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Vulnerable Plague

Atherosclerotic cardiovascular disease :
- amajor cause of sudden deaths for several decades
- CAD is the most directly correlated with the results

Adventitia Adventitia
Media Media
Intima Intima
—_ =
‘Atherosclerosis Lipids.
Atherosclerotic plaque

FIXED CORONARY OBSTRUCTION
(Typical angina)

Site of plaque rupture

Platelet
aggregate
Healing
PLAQUE DISRUPTION ERE FIXED CORONARY -
Seenamichoan Unanswered Questions:

ronic ischemic heart disease)

N\ Thrombus
Plague is going to be ruptured soon or not ?

Plague rupture leads to occlusive thrombosis ?

RAL THROMBUS WITH OCCLUSIVE
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Unsolved Puzzles in CVDs

Is it due to vulnerable plague or vulnerable blood ?

Plague rupture 7

L
Vulnerable , - W
plague : ' v

Unexpected cardiac
events still occur

Vulnerable
blood

LRPR
Vulnerable blood = Thrombogenic blood -

= Hyper-Responsive Platelet Reactivity “— Lag cank <001
1{%) 360 5210 7é0 Q(Y)D 1680 12‘60 ‘wdrd() 1620
Time, d

Model flow:
Steady, laminar flow of a fluid
in a straight, smooth, rigid, circular pipe

In-vivo Characteristics:
Pulsatile, laminar & turbulent flow,
bifurcating flow, not straight flow

Velocity Flow Rate

d2 AP

Y =L ————  Poiseuille’s law

- Parabolic velocity profile (d) = lumen inner diameter
- Center velocity >> Near-wall velocity (1) = blood viscosity
- No-slip boundary condition
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Hemodynamics (2)

Pressure (P)
A flow energy to drive fluid
to move through vessel
- unit: [Pa] or [mmHg]
- same as that of stress
(in fact, pressure is a normal stress)

Shear Stress (7)

» a frictional force on the wall Shear stress
in opposite direction of flow

dv

T:,U;

High Shear-induced Thrombosis

Downstream
Site of plaque rupture compression

Localized

crushinjury &
thrombus growth,

Normal Vein
1. Mass Conservation
Q= A;V; =A,V, = const
Atherosclerosis- _

- - i 2 Prone Arterial
V,_: increase with 1/d rone Arterial

High-Shear
Thrombosis

2. Bernoulli's’ Law Cartas Vb s oty
1

2_ P, g
=V, 7 f EVZ = Const YT  Shear Stress, dyne/cm?

Normal Artery

Shear stress - *
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3. Shear stress ~ (1/d)? . . . G ¥
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Flowing Rolling —i HOMISPHOro-shapod g Spreading
disc-shaped ball-shaped plateleot plateleot
platelet platelet

S. Jackson (Blood, 2007) Unpublished data

Shear induced Platelet Activation
(SiPA)

Shear stress ,  » . -
—

—— bt bt ak : o bt
l® o @i @] ©| &
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Activation —— Adhesion | — | Aggregation » THROMBUS

Membrane changes « VWF, Thrombin * GPIlIb/llla-mediated
GPIlIb/llla expression « Collagen » Fibrinogen
Multi-agonists * Fibronectin * VWF

Granule secretion

Degranulation
Adhesive proteins
.

pondin Platelet Dense

* Fibrinogen —
S I granules
* VWF
Alpha granules Platelet agonists
* ADP
Prothrombotic factors

«ATP
* Factor V Proinflammatory factors « Serotonin
* Factor XI *CD 154 (CD40L) « Calcium

« PAI-1 * PDGF * Magnesium
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Shear- Induced Platelet Activation

Shearing 0 rpm (no SIPA) 1800rpm 2800rpm 3800rpm

Whole Blood

0 rpm (no SIPA) 1800rpm 2800rpm 3800rpm

Cy

Rotating shear

© Platelet

Activated
Platelet

® RBC
" vWF

Platelet Rich Plasma

Stirrer-Induced Secondary flow

(a) narrow bar
- Spiral downward flow
- Efficient mixing and
(b) wide bar \ \ \ X ivati
- Homogeneous activation
(Biomicrofluidics 2016)
z

One-bar, 270 rpm
One-bar, 470 rpm
Five-bar, 270 rpm
Five-bar, 470 rpm
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rotating stirrel




Whole Blood

Rbl ting shear

0 rpm (no SIPA) 1800rpm 3800rpm 4800rpm

75 -
Shearing
At= 30s

Platelet Rich Plasma
(PRP)

)

a
3
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Negative control
(Platelets removed)

‘\‘_\*/‘

Partially Fully Mechanical

activated activated  |damaged on
cells

{HHJ
Shear Rate (s™)
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—&— 2700
—— 3600
—— 4500

Migration ratio (%)

Normalized Migration (%

30 40 50 1000 2000 3000 4000 5000
Time (s) Shear rate (s™)

The higher shear, the shorter distance.

| 2 (40.9%)

Platelet activation (%)

T T 1000 2000 3000 4000 5000

CD41 FITC Shearrate (s)
Biomicrofluidics (2013)
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Collagen coated surface

Collagen caused adhesion of platelets.
Secreted granules caused platelet aggregation.

Adhesion & Aggregation of platelets result in flow stoppage.

Shearing/Mixing Rotating shear
> rotational Couette flow Collagen coated

Sample

> Stirrer rotation ’ 7 ‘
X ( P SR chamber

> high shear .(t>8 Pa)

S
» efficient mixing \ —/

Agonist coating

> Microbeads in a chamber )
¥ 3 Activated
a Platelet

» increased surface area . ® rec
; g2

" wWF

» Collagen or Fibrinogen N No shear Rotating shear

Migration-distance

»video-image processing
»>Blood migration distance
»>Flow rate : Q=A(dl/dt)

Patent : US 004780418A, US 005051239A Shin et al (Biomicrofluidics, 2013)
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Activated Adhesion & Collagen-coated

platelets " surface
aggregation

=

Adhesion - Aggregation

Platelet

fibrinogen aitogy :
alibpy :
= = H

7= ,f/

Platelet

Platelet
Platelet

Pl 3 fibri ==
atslet Tissue adhesion i

von Willebrand factor
Platelets aggregation ( vitronectin

fibronectin

Activated Sample

Collagen
-coated

On a BSA coated surface, any platelets did not adhere on the surface,

whereas lots of platelets and aggregates were observed on collagen surface.
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Shearing Aggregation time
At= 5-10s At =0 min

= 2800 rpm
At=10s

5 - 10 s shearing time was sufficient to activate platelets.
But, aggregation time was widely varied with samples. (20 s ~ 180 s)
Therefore, we measure aggregation time until flow blockage.

Effect of Aspirin on SIPA

Epinephrine ¢ jagen SIPA test on Aspirin sample
Thrombin

» Aspirin-treated samples (n = 3)
Aspirin » Method: Shearing (¢ = 30 s)
» Results:

Thienopyridines

’ GP lib/llla

Platelet <+—— GPIIb/llla inhibitors
Membrane

Fibrinogen

- Aspirin does not inhibit SIPA
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* agonists

. 3
Collagen coated coating

Sample

1{ \af chamber

Shearing
stirrer

_/

I. Bleeding Risk Screening

1. Collagen + Epinephrine (C-EPI)
2. Collagen + ADP (C-ADP)

3. SIPA test

Il. Drug response Test
1. Aspirin test
2. P2Y12test

Clinical Comparisons

PFA-200 (C-ADP) vs. AnySiS (C-ADP)

PFA200 & Anysis200 &2t 224

y = 1.228x - 51123
Rz = 07081 % ¢

™~
vl
o

n
o
o

* Sensitivity: 93%
+ Specificity: 95%

Anysis-200 (mm)

-
(=]
o

Cut-off = 60 mm

200
PFA-200 (sec)
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PFA-200 CADP vs. Multiplate analyzer PFA-200 CADP vs. Plateletworks

r=-0.14 p>0.05
r=0.12 p>0.005

Multiplate analyzer ADP
Multiplate analyzer Collagen
Plateletworks ADP
Pltstvorks C.allagen

PFA-200 Col/ADP PFA-200 Col/ADP

PFA-200 Col/ADP PFA-200 Col/ADP

Plateletworks vs. Multiplate analyzer PFA-200 CADP vs. Anysis-CADP

r=0.06 p>0.05

PFA200 & Anysis200 &2td 24

Rz = 0.71

W :._.«-, .

“a

Multiplate analyzer ADP
Multiplate analyzer Collagen

Anysis-200 (mm)

R =0.18 p-o00s 5 . Cut-off = 60 mm

Plateletworks ADP Plateletworks Collagen

PFA-200 (sec)

LEAE A 7|7 1SS
Anysis-ONE

I RAT 28] ZAHE 352)
RheoScan-PA1: COL/ADP

I AT obEUIE ZAL E (35 D)
RheoScan-PA2: Aspirin test
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Conclusions

Shear stress at stenosed section is significantly increased, proportional to (1/d)3.

Shear stress is a strong agonistic factor to activate platelets.

SIPA requires relatively short time (t < 5 s) but sufficient shear stress (t > 8 Pa)

Aspirin cannot inhibit SIPA and its consequences
Clotted blood could be naturally lysed with tPA.

Therefore, it may be required to test thrombolysis as well as thrombosis.
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