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Computational fluid dynamics

Computational fluid dynamics (CFD) is a branch of fluid mechanics ™

Fluid mechanics is the branch of physics that studies the mechanics of fluids (liquids, gases,
and plasmas) and the forces on them. Fluid mechanics has a wide range of applications,
including for mechanical engineering, civil engineering, chemical engineering, geophysics,
astrophysics, and biology. Fluid mechanics can be divided into fluid statics, the study of fluids




Fluid mechanics = Navier-Stokes eqgn’s
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Steady flow in a straight tube




but arteries, and aneurysms, are not ....




Computational fluid dynamics

Computational fluid dynamics (CFD) is a branch of fluid mechanics 7




What do we need for CFD?




What do we get from CFD?




Why shear stress?

nic inflammation Degradation of walls
o,

- <r, ,
B\ e P
-~ =

<Aneurysm>

fw’ '
”. Statin :
Nifedipine

Endothelial cell
N niernal elastic lamina
I |edial smooth muscle cell layer

<Endothelial cell>




Influence of shear stress on . and
of brain aneurysms

Association of Hemodynamic Factors With
Intracranial Aneurysm Formation and Rupture:
Systematic Review and Meta-analysis  Anil can MD

Rose Du, MD, PhD

Neurosurgery 78:510-520, 2016




Shear stress and aneurysm initiation

Investigating the Influence of Haemodynamic Stimuli on Intracranial
Aneurysm Inception
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and/or rupture, are still not clearly understood. Given

that TAs preferentially develop at specific locations in

the Circle of Willis' where the wall shear stress (WSS)

usually appears to be high,”” it appears that the hae-

modynamic environment p In this study, we consider 22 (segmented) clinical

pathophysiological process  cases depicting sidewall TAs, propose a novel method

blood flow patterns prior  to numerically reconstruct the original, pre-aneurysmal

may yield insight into the ¢ yascular geometry, perform CFD simulations on the
hypothetical healthy geometry and analyse the distri-
butions of the aforementioned haemodynamic indices
in the region where the IA i1s known, a priori, to
develop. Our findings are then compared and discussed




Shear stress and aneurysm initiation

Image modality?







Shear stress and aneurysm initiation

Boundary conditions from 1D model




Shear stress and aneurysm initiation

WSS (Pa)
= 20
16

12

Positive correlation for 20/22!




Shear stress and aneurysm initiation

TABLE 1. Summary of Study Data for Risk of Aneurysm Formation®

Author, year Female:Male Mean Age, y Location of Aneurysms

WSS

Mantha, 2006° 3 paraclinoid ICA
Baek, 2009" 2 PCoA
Shimogonya, 2008" 1 ICA

2 ACA, 2 ACoA, 1 MCA, 2 BA
Castro, 2011 ¥ 3 ACoA

Singh, 2010" 1 é 2 ICAbif

Ford, 2009" 3 ICA, 1 BA, 1 MCA

Le, 2013"° : ' 2 PCoA

Chen, 2013"' 58 1 ICADbif, 10 PCoA, 3 OA, 1 AChA,

2/2
on

20/22

BF 2/2
BF 2/2
SW 0/5

2/2

Total (%) 28/36 (78.8)

ACA, anterior cerebral artery; AChA, antenor choroidal artery; ACoA, anterior communicating artery; AFl, aneurysm formation indicator; BA, b

ICA, internal carotd artery; ICAbIf Internal carotid artery bifurcationt MCA, middie cerebral artery; OA, ophthalmic artery; OSI, oscillatory s

SWSSG, spatial wall shear stress gradient; WSS, wall shear stress

Low AFI comresponds to high deviation of the WSS vector from its mean direction




Shear stress and aneurysm rupture

Hemodynamic—Morphologic Discriminants for Intracranial
Aneurysm Rupture

Jianping Xiang, MS*; Sabareesh K. Natarajan, MD, MS*; Markus Tremmel, PhD;
Ding Ma, MS: J Mocco, MD. MS: L. Nelson Hopkins, MD: Adnan H. Siddiqui. MD. PhD:;
Elad I. Levy, MD: Hui Meng, PhD

(Stroke. 2011:42:144-152.)

quandary. Decision-making to treat an unruptured aneurysm
is largely based on the size of the aneurysm, but recent studies
have failed to show a significant correlation of size with IA
rupture,! and many ruptured aneurysms are small in size.?




Shear stress and aneurysm rupture

geometry

Three-dimensional aneurysm geometries were reconstructed from
digital subtraction angiography images, except for anterior commu-

nicating artery (ACOM) aneurysms. All 24 ACOM aneurysms were
reconstructed from CT angiography images instead, because (1)

boundary conditions

The pulsatile velocity waveform was obtained from transcranial
Doppler ultrasound measurement on a normal subject with its
magnitude scaled to the desired mean flow rate. Traction-free

boundary conditions were implemented at the outlet. The mass flow
rate through each outlet artery was proportional to the cube of its
diameter based on the principle of optimal work.!! Because the




Shear stress and aneurysm rupture




Shear stress and aneurysm rupture




Shear stress and aneurysm rupture




Shear stress and aneurysm rupture




Parameter
Size, mm
AR

ul
El

SR

Shear stress and aneurysm rupture

Data Range
1.1-13.2
0.3-3.0

0.01-0.63

0.02-0.27
0.02-0.32
0.4-9.2
0.02-2.1
0.32-13.35
0-0.96
0-0.16
—285-557
04
0.48-48

Ruptured Mean

5.156+2.72
1.360.66
0.10=0.064
0.16=0.062
0.19+0.074
3.14=1.64
0.33=0.28
2.71x2.20
0.38+0.31
0.016=0.031

—30.97+61.56

1.77=0.75
7.52+8.94

Unruptured Mean
4.01+2.00
1.07+£0.45

0.058+0.077
0.12+0.057
0.14+0.063
1.58+0.86
0.68+0.40
3.87+1.91
0.10+0.21

0.0035=0.0044

—38.62+137.93
1.27+0.67
2.70+4.32

Threshold
2.98
1.27
0.090
0.13
0.16
1.75
0.39
2.40
0.21
0.0036

-29.70
1.00
2.70

—— -
Average Neck

Diameter(D)




Shear stress and aneurysm rupture

Limitations of This Study

First, all the IA cases came from a single center and the
number of cases is small (although it is currently the largest
for a CFD study). Further 3-dimensional studies with larger
[A populations from multiple centers will be required to
verify the findings. Second, like with all retrospective studies.
the images of the ruptured IAs may have been affected by the
event of the rupture itself. Although there is no study that
examines whether the shape of an aneurysm changes after
rupture, there is a theoretical possibility that this could bias

our results. Third, the morphological parameters could be

| Null Predictor

04 0.6
1-Specificity




Shear stress and aneurysm rupture

TABLE 2. Summary of Study Data and Mean Wall Shear Stress for Risk of Aneurysm Rupture®

Mean WSS (SD) Mean WSS (SD) Normalized
Rup Unrup Time-

Author, year Location Total Total Total Point Rup Unrup Rup Unrup P

Jou, 2008° ICA 26 8 18 ED 1.90 (1.10) 260 (1.90) . 048 (0.33) 0.59 (033) .26
Xiang, 2011* 48 ICA, 12 MCA, 12 119 38 81 TA 033 (0.28) 0.68 (0.40) <.01
PCoA, 3 PCA, 24
ACoA, 8 ACA, 7 BA,
4 PICA, 1 VA
Miura, 2012" MCA 7.19 (598) 955 (5.89) <. 049 (0.39) 0.62 (0.38) <.01
Lauric, 2013'® ICA 0.06 (0.04) 0.13 (0.07)
Goubergrits, MCA 2.01 (1.51) 2.94 (1.85)
2011'°
Chien, 2009°* OA 10.66 (5.99) 6.31 (6.47)
Castro, 2009°° 3 ICAbif, 9 MCA,
2 PCoA, 22 ACoA,
1 ACA, 5 BA
Lu, 2011%? 2 MCA, 2 ACA, 14ICA 6.49 (348) 10.17 (7.48)
Xu, 2013% PCoA 052 (0.20) 0.81 (021) .01
Takao, 2012 (1)**  ICA-PCoA 5.10 (0.96) 5.19 (1.96)
Takao, 2012 (2)** MCA 6.14 (206) 5.35 (1.96)
Pereira, 2014** 6 MCA, 6 BA, 6 PICA, 1.20 (0.50) 2.20 (1.00)
6 ACA




Influence of shear stress on . and
of brain aneurysms

« All studies have a relatively small sample size
(total initiation=40, total rupture=168)

e Geometry I s al most al weé

e Sidewall aneurysms vs bifurcation aneurysms?




Influence of shear stress on . and
of brain aneurysms

aneurysms plaque

high shear

(outward remodeling)

low shear
(inflammatiion)







