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3 9] g & (Stenosis of Arteries) :
Atherosclerosis Plaque
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- Coronary Artery
- Carotid Bifurcation
- Abdominal Aorta
- Femoral Arteries
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Major Factors Related to the Stenosis

(1) Fluid : Blood

(2) Hemodynamic Forces :
- Pressure Force
- Shear Force

(3) Wall and Surface :
- Blood Vessels
- Endothelial Cells

(4) Biochemical Reactions
- Blood Cells
- Micronutrients
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In-vivo experiment
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(2) 8 & 2] HA WM F: Viscosity, Rheological Characteristics, ---

(3) B ¥ Z2 2} W3} Vessel Wall, Cells, ---




o M 9] Z M (Guyton)

RBC ; Mean Diameter = 7.5 ym

Average Volume = 83 ym?

Hematocrit
WBC
Platelet

Plasma
Others

Canine Cardiovascular Parameter(Nichols & O’Rourke)

Blood Vessel Inside Diameter Reynolds Number
Ascending Aorta 15 mm 4500
Descending Aorta 13 mm 3400
Abdominal Aorta 9 mm 1250
Femoral Artery 4 mm 1000
Carotid Artery 5 mm -
Arterioles 0.0S mm 0.09

rEapillaries 6 um 0.001
l_Venules 0.04 mm 0.035




Blood Flow Characteristics

Depending on the Size of Blood Vessels

- Blood Flow as a Continuum

: Blood flow in large arteries and veins

- Blood as a Solution with Suspensions

: Small arterioles and capillaries

Blood Flow as a Continuum

- Newtoman Fluid Flow

Simple shear flow, T = shear stress

T=1 ?i , Il = constant(viscosity)
Ly 4
_ VpD
Poiseuille Law, O =
eutie 0= sl

- Non-Newtonian Fluid Flow

Non-linear characteristics : it = p(y), = shear rate

Viscoelasticity : Characteristics of viscous
and elastic properties




Classification of Non-Newtonian FluidsMetzner)

(1) The generalized Newtonian Fluids
- Power-law fluid
- Viscosity : shear rate dependent

(2) Time Dependent Fluids
- Fluids with suspending particles

(3) Viscoelastic Fluids

- Viscous property : shear stress
- Elastic property : normal stress

(4) More Complex Fluids
- Not belong to above category

Recent Report : Blood Viscoelasticity

Plasma Viscosity : Newtonian fluid

Viscoelasticity
RBC Deformability
RBC Aggregation

Hematocrit




Viscosity and Elasticity (Poise)
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Hemodynamic Forces
in the Circulatory System

Pump : Heart

Flow Channel : Blood Vessels

Aorta — Arteries — Arterioles — Capillaries

— Venules — Veins

Forces on the Walls :

- Pressure Force
- Shear Force




Hemodynamic Hypothesis
Related to Atherosclerosis

(1) High Pressure : Aneurysm

(2) Low Wall Shear Stress

(3) High Wall Shear Stress

(4) High Wall Shear Stress Gradient

(5) Flow Abnormalities(Turbulent flow)

Analysis of Blood Flow Phenomena

Pulsatile Flow : Unsteady Flow(Systole and Diastole)

Non-Newtonian Fluid :
- Generalized Newtonian Fluid

- Viscoelastic Fluid

Moving Boundary

- Elastic Wall
- Viscoelastic Wall




Governing Equations

Continuity Equation
Ou

oy
8xj

Momentum Equations
ou, ou, op N ot

o ox, ) ox ox

Stress Tensor and Rheological Equation

Ou, 5”,-
Tij = U -ty
Ox; Ox,

4 : Given by the Constitutive Equation

Constitutive equations for the viscosity of blood
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Some Results for the Bifurcation Flows

Governing Equations
Ou,
Ox;
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Rheological Equation : Carreau Model
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Coronary Artery
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Carotid Artery

Velocity shadow contour MRA image
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Flow Characteristics
in the Bifurcated Region

(1) Unsteady Flow

Oscillation

(2) Reversed Flow

Flow Separation

(3) Secondary Flow

(4) Unstable Turbulent Flow

Hemodynamic Force Effects

Localization of Atherosclerosis

Cell Biology

- Smooth Muscle Cells
- Endothelial Cells

Secretion of Molecules
- Nitric Oxide
- Prostacyclin(PG12)
- Tissue Plasminogen Activator(tPA)




Major Risk Factors
of Heart Disease (AHA): General

(1) Increasing age

(2) Gender

(3) Heredity(Race)

(4) Smoking

(5) High Blood Cholesterol
(6) High Blood pressure

(7) Physical inactivity

(8) Obesity and Overweight
(9) Diabetes

Cardiovascular Risk Factors
(SpectraCell Lab.) : Micronutrients

(1) Elevated homocysteine status

(2) Elevated fibrinogen status

(3) Elevated LDL cholesterol

(4) Elevated lipoprotein status

(5) Elevated c-reactive protein status
(6) Elevated apoliprotein B status
(7) Low apoliprotein A-1

(8) Low apoliprotein B

(9) Low HDL cholesterol




A Cross Section of a Blood Vessel

Needs for Advanced Research

Measurement of Blood Property
- In-vitro measurement
- In-vivo measurement

Clinical Application of Blood Properties
- Diagnosis
- Diabetes

Effects of Stress and Strain on

- Cell Proliferation
- Secretion of molecules

Effects on Mechanical Forces on
- Signal transduction pathways




Application of the Hemodynamic Principles
for Biomedical Devices

- Ultrasonic Device

-CT

- MRI

- Miniaturized Probes

- Computer Interfaced Sensors

* Hemodynamic Principles are used

* Devices will be highly developed by Computer
+ Optics + Nano Technologies

References

»

BOURAUN AW OV mlsgﬂN-—-?w

ooks
- Bakker, P. G, Bifurcatjons in Flow Patterns, Kluwer Academic Publishers, 1991.
- Bronzino, J. D., The Biomedical Engineering Handbook, CRC Press, 1995. R
Carr, J. 1. and Brown, J. M., Introduction to%iomedlcal_ Equi%mem Technology, Second Ed., Prentice Hall, 1993
Chaffin, D. B. and Andersson, G. B. J., Occupational Biomechanics, Second Ed., John Wiley & Sons Co., 1991.
. Cg%\ey. D. O, Biomedical Engineering Principles; An Introduction to Fluid, Heat, and Mass Transport Processes, Marcel Dekker,

Dinnar, U., Cardiovascular Fluid Dynamics, CRC Press, 1981, .

Fung, ¥. ¢, B omechanics; Mechanical Properties of Living Tissues, Springer-Verlag, 1981.

. Fung, Y. C,, Biodynamics; Circulation, Springer-Verlag, 19%4. K

Fung, Y. C., Biomechanics. Motion, Ffow, Stress, and Grow, Springer-Verlag, 1990. . X

Geddes, L. A and Baker, L. E., Principles of Applied Biomedical Instrumentation, Third Ed., W\\eg- Interscience, 1989.

- Hwang, N. H. C., Turitto, V. T., and Yen, M. R. T, Cardiovascular En%ineenng, Plenum Press, 1992.

- Keener, J_ and Steyd, J., Mathematical Ph stolgr%y, Springer-Verlag, 1998.

. Milnor, W. R., Hemodynamics, Second Eg Williams & Wilkins, 1989. A N - L

“Nichols W. W. and Q'Rourke, M. F., McDonald's Blood Flow in Arteries; Theoretical, Experimental, and Clinical Principles,
Third Ed,, Lea & Febiger, 1990, K .

Pedlgﬁﬂ T. I, The Fiuid Mechanics of Large Blgod Vessels, Cambridge University Press, 1980.

Skalak, R. and Chien, S, Handbook of Bio-engineering, McGraw-Hill Book Co., 1987. .

. Bird, R. B., Armstrong, R. C., and Hassager, O., Dynamics pro%menc Lu;ulds, Second Ed., John Wiley & Sons, 1987

. Joseph, D. D, Fluid lf mamics of Viscoelastic Liqiids, Sgrmger- erI%, 1990. i .

. ]/)\lbb?n}s], B, lBgrgz, D., Lewis, J., Raff, M., Roberts, K., and Watson, J. D., Molecular Biology of the Cell, Third Ed., Garland

ublishing, .
20. Guyton, EC Textbook of Medical Physiology, Eight Ed., W. B. Sounders Co., 1991.

B. Journals i . . X

1. American J. Hypertension, American Society of Hypertension.

2. American J. Physiology, American Physiclogical Society.

3. Atherosclerosis, Elsevier Science.

4. Biophysical J. Blophysncal Society.

5. Biorheology, International Society of Biology.
6. Biotechno 0%\)/ & Bioengineering, Wiley.

irculation, American Heart Association. . .

Biomechanical Engineering, American Society of Mechanical Engineers.
Biomechanics, Pergamon. . T
Bioscience and Bloen‘%}neermg, Society for Bioscience.
Cellular Physiology, Wiley, ~ . o
Mechanics in Medicine and B1glogg World Science Publishing Co

on-Newtonian Fluid Mechanics, Elsevier Science
. Physiology, Physiological Socxeg‘ R

Rheology, American Society of Physics.

VB LWN—OWweN
ey




