu

8<: ð4Þ

exxbðTÞ ¼
0 T < Tml

0 Tml � T � Tmu

xb T > Tmu

(
ð5Þ

whereCu,Cf are, respectively, the heat capacity of unfrozen and frozen tissues;Ql is the
latent heat of tissue; ku, kf are the thermal conductivity of unfrozen and frozen tissues;
xb is the blood perfusion of unfrozen tissue; andQm is themetabolic heat generation of
unfrozen tissue. For simplicity, eCC in Eq. (2) and ekk in Eq. (3) are taken as constant when
Tml � T � Tmu.

Additionally, in these models the temperature of blood in large vessels, which
varies along the flow direction, is governed by the convective heat transfer equation

Cb
qTb

qt
¼ hP

S
Twb � Tbð Þ � Cbv

qTb

qz
ð6Þ

where h ¼ Nu � kb=D is the convective heat transfer coefficient between the blood
and tissue, D is the diameter of the vessel, P is the perimeter of the vessel, S is the
cross-sectional area of the vessel, v the mean blood velocity along the vessel, Nu
the Nusselt number, and Twb the wall temperature of the vessel. Similar to the study
of Chato [30], conduction inside the vessel in the z direction (flow direction) is
neglected for large flow rate, and a constant Nusselt number is assumed. The sign
of blood velocity v is assigned as positive, i.e., the velocities for bloods in artery
and vein are positive and minus, respectively.

Applying the explicit finite-difference formulation to Eq. (1) and using the
following relation to express the linear term T on the right side of Eq. (1),

TðX; tÞ ¼ bTðX; tþ DtÞ þ ð1� bÞTðX; tÞ ð7Þ

where b is a relaxation factor and 0 � b � 1. Equation (5) can be discretized as

TðX; tþ DtÞ ¼ 1�Wð1� bÞDt�m � Fo
1þWbDt

TðX; tÞ þ
Xm=2

i¼1

Fo

1þWbDt
TðX þ DXi; tÞ

þ
Xm=2

i¼1

Fo

1þWbDt
TðX � DXi; tÞ þ

eQQm þ exxbCbTa

h i
Dt

1þWbDt
ð8Þ

where Dt is the time increment; W ¼ exxbCb=~CC, and Fo ¼ ðekk � DtÞ=ðeCC � Dx2Þ is the
Fourier number; m ¼ 2, 4, 6 correspond to the cases of one, two, and three dimen-
sions, respectively; DX1 ¼ ðDx; 0; 0Þ; DX2 ¼ ð0;Dy; 0Þ; DX3 ¼ ð0; 0;DzÞ.

For the vascular models, the finite-difference formulation in the blood vessel
domain needs special treatment. In order to avoid the convective numerical instabil-
ities, the upwind scheme is used to discretize the convective term in Eq. (6). Referring
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to the formulation presented in [20], the general finite-difference equation for the
different types of vessels can be written as

Cb

Tnþ1
i;j;k � Tn

i;j;k

Dt
¼

Tnþ1
iþ1;j;k � Tnþ1

i;j;k

S � Riþ1=2
�
Tnþ1
i;j;k � Tnþ1

i�1;j;k

S � Ri�1=2
þ
Tnþ1
i;jþ1;k � Tnþ1

i;j;k

S � Rjþ1=2

�
Tnþ1
i;j;k � Tnþ1

i;j�1;k

S � Rj�1=2

� Cbv
Tnþ1
i;j;k � Tnþ1

i;j;k�1

Dz
ð9Þ

The subscripted R’s are the thermal resistance between the center vessel node (i, j, k)
and the four neighboring tissue nodes outside the vessel. These thermal resistances
are composed of two parts, the convective and conductive resistances. The total ther-
mal resistances between the two nodes, (i, j, k) and (i� 1, j, k), (i, j, k) and (iþ 1, j, k),
(i, j, k) and (i, j� 1, k), (i, j, k), and (i, jþ 1, k), are, respectively [20],

Ri�1=2 ¼ Riþ1=2 ¼
4

hpD
þ 2

pekk ln Dx
D=2

ð10Þ

Rj�1=2 ¼ Rjþ1=2 ¼
4

hpD
þ 2

pekk ln Dy
D=2

ð11Þ

where D is the diameter of the vessel. For countercurrent vessel pairs, the thermal
resistance between the artery and the vein is

Ra�v ¼
8

hpD
þ 4

pekk lnDyD ð12Þ

For the four neighboring tissue nodes outside the vessel, the finite-difference
formulations are different from those for the other tissue nodes, and are,
respectively,

eCC Tnþ1
i�1;j;k � Tn

i�1;j;k

Dt
¼

Tnþ1
i;j;k � Tnþ1

i�1;j;k

S � Ri�1=2
þ
ekk Tnþ1

i�2;j;k � Tnþ1
i�1;j;k

� �
Dx2

þ ekk Tnþ1
i�1;jþ1;k � 2Tnþ1

i�1;j;k þ Tnþ1
i�1;j�1;k

Dy2
þ
Tnþ1
i�1;j;kþ1 � 2Tnþ1

i�1;j;k þ Tnþ1
i�1;j;k�1

Dz2

 !
� exxbCb bTnþ1

i�1;j;k þ 1� bð ÞTn
i�1;j;k

h i
þ eQQm þ exxbCbTa ð13Þ

eCC Tnþ1
iþ1;j;k � Tn

iþ1;j;k

Dt
¼

Tnþ1
i;j;k � Tnþ1

iþ1;j;k

S � Riþ1=2
þ
ekk Tnþ1

iþ2;j;k � Tnþ1
iþ1;j;k

� �
Dx2

þ ekk Tnþ1
iþ1;jþ1;k � 2Tnþ1

iþ1;j;k þ Tnþ1
iþ1;j�1;k

Dy2
þ
Tnþ1
iþ1;j;kþ1 � 2Tnþ1

iþ1;j;k þ Tnþ1
iþ1;j;k�1

Dz2

 !
� exxbCb bTnþ1

iþ1;j;k þ 1� bð ÞTn
iþ1;j;k

h i
þ eQQm þ exxbCbTa ð14Þ

54 Z.-S. DENG AND J. LIU



eCC Tnþ1
i;j�1;k � Tn

i;j�1;k

Dt
¼

Tnþ1
i;j;k � Tnþ1

i;j�1;k

S � Rj�1=2
þ
ekk Tnþ1

i;j�2;k � Tnþ1
i;j�1;k

� �
Dy2

þ ekk Tnþ1
iþ1;j�1;k � 2Tnþ1

i;j�1;k þ Tnþ1
i�1;j�1;k

Dx2
þ
Tnþ1
i;j�1;kþ1 � 2Tnþ1

i;j�1;k þ Tnþ1
i;j�1;k�1

Dz2

 !
� exxbCb bTnþ1

i;j�1;k þ 1� bð ÞTn
i;j�1;k

h i
þ eQQm þ exxbCbTa ð15Þ

eCC Tnþ1
i;jþ1;k � Tn

i;jþ1;k

Dt
¼

Tnþ1
i;j;k � Tnþ1

i;jþ1;k

S � Rjþ1=2

þ
ekk Tnþ1

i;jþ2;k � Tnþ1
i;jþ1;k

� �
Dy2

þ ekk Tnþ1
iþ1;jþ1;k � 2Tnþ1

i;jþ1;k þ Tnþ1
i�1;jþ1;k

Dx2
þ
Tnþ1
i;jþ1;kþ1 � 2Tnþ1

i;jþ1;k þ Tnþ1
i;jþ1;k�1

Dz2

 !
� exxbCb bTnþ1

i;jþ1;k þ 1� bð ÞTn
i;jþ1;k

h i
þ eQQm þ exxbCbTa ð16Þ

For the unfrozen and frozen tissue domains, applying the boundary con-
ditions at time tþ Dt and substituting the calculated results at the previous time
t, the unknown T at time tþ Dt can be solved from Eq. (8). For the blood vessel
domain, due to implicit formulations being applied, the unknown T at time tþ Dt
are solved by Gauss-Seidel iteration. After the temperature distributions at time
tþ Dt have been solved, the anterior and posterior moving boundaries can be
determined by the isotherms of Tmu and Tml , respectively. In order to avoid the
numerical instability in Eq. (8), the space and time steps are limited by
1�Wð1� bÞ Dt�m � Fo � 0. In this study, the grid resolution is Dx ¼ Dy ¼
Dz ¼ 0.002m and Dt ¼ 0:1 s.

The computer code compiled in this article is revised from the code developed
in our previous study [46], which had been validated through comparing the
numerical results with the exact solution for phase-change problem of a semi-
infinite region.

NUMERICAL RESULTS AND DISCUSSION

The tissue domain is prescribed in a rectangular geometry with 10 cm� 10 cm�
20cm in the x, y, and z directions respectively, and the dimensions of the tumor, which
is located at the center of the tissue region, are 3.2 cm� 3.2 cm� 3.2 cm for all configura-
tions. The blood flow velocity is set as 10 cm=s, and the vessel diameter is set as 1mm,
based on data from Chato’s work [30]. If, in the blood vessel domain, there is one
node at which the temperature is below the freezing point of tissue during calculations,
the blood flow velocity is set as 0. The constant Nusselt number is taken as Nu ¼ 4
[15, 30]. In the calculations, the cylindrical probe is approximated by a cube. Although
the nonuniform grid technique can be introduced to deal with a cylindrical probe
surface, this feature is not addressed in this article, for brevity. The probe’s acting
tip with16mm� 8mm� 8mm size is positioned at the domain of [0.042m�
x� 0.058m, 0.046m� y� 0.054m, 0.096m� z� 0.104m]. The boundary conditions
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at the probe surface are prescribed according to the probe tip and probe shank,
respectively, as

T ¼ Tw at probe tip ð17Þ

k
qT
qn

¼ 0 at probe shank ð18Þ

The initial temperature field in tissue is simplified as T0ðx; y; zÞ ¼ 37�C.
Typical tissue properties are applied as given in [9, 47]:Cb ¼ Cu ¼ 3:6MJ=m3 �C,

Cf ¼ 1:8MJ=m3 �C, kf ¼ 2W=m �C, ku ¼ 0:5W=m �C,QL ¼ 250MJ=m3,Ta ¼ 37�C;
Tml ¼ �8�C; Tmu ¼ �1�C. The temperature of the probe tip is assumed to be
constant (Tw ¼ �196�C). Both the blood perfusion and metabolic rate are very
different for normal and tumor tissues [48, 49], and are taken as

xb ¼
0:0005ml=s=ml x; y =2Xt

0:002ml=s=ml x; y 2 Xt

�
ð19Þ

Qm ¼ 4200W=m3 x; y =2Xt

42000W=m3 x; y 2 Xt

�
ð20Þ

respectively, where Xt is the tumor domain.
Figures 4 and 5 depict the results for the SATT model, in which the central line

of the single artery is at (x ¼ 0.062m, y ¼ 0.05m). Figure 4 shows the temperature
distribution when t ¼ 50 s at cross section x ¼ 0.062m, which is at a distance of

Figure 4. Temperature distribution at cross section x ¼ 0.062m at t ¼ 50 s for SATT model.
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4mm away from the probe tip. Here, as is expected, the temperature distributions of
tissues around the probe tip are very different from those of tissues far from the tip.
Figure 5 gives the transient temperature distributions at x ¼ 0.062m, z ¼ 0.1m, and
curves A–H clearly present the temperature evolutions. In order to better illustrate
the effects of blood vessel on the temperature responses of tissue during freezing,
similar calculations for the BHTE model have also been performed, and the corre-
sponding results are respectively depicted in Figures 6 and 7 (similarly hereafter
for the calculation examples of the SACT and CVCT models). It can be seen from
these figures that blood vessels can result in significant difference in temperature
responses. Due to the heating behavior of the flowing blood in large blood vessels,
the temperature of tissue near the cryoprobe for the case of the SATT model in
which a large blood vessel is involved is much higher than that for the case of the
BHTE model. This feature is clearly shown in the above figures. It can also be made
out from Figure 5 that only after 70 s of freezing is the blood vessel near the cryop-
robe already frozen, and thus the circulation of blood vessels is cut off. This may
result in bleeding due to rupture of blood vessels by the ice crystal. The loss of blood
flow will ultimately result in ischemia and tissue death, so either cutting off circu-
lation of blood vessels or bleeding during the cryoablation procedure may cause
undesired damage to healthy tissues or organs. Therefore, it becomes a plague to
implement cryosurgery if a critical blood vessel transits the tumor, although blood
vessels do seem to tolerate some freezing. Since it is possible to create an iceball
immediately adjacent to a vessel wall, the path of the probe also needs to be carefully
designed to avoid it being placed too close to major vessels during cryosurgery.

Probe located distant from major vessels is relatively straightforward. Figures 8
and 9 depict the results for the SACT model, in which the central line of the single
artery is at (x ¼ 0.07m, y ¼ 0.05m). Figure 8 shows the temperature distribution
when t ¼ 1,200 s at cross section x ¼ 0.07m, which is at a distance of 12mm away

Figure 5. Temperature transients at x ¼ 0.062m, z ¼ 0.1m for SATT model.
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from the probe tip. Figure 9 shows the transient temperature distributions at
x ¼ 0.07m, z ¼ 0.1m, and curves A–H present the temperature evolutions. The cor-
responding results for the BHTE model are depicted in Figures 10 and 11, respect-
ively. These figures also indicate that blood vessels can result in evident differences in
temperature responses. In addition, the temperature rise near the cryoprobe for the
case of the SACT model also presents due to the heating effect of blood flow. From

Figure 6. Temperature distribution at cross section x ¼ 0.062m at t ¼ 50 s for BHTE model.

Figure 7. Temperature transients at x ¼ 0.062m, z ¼ 0.1m for BHTE model.
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Figure 9, it can be made out that after 1,200 s of freezing, the blood vessel near the
cryoprobe has just started to freeze. Generally, such a time is long enough to perform
a full freezing process during cryosurgery; meanwhile, the ‘‘heat source’’ effect, cre-
ated by warm and flowing blood, can prevent damage to the vessel endothelium.
This indicates that with appropriate design, an effective cryosurgery for the case
of a large blood vessel close to the tumor is possible. However, the heating nature

Figure 8. Temperature distribution at cross section x ¼ 0.07m at t ¼ 1,200 s for SACT model.

Figure 9. Temperature transients at x ¼ 0.07m, z ¼ 0.1m for SACT model.
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of blood flow during cryosurgery may also result in inadequate cooling temperatures
and then contribute to nonkilling of tumor. Therefore, in order to perform effective
cryosurgery when a large blood vessel presents, the effects of large blood vessels on
the temperature responses of tissues subject to controlled freezing must be well
understood. The numerical results for the CVCT model are depicted in Figures 12
and 13, respectively, in which the central lines of the countercurrent-flow vessels

Figure 10. Temperature distribution at cross section x ¼ 0.07m at t ¼ 1,200 s for BHTE model.

Figure 11. Temperature transients at x ¼ 0.07m, z ¼ 0.1m for BHTE model.
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are at (x ¼ 0.07m, y ¼ 0.048m) and (x ¼ 0.07m, y ¼ 0.05m), respectively. Figure 12
shows the temperature distribution when t ¼ 1,200 s at cross section x ¼ 0.07m, and
Figure 13 gives the transient temperature distributions at x ¼ 0.07m, z ¼ 0.1m. The
results in Figures 12 and 13 further illustrate the effects of large blood vessels on
the tissue temperature, and similar conclusions can be made as from the SATT
and SACT models. In addition, the nonsymmetrical temperature distribution around

Figure 12. Temperature distribution at cross section x ¼ 0.07m at t ¼ 1,200 s for CVCT model.

Figure 13. Temperature transients at x ¼ 0.07m, z ¼ 0.1m for CVCT model.
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the cryoprobe comes just from the heating of the countercurrent blood flow.
Comparisons of the results among all the above models indicate that different
vascular models produce significantly different temperature responses for a given
freezing pattern.

In order to illustrate the heating effects of large blood vessels quantitatively,
the temperature differences between results for the cases of large blood vessel close
to the tumor and that for the BHTE model are shown in Figures 14 and 15, respect-
ively. It can be clearly seen that the maximum temperature difference reaches nearly
20�C. So the heating effects of large blood vessels cannot be neglected for a valid
treatment planning of cryosurgery.

The location and size of the iceball developed by a particular cryoprobe con-
figuration is important in medical treatment, and its determination will allow the
clinician to understand well the freezing necrosis extent as a result of applying a spe-
cific probe system. More important, such information is very beneficial for preselect-
ing the correct probe parameters to realize a desirable lesion size. In order to show
the effects of large blood vessels on the iceball parameters, the ice fronts at cross sec-
tion x ¼ 0.07m and t ¼ 1,200 s for the CVCT and BHTE models are depicted as
examples in Figure 16. It is clearly shown that, due to the heating effects of blood
flow, the size of the iceball for the CVCT model is much less than that for the BHTE
model. It further indicates that the heating effects of large blood vessels during cryo-
surgery may result in inadequate freezing and then contribute to incomplete tumor
killing.

To eliminate unfrozen regions in tumors and to obtain improved cryosurgery
temperature fields, optimal freezing protocols must be found. Since the present
study involves three-dimensional inhomogeneous models with different types and

Figure 14. Distribution at cross section x ¼ 0.066m (which is one of the tumor margins) at t ¼ 1,200 s for

temperature differences between results by SACT model and by BHTE model.
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configurations of blood vessels, a complete optimization study would involve many
parameters and be very complicated. Therefore, an exhaustive optimization study is
beyond the scope of this work.

Further, multiple cryoprobes can be used to create an iceball that embraces a
vessel while not freezing the blood vessel, which potentially necessitates the use of

Figure 15. Distribution at cross section x ¼ 0.066m (which is one of the tumor margins) at t ¼ 1,200 s for

temperature differences between results by CVCT model and by BHTE model.

Figure 16. Ice fronts at cross section x ¼ 0.07m and t ¼ 1,200 s for BHTE and CVCT models; —— repre-

sents ice front for CVCT model and ———— represents ice front for BHTE model.
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a treatment system with multiple probes. With the increase in the number of probes,
a new challenge is raised. That is, the cryosurgery treatment planning tools or opti-
mization techniques need to be developed. As demonstrated above, the numerical
algorithm developed in this article can be applied to solve the complex heat transfer
problems with phase change in biological tissues embedded with large blood vessels.
With clear knowledge of tissue temperature response to the given conditions, it may
be possible to obtain optimal freezing parameters. In addition, in contrast to the
freezing process, effects of large blood vessels on the temperature transients during
thawing of partially frozen tumors with large blood vessels can be similarly studied
by the present method. Moreover, considering that the vessel diameter in this
study is limited by the thermal model describing heat transfer to or from large vessels
[shown in Eq. (6)], which is based on a heat transfer coefficient derived from analyti-
cal solutions of forced convection in cylindrical ducts, detailed parametric analysis
of the vessel diameter influence on the aspects of iceball formation and transient
temperature profiles has not been presented. These issues are worthy of further
investigation.

CONCLUSIONS

This study develops an effective capacity-based numerical algorithm for solv-
ing three-dimensional phase-change processes in biological tissues embedded with
large blood vessels. In the algorithm, both the convective mechanisms for the direc-
tional blood flow in the large vessels and the thermal source effects for the perfused
blood, which is used in an attempt to account for the collective heat transfer beha-
viors of the blood flow in the smaller vessels, are considered. Using this algorithm,
the effects of large blood vessels on the tissue temperature distributions during cryo-
surgery are investigated. The comprehensive computational results indicate that dif-
ferent vascular models produce significantly different temperature patterns, and that
the heating effects of large blood vessels during cryosurgery may result in inadequate
freezing and then contributing to nonkilling of tumor. This indicates the importance
of considering the vasculature for cryosurgery temperature prediction. Based on the
present research, the optimal protocol for cryotreating tissues embedded with large
blood vessels can perhaps be carried out in future clinical practices.
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