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Abstract The human finger is said to be the extension of the brain and can convey the
information on mechanical, thermal, and tissue damaging. The quantitative prediction of
blood flow rate and thermal generation are of great importance for diagnosing blood
circulation illness and for the noninvasive measurement of blood glucose. In this study, we
developed a coupled thermofluid model to simulate blood flow in large vessels and living
tissue. The finite element (FE) model to analyze the blood perfusion and heat transport in the
human finger was developed based on the transport theory in porous media. With regard to
the blood flow in the large arteries and veins, the systemic blood circulation in the upper limb
was modeled based on the one-dimensional flow in an elastic tube. The blood pressure and
velocity in each vessel were first computed and the corresponding values for the large vessels
in the finger were subsequently transferred to the FE model as the boundary conditions. The
realistic geometric model for the human finger was constructed based on the MRI image data.
After computing the capillary pressure and blood velocity in the tissue, the temperatures in
the large vessels and the tissue of the finger were computed simultaneously by numerically
solving the energy equation in porous media. The computed results are in favorable agreement
with the available data. It is believed that this analysis model will have extensive applications
in the prediction of peripheral blood flow, temperature variation, and mass transport.
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1. Introduction

Blood circulation performs an important function—to carry oxygen to the tissues and to
remove carbon dioxide and other metabolites from the tissues. Thus, blood circulation plays a
crucial role in thermoregulation and mass transport. The quantitative prediction of the
relationship between hemodynamics and heat and mass transfer is of great interest, because it
is related to human thermal comfort, drug delivery, and noninvasive measurement.

Biological tissues contain blood and the surrounding materials where blood is perfused to
tissues via capillary network. The energy transport in tissues includes conduction in tissues,
convection between blood and tissues, perfusion through microvascular beds, and metabolic
heat generation. Among these, the heat transfer between blood and tissues could be of the
greatest importance. The Pennes [1] bioheat equation is the most common method that is
available to describe blood perfusion in the tissue. However, this method cannot explain the
convection between large vessels and tissues but can only explain the uniform perfusion of
blood to tissues.

Further, in another method, the spatial variations in the arterial, venous, and tissue
temperatures are considered, and it includes three equations that represent the heat transfer in
arteries, veins, and tissues. This method was first presented by Keller and Seiler [2] and has
been developed and used by many other researchers [3], [4], [5], [6], [7]. These models are
frequently applied in describing the whole body thermal system.

Researchers also intend to analyze heat transfer in living tissues by modeling the detailed
countercurrent microvascular network. Chen and Homes [8] presented a bioheat transfer
model that accounts for the thermally significant blood vessels. They treated the blood vessels
as two groups—Iarge vessels and small vessels. Each vessel is treated separately in the former
group, whereas all vessels are treated as a part of a continuum in the latter group. The thermal
contributions of the small blood vessels were considered from the equilibration of blood
temperature, convection of the flowing blood, and the small temperature fluctuations of the
nearly equilibrated blood. Weinbaum and Jiji [9] proposed an alternative model that accounts
for the thermal effect of the directionality of the blood vessels and the characteristic geometry
of the blood vessel arrangement. The vascular structure in the periphery was treated
individually rather than as continuum media in their three-layer model. Brink and Werner [10]
presented a three-dimensional thermal and vascular model in which the convective heat
exchange between the feeder vessels and tissue was computed by the values for the Nusselt
number and the temperatures in and near individual vessels were predicted. The thermally
significant vessels were treated individually according to their distribution characteristics in
different tissue layers.

From these modeling studies, it is evident that investigation of the thermal effects of large
blood vessels and small vessels is the most important aspect. However, due to the high density
and complex arrangement of microvessels, little information about vascular geometry can be
obtained and the applications of the vascular models are limited for small volumes of tissue.
Thus, it is of great importance to develop an easy-to-use model for describing the blood flow
in different sizes of vessels.

On the other hand, a blood-perfused biological tissue can be described as a porous media in
which the fluid phase represents the blood and the surrounding tissue is represented by the
solid phase. The theory of porous media for heat transfer in living tissues may be the most
appropriate since it can describe the perfused blood with fewer assumptions as compared to
other bioheat models. Wulff [11] first dealt with the living tissue as a porous medium and
utilized the convective term, including the Darcy velocity, to replace the blood perfusion term



in the bioheat equation. Xuan and Roetzel [12] used the transport theory through porous
media to model the tissue-blood system. The blood and tissue were considered to be in a
non-equilibrium state and two energy equations were used to express heat transfer in the
blood phase and solid phase. The advantage of this model is that it includes the exact blood
perfusion in tissues, blood dispersion, and effective tissue conductivity and is considered to be
appropriate for modeling a blood-perfused tissue. However, the flow in large blood vessels
differs from the filtration flow through tissues and may be considered separately.

Mesh generation based on the realistic geometric model is also of significance in
performing thermal analysis in the living tissue. Geometrical modeling and mesh generation
based on medical images (CT or MR images) are widely used in biofluid mechanics and
biomechanics analysis [13,14]. The conventional steps to construct a computational model are
image processing, geometrical modeling, and mesh generation. Although the different
techniques in medical imaging and computational simulation need to be integrated, this
technique provides a rapid and valid method to model the thermofluid and mechanics
problems in living tissues.

The purpose of this study is to model blood-tissue heat transfer according to the different
characteristics of blood flow in large vessels and tissues. The systemic blood circulation in the
upper limb has been modeled based on the one-dimensional flow in an elastic tube, and the
finite element (FE) model based on the heat transport in porous media was developed to
analyze the blood perfusion and heat transport in the human finger. Further, the realistic
geometric model for the human finger was constructed on the basis of MR image data. After
computing the capillary pressure and blood velocity in the tissue, the temperatures of the large
vessels and the finger tissue were computed simultaneously by numerically solving the energy
equation in the porous media.

2. Modeling blood flow dynamics and heat transfer in tissues

2.1 Blood flow dynamics

The blood flow in large vessels has been modeled to be a one-dimensional flow in an elastic
tube, and the governing equations, including continuity and momentum, are expressed as
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where X is the distance from the heart, t is the time, A is the cross-sectional area of the blood
vessel, q is the blood flow rate, P is the transmural pressure, p is the blood density, v is the
kinematic viscosity, o is the boundary-layer thickness, and r is the radius of the blood vessel.
The pressure-area relationship for the arteries and veins is as follows:
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where E is Young’s modulus, h is the wall thickness of the blood vessel, and k; is the
coefficient that is proportional to the bending stiffness of the tube wall.
A periodic flow wave was assigned at the inlet boundary, and a constant pressure was
assigned at the outlet. With regard to the bifurcation conditions and the junction conditions
between two equivalent tubes, it is assumed that there is no leakage of blood at the
bifurcations, the inflow and outflow are balanced, and the pressure is continuous.

The two-step Lax-Wendroff method was employed to compute the blood flow rate and
cross-sectional area.

2.2 Darcy model and energy equation for biological tissues
The Darcy model is considered to be the earliest flow transport model in porous media and
IS expressed as
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where K is the permeability of the tissues, p is the viscosity, andv is the Darcy velocity.

Based on the assumption that there is a local thermal equilibrium between solid tissues and
blood flow, the energy equation is expressed as
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are the overall heat capacity per unit volume, overall thermal conductivity, and overall heat
production per unit volume of the tissue, respectively, and ¢ is the porosity of the tissue.
Considering the continuity equation and momentum equation, the dimensionless pressure in
porous media is expressed as
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The dimensionless velocity is expressed as
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where Da is the Darcy number and is expressed as
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The dimensionless energy equation is as follows:
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Equation 14 can be suitably applied for heat transport in both large vessels and tissues. When
it is applied to the heat transport in large vessels, both € and ¢ attain a value of 1.

Equations (10)-(12) and (14) have been discretized using the finite element method (FEM),
and the finite element equation has been developed using the Galerkin weighted residual
method. First, the conjugate gradient (CG) method was employed to solve the equation (10).
The value of the pressure in the large vessels was obtained from the blood flow model and
was assigned as the boundary condition of Equation (10). Second, the blood flow velocities in
the tissues were computed. The slip condition was employed at the large vessle wall. Finally,
the temperatures in large vessels and
tissues were computed simultaneously.
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cross-sectional area and the length of the blood vessel are required and are defined on the
basis of the statistical data [15].

Two types of geometrical models were employed. Of these, one was the finger model for the
lateral section and the other was the MR image-based finger model for the vertical section.
The dimension of the finger model for the lateral section was determined by the measurement
and anatomical data [16, 17] (Fig. 2). The arterial blood flows into the arteries from the base
and it flows out from the veins. The number of vessels in the fingertip is large, and it is
difficult to describe the blood flow though each vessel. Therefore, the fingertip part is
described as a porous media with higher porosity. The finite element meshes were thus
developed according to this model.

Fig. 3 shows the process for constructing the finite element model from MR images. The
MR images of the vertical section of the human finger and the blood vessels were first taken.
The image size was 128 x 128 (Fig. 3a). Subsequently, several image processing operators
were applied in turns to reduce the noise present in the original image and subtract the image
data from the background. The image processing includes smoothing, enhancing contrast, and
arithmetic subtracting. A processed image was thus obtained (Fig.3b) and a text file with
information on the brightness of each pixel in the image was created. The text file of the
image information was then inputted and the coordinate of each pixel for the finger was
identified and the original finite element model was constructed (Fig. 3c). In order to generate
a finite element model for thermofluid computation, the surface of the original model requires
smoothing. The smoothing approach is to fit discrete surface areas by linear interpolation and
generate meshes over these areas. After surface smoothing, the mesh sizes were regulated
such that the meshes around the boundary part were smaller and those in the inner part were
coarse.

The MR image of a large artery in the human finger is shown in Fig. 3d. We considered
the blood vessels with a diameter smaller than that of the large artery to be the fluid phase in
the porous tissue. The position of the pixel expressing blood was identified and the
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Fig. 3 The process to construct finite element model from MR images



information was added to the element model. Thus, 1oof\\\‘\\{

the blood vessel part was classified from the other
parts. The fingertip part and the bone part were
identified according to the characteristic points in the
original MR image. The finite element model for the
computation is shown in Fig. 3e in which different
materials have been expressed in different colors.
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3. Computation results
The thermophysical properties have been listed in T e—
Table 1, which are referred to the references [6,18]. It Vessel Length, mm

is considered that the porosity of the tissue does not  Fjg 4 Pressure distribution in the
normally exceed 0.6 [19]. Based on the data in [18],  axial direction of the blood flow in
we defined the porosity in the bone, tendon, skin, and  |arge arteries and veins of the finger
fingertip as 0, 0.1, 0.2, 0.3, respectively. Due to the

large density of the vessels in the fingertip, the

porosity was assigned a larger value. Tissue permeability was defined as 107> m? [19]. Fig. 4
shows the variation of pressure in the large arteries and veins in the finger; this is computed
by the one-dimensional blood flow model. It can be observed that the pressure difference is
greater in the artery, whereas there is only a slight difference in the vein. These data were
assigned to the nodes that represent the artery and vein in the finite element model and the
pressure was set such that it varied along the blood flow direction but did not change in the
direction normal to the flow direction.

The computed inflow velocities in the finger artery and vein are 19 cm/s and 3.5 cm/s,
respectively, and the Reynolds number in the computation is 50 when the arterial velocity is
the reference velocity. Since the computed velocity along the flow direction slightly changes
in the large vessels, it is assigned to the blood nodes with uniform values.

Figs. 5 (a) and (b) show the computed capillary pressure and flow distribution in the lateral
section of the finger. It can be observed that the pressure difference is obvious in the fingertip
and the blood flow (Fig. 5(b)) is greater than that in other areas. The flow pattern in the tissue
is in agreement with the anatomical vasculature (Fig. 5(c)).

Fig. 6(a) shows the temperature distribution in the large vessels and tissues in the lateral
section of the finger when the environmental air temperature is 22 °C. It can be observed that
the blood temperature in the arteries was relatively higher and the tissue temperature

Table 1. Physical properties and porosities

Bone Tendon Skin Fingertip Blood

p (kg/m®) 1418 1270 1200 1270 1100

¢ (J/kgK) 2094 3768 3391 3768 3300

A (W/mK) 221 0.35 0.37 0.35 0.50
Ometa (W/m?) 170 632 250 632

[0) 0.0 0.1 0.2 0.3 1.0
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Fig. 5 The dimensionless (a) pressure distribution
and (b) velocity distribution of blood flow in
large vessels and tissues. (c) Anatomical structure
of the arteries in the finger [19]

Fig. 6(a) Temperature distribution in the
large vessels and tissues of the finger. Fig.
6(b) Temperature profile in a cross section

gradually decreased from the base to the fingertip; this corresponded with the measurement
performed by thermography [20]. The temperature profile in a cross section is plotted in Fig.
6 (b). The temperatures indicated by the rectangular marks are blood temperatures. It can be
observed that the venous blood temperature is not markedly higher than that of the
surrounding tissue as compared to the arterial blood temperature; this implies that the effect of
convection in the venous vessel is not as large as that in the arterial vessel.

The computed results using the image-based model are shown in Fig. 7(a) to (c). As shown
in Fig. 5(a), an obvious pressure difference existed in the fingertip. Fig. 7(b) reveals that there
was considerable blood flow in the tissue of the palm side; this is qualitatively in agreement
with the measurement [21] in which the blood perfusion in the palm side of the finger
generally ranged from 20 to 70 ml/min/100 g and was considerably lesser in the back of the
finger. The temperature distribution when a constant temperature was assigned to the
boundary surface in the image-based model is shown in Fig.7 (c). A distribution similar to
that in Fig. 6 (a) was obtained.

4. Discussion and conclusions
In this study, we divided the blood flow in the tissues into two groups: one is the blood
flow in the large vessels (the diameter of the vessels is generally larger than or equal to 1 mm)



and the other is the blood flow in the microvessels. We

used a one-dimensional flow model in an elastic tube to a
describe the blood flow in the large vessels, and the
Darcy model to model the flow in porous media to
describe the blood flow in microvessels. The unified
energy equation was used to model the heat transfer in
larger vessels and in the tissue that was considered as
porous media. The initial computed results have shown
that the simulated blood flow through tissues is
qualitatively in agreement with the anatomical structure
and measurement. Since the information on the local
blood flow has been obtained from the one-dimensional
flow and Darcy models, the thermal effect of different
vessels can be evaluated through the energy equation
without other parameters.

Another characteristic of this study is that the
image-based modeling method was employed to
construct the finite element model. The realistic
geometry of the finger can be constructed from medical
images, and this model can be applied in analyzing
other heat transfer problems in other living tissues.

Further, the computational time can be significantly

085
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shortened as compared to that using a thorough
two-dimensional model [18] to express the blood flow o
in living tissues. 080
The limitation of this method is that it requires the 35
conversion of the one-dimensional blood velocity into -

the two-dimensional information in the finite element

c

model.

In  summary, the method based on the = Fig.7 The computed capillary
one-dimensional flow and the porous media transport pressure (a), velocity (b), and
model gives favorable results in analyzing heat transfer ~ temperature(c) in the image-based
problems in living tissues. It is believed that by model of the human finger

applying the image-based modeling method, more
practical applications in personal health care and clinical therapies can be explored.
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