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Fig. 1-1 Cause-specific mortality rate (2015)[1] 
 



 2  

 

subarachnoid hemorrhage: SAH

3

 

8 cerebral aneurysm
[6] 30 45%

30% [7]

1.5 5%

300 500
[8] 0.5 3%

[8]

flow diversion flow 

diverter stent flow diversion
[9][10][11] 1.3.2  

 



 3  

1.2  
1.2.1  

1-2 1-2

anterior circulation posterior circulation 1-2(a)

common carotid artery: CCA

vertebral artery: VA internal carotid 

artery: ICA external carotid artery: ECA

1-2(a)

posterior communicating artery: 

Pcom anterior communicating artery: Acom

Pcom Acom

 

 anterior circulation  

internal carotid artery: ICA  

middle cerebral artery: MCA  

anterior cerebral artery: ACA  

 posterior circulation  

vertebral artery: VA  

basilar artery: BA  

posterior cerebral artery: PCA  

  

anterior communicating artery: Acom  

posterior communicating artery: Pcom  

1.2.2  

(1) 

(2) (3) (4) 
[13] 4%



 4  

[13] 50 [13]

90% Willis 1-2 (a) (1) 

40% (2) 30% (3) 20%

10% [13]

[13] [14]

30 35% 1-3 bleb daughter [13]

= 

1.6
[15]

2

(1) 

sacccular aneurysm (2) fusiform aneurysm

Fig. 1-2 Diagram of arterial circulation 

 

 
(a) Anterior and posterior 

circulation 
(b) Arterial circulation[12] 
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1-4  

1.2.3  Saccular Aneurysm  
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Fig. 1-3 Definitions of regions on aneurysms 

 

  
(a) Saccular type (b) Fusiform type 

Fig. 1-4 Types of cerebral aneurysms 
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1.3  
1.3.1  
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1.3.2  

Fig. 1-5 Illustration of clipping surgery 
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Fig. 1-6 Illustration of coil embolization Fig. 1-6 Illustration of coil embolization
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adjunctive technique

4 mm

CODMAN ENTERPRISE® VRD

1-7 2010 1

7

1-8

2 dual antiplatelet therapy DAPT
[19]

[20]  

C) Flow Diverter stent  

flow diverter stent FDS

1 1-9

 
 

Fig. 1-7 CODMAN ENTERPRISE® 
VRD[17] 

Fig. 1-8 Stent assisted coil 
embolization[18] 



 9  

FDS
[21]

PipelineTM Embolization Device PED; 

Medtronic-Covidien Neurovascular, Irvine, CA, USA, 1-10 Silk flow diverter 

Silk; Balt Extrusion, Montmorency, France Flow-Redirection Endoluminal 

DeviceTM FRED; MicroVention, Tustin, CA, USA Surpass™ Streamline™ Flow 

Diverter Surpass; Stryker, Kalamazoo, MI, USA p64 Phenox, Bochum, Germany

2012 12 PED 2015 4

PED The PipelineTM Flex Embolization Device 

(PED Flex; Medtronic-Covidien Neurovascular, Irvine, California, USA)
[22] 2014 Surpass FRED [22]  

FDS (1) 

(2) 

 
Fig. 1-9 Flow diversion 

  
Fig. 1-10 PipelineTM embolization device 
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[23]

[24] [21][23] Kulcsár

2011 [25] Silk 13 1-1

FDS

 

FDS

1-11  

 
 

Author Device 
Number of 

patients 
Occlusion of 
aneurysms 

Complication 

Lyllyk[9] PED 63 93-95% 
No morbidity and 

mortality 

Griessenauer[26] PED 
117 

 (≤ 7 mm) 
87% 

Morbidity 17.4 %,  
1 mortality (0.9%) 

Brinjikji[27] PED 793 - 
36 morbidity (4.5 %),  
10 mortality (1.3%) 

Byrne[28] Silk 70 75% 

Morbidity 4 %, 
Mortality 8%, 
Parent vessel 

thrombosis 11% 

Lubicz[23] Silk 34 72.5% 
Morbidity 15 %, 

mortality 4 % 

Kulcsár [10] Silk 
12 

(Basilar 
artery) 

58% 
Basilar artery 
occulusion : 1, 

Perforator occlusion : 3 

Briganti[11] FRED 20 83% Morbidity 16 % 

Drescher[29] FRED 50 97.2% 
Morbidity 17.3 %,  
1 mortality (2.0%) 

Bhogal[30] 
PED,  
p64 

26 80% 1 mortality (3.8%) 

Table 1-1  Treatment results using a flow diverter for cerebral aneurysms 
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(1) L 

(2) D 

(3) d 

(4) N 

(5) p φ  

 

FDS porosity pore density

FDS [%] FDS

[pores/mm2]   

FDS

[31]

[31]  

 

 
 

Fig. 1-11  Definitions of design variables (D: diameter of stent, d: size of wire, p: 
pitch of wire, L: length of stent, φ: wire angle) and the length from one wire crossing 

point to the next wire crossing point along a wire (c). 
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2  

2.1  

3D

DICOM Digital Imaging and COmmunication in Medicine

2-1

  

 
 
 

Fig. 2-1 Flowchart of CFD simulation for patient-specific cerebral aneurysms 
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2.2 DICOM Preprocessing 

3D

digital subtraction angiography: DSA computed 

tomography angiography: CTA magnetic resonance 

angiography: MRA 2-2

DSA
[33] DSA

3 4 biplane 

angiography: AXIOM Artis dBA Siemens AG, Munich, Germany

post-processing workstation: Syngo XWP Siemens AG, Munich, Germany

 

 

2.3 Model Generation 

Amira® FEI/VSG-division, Bordeaux, France

3D 2-3

Fig. 2-2 Slice images from modalities (DSA, CT, MRA) 

   
(a) DSA image (b) CTA image (c) MRA image 
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voxel 2-4

stereolithography: stl 2-5

voxel

 

 

 
Fig. 2-4 Model generation 

Fig. 2-3 A Slice image taken by DSA 
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2.4 Grid Generation 
ANSYS® ICEM CFD ANSYS, Inc, Canonsburg, Pennsylvania, USA

2.3 stl

7

2-6  

 

 
 

Fig. 2-6 Grid generation 

Fig. 2-5 Coversion of voxel to stl data 
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2.5 Numerical Simulation 
ANSYS® CFX ANSYS, Inc., Canonsburg, PA, USA

ANSYS® CFX
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Fig. 3-1 Illustration of rouleaux 
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[32]

 

Yamamoto 2010 [32]

2

3
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3.2  
3

5 10 20 mm 3-2
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14.5 0.3mm

   
case A case B case C 

Fig. 3-2 Analyzed patient-specific aneurysm geometries 
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Fig. 3-3 Computational grid on a cross-sectional plane in case A 

 
Fig. 3-4 Extended inlet and outlet boundaries 
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22 Hct: 3 5.6% Hct

3.2

Casson 3-6 2

Casson Casson

τ0 μ0

2 Casson-H (High) model: τ0 = 0.0177 Pa, μ0 = 

0.00504 Pa∙s  Casson-L (Low) model: τ0 = 0.00768 Pa, μ0 = 0.00383 Pa∙s

2 Casson Casson-H

Casson-L Newtonian

3

0.0036 Pa s [35][50]

Casson-H > Casson-L > Newtonian

  
Fig. 3-5 Mass flow waveform 

 
Fig. 3-6 Relationships between the 
viscosity and shear rate of the measured 
data and the viscosity models. 
“Casson-L” and “Casson-H” indicate the 
modified Casson model derived from the 
lowest measured data (from a woman) 
and the highest measured data (from a 
man). 



 29  

2

AV AWSS NWSS

3.3.1 3.3.3

Newt-H

Newt-L

Yamamoto [32] γ > 160 [s-1]

Newt-H: μ = 0.00579 Pa∙s Newt-L: μ = 0.00457 Pa∙s  

3.3  

OSI 3.3.5

1  

3.3.1 Velocity 
average velocity: AV flow diversion

[51][52]   

3.3.2 Wall Shear Stress WSS  
WSS

WSS

WSS
[53] CFD

WSS[54][55][56] WSS[36][37][57]

Meng 2014 [53]

WSS  

 
0yy

uWSS  (3.3) 
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3.3.3 Normalized Wall Shear Stress NWSS  
WSS

WSS

WSS

[58] WSS normalized WSS: NWSS

 

 
v

a

WSS
WSS

NWSS  (3.4) 

WSSa WSS WSSv

WSS MWSS MNWSS MNWSS

 

 
v

a

WSS
MWSS

MNWSS  (3.5) 

MWSSa WSS 3

3-7

   
case A case B case C 

Fig. 3-7 Aneurysm (red) and parent artery (blue) regions 
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1 mm [35]  

3.3.4 Energy Loss EL  
EL

[59]

EL  
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EL outinin ,0,0  (3.6) 

in out
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P0 Volume   

3.3.5 Pressure Loss coefficient PLc  
Pressure Loss 

coefficient PLc
[35] PLc  
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3.3.6 Oscillatory Shear Index OSI  
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3.4  

3-8 3-10 case C

 

 

  
(a) Newtonian (b) Casson-L 

  
(c) Casson-H  

Fig. 3-8 Velocity vector fields at the end diastole on a representative 
cross-sectional plane in case A  



 33  

 

  
(a) Newtonian (b) Casson-L 

  

(c) Casson-H  
Fig. 3-9 Velocity vector fields at the end diastole on a representative 

cross-sectional plane in case B 
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3-1 AV 3-1(a)

AV

AV

Casson-H Casson-L Newtonian AV

case C Casson-H

Newtonian 73.2%

  
(a) Newtonian (b) Casson-L 

  

(c) Casson-H  

Fig. 3-10 Velocity vector fields at the end diastole on a representative 
cross-sectional plane in case C 
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26.8% 3-1(b)

AV

case C

 < 140 s-1 [32] 26.8%

AV

case A

Casson-H

Newtonian AV 17.8%

 

3-2(a) AV

Newt-H

Casson-H case C

10.9% case A

0.1%

AV AWSS NWSS

3-2(b) ~ (d)  

AV 3-1(c)

AV

6.0%  

3-1(d) 3-1(e)

Casson

1

3-11

 

1 WSS 3-12

case Casson Newtonian
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WSS

WSS

 

Newtonian 1 1

WSS 3-13

Newtonian WSS

1 Casson Newtonian

WSS

Newtonian WSS

Newtonian WSS

Casson Newtonian

   

 

   

   
(a) Newtonian (b) Casson-L (c) Casson-H  

Fig. 3-11 Time-averaged viscosity distribution (case A, top; case B, medium; case 
C, bottom) 
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AWSS 3-1(f) case A

AWSS Casson-H

Newtonian 64.3%

AWSS Newtonian 94.9%

case B case C

AWSS  

AWSS 3-1(g) case

case 

C Casson-H

Newtonian 134.6%  

MWSS 3-1(h)

case C Casson-H

   

 

   

   
(a) Newtonian (b) Casson-L (c) Casson-H  

Fig. 3-12 Time-averaged WSS distribution (case A, top; case B, medium; case C, 
bottom) 



 38  

Newtonian 130.2%

Casson-H

10%  

NWSS 3-1(i)

case A Casson-H

Newtonian 75.0%

Casson-H

10%  

MNWSS 3-1(j)

case B Casson-H

Newtonian

87.3%  

 EL 3-1(k)

   

 

   

   
(a) Newtonian (b) Casson-L (c) Casson-H  

Fig. 3-13 Time-averaged WSS distribution normalized by local WSS values from the 
result with the Newtonian model (case A, top; case B, medium; case C, bottom) 
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case C Casson-H

Newtonian 113.3%

Casson-H

10%  

PLc 3-1(l)

case C Casson-H

Newtonian 120.1%

Casson-H

10%  

OSI [37][57][60] OSI

10-2 ~ 10-3

OSI

OSI

3-1(m)
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(b) 
Average shear rate 

in the aneurysm 
[s-1] 

Difference from the 
Newtonian model [s-1] 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 534 0 100 

Casson-L 495 -40 92.6 
Casson-H 420 -114 78.7 

Case B 

Newtonian 193 0 100 

Casson-L 179 -14 92.8 
Casson-H 160 -33 83.1 

Case C 

Newtonian 94 0 100 

Casson-L 81 -12 86.9 
Casson-H 66 -28 70.4 

(a) 
AV in the 

aneurysm [m/s] 
Difference from the 

Newtonian model [m/s] 
Ratio to the Newtonian 

model [%] 

Case A 

Newtonian 0.202 0  100  

Casson-L 0.191 −0.012  94.3  

Casson-H 0.166 −0.036  82.2  

Case B 

Newtonian 0.167 0  100  

Casson-L 0.161 −0.006  96.5  

Casson-H 0.149 −0.018  89.3  

Case C 

Newtonian 0.116 0  100  

Casson-L 0.104 −0.012  89.8  

Casson-H 0.085 −0.031  73.2  

 

Table 3-1 Absolute values of the parameters, differences of the parameters from the 
result with the Newtonian model, and ratios of the parameters to the result of the 
Newtonian model 
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(d) 
Average viscosity 
over the aneurysm 

[mPa·s]  

Difference from the 
Newtonian model  

[mPa·s] 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 3.600 0  100  

Casson-L 4.227 0.627  117.4  

Casson-H 5.916 2.316  164.3  

Case B 

Newtonian 3.600 0  100  

Casson-L 4.418 0.818  122.7  

Casson-H 6.256 2.656  173.8  

Case C 

Newtonian 3.600 0  100  

Casson-L 4.760 1.160  132.2  

Casson-H 7.074 3.474  196.5  

(c) 
AV in the parent 

artery [m/s] 

Difference from the 
Newtonian model 

[m/s] 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 0.353 0 100 

Casson-L 0.350 -0.003 99.2 

Casson-H 0.346 -0.007 98.0 

Case B 

Newtonian 0.240 0 100 

Casson-L 0.238 -0.002 99.0 

Casson-H 0.234 -0.007 97.2 

Case C 

Newtonian 0.250 0 100 

Casson-L 0.243 -0.007 97.3 

Casson-H 0.235 -0.015 94.0 
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(f) 
AWSS over the 
aneurysm [Pa] 

Difference from the 
Newtonian model [Pa] 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 4.971 0  100  

Casson-L 4.925 −0.046  99.1  

Casson-H 4.715 −0.256  94.9  

Case B 

Newtonian 2.360 0  100  

Casson-L 2.478 0.118  105.0  

Casson-H 2.675 0.315  113.4  

Case C 

Newtonian 0.959 0  100  

Casson-L 1.053 0.095  109.9  

Casson-H 1.096 0.138  114.4  

(e) 
Average viscosity 

over the parent 
artery [mPa·s] 

Difference from the 
Newtonian model  

[mPa·s] 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 3.600 0  100  

Casson-L 4.159 0.559  115.5  

Casson-H 5.665 2.065  157.4  

Case B 

Newtonian 3.600 0  100  

Casson-L 4.290 0.690  119.2  

Casson-H 5.883 2.283  163.4  

Case C 

Newtonian 3.600 0  100  

Casson-L 4.253 0.653  118.1  

Casson-H 5.815 2.215  161.5  
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(h) MWSS [Pa] 
Difference from the 

Newtonian model [Pa] 
Ratio to the Newtonian 

model [%] 

Case A 

Newtonian 34.633 0  100  

Casson-L 36.164 1.531  104.4  

Casson-H 40.602 5.969  117.2  

Case B 

Newtonian 24.152 0  100  

Casson-L 24.642 0.490  102.0  

Casson-H 27.315 3.163  113.1  

Case C 

Newtonian 15.051 0  100  

Casson-L 16.686 1.635  110.9  

Casson-H 19.599 4.547  130.2  

(g) 
AWSS over the 

parent artery [Pa] 
Difference from the 

Newtonian model [Pa] 
Ratio to the Newtonian 

model [%] 

Case A 

Newtonian 7.429 0  100  

Casson-L 7.962 0.533  107.2  

Casson-H 9.392 1.963  126.4  

Case B 

Newtonian 3.972 0  100  

Casson-L 4.329 0.357  109.0  

Casson-H 5.149 1.176  129.6  

Case C 

Newtonian 4.148 0  100  

Casson-L 4.609 0.461  111.1  

Casson-H 5.582 1.435  134.6  
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(j) MNWSS 
Difference from the 
Newtonian model 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 4.662 0  100  

Casson-L 4.542 −0.120  97.4  

Casson-H 4.323 −0.339  92.7  

Case B 

Newtonian 6.080 0  100  

Casson-L 5.692 −0.388  93.6  

Casson-H 5.305 −0.775  87.3  

Case C 

Newtonian 3.629 0  100  

Casson-L 3.620 −0.008  99.8  

Casson-H 3.511 −0.118  96.7  

(i) NWSS 
Difference from the 
Newtonian model 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 0.669 0.000  100  

Casson-L 0.619 −0.051  92.4  

Casson-H 0.502 −0.167  75.0  

Case B 

Newtonian 0.594 0.000  100  

Casson-L 0.572 −0.022  96.3  

Casson-H 0.520 −0.074  87.5  

Case C 

Newtonian 0.231 0.000  100  

Casson-L 0.229 −0.003  98.9  

Casson-H 0.196 −0.035  85.0  
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(l) PLc 
Difference from the 
Newtonian model 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 0.901 0  100  

Casson-L 0.926 0.025  102.8  

Casson-H 0.991 0.090  110.0  

Case B 

Newtonian 2.294 0  100  

Casson-L 2.417 0.122  105.3  

Casson-H 2.652 0.358  115.6  

Case C 

Newtonian 1.579 0  100  

Casson-L 1.722 0.143  109.1  

Casson-H 1.897 0.317  120.1  

(k) EL [W/m3] 
Difference from the 
Newtonian model 

[W/m3] 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 3136 0  100  

Casson-L 3229 94  103.0  

Casson-H 3468 332  110.6  

Case B 

Newtonian 447  0  100  

Casson-L 465  18  104.0  

Casson-H 504  56  112.6  

Case C 

Newtonian 111  0  100  

Casson-L 110  −1  98.9  

Casson-H 126  15  113.3  
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(a) AV in the aneurysm [m/s] Relative difference [%] 

Case A 

Casson-H 0.166 
0.1 Newt-H 0.167 

Casson-L 0.191 
-2.9 Newt-L 0.185 

Case B 

Casson-H 0.149 
2.2 Newt-H 0.153 

Casson-L 0.161 
-0.4 Newt-L 0.161 

Case C 

Casson-H 0.085 
10.9 Newt-H 0.094 

Casson-L 0.104 
2.0 Newt-L 0.106 

Table 3-2 Comparison of the results with the non-Newtonian model based on the 
measured data (Casson-H, Casson-L) to the Newtonian model based on the measured 
data (Newt-H, Newt-L) 

(m) OSI 
Difference from the 
Newtonian model 

Ratio to the Newtonian 
model [%] 

Case A 

Newtonian 0.0059 0  100  

Casson-L 0.0056 -0.0003  94.8  

Casson-H 0.0058 -0.0001  98.6  

Case B 

Newtonian 0.0240 0  100  

Casson-L 0.0189 -0.0051  78.9  

Casson-H 0.0134 -0.0106  55.8  

Case C 

Newtonian 0.0353 0  100  

Casson-L 0.0256 -0.0097  72.6  

Casson-H 0.0147 -0.0206  41.7  
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(c) AWSS over the aneurysm [Pa] Relative difference [%] 

Case A 

Casson-H 4.715 
-0.4 Newt-H 4.696 

Casson-L 4.925 
-0.5 Newt-L 4.902 

Case B 

Casson-H 2.675 
-0.1 Newt-H 2.674 

Casson-L 2.478 
2.0 Newt-L 2.527 

Case C 

Casson-H 1.096 
0.3 Newt-H 1.099 

Casson-L 1.053 
0.8 Newt-L 1.061 

(b) AV in the parent artery [m/s] Relative difference [%] 

Case A 

Casson-H 0.346 
-0.1 Newt-H 0.345 

Casson-L 0.350 
-0.4 Newt-L 0.349 

Case B 

Casson-H 0.234 
0.3 Newt-H 0.234 

Casson-L 0.238 
-0.2 Newt-L 0.237 

Case C 

Casson-H 0.235 
0.8 Newt-H 0.237 

Casson-L 0.243 
-0.1 Newt-L 0.243 
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3.5  
1

 

case C

 

Casson-H

AV

AV

(d) NWSS Relative difference [%] 

Case A 

Casson-H 0.502 
-2.9 Newt-H 0.487 

Casson-L 0.619 
-6.5 Newt-L 0.579 

Case B 

Casson-H 0.520 
-0.5 Newt-H 0.517 

Casson-L 0.572 
-2.7 Newt-L 0.557 

Case C 

Casson-H 0.196 
-0.2 Newt-H 0.196 

Casson-L 0.229 
-4.1 Newt-L 0.219 
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case C

 

case A

AV

 

MWSS 30% NWSS 25%

3.3.3

CFD

WSS

Case A Casson-H

WSS NWSS

WSS AWSS

AWSS NWSS

Xiang [44] 2012

2 bleb

bleb bleb

case A bleb

2 case A

Casson-H

NWSS 25%
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case

case A

case B case C AWSS

AWSS

WSS AWSS

AWSS

NWSS   

Casson-H Casson-L

3-3 NWSS MWSS

15%

CFD

Unit: % case A case B case C 

AV in the aneurysm 12.1  7.2  16.5  
Average viscosity over the aneurysm −46.9  -51.0  -64.3  

Average viscosity over the parent artery −41.8  −44.3  −43.4  
AWSS over the aneurysm 4.2  −8.4  −4.5  

AWSS over the parent artery −19.2  −20.6  −23.5  
MWSS −12.8  −11.1  −19.4  
NWSS 17.4  8.9  13.9  

MNWSS 4.7  6.4  3.0  
EL −7.6  −8.6  −14.4  
PLc −7.2  −10.3  −11.0  

Table 3-3  Comparison of the results between the non-Newtonian models. The
values show the differences of the ratios shown in Table 3-1 between the two
non-Newtonian models (i.e., the ratio of the Casson-H model was subtracted from that 
of the Casson-L model). 
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MNWSS  

3.6  

3

4 Casson-H

Casson-L

 

3.7  

 

(1) WSS

 

(2) 20 mm

 

(3) AV NWSS
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4
 

4.1  
3 20 mm

 

3

 

4.2  
4.2.1  

3 Yamamoto 2010 [32]

  

4.2.2  
3.2 Casson  

 00  (4.1) 

μ0 τ0

Yamamoto [32]

 > 160 [s-1]  
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4.2.3  
(1) 17 16: 1 20

39 [47] 3-5 (2) 

WSS 1.5 Pa [70] 2

(2)

WSS = 1.5 Pa B.1

(1) 

(2) (3) 

1 6

1,050 kg/m3 [61] 0 Pa

2 1.8 s

1 2

3

3.2  

5.0 10-4 s 0.01 s

AV AWSS

1

 

4.3  
4.3.1  

Hct Cho 1991 [62]

Hct Casson

μ0 τ0 Cho 2014 [63]

 

4.3.2   

AV AWSS
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4.3.3 
 

AV AWSS case

 

4.4  

9

Casson Hct

Hct

 

2  

AV

WSS 3

case C Casson-H
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AV 26.8%

AWSS 14.4% 2  

(1) 3  case C  

(2) Casson-H  

3 case A AV 17.8% (2)

 

WSS

WSS

(1) [35][37] (2) WSS
[56][67] (3) 

[68][69] (2)

 

4.5  

3

 

(1) 

WSS

15 mm 4.7 mPa·s 

Hct 40%

 

(2) 
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WSS
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5 Flow Diverter stent

 

5.1  
FDS

flow diversion CFD

Cebral 2013 [70] flow diversion

7 FDS

FDS CFD

3

FDS

Larrabide 2013 [71]

FDS

FDS 2 mmHg

Schneiders 2013 [73] Tateshima 2016 [34] Flow diversion

FDS

Larrabide 2013 [71] FDS

FDS

Cebral 2013 [70] [72] FDS
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FDS
[74] FDS

FDS

FDS

  

Tateshima 2016 [34]

1 CFD

FDS

 

5.2  
5.2.1   

UCLA Medical Center flow diversion

ICA-ophthalmic

[34] 5 0.014 

PrimeWire® Volcano San Diego California USA

PrimeWire® -30 ~ 330 

mmHg - 30 ~ 100 mmHg ±3 mmHg 100 ~ 330 mmHg

±3%

FDS 4 25 mm PipelineTM Embolization Device PED; Covidien, Irvine, 

CA 1 4 25 mm

4 mm 25 mm

PED +0.25 mm
[75] 4 25 mm 4 mm

 

PED

PED

[75] 4 25 mm PED
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[76]  

5.2.2 CFD  
4  

 

(1) ; step1

 

(2) ; step1

+  

(3)  

(4)  +  

 

A)  

aveP aveV 1

 / FDS FDS

 

B) Autoreguration  

 

 (Blood pressure) = (Cardiac output) × (Peripheral vascular resistance) (5.2) 

 

(Blain intravascular pressure) =  
(Cerebral blood flow) × (Peripheral vascular resistance) (5.3) 

autoregulation

0 Pa autoregulation

0 Pa

aveP2 0 Pa

aveP1  
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5.3  
5.3.1 FDS  

Undeformed Deformed

FDS Undeformed Deformed

FDS

Deformed FDS FDS

foreshortening FDS FDS

Undeformed Deformed FDS

Deformed FDS

 

5.3.2  

 

5.3.3  
FDS  / 

5.27 / 7.83% FDS

FDS 21.42 / 28.73%

FDS 41.68 / 41.73%

FDS 20.26 / 

13.00%  

FDS FDS
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5.4  
 FDS

1

FDS Undeformed Deformed

FDS  

FDS

FDS

5.6 mm FDS

foreshortening FDS

FDS foreshortening

foreshortening  

FDS

FDS

FDS

FDS

 / 20.26 / 13.00% Mori [80][81]

CFD FDS

Kono [74]

CODMAN ENTERPRISE® VRD

FDS

FDS
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FDS

Cebral [70]

FDS

 

5.5  
FDS

FDS

FDS

Tateshima

 

(1) FDS FDS

FDS

 

(2) FDS

FDS  

(3) FDS FDS

 

(4) FDS
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6 Flow Diverter stent

 

6.1  
flow diverter stent FDS

Wallstent® Boston Scientific, Marlborough, MA, USA

Ziao [82]

Kim [83]

Ni [84]

 

FDS

FDS  

FDS

D L p

N d
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1-11 Porosity pore density

FDS porosity pore density

FDS FDS

porosity pore density

 

porosity pore 

density

FDS

  

6.2  
6.2.1 Porosity, Pore Density  

6-1 1 pore

 

 
tan

2
tan

tan
N

DAB
B
A  (6.1) 

 
sincos2

2cos
N

DBc
c

B
 (6.2) 

pore Spore  

 
tanN
DABS pore 2

222
2

 (6.3) 

6-1

pore

Scross  

 
224

4
22

sin
d

sin
dScross  (6.4) 

pore  
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2

21
2222

2222

sin
d

sin
ddSdS crossmetal  (6.5) 

pore density ρpore porosity ϕporosity  

 22

2

2
1

D
tanN

S pore
pore  (6.6) 

 
2

21
42

21
2 22

222

sinD
tanNd

sin
d

S
S pore

pore

metal
porosity  (6.7) 

 

6.2.2 FDS  
6-1 FDS 5 FDS

48 [25] FDS 4.5 mm

FDS 2 [76] FDS

FDS The PipelineTM Embolization Device PED; 

Covidien, Irvine, CA, USA [75] FDS

Fig. 6-1 Schematic diagram of a pore 

 

 

d 
B 

φ 

A 

c 
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Pore1-d30 PED 3:1

2 [71] FDS

FDS 1

1 FDS

Pore1-d30 d

p 2 FDS p = 8 mm 12 mm

Pore2-d30 Pore3-d30 Pore2-d30 FDS

2 FDS d = 40 μm 50 μm

Pore2-d40 Pore2-d50  

 

6.2.3  

ABAQUS/explicit SIMULIA, Providence, RI

0.08  

0.10 mm 1-11 c 1/3 Pore1-d30

1/4 4 6-2

6-3 6-4 Pore1-d30

6-3 6-4

Name 
Strut size d 

[μm] 
Pitch p 
[mm] 

Porosity ϕporosity 
[%] 

Pore densityρpore 
[pores/mm2] 

Pore1-d30 30 4 66.1 20.6 
Pore2-d30 30 8 80.3 10.3 
Pore3-d30 30 12 84.8 6.9 
Pore2-d40 40 8 74.2 10.4 
Pore2-d50 50 8 68.3 10.4 

Table 6-1  Specifications of the fully expanded flow diverters (external diameter, 4.5 
mm) 
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1

5%

0.15 [85] FDS Co-Cr-Ni

6-5 [76] 6-6  

 

 

Inner diameter of crimper [mm] 
Element size 

0.1 [mm] 0.15 [mm] 0.3 [mm] 
4.50 - 0 0 
4.45 - 0.89 -22.97 
4.40 - 0.46 -14.98 
4.35 - 0.38 -7.68 
4.30 - 0.20 -2.98 
4.25 - -0.11 -2.36 
4.20 - 2.49 6.78 
4.15 - -0.51 5.32 
4.10 - 0.11 5.00 
4.05 - 0.06 2.11 
4.00 - 0.05 4.01 

Table 6-3  Relative error from the result with the next smaller element size on the 
grid independence test (crimping) [%] 

Nominal element size [mm] 
Crimping test Bending test 

Stent Crimper Stent 
0.1 3456 31624 17281 

0.15 2304 7906 11520 
0.3 1152 1947 5760 

Table 6-2  Nominal element size and the number of elements on the grid 
independence test 
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A  

0.25 mm

FDS 4.5 mm 4.6 mm 8 mm

0.05 mm FDS

6-7
[76] 0.06 

mm 0.01 [83] FDS

 Crimping test Bending test 
Name of stent Stent Crimper Stent 

Pore1-d30 3,456 31,624 17,281 
Pore2-d30 4,608 31,624 11,521 
Pore3-d30 4,608 31,624 7,681 
Pore2-d40 4,608 31,624 11,521 
Pore2-d50 4,608 31,624 11,521 

Table 6-6  Finite element meshes for the simulation 

Density [g/cm3] 8 

Elastic properties 
Young’s Modulus [GPa] 206 

Poisson’s ratio 0.26 

Plastic properties 
0.2% yield stress [GPa] 2.8 

Isotropic hardening slope [GPa] 8.8 

Table 6-5  Material Properties of Co-Cr-Ni wires 

Bending angle [°] 
Element size 

0.1 [mm] 0.15 [mm] 0.3 [mm] 
0 - 0 0 
15 - 0.55 –0.82 
30 - 0.63 –0.87 
45 - 0.72 –0.90 
60 - 0.79 –0.90 
75 - 0.85 –0.87 

Table 6-4  Relative error from the result with the next smaller element size on the 
grid independence test (bending) 
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0.5 

[83] 0.1 s

FDS 0.1 s

FDS FDS

 

 

 

B  

[86] FDS 10 mm

FDS

θ

θ 0° 75°

0.45 s

 

6.3  
6.3.1  

Kim 2008 [83] Ni 2015 [84]

Ni 2015 [84]

 

porosity pore density

porosity

Density [g/cm3] 7.9 

Elastic properties 
Young’s Modulus [GPa] 206 

Poisson’s ratio 0.26 

Table 6-7  Material properties of steel crimpers 
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porosity

porosity pore density

pore density   

6.3.2  

Ni 2015 [84] 

  

FDS  

porosity pore density 75 º

porosity

pore density

pore density

  

6.4  

4

FDS

FDS

FDS
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porosity pore 

density pore 

density porosity

 

Ma 2014 [88] Xiang 2014 [89] porosity

pore density

[88]

PED Flex

PED [90]  

6.5  
porosity pore density

FDS

 

(1) porosity

porosity

 

(2) FDS

 

(3) FDS FDS
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(4) porosity pore density
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7
Flow Diverter stent  

7.1  
FDS porosity pore density

[91] porosity
[21] porosity

pore density FDS
[92]  

FDS porosity pore 

density FDS

FDS

 

FDS

FDS CFD

FDS

2 FDS

  

7.2  
7.2.1  

FDS

 

A  

sidewall
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7-1 FDS

sidewall 4 

mm 10 mm

FDS

FDS FDS

[91][93][94]

FDS

 

 

B FDS  

7-1 FDS 6 PED

FDS Pore1-d30 FDS 48

Fig. 7-1  Schemaic diagram of the ideal aneurysm model used for computational 
fluid dynamics simulations. 
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[25] PED 2
[76] PED 2 3:1

[71] FDS

FDS 1

Pore1-d30 d 5 μm

p porosity 4 FDS

Name 
Size of wire 

[μm] 

External 
diameter 

[mm] 
Pitch [mm] 

Porosity 
[%] 

Pore density 
[pores/mm2] 

Pore1-d30 30 
4.0 7.6 79.0 12.3 
4.5 4.0 66.1 20.6 

Pore1-d40 40 
4.0 7.6 72.5 12.3 
4.5 4.1 57.1 20.3 

Pore1-d50 50 
4.0 7.7 66.4 12.3 
4.5 4.2 49.1 19.9 

Pore2-d35 35 
4.0 9.5 79.0 9.8 
4.5 7.0 75.0 11.8 

Pore3-d30 30 
4.0 12.0 84.0 7.8 
4.5 10.1 83.2 8.2 

Pore3-d40 40 
4.0 12.1 79.0 7.8 
4.5 10.2 78.0 8.1 

Pore3-d50 50 
4.0 12.1 74.1 7.8 
4.5 10.3 73.0 8.1 

Pore4-d45 45 
4.0 15.8 79.0 5.9 
4.5 14.4 79.5 5.8 

Pore5-d30 30 
4.0 22.3 87.1 4.2 
4.5 21.4 88.1 3.9 

Pore5-d40 40 
4.0 22.4 83.0 4.2 
4.5 21.5 84.2 3.9 

Pore5-d50 50 
4.0 22.6 79.0 4.2 
4.5 21.6 80.5 3.9 

Table 7-1  Details of the compared stents on computational fluid dynamics (CFD) 
simulations 
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Pore2-d35 Pore3-d40 Pore4-d45 Pore5-d50 pore1-d30 Pore3-d40

Pore5-d50 porosity

pore density 2 FDS Pore1-d40 Pore1-d50 Pore3-d30

Pore3-d50 Pore5-d30 Pore5-d40  

C  

ANSYS® ICEM CFD 16.0 0.3mm

7

0.02mm

1.2 7 0.3mm

FDS FDS 0.008 mm [70]

FDS

100 FD 2,800 6,000  

D  

1 m/s

0 Pa

75 mm

3-4 FDS

(3.2) Casson 0  = 

0.004 Pa, 0  = 0.0035 Pa∙s, m = 100 [42] 1,100 kg/m3

4.0 mm 0.5 m/s

600

FDS

[95]  

E  

AV MV
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WSS MWSS FDS

 X
[71]  

 
untreated

treateduntreated
reduction X

XX
X %100  (7.1) 

Xuntreated Xtreated FDS

AV MV AWSS MWSS  

7.2.2  
2 FDS

FDS

4

4 Pore2-d35

0.08 mm Pore3-d50 0.09 mm

1-11 c 1/4  

A  

0.05 mm 17 mm 0.5 mm

10 mm D = 4.5 mm

7-2 0.2 s

0.2 s

 

 

 Fig. 7-2  Configurations of the crimpers and the stents before and after crimping 
(Before crimping, t = 0 s, crimper inner diameter D = 4.5 mm; After crimping, t = 0.2
s, D = 3.5 mm) 
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B  

10 mm

θ θ 0 90

7-3 0.54 s

 

 

7.3  
7.3.1  
A FDS  

7-2 7-3 WSS pore density

FDS Pore1- FDS AV MV

AWSS porosity

FDS

porosity Pore1-d30, Pore2-d35, Pore3-d40, 

 

Fig. 7-3  Configurations of the stents before and after bending (Before bending ,t =
0s, bending angle θ = 0º; After bending, t = 0.54 s, θ = 90º) 
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Pore4-d45, Pore5-d50 pore density

porosity pore density 7.1

7-4

FDS FDS

FDS 10

1.0 m/s 7-4 Pore2-d35 Pore3-d50

7-2 7-3

Pore2-d35 AV : 70.3% AWSS : 84.9% Pore3-d50

AV : 70.9% AWSS : 85.5%

 

Table 7-2  Reduction rate in velocity. 

Name AV [m/s] MV [m/s] 
Reduction rate 

(AV) [%] 
Reduction rate 

(MV) [%] 
without stent 0.131 0.909 - - 

Pore1-d30 0.033 0.236 74.5 74.00 
Pore1-d40 0.027 0.197 79.7 78.36 
Pore1-d50 0.022 0.170 83.1 81.28 
Pore2-d35 0.039 0.290 70.3 68.08 
Pore3-d30 0.054 0.397 58.5 56.35 
Pore3-d40 0.045 0.345 65.5 62.00 
Pore3-d50 0.038 0.310 70.9 65.89 
Pore4-d45 0.052 0.418 60.0 53.96 
Pore5-d30 0.076 0.583 42.1 35.87 
Pore5-d40 0.068 0.536 48.2 41.02 
Pore5-d50 0.061 0.506 53.3 44.35 

Note: AV and MV indicate spatial-averaged velocity and maximum velocity in the 
aneurysm respectively. 
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Table 7-3  Reduction rate in wall shear stress (WSS) 

Name AWSS [Pa] MWSS [Pa] 
Reduction rate 

(AWSS) [%] 
Reduction rate 
(MWSS) [%] 

without stent 3.655 35.5 - - 
Pore1-d30 0.450 12.7 87.7 64.1 
Pore1-d40 0.340 11.0 90.7 69.1 
Pore1-d50 0.275 10.3 92.5 71.1 
Pore2-d35 0.551 14.4 84.9 59.5 
Pore3-d30 0.876 14.3 76.0 59.7 
Pore3-d40 0.675 14.4 81.5 59.5 
Pore3-d50 0.532 13.5 85.5 62.1 
Pore4-d45 0.834 14.4 77.2 59.4 
Pore5-d30 1.504 12.2 58.9 65.7 
Pore5-d40 1.238 12.6 66.1 64.6 
Pore5-d50 1.041 13.1 71.5 63.1 

Note: AWSS and MWSS indicate area-averaged wall shear stress and maximum wall 
shear stress on the aneurysm surface respectively. 
 

 
Fig. 7-4  Velocity distributions at a cross-section (plane of symmetry) across the 
center of the aneurysm and the parent artery. 
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B FDS  

FDS FDS

Pore5-d30 Pore3-d40 Pore1-d50 7-4

7-5 FDS

7-5 without stent sidewall
[91][93][94] FDS

7-2 7-3 FDS

2

porosity

pore density

 

 
Fig. 7-5  Velocity vector fields at the cross-section. 

 

7.3.2  
WSS Pore2-d35 Pore3-d50

FDS 7-6, 7-7

Pore3-d50

Pore3-d50 Pore2-d35

Pore3-d50
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10 mm Pore2-d35

Pore3-d50 3.5mm 15.9 mm, 13.1 mm

Pore2-d35 FDS

 

 

7.4  
FDS

FDS

FDS

FDS

[96] FDS

CFD

 

FDS Ma [88]

Xiang [89] FDS FDS

porosity

  
Fig. 7-6  Comparison result of the 
crimping tests 

Fig. 7-7  Comparison result of the 
bending tests 



 83  

Janiga [97] FDS

Anzai
[98] FDS porosity

Kim [99] porosity

 

FDS

migration FDS

FDS

FDS FDS 

FDS 5 FDS

FDS

FDS FD

 

2 FDS

2

2 FDS

FDS

FDS (1) (2) 

(1) 6

2 FDS FDS

Pore3-d50 (1)

FDS

 



 84  

7.5  
FDS

FDS

CFD FDS

2

FDS

 

(1) FDS

side-wall

FDS

 

(2) 

 

(3) 
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8  

8.1  
flow diverter stent FDS

FDS

FDS FDS

 

3 5 FDS
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A  

4 cm3 Compact- 

sized falling needle rheometer: FNR

A-1 FNR 3

4 FNR A

FNR  

A.1  
A-2

20 mm 2 mm

8

A-3

  
Fig. A-1 Falling needle rheometer 
(FNR) 

Fig. A-2 Cylindrical needles used in 
rheometry with the FNR  
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constant temperature air circulation system

cell 310 K

0.5 K

A-4 FNR 2 cell

10 mm 2

cell needle collector needle collector

needle collector

 cell

8

cell cover

needle collector   

A.2  
 

 

(1)  

(2)  

  
Fig. A-3 Constant temperature air 
circulation system 

Fig. A-4 Schematic diagram of the 
FNR[49] 
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Fig. A-5 Forces applied on a control 
volume 

Fig. A-6 Velocity distribution in 
sample fluid 
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A.3  
A-1 FNR  

 

A.4  
A-2 Suzuki 2013 [49] FNR

JS10 JS20 NIST5 NIST10

Brookfield Co., Ltd.

Usage 
conditions 

Temperature 0  35  without freezing or dew 
Humidity 30  80%RH 

Environment Free from dust and corrosive gas 

Strage 
conditions 

Temperature 0  50  without freezing or dew 
Humidity 30  80%RH 

Environment Free from dust and corrosive gas 
* The usage conditions are recommended to use the viscometer safety for many 

years. 
* The strage conditions are recommended to storage th eviscometer safety. 

Table A-1  Recommended storage/usage conditions 
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1%

 

A.5  

: DMA 35® Anton Paar GmbH A-7

A-3 DMA 35®  

 

Standard liquid 
Viscosity [mPa·s] 

Deviation [%] 
Measured values Standard values 

JS 10 4.987 4.982 0.11 
JS 20 9.006 8.963 0.48 

NIST 5 4.705 4.70 0.12 
NIST 10 9.211 9.30 0.95 

TableA-2  Calibration results at 310.15K[49] 

Fig. A-7 DMA 35® portable density meter 
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Measuring range 
Density 0  3 [g/cm3] 

Temperature 0  40 [ ]* 

Viscosity 0 1000 [mPa·s] 

Accuracy Density 0.001 [g/cm3] ** 

Temperature 0.2 [ ] 
Repeatability,  

standard 
Density 0.0005 [g/cm3] 

Temperature 0.1 [ ] 
Ambient temperature - 10 [ ]  +50 [ ] *** 

Sample volume 2 [mL] 
* Filling at higher temperatures possible 
** Viscosity < 100 mPa·s, density < 2 g/cm³ 
*** Sample must not freeze within the measuring cell 

TableA-3  Technical specifications of DMA 35® 
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B  

B.1 Murray  

Murray

τw Zamir 1977 [101] τw 15 25 

dyn/cm2 1980 [102]

τw = 15 20 dyn/cm2

[103][104]  

B.2 Hct  
: DMA 35® A.5 4

ρ C-1

Hct ρ  

 
Fig. C-1 Relationship between hematocrit and blood density 
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