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Finite Element Analysis of Blood Flow,
Temperature, and Oxygen Transport
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Experimental and Numerical Study on
the Relationship between Fingertip
Temperature and Cardiovascular
Function
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Fingertip Temperature (C)
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Numerical Study of Blood
Perfusion Rate in Human Tumors
Under Laser Irradiation




Physiological barriers to drug delivery in tumors: blood
vessel wall, interstitial space, cancer cell membrane

Radiotherapy

Control of Tumor Blood Flow

Hyperthermia

Immunotherapy

Chemotherapy

Improve the efficiency of cancer

treatment




Normal and Tumor Vasculature

Tumor Vasculature: heterogeneous, permeable, and rigid

Vessels of Death or Life, by Jain, R. and Carmeliet. P,
Hf#Y 1T X, 2002, No. 3)




Objectives of the Study

Investigate the thermal and hemodynamic
response of tumor blood flow under moderate
laser irradiation

Investigate variation of oxygen transport under
different blood flow.




Schematics of laser irradiated tissues

Laser Type: Nd-Yag laser
Wave Length A: 1064nm
Coolant Temperature: 10°C

Maximum Power: 100W




Tumor and Normal Tissue Vascular Bed In
the Breast Model

Characteristics of tumor vessels: higher permeability,

larger diameter

shorter length

Capillaries in a tumor 4

Arterioles 2 @ Venules 5
Arteries 1 ﬁ

Capillaries in normal tissues 3




The element network of the computing
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Governing Equations
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Heat Generation

1(X,2) =1,(x)e" @

dl _
Q — —E — al O(X)e a(2) N l laser 1(2)

pa

ki(z)dz

A : Absorption coefficient 0.1mm-
l laser 1(2)+dl(2)

S : Scattering coefficient, neglected

Lambert - Beer’s law



Assumption of tumor vessel response
to the temperature variation

A _ IAbeb(T_TO)

KA\O T, cross sectional area and blood \
temperature before heating

b variation coefficient

b=0.1 T=39~42°C
b=-0.1 T>42°C

. /




Krogh Tissue Cylinder Model

PO,
< I 0 >
| — oPO, — 0
o (h'd il
v | Gea
PO,=PO,, / ag(yjz =0
Normal Tissue Tumor Tissue
R=30 um R=60 um
R,=3 um R,=6 um

L=500 pm L=100 pm



Convection and diffusion transfer of oxygen

oPO oPO 0°PO, 0°PO
X X
PO.: Partial pressure of oxygen
Dt effective diffusion coefficient
o oxygen solubility

oxygen consumption

U: blood velocity (from blood circulation model)




Numerical Solution and Data Transfer

Average
Temperature
of Tumor

v

One-dimensional model of
blood circulation in a breast

Finite Element Model of
Thermal Analysis in Living

Tissue

p
Blood Velocity in

Normal and

Tumor Tissue
_

Blood Perfusion in
normal and tumor
tissue

v

Simplified Analysis Model of Oxygen
Distribution




Temperature Distribution inside Living
Tissues

Laser Power : 1.3W/cm?




Variation of Blood Perfusion and Tumor Temperature Under
Laser Irradiation
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Oxygen distribution in a normal and tumor unit within a period
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The 1st heating period in Fig. 4
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Summary

» A numerical study Is carried out to
iInvestigate the tumor blood flow under laser
irradiation by coupling the FE thermal model
with the blood circulation model.

» The variation of tumor temperature is largely

dependent on the tumor vasculature. The laser-
induced blood flow changes can lead to the
variation of partial pressure of oxygen.

» Further study may be carried out to investigate
the effect of vessel permeability and tortuosity on
oxygen transport




Finite Element Analysis on the Fluid
Filtration in a Permeable Curved Capillary
and Tissue System




Research Background
»The role of microcirculation : providing oxygen and
nutrients, and removing waste products.

» Pathological Conditions are more affected by events
within the vessel wall of microcirculation

Fluid squeezed out of Fluid reentering capillary
capillary by blood pressure by osmotic attraction




Research Background:

and Mass Transfer through Permeable

the Fluid Flow

Tubes/Membrane

®Excretion of Urine in Nephron
®Fluid Convection in the Treatment
of Cancer by the Therapeutic

Biomedical Macromolecules

Engineering
® Artificial Kidney and Liver

Industrial

Processes ®Cross Flow and Dead-end Filtration
®\Water Treatment

®Heterogeneous Catalytic Reactions
® Solidification of Metal Alloy




Previous Studies

Boundary Element Method:

® Blood and Interstitial Flows through a Solid Tumor with a Single
Tube or a Vascular Network Inside (Pozrikidis,2003, 2009,2010)
® Fluid Flows through a Solid Tumor with a Curved Single Tube(Sun,
et al, 2007)

Pertubation Method

®Two Phase Model in a Permeable Capillary (Shahed, 2004)

® Blood Flow in a Porous Channel Being Exposed in an
Electromagnetic Filed Environment (Misra, 2011)

® Laminar Fluid Flow in a Porous Channel with Wall Injection or

Suction for the Application to Water Treatment (Moussy, 2009)
Homotopy Analysis Method

®Laminar Fluid Flow in a Porous Channel with Expanding or Contracting
Moving Walls (Si, et al 2011)

Three or Double Porous Media Model for Describing Fluid Flow in
Solid Tumor (Lei, 1998, Chapman, 2008)

Finite Element Analysis

®Finite Element Analysis for Cross-flow Microfiltration (Hanspal et al 2009)




Objective of the Study

Investigate the Fluid Filtration In a Complex

Vasculature. The Ultimate goal is to study oxygen
and macromolecular transport in Tumor Tissue




Blood Flow in the Capillary-- Stokes Flow
Governing Equations

—~VP+V°U=0
V-U=0

g

Laplace Equation

VP =0



Capillary wall :
porous media

Darcy Flow in
Interstitial Tissue

U=—xVP,

x:107°-10"cm®*/dyn-s

Hydraulic conductivity of vessel wall

oP g
—=n(X)- VP, (X) = ——
- =) VR(X)

i)

Boundary Condition for the capillary wall

L
— __p(Pb - Pa)
K K



Schematic Representation for Linking of
Stokes and Darcy Regimes

®|nterfacial Pressure

M)

O J Elements for Blood flow
\ Element 2

t1 . \

P,(m)=P,,,®)
Py(m)=P,,,,(m)

Element 3

i j .
. \. . Nodes at Vessel Surface
4_

Q : h

P,(m)=P,, (m) P,(m)=P,, ()

Element 4 Element 6
Elements for Tissue \lEI ment5

®\/elocity
Direct Linking -- Considering the Interfacial
Nodes as the Internal Nodes




Interfacial Pressure Variation and
Velocity Distribution along the Flow
Direction for Different Filtration
Coefficient

Tissue Boundary Pressure: 2500 Pa

4000

3500F

Pressure, Pa

2500r

3000F

Interfacial Interstitial Pressure ——

Interfacial Blood Pressure ——

Lpzlo‘10 m/Pas

7

1 1 1 1 1 1 |
0.00025 0.0005

Position Along the Flow, m




Interfacial Pressure Variation and
Velocty Distribution along the Flow
Direction for Different Filtration
Coefficient

Tissue Boundary Pressure: 3500 Pa

Lp=1.0e-6 m/Fas

4000

3500r

Pressure, Pa

2500F

3000r

T T T T T T T
Interfacial Interstitial Pressure ——

0.00025
Position Along the Flow, m



Interfacial Pressure Variation in

T T T T T T T T [
a Converg in g an d Diverg in g Interfacial Blood Pressure
VeSS el 3600_— Interfacial Interstitial Pressure
Tissue Boundary Pressure: 3
3500 Pa 3000_ Transition Point
In Converging Vessel T
2400 | : : : : : : : : |
I Interfacial Blood Pressure ——
3600+ Interfacial Interstitial Pressure ——
]
o
)
= 3000
0
7]
o In Uniform Vessel I
o L
2400+ : : : : : : : : : |
- Interfacial Blood Pressure B—
3600 Interfacial Interstitial Pressure
3000} [
| In Diverging Vessel
2400 ] ] ] ] ] ] ] ] ] ]

|
0] 0.00025 0.0005

Position Along the Flow, m



Concluding Remarks

®Interfacial pressure variation and velocity distribution are
significantly dependent on the wall permeability and surface
pressure. When the wall permeability is extremely large,
reversal flow will appear

®\essel converging can efficiently enhance filtration,
whereas diverging can re-absorption

® [t is suggested from the velocity distribution that higher
permeability may lead the oxygen distribution more
heterogeneous

Oxygen distribution
in tissue with a non-
permeable curved tube
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