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7 8. Left subcravian artery
9. Thoracic aorta

o 10. Renal artery
11. Abdominal aorta
12.1liac artery

Observed distribution
of atherosclerotic
plaques (grey shading) @
In the vasculatures of
mice fed a high-fat diet

1. Aortic sinus (VanderLaan et al.)
2. Ascending aorta ———
3. Inner curvature of

aortic arch D=
4. QOuter curvature of o—®

aortic arch IR LR E D B
5. Innominate artery
6. Right common

carotid artery ® ®
7. Left common

carotid artery




MEARERELHFEBUNFE: MROEE?

Schematic diagram of the

Anterior
Communicating a. frequent appearance Of
Intracranial aneurysms within
NI the circle of Willis.
S »
/ lnternal Carotid a. (AG OSbO rn, 1995)
i@i’
*Anterior cerebral artery:
40%
“ R *Internal carotid artery: 30%
g\_\%" x _Miscellaneous .
A | P *Middle cerebral artery:20%
o D

*Basilar artery: 10%



Internal carotid artery

A\

Flow
separation
Complex
helical flow
patterns
occupy the
separated flow
region

Hydrogen bubble visualization of flow in molds of carotid
bifurcation. A. flow is rapid, laminar. Large area of flow
separation is formed along the outer wall of the sinus

Zarins et al.



Pathophysiological
Blood flow “ events in the blood
vessel

physics biology



Endothelium '

Media Layer

The generation of shear stress by blood flow and
generation of normal stress and circumferential stretch
due to the action of pressure

(Shu Chien)



The plague-prone hemodynamic flow patterns impair

endothelial function in carotid arteries.

We should elucidate the role of disturbed flow pattern in
endothelial function and dysfinction to get insights into
mechanisms of pathophysiological processes for the
prevention and management of vascular diseases resulting

from atherosclrosis and thrombosis.

What is “disturbed flow”?

BIAREEIL IR E D& C S35 PR : disturbed flowh34
57
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1 Gradient of wall shear stress

BrdU cells

-
1

—_ T
_ T I 1
|7 I — I| |
0 1 2 3 4 5
Distance from Step (cm)

EC proliferative rate is increased in regions of disturbed flow.
The proliferation of cultured bovine aortic ECs assayed by
BrdU incorporation assays is markedly elevated in the
disturbed flow region near the reattachment point in the step
flow channel. (Chien)




Laminar flow / high
shear stress

| >

EC
/‘:ﬁ)\

Disturbed flow / low or
reciprocating shear stress

=

Vasoactivity

Turnover rate

Macromolecular permeability & LDL uptake
DNA synthesis

Morphology

Expression of adhesion molecules, inflammatory & chemokine genes
Expression of antioxidant genes

WBC adhesion and platelet aggregation
Oxidative stress/ROS

VSMC activation

Wound repair: Endothelization
Heterogeneity

Fibronectin/fibrinogen deposition

Atherosclerosis & thrombosis

Vasodilation
Low

Low

Low
Elongated & aligned
Low

High
Inhibition
Low

Low
Promotion
Low

Low

Prevention

Vasoconstriction
High

High

High

Polygonal

High

Low

Promotion

High (Sustained)
High
Retardation
High

High

Promotion

Effects of different flow patterns and associated shear
stresses on endothelial and vascular biology. (Shu Chien)

mEXRNDOREBERMLTNS




1T 15 &% (hemodynamic hypothesis)

SMANDRANET TA—LDRELZTHEY
FITH5FAA
The formation of atheroma Is strongly associated

with the blood flow. This is referred to as the
hemodynamic hypothesis.




Molecular Hypothesis of
Atherosclerotic lesion formation (Ross)

Lymphocyte _
Monocyte Adhesive molecule

Selectin !

BLDL e
LDL e

P ..

BLDL e o Endothelial cell
Oxidized LDL&=2

o
Foamcell S

Platelet

Intima

Media SMC

Media

Ross, R., Nature (1993)



Time 0

e

=)

Pulsanle flow

S
-

-Oscillatory flow

Real time O2- production at 4h with oscillatory flow

Mahsa Rouhanizadeh et al. (2008)
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The disturbed flow Is the condition of

e[_ow shear stress
*Oscillating shear

which Is prone to initiate thevascular
disease.



Shear stimulus affects the cell functions

Albumin uptake intothe cells depends on the shear stress stimulus

(a)

The amount of albumin uptake is
determined by the fluorescent
Intensity in the images

(a) without flow

(b) Shear stress = 1 Pa

(c) Shear stress =6 Pa

Bar =20 um



Shear dependency of aloumin uptake into the

cells
* %
()
X
«
B
-
£3 *
£
Q—
Sz
° 3 *
N 2 * *
T‘,I.IJ
£ 2
S E

Shear Stress (dyn/cm?)

* P <0.05 vs. control

Normalized albumin uptake as a function of imposed shear stress
(Kudo, Tanishita et al. Trans. JSME, 1998)



Shear stress effect on mitochondrial membrane
potential

JC-1 15
Low membrane potential

. green fluorescence emission
High membrane potential

. red fluorescence emission

Fluorescence was detected
by Confocal laser scanning
microscope.

—b
4

Normalized Value

* Tl -

r Flow 10dyn/cm2 60 dyn/cm?
Shear Stress

NN

o
o

v‘s v§

MP: Mitochodrial membrane potentia
A, Area of higher membrane potential
A;: Total area of mitochondria

Ar: AnlAy Kudo et al. BBRC (2000)



Endogeneous ATP depends on the imposed shear
stress stimulus

1.5F

Normalized Endogenous ATP

0.5
FCCP No Flow 10 dyn/cm2 60 dyn/cm?

+ rotenone



The favorite sites of cerebral aneurysm

Schematic diagram of the

frequent appearance of

Ameror Intracranial aneurysms within
the circle of Willis.

P (A.G. Osborn, 1995)
""é%‘ﬁ%) \La)\l/k

."/ C l
y *Anterior cerebral artery:
- ANO/A

e BRI IR A

EFRBALICREL TS,

PN {al &k ?

2~ o Psts D U 1= 5 ML jjiE 0) 1=

¥y 2 |\? *Basilar arte

UCLA Prof



Possibility of rupture of cerebral aneurysm

Cerebral aneurysm

‘ l
Rupture(0.05-1%) Unrupt‘ure (more than 99 %)

l l

Neurosurgical intervention Endovascular embolization

_ o _ )
ngh morbldlty & mortallty NO |Ong_term efficacy

Observation

Aneurysms without possibility of rupture should not
be treated.
What is a predictor (risk factor) for rupture?

N.Engl J Medicine (1998)



The patterns of intra-aneurysmal flow

The intra-aneurysmal flow consists of

*Inflow: position and size of the neck

and flow ratio into the distal branches _ ~
*circulating flow: aspect ratio (depth /

neck width) Geion

*outflow: usually nonpulsatile and low =

velocity . 7
A

Ujiie et al. recognizes that the intrra-

aneurysmal flow is determined by the b,
aspect ratio, rather than the el e
aneurysmal size.

bleb stagnant blood flow

atherosclerotic change

¢ (remodeling)

collagen fibrils and accumurated ECM
imflammatory lesion

activatated MMP

asymmetric and obtuse
angled bifurcation

Ve

asymmetric
velocity profile

Ujlie et al. Neurosurgery (1999)



Necessity of prospective study based
on the anatomically realistic models



The knowledge of intra-aneurysmal flow In
the realistic models are required to ensure
the hemodynamic hypothesis

Tateshima et al., J. Neurosurg. (2001)
This study received the award of MAGNA CUM LAUDE
CITATION from the American Society of Neuroradiology in 2001.



Reconstruction of Cerebral Aneurysm

bleb

3D Surface Mode Epoxy Resin Model

*Abstraction of the vessel wall *Photoforming method
*Piling up eMagpnification ( X 2.6)
*Smoothing

Features of the morphology
*Asymmetrical shape of the aneurysm
*Presence of a bleb (daughter aneurysm)




Realistic models of cerebral aneurysm cases

- Unruptured

- Middle cerebral
bifurcation aneurysm

- Aneurysm size = 6.3mm

‘Neck size = 5.7mm

- With a bleb

Model 1

* Ruptured
- Middle cerebral
bifurcation aneurysm
- Aneurysm size
=4.7—-7./mm
Neck size = 4.3mm
With a bleb

Model 2

(from Dept. of Radiological Science, UCLA)



Vector diagrams in the middle cerebral
artery (unruptured case)

Minimum phase (t=05s)

. . 0.023
Acceleration phase (t=1.05) Deceleration phase (t=3.05) 0.020

0.017

0.014
0.011

0.008
0.005
Fig.5-2 Velocity profiles of profile b measured with PIV I 0.002
[m/s]



Vector diagrams in the middle cerebral
artery aneurysm (ruptured case)

- - Spee
' 0.04:

Minimal phase B
0.03

0.03¢

0.03:

0.02¢

0.02¢

0.02:

0.02:

0.01¢

0.01°

0.01:

0.01(
0.00°
0.00:¢
0.00:

’ [m/s

Flow separation

Recirculation
| I |



Distribution of vorticity in aneurysm

a) Unruptured MCBA b) Ruptured MCBA



Wall shear stress profiles obtained by LDV

T prTesT 45

—— i

— Acceleration phase
—_— ’

Maximum phase 4

| —a— .
Deceleration phase / \ /
—— 3.
o
L

v = == \ s s
/// - = N — A & P 7 7/
7 ~ s
1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8
e
6
T priss
Acceleration phase (t = 1.0s)
S Acceleration phase (t = 1.6s) ||
—_ i
p Maximum phase
i\ 4 Deceleration phase
= \

Ruptured MCBA RS Y



What is the difference between ruptured
and unruptured cases?

MCBA (unruptured) MCBA (ruptured)

Vinfiow = 80-90% 0f V Viiow: = 70-80% 0f V.
Aspect ratio = 1.0 Aspect ratio = 1.8

Area ratio = 2.0 Area ratio = 2.1

Single circulation Bleb:Recirculation

Peaked WSS




The Internal elastic lamina i1s absent.

Medial Defect, Raphe
Between Acutely Aligned

sssss

The pathology of intracranial arterial saccular aneurysms
Indicates that the aneurysmal sac lacks normal layers.
Particularly the internal elastic lamina is usually absent

or reduced to fragments.
Weir and Macdonald, in Neurosurgery, 1996, McGraw-Hill



Treatment by Intravascular surgery

m free-flowing blood
ey

©

(T R AT 0

R

33 _.:';.'._..'7:":5 thrombus formation
P/
R R

FiGure 6.19. Schematic diagram representing the general biophysical interactions
exerted by an intravascular stent on the hemodynamics.

Use of Intravascular
stent

The thrombus formation
IS iInduced by making the
flow stagnant in the
aneurysm.

Hademenos, G.J and
Mssoud, T.F., (1998)



Intravascular surgery Is quite
promising and related technology
will be developing rapidly.
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Shape change of endothelial cell due to shear stress

Flow

[—
R

Static : Flow Exod
(2 Pa, 48 h)

100 pm

T20OARMREEIEELT, 48HERNDORIBESAT-



Oxygen is delivered to brain by the blood
flow.

Increase of oxygen consumption
due to the increased activity

20pm

_—

® . Increase of oxygen delivery due to
/ the increased blood flow

Minimal reserves of oxygen and glucose are stored in the brain, so that
failure of delivery of either will quickly result in energy depletion.

That i1s why we need to know the oxygen transfer related to the
hemodynamics in the brain.






Density of capillary network in the each layer

|
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vV

v

#5100 um
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K. Masamoto, K. Tanishita, et al. Brain Research

(7004)
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Estimate of module unit by 3D structure
reconstructed by surface rendering.

Distanc
,wu , the ar

.“ N
. ; Fl
- L ‘ & t "
TR o 1 :
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A e i T e LN
e g e 9 1
- Yl g v - A n 3
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L) . ‘ §
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Su rface of cereb ral co rtex

| 150 micron

between
e riole Is

Cross sectional view

| 500 micron

Micro-CT image (Skyscan 1072, Toyo Technica)

(3D-DOCTOR: Able Software Corp.)

300—-400micron
>




LepPUl Proric Or PO Aistrioution Irn trie SOmatosensory arcds Ol
rat
(without functional stimulation)

The layers from IV to VI depend on the area.



pO2 change after

the functional

stimulation

A. Hindlimb stim:

Caudal (mm)
0 05 10 15 20 25

ApO2 (%)

Lateral (mm)

130

120 -

110
100

90

3.0 35 40

1.0 %

15 // T \—_7\ A
HL 1T T

2.0 *

REINGE. SR

o MR \

35 _Jﬂ\ﬁ \\./ N

B Stimulus to Hindlimb

ApO2 (%)

-3 0

3 6

Time (sec)

9

12

. Trunk stim.

Caudal (mm)
0 05 10 15 20 25 30 35 40

\< Puzzling results!

1.0 AN
4 _7\ A
15 ~
£ HL \
E 20 *a
£ 25 //\“’/-{ e \
5 a0 Y IFL| 4 \
35 _J/\\”\\q .
120 [ a
—0D
110 [ c
100 P"“-’W
90 -
B Stimulus to Trunk
80 I T T e e e A I N A |
-3 0 3 6 9 12

Time (sec)



Dual response of tissue pO2 depending on the cortical

BHL BFL O Tr

&
o~
g
L
h
=
o
o,
¢ 4]
[0
-
o
Q
o,
ey
)
+—
<
.20
0]
<
0]
Q,

K. Masamoto, K.
Tanishita, et al.
“Brain Research.
(2003)

hmndlmb- forelmb- trunk-
stim. stim. stim.

pO2 for HL and FL increases after the stimulation, on the
contrary pO2 for Tr decreases after the stimulation. ?7?



Simultaneous measurements of pO2 and local cerebral
blood flow In rat somatosensory cortex
(Masamoto et al. J Appl Physiol 2007)

160 T —

LCBF (%)

ApO, (torr)

Time (sec)



Biphasic changes of pO2

In the activated region,
tissue pO2 initially
decreased during the 3
seconds after the onset of
acoustic stimuli, and then
Increased during the next
seconds.

We should note the

presence of of
K., Masamoto, K. Tanishita,

et al. Journal of Cerebral
Blood Flow and Metabolism.
(2003)

A. Average pO2 response

ApO2 (torr)

{ .
i B
e
!_

B. Initial decrease in tissue pO2

ApO2 (torr)

Time (sec)

Time (sec)



Oxygen conservation equation for the
cylindrical model

(1+m) Po2 v, Poy _l i E;(r) rapoz 0 DB(Z) P, (O <r< Rl)
0z r\or or 0z Z
apoz 1( 0 (r) apoz 0 (2) apoz
=—|—D;"| T +—D;"" —=+R,,K
ot r(ar ! or )) e ' a0 f (R <r<Ry)
m = dCHboz
dc,,

Upper equation represents the oxygen conservation in the vessel.
Lower equation represents the conservation in the tissue.



Oxygen transfer model by Secomb (2000) }

They calculated the pO2 profile in the cerebral tissue based on
the SEM Imaging for three-dimensional vessel network.

/Their result indicates that \
hypoxic damage is avoided by
decreasing the oxygen
consumption rate by 31 % for
the blood flow decrease by

75%.

-

The oxygen transfer model contributes the prediction and
avoidance of localized brain damage due to the cerebral
Ischaemia and hypoxia.




Model for superficial and middle layers

400 micron

300 micron

300 micron

PHE/ REDL

arteriole surface
2.01

capillary networks surface

1.63

total vessels’ surface

Arteriole
geometry

1.69

Mesh size
arteriole tissue— 5 micron
capillary— 2 micron




Governing equations _
Capillary

Navier—Stokes equation

Plasma

%—Ltj+(gradU)U _ _Lgradp +uv2uU lassre
p

p : density of blood : 1.05g/ml

n : viscosity of blood ; 4mPa/s

Re = 1072

Plug profile

i/‘— Parabolic profile

v

\ 4




Oxygen transport

Within the vessel Within the tissue

2 2 2
Do, 0 IZoZ+a IZoZ+8 IZoZ M=0
0°X oy 0°Z

Deff : O2 effective diffusion coefficient )
M : O2 consumption

a: OZsolubility ; 3e-05 ml/ml/mmHg D : 02 diffusion coefficient ; 1.5e-5 cm?/s

1.2E-04 o . O2solubility ; 3e-05 ml/ml/mmHg

1.0E-04
8.0E-05
6.0E-05
4.0E-05
2.0E-05
0.0E+00

Deff (cm2/s)

Algorithrm  SIMPLE

0 20 40 60 80 100
56 (i [ Solver  Fluent 5 : Fluent




Assumptions for the calculation

Matching flux at the vessel wall

*The oxygen gradient at the edge of module unit is zero

*The oxygen consumption rate is zero in the superficial layer up
to 100 um depth.

arteriole inlet Po, 100 mm Hg 85 mm Hg

capillary inlet Po, 50 mm Hg 50 mm Hg

CBF (cm3/100g/min) 153 247




Superficial layer pO2 profile

. d
a7 o
&=
ad y e
al
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L~ .
23 . 50micron 150micron 250micron
= Middle layer pO2 profile
2
@ | | |
. L ™ f
M .y =
Po2 — :l
(mm Hg, v .
500micron 600micron 700micron



Comparison between the calculation and measured pO2

Calculated

Near arteriole

50 g
45 Avrage 22.34 mm Hg Avrage 18.62 mm Hg
= 40 5
el
£ 2 -
;o/ 25 ‘
o 20
|
15
|
10
0 50 100 150 200 250 300 477 527 577 627 677 7127 777
Measured
507
45 Avrage 2461 mmHg =+ Avrage 20.26 mm Hg
—~ 40
. | | |77 00000000000 || ||
E 5 NIRRT RN L
€ L
g % NRERAN

" \m
10
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 8
depth (micron)



The increase of oxygen delivery due to the increase of
blood flow

CBF parameter

Change of blood flow CBF (om3/100&/min)
Superficial Middle

1 -Control flow 153 ©) 247 ©0)

2 [ ]Art.CBF 30%up 189 (24) 297 (20)

3 [ Art_CBF 30% up + cap_CBF 33% up(a) 200 (31 318 (29)

(b)
4 [ |Art.CBF 30% up +cap_CBF 100% up 221 (45) 360 (45)

E2HoEmE (%)

(a) David et al (1998)
(b) Afonst et al (2000)



Ratio of the oxygen supply from capillary to that from
arteriole is affected by the blood flow rate.

1.2

1.1 I —>— Superficial &
Gl O Made | /L 4
m . M
< 0.1 <> 3 -
o 0.6 7 | wf </
D05 A 1

0.4 e % N

0.3 = —

1.0 1.2 1.3 1.4 1.5

relative change of total rCBF

Scap 71 % UP (Sup)
Scap 76 % UP (Mid)

Sart 10 % Up  scap 26 96 UP (Sup)
Scap 33 % UP (Mid)



The oxygen transfer plays an important role in the brain function.

Blood flow Oxygen delivery Neural
activity

Brain science
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Importance of biology In the mechanics:
biomechanics

Importance of mechanics in the biology:
mechanobiology
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