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Abstract

The aim of this study is to investigate the variation of the blood perfusion rate and distribution of oxygen partial
pressure (PO;) in human tumors by a coupling numerical model when laser irradiation is used as an adjuvant method
in the treatment of cancer. A two-dimensional finite element (FE) thermal model of a human breast with a tumor
was developed. The blood circulation inside the breast was modeled using one-dimensional non-linear equations
of pulsatile fluid flow. The distribution of PO, inside the capillaries, tumor vessels, and surrounding tissue was
obtained by the Krogh analysis model. Finally, the variations of the average tumor temperature, blood perfusion,
and PO; during laser heating were computed by coupling the blood circulation, FE thermal, and oxygen transport
models.
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Nomenclature

A cross-sectional area of blood vessel, m?
Ag surface area of blood vessel per unit length, m
a absorption coefficient, m ™!

b variation coefficient in Eq. (17), K~!

c specific heat, J/kg K

E Young’s modulus, kg/s> m

h wall thickness of blood vessel, m

Ryes heat transfer coefficient, W/ mZK

1 laser beam power intensity, W /m?

kp parameter proportional to the bending stiffness of the tube wall, Pa
n normal direction

P pressure, Pa

PO, oxygen partial pressure, Pa

q flow rate, m3/s

r r direction in cylindrical coordinate, m
T temperature, K

t time, S

X axial length coordinate, m

b4 z direction in cylindrical coordinate, m
0 thickness of the boundary layer, m

A thermal conductivity, W/mK

v kinematic viscosity, m?/s

o density, kg/m?>

1) blood perfusion rate, m3/s/m?>

Wrd radial frequency, rad/s

Subscripts

0 initial state

b blood

e element

f fluid

S surface

t tissue

1. Introduction

The effect of hyperthermia is not limited to tumor cells but is also observed on the microvasculature.
The effect of hyperthermia on tumor vasculature is of considerable interest since controlling the tumor
blood flow can improve the efficiency of tumor treatment. For example, in radiotherapy, improving the
blood flow can increase the tumor oxygenation; similarly in chemotherapy, increasing the blood flow helps
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increase the delivery of appropriate pharmacological agents. On the other hand, vascular insufficiency
and poor tumor blood flow are desirable in hyperthermia since the blood flow dissipates energy from the
tissues.

The detailed measurement of microvascular flow [1] in the amelanotic melanoma A-Mel-3 of a hamster
under hyperthermia was carried out by intravital microscopy, quantitative video image analysis, and a
transparent chamber technique. It was observed that when the heating temperature in the melanoma did
not exceed 40 °C, the tumor blood flow increased. However, when the heating temperature exceeded
42 °C and lasted for at least 15 min, the diameters of the arterioles feeding the tumor became constricted
and the tumor blood flow decreased.

The spatial distribution of blood flow in the normal porcine skeletal muscle before, during, and after a
period of regional microwave hyperthermia was examined by the radioactive microsphere method [2]. It
was found that although the blood flow in muscles might be considered to be uniform prior to heating,
regional heating could generate a non-uniform flow distribution, which was a function of the tissue
temperature distribution. Further, the blood flow was greater in those tissue samples in which higher
tissue temperatures were recorded and lesser in those samples further from the applicators’ peak specific
absorption rate (SAR).

The relationship between the changes in oxygen partial pressure (PO») and blood flow in heated tumors
was investigated by animal experiments [3]. The result showed that tumor oxygenation or PO, increases
immediately after mild temperature hyperthermia. In another study by Song and coworkers [4] the damage
caused to a tumor when an antitumor drug was used alone and when it was used in combination with
hyperthermia was investigated, and it was observed that there was a longer growth delay when an antitumor
drug was used in combination with mild hyperthermia.

In summary, exploring the hyperthermia-blood flow-oxygenation relationship is crucial for the realiza-
tion of targeted drug delivery. Modeling the hyperthermia-blood flow-tissue interaction may be beneficial
for the analysis and optimization of the parameters governing planned hyperthermia treatment procedures.

Several modeling studies have been conducted to illustrate the effect of variation of blood flow rate
under local heating. Shulman et al. [5] modeled the blood perfusion variation under local hyperthermia
treatment conditions using a function of temperature and the dimensionless “physiological” time. The
blood flow rate (BFR) function and the one-dimensional bioheat transfer equation were numerically
solved to describe different heat transfer processes that occur during the clinical treatment; therefore, the
temperature and the blood flow rate could be monitored simultaneously.

Guiot et al. [6] investigated the blood perfusion and thermal response of a tissue during hyperthermia
in recurrent breast cancer. They numerically evaluated the “effective conductivity” (kegr) of the perfused
tissue by fitting the measured temperatures to the computed ones. They found that the values of effective
conductivity for different patients varied due to different blood perfusion rates. Therefore, they believe that
a “perfusion map” and a “temperature map” should be monitored within the heated volume throughout
the hyperthermia session.

On the other hand, some researchers are of the opinion that heat transfer in the tissue and blood vessels
should be considered separately using the energy equations in tissue and blood vessels [7,8], instead of
using heat transfer coefficients. These researchers directly simulated the temperature distribution inside
blood vessels and tissue.

A common feature of the above-mentioned modeling studies is that they intend to capture the vari-
ation of blood flow rate with temperature without considering the effects of blood pressure and vessel
characteristics. As regards the determinants of tumor blood flow, Jain [9] in his review suggested that
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a knowledge of the response of the pressure difference between the arterial and venuous ends of tissue
circulation, the blood viscosity, and the geometrical resistance (hindrance) to various chemical stimuli
and physical stimuli (radiation, heat, photodynamics therapy, hemodilation) may be the key issue that
required investigation.

The purpose of this study is to numerically investigate the response of blood flow and oxygen diffusion
to the laser irradiation in a human breast tumor. First, a two-dimensional finite element (FE) thermal
model is developed to simulate the absorption of laser energy. Next, the one-dimensional model of fluid
flow in elastic tubes is used to model the blood flow in the vessel network with neoplastic vasculature.
Subsequently, PO, distribution is analyzed in normal and tumor tissue units through the Krogh model
[10]. These models were weakly coupled by data transfer; thus, the variation of blood flow and oxygen
distribution under laser radiation can be obtained.

2. The breast model under laser irradiation

Fig. 1(a) shows a schematic diagram of a laser-irradiated breast and the solution domain. The breast
model is assumed to be hemispherical in shape with a subcutaneous fat layer and gland regions. A 10-mm
diameter tumor is located 6 mm beneath the surface with its center on the z-axis. The geometrical data
are obtained from the study of Ng and Sudharsan [11]. The laser beam strikes the tissue from a distance.
At the skin surface, there is a water bolus to keep the temperature low.

The tumor vessels are different from the vessels in normal tissues, which are permeable, fragile, and
larger. Less et al. [12] found that the mean values of the diameter and the length of capillaries in a
mammary adenocarcinoma are 10 and 67 um, respectively [12]. On the other hand, the mean values
of diameter and the length of capillaries in normal tissues are 5 and 500 pm, respectively. The tumor
vascular beds are considered to form from the vascular beds in the normal tissues, which are parallel, in
series, or in a combination type [13]. Fig. 1b shows the modeled blood vessel network in a breast tumor.
Here, we consider that the tumor vascular beds are parallel to the normal vascular beds. The geometrical
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Fig. 1. (a) The schematic of a laser-irradiated breast tumor and (b) the blood circulation network.
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Table 1
Physiological data of the vessels in a human breast tumor

Segment number  Vessels Length  Proximal diameter  Distal diameter ~Number of vessels
(m) (1073 m) (1073 m)
1 Lateral thoracic artery and lateral
mammary arterial branch 0.1 4 3.6 1
2 Arterioles 0.014 0.02 0.02 1.5 % 10°
3 Capillaries 0.0005  0.005 0.005 2.3 x 107
4 Tumor vessels 0.0001  0.01 0.01 5% 103
5 Venules 0.018 0.03 0.03 9 x 10°
6 Internal thoracic vein and lateral
thoracic vein 0.1 2 2 1

data of the normal blood vessels, including the length and diameters or the cross-sectional areas of
the vessel segments, were based on the MRI image [14] and the available data [15]. Table 1 lists the
representative data.

3. Analysis
3.1. Analysis of heat transport in living tissue

The temperature distribution induced by laser irradiation in the target zone and other areas is governed
by the bioheat equation [16], which is in the following form:
Ty 62T+ 16T+62T t o4 T —T) )
c—=M|\>5+——+ = C —T).
P ‘\oxr "ror | @Ppeotie T
When the laser beam hits the skin surface, the laser energy is partially absorbed, scattered, and transmitted.
The laser power intensity along the tissue depth is expressed by Lambert—Beer’s law, as follows:

1(r,2) = Iy(r)e~ @9z, 2)

Heat generation due to scattering is assumed to be negligible; therefore, the specific absorption rate in
the target zone can be expressed as follows:

dl
Q = _d_ = ClIO(r)e_(a+s)Z. (3)
v4

Since the diameter of the tumor is 10 mm; the irradiated diameter is set to be 10 mm. For the area not
exposed to a laser irradiation, the specific absorption rate is set to be 0.
The heat transport in the tissue is subject to the following boundary conditions:

(a) at the skin surface

0Ty
it =h(T — Tp). “
on
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(b) At the axis of the symmetry or the base of the breast

oT
r=0 or z=L —=0. )
on

The bioheat equation is discretized using the finite element method (FEM). The finite element equation
is developed using the Galerkin weighted residual method, and the matrix form is expressed as follows:

(S

oT
[ke]{Te}+[C]{ o }—{Ie}+{Se}=0, (6)

T T
1= [ [ (BN ATV

+ f / wbppcb[NTT[N1r drdz — / h[NTY[N1rds,
[c] = f / pcl[NT'[Nr dr dz,

(I} = alo(x) / / [NTYe™%r dr dz 4+ wpppen T / / [N1'rdrdz,

where

(s} = /hTf[N]Trds. (7)
S
The global equation system is then formed from these finite element equations. A forward difference

approximation to the time derivative and the conjugate gradient (CG) method are used in order to compute
the algebraic equations of temperature.

3.2. Analysis of blood flow in the human breast

The blood flow in the breast is expressed by one-dimensional non-linear equations of pulsatile flow in
an elastic tube. The continuity and momentum equation may be, respectively, defined as

ALY g ®)
o ox

0 0 (q* AdP 2nvr

L (L)+o==-=21 ©)
o ox A p Ox o A

The tube law in the arteries is expressed as in [17].

4 Eh Ao
P()C,l)—PO:gE 1-— X . (10)
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In the above equation, E is Young’s modulus, / is the wall thickness, and rq is the radius of the vessels.
The tube law in the microcirculation and veins can be expressed as in [18]

A\ 32
p_P():kp|:1_(A_O> } (11)

where kp, is the coefficient proportional to the stiffness of the tube wall and A is the cross-sectional area
in the initial state. The temperature of blood flow in the vessels is given as in [19].

% iaTb _ hvesAs

— = —oTy — Ty — Tp). 12
% T A oTh pbch(b t) (12)

The system equations (Egs. (8)—(11)) are solved by applying the boundary conditions at the inlet, outlet,
and the bifurcation. A physiological pulsatile flow is assumed at the inlet [20].

Gin = qmax(0.251 4 0.290(cos @ + 0.97 cos 2® + 0.47 cos 3® + 0.14 cos 49)),

D= ot — |22 (13)
v
Since there is no pulsation of pressure in the veins, the outlet pressure is assumed to be 5 mmHg, which
remains constant. At the bifurcations, the pressure is assumed to be continuous and the inflow and outflow
are balanced. The inlet blood temperature is assumed to be 37 °C.

The two-step Lax—Wendroff method was used to transform the system of partial differential equations
(8)—(11) into algebraic equations. The energy equation (12) may be solved after obtaining the blood flow
rate and cross-sectional area from Eqs. (8)—(11). A detailed description of the computational method can
be obtained from [19].

3.3. Analysis of oxygen distribution in blood vessels and tissue

The classical Krogh cylinder approach [10] was used to analyze the oxygen distribution in a tissue.
In the Krogh model, it is assumed that the tissue can be subdivided into parallel and evenly spaced
cylindrical tissue units, and that each of the units has a capillary which supplies oxygen to the tissue
region surrounding it. Thus, a normal and tumor tissue unit were extracted in order to analyze the oxygen
distribution in the vessels and the tissue. The schematic of the computed domain is shown in Fig. 2. The
equation governing oxygen transport in the vessels and the tissue can be expressed as follows:

oPO, oPO, ?PO, %P0,
o ~+ uo = Du - M, (14)

ot ox ox2 0y?
where PO; is the partial pressure of oxygen, « is the oxygen solubility, D is the oxygen diffusivity, and

M is the oxygen consumption rate. At present, the oxygen consumption rate is considered to exhibit
zero-order kinetics, that is

M = My = const for PO, >0,
M =0 for PO, =0. (15)
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Fig. 2. The Krogh cyliner model for the normal and tumor tissue units. (1) Normal tissue unit: R, =3 pm, R =30 pm, L =500 pm,
(2) Tumor tissue unit: R, = 6 um, R = 60 um, L = 100 pm.

The following boundary conditions are supplemented in Eq. (14):

X = 0’ r <RV5 P02 = POZO,
oPO» _

ox
0. (16)

x=0, Ry<r<R or x=L,R,<r<R

0,

oPO» .
o

r=0 or r=R

With respect to the transformation of the oxygen convective-diffusion equation, a simple explicit
scheme, similar to that of energy equation (12), was used.

3.4. Coupling method of the analysis models

In order to solve the above-mentioned hyperthermia-tissue—blood flow interaction problem formulated
above, the weak coupling method was employed.

Fig. 3 shows the schematic of the data transfer between these models. First, the blood pressure and
the flow rate in different vessels are computed through the blood circulation model of the breast. The
blood perfusion rate within one heart beat in the normal and tumor tissues thus obtained is transferred to
the FE thermal model. Second, the temperature in the normal and tumor tissues under laser irradiation
is computed by the FE thermal model and the average tumor temperature is transferred to the blood
circulation model. It has been observed that heating a tumor at 41-42 °C for a duration can induce an
approximately two-fold increase in the tumor blood flow [13]. Therefore, the response of the blood vessels
to the tumor temperature is assumed to be

A= Age?T—To), (17)

where Ag and Tp are the cross-sectional area and blood temperature before heating, respectively, and b is
the variation coefficient. Based on the experimental results, the value of » may be expressed as follows:
b=0.1 T =39-42°C,
b=-0.1 T=>42°C. (18)

Since the cross-sectional area of the blood vessels in the heating area under different tumor average
temperatures is computable according to Eq. (17), the new blood perfusion due to a change in the blood
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Fig. 3. The method of data transfer between the analysis models.

vessel dimensions can be obtained by the one-dimensional blood circulation model and may be transferred
to the FE model instead of the old values. Simultaneously, the new blood velocities are input to the oxygen
analysis model for the computation of oxygen partial pressure in the normal and tumor tissue units.

3.5. Physical and physiological parameters

Three sets of parameters are required for calculating the variation of temperature, blood flow, and
oxygen distribution in a tumor field. These include (a) thermophysical parameters for the thermal model,
(b) parameters related to blood perfusion, and (c) parameters for oxygen distribution. The thermophysical
parameters are compiled from data provided by Shih et al. [8], Ng and Sudharsan [11], Shitzer et al. [21],
and Diller [22]. The absorption coefficient for the tissue is obtained from Tajima [23]. The heat transfer
coefficient at the surface of the breast is calculated by a standard heat transfer correlation for spheres,
which is 458 W/m?K when the temperature of cooling water is 10 °C. Table 2 lists the thermophysical
property values used in the analysis.

Using the data provided by Sheng et al. [15], the number of arterioles, capillaries, and venules is
1.5 x 10°, 2.3 x 107, and 9 x 10°, respectively. Since only a limited amount of data are available
regarding tumor vessel density, we deduced the tumor vessel number from the observed average tumor
blood flow rate. Ng and Sudharsan [11] suggest that the blood perfusion in the breast tumor changes from
8 to 80 ml/100 g/min. Thus, we can deduce the number of tumor vessels from the blood perfusion rate,
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Table 2

Thermal physical property values used in the numerical computation
Density Specific heat Thermal conductivity Viscosity Absorption coefficient
(kg/m?) (kI/kg K) (W/m) (m?/s) (m~)

Subcutaneous fat 930 2.77 0.22 100

Gland 1050 3.77 0.48 100

Tumor 1050 3.77 0.48 100

Blood 1100 3.30 0.45 4x107°

the volume of solid tissue, and the blood flow in a single vessel. In this study, the number of tumor vessels
is computed to be approximately 5000.

The effective diffusion coefficient and the oxygen solubility are assumed tobe D=1.5x 107> cm? /s and
x=3 x 107 cm? 0,/cm?/mmHg, respectively. The metabolic rate of oxygen consumption is assumed
to be 3.3 x 1077 cm?® 0, /cm3 /s [24].

4. Results

In this study, two situations under a laser irradiation of 1.3 W/ cm? were considered. In the first situation,
the blood is well perfused in the peripheral part of the tumor, whereas in the other situation, the blood is
well perfused in the central core of the tumor.

Fig. 4(a) shows the finite-element grid network of the computed model. The tumor and gland tissues
differ in terms of blood perfusion, i.e., the blood perfusion is higher in the tumor tissue. The temperature
distribution at different times under the laser irradiation is shown in Fig. 4(b). As seen in this figure,
the laser energy is transferred deeply into the tissue with time, and the average temperature within the
irradiated tumor increases.

The variations of the average tumor temperature and the tumor blood perfusion are plotted in Fig. 5(a)
and (b), respectively. Since the modification of the tumor blood flow induced by the heating treatment
depends not only on the therapeutic temperature but also on the heating duration, it is assumed that the
variation of the vessels due to the heating treatment occurs 5 min after the heating. Fig. 5(a) shows the
average tumor temperature profile for a heating duration of 1200s. It is observed that the temperature
in the tumor without vessels displays the most rapid increase, the temperature in the tumor wherein
blood is well perfused in the core displays a lesser increase, while that in the tumor well perfused in the
peripheral part displays the least increase. The difference between the highest and the lowest temperatures
is 0.6 °C. The variation of the tumor blood perfusion during heating is plotted in Fig. 5(b). In the coupling
computing, we addressed the time delay in the variation of the blood perfusion as follows: the blood
perfusion variation pattern remains the same within 5 min of heating during the temperature distribution
computation; subsequently the computation of the blood flow will be started with a new average tumor
temperature. Thus, the blood perfusion within a period of 1 s in Fig. 5(b) corresponds to the blood perfusion
within 5 min of heating in Fig. 5(a). Four different types of blood perfusions are observed within 1200 s of
heating. Furthermore, it is found that when the tumor has a well-perfused periphery, the blood perfusion
rate can be increased for longer durations under laser irradiation, but the tumor temperature in this case
is not as easily enhanced as in the case of a tumor with a well-perfused core.
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Fig. 6. Oxygen distribution in the normal (a) and tumor (b) tissue units within a period.

Fig. 6(a) shows the distribution of PO, in the normal tissue unit during a period. PO, in the inlet of a
capillary is assumed to be 50 mmHg, and the pulsatile capillary blood velocity from the one-dimensional
model is assigned to the vessel inlets. The tissue volume has a diameter of 60 um and a length of 0.5 mm,
and the capillary inside the tissue volume has a diameter of 6 um. Due to the small diameter of the vessels
and the low flow rate, the difference in the PO, levels in vessels and the tissue is less, and the spatial and
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Fig. 7. Distribution of the tumor partial pressure of oxygen for different blood perfusion.

temporal distribution is almost uniform. The PO, distribution in the tumor tissue during a period is shown
in Fig. 6(b). The tumor tissue volume has a diameter of 120 pm and a length of 0.1 mm. The tumor blood
vessel is 12 pm in diameter. The PO, distribution in the tumor tissue volume appears different from that
in the normal tissue volume. The PO, gradient in the tumor vessel and the tissue is larger in comparison
with that in the normal tissue; thus, the region that is away from the tumor vessel has a lower PO, than
that near the tumor vessel, and the distribution is inclined to become heterogeneous.

The variation of PO, with different blood velocities in the tumor tissue unit is shown in Fig. 7. The
solid lines represent the distribution profiles with a lower blood velocity in the initial heating period, and
the dotted lines represent the distribution profiles in the later heating period at a higher blood velocity.
Since the variation of blood velocity is caused by heating, we can thus obtain the variation of PO, at
different temperature levels.

5. Discussion

Improving the efficiency of tumor treatments has always been a significant concern. In this study, a
coupling numerical model is presented for the study of the tumor blood perfusion and the distribution of
PO» under laser irradiation. The model includes the blood flow rate, temperature distribution, and PO,
distribution inside the vessels and the tissue unit. This model can be used to quantify the interaction of
hyperthermia, blood flow, and oxygen distribution. The characteristic feature of this coupling model is
to couple the heat and mass diffusion model with a systemic flow model for the determination of blood
flow prescribed for the heat and mass diffusion model.
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Our model has several limitations. First, lumped parameters that are representative of different vessels
are required; these parameters are largely dependent on the experiment. Second, it only models the
geometric differences between normal and tumor vessels. The tumor vasculature, although similar to the
normal vessels in several aspects, has its own characteristic features. The difference in the vessel wall
permeability may also be included. In addition, the heat transfer between the larger arteries in the breast
and the tissue are not considered. Studies have shown that the thermal effect of larger arteries cannot be
neglected [7,8,25]. Due to the limitations of the two-dimensional model, the larger arteries in the breast
are treated as the same media as that surrounding them.

6. Summary

In conclusion, the proposed coupling model can be used to investigate hyperthermia-blood flow-
oxygen distribution interaction. The initial results show that for the tumors with different blood perfusion
distribution, the variation of tumor temperature after heating is different. Accordingly, the tumor blood
perfusion displays a different modification tendency. Moreover, the oxygen distribution gradient is greater
in the tumor tissue than in the normal tissue, particularly near the tumor vessels.

The coupling model presented here provides a tool to analyze the relationship between blood flow,
vessel temperature, and oxygen distribution. The ultimate goal of this study is to monitor the spatial and
temporal variation of the tumor blood perfusion and its effect on the oxygen distribution in the treatment
of cancer. The future extension of this research would be the study of the blood perfusion and oxygen
distribution in differently shaped tumors with different heating sources.
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