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Part | One-dimensional fluid-structure
interaction for systemic circulation

Perumal Nithiarasu




Principles

Circulatory system

Red - arteries
(Oxygenated)
Blue — veins
(De-oxygenated)

g
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Disease state representation using 1D

a) b) ) d) e) )
N | . ) Cardio-  Aortic Valve Aortic Coronary
orma AEICISE  myopathy Regurgitation Stenosis Arteriosclerosis
—Ruyr
o — Pao
% —Pw
= === P
(=)
E
£ — PLva — Pao
£
E
7 10
— Qo
0 Lr—__“—
c 02 — Quea
£ 01 — Qlepi
535 3 O — QLendn
54 i
ol e 0.1
al
= g*:— — Qrea
S o —
01 Rendo
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Model construction — Systemic
Circulation - OVERVIEW
» Wave length is much longer than diameters.
1D approximation is valid.
» Representing arteries, ventricle, valves, bifurcation,
curvature and micro-circulation.
» Multiple solution at bifurcations.

» Curvature inclusion is required but not included in this lecture.
» Valves may be included in a rudimentary fashion.

1 Afdk v -I- R Y e YL mitlen ctrmailav ba frrcadd clammannl Al
LCTIL VCIILUI | IJ uu p T2 u Pu SC 3" |||d |10 |u Cu |5| | Iu
functions.

» Lumped models or tapered vessels represent micro-circulation.
» Boundary conditions are determined by characteristic waves.
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Model construction — Systemic
Circulation — CORE SYSTEM

O ‘ -

v'Left ventricle v'Straight vessels v'Bifurcations  v'Tapering vessels
v'Aortic valve

v’ Coronary flow

» No organs
» No venous system

Swansea University



Model construction — Systemic
Circulation

Continuity Equation A + 0 ( AU) =0
ot OX
Momentum Equation 8_U+ u o + 1 Gp +f=0

ot ox p OX
- Constitutive Relation D= peXt +,B(\/K —\/E)

v i . .
Straight vessels u = mean velocity over a cross-section

A = cross-sectional area (A, = ‘unstressed’ area)

Wall property function p = internal pressure (p,, ., = external pressure)

h =wall thickness ;5 _ VThE p = blood density (constant)
E = Young’s Modulus Ao(l —0)?

f =friction term

W - e— "~ — -—w-
— —_-_-_-MM—

. . e T e T
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Equations

Replace pressure derivative
dp apm 3 0A 3 0Ay

dr  Ox 2\/_ or 2JA 0 Ox
The system oJ HE e

ot dx
where

Swansea University

p =P+ (VA=A

H(VA-VA) 5

93




Equations

The characteristics

A — M 4 BV A _ | utc
Ao 2p u—c

Characteristic variables

wy | | u+4de
wo | | u—4de

4 2
The flow variables may be 4 — (w1 — ws) (E)
written as 1024

Swansea University



Model construction — Systemic
Circulation

. e
Ty -
P

< Peak Systolic Pressure

—
m
T

Relaxation Rate
{slope)

—_
o
T

Two sigmoid
function fused
mid-ejection

Contraction
Rate {slope)

m
T

YVentricular Pressure
(dynes cm ™ x 10%)

Diastolic Filling Time

e
Ty -

End—lD|astDI|c F'rlessure —>)

DD 0.1 0z 0.3 D.Iil EI.IE
v'Left ventricle Time (s)
(ag — aq)

Puig(t) = a1+ -
peq 1s end-diastolic pressure =t 1 —+- E(ﬂ'a_ﬂf t4
Ppeak 18 peak pressure o _ 1n—4
t. 1s a time constant (1 = Ped — 9.11 x 10 p-pea.k

12 = Ppeak

R — e S g P -

T (13 = (L, .

e
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Model construction — Systemic
Circulatior

2
1 0 —
"‘-“'il’i:: = Wy +41/ ;\/(P""“ — Pext) + v/ Ao

wllﬂ:-&wlp _l_&wlr—{—wl %55- Rate (slope)

03
Time (s}

Y Aortic valve Awip=Typ(t)Aw; Awyy = Ry (1) Aw,

R Aw, ng —w)
t —_—— — —
Aw n+1 0
| wy wy
w, — incoming characteristic wave
TVP — ]| — er (_f} w, — outgoing characteristic wave

U

" — P
Swansea University ] \ —_— l
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Model construction — Systemic
Circulation

a) Systole

v Coronary  Pressure on subendocordial vessel L o
arteries ) | 17
0 T < Ié’-‘

pe;ri:(i":t) = 9 kt‘-pLV (tj (-%_i B 1) LSC ST i % _—::. ‘i._

\ keppy (1) T > =3° g " g

pext(t) = kchV(t)
pov () is the time-varying LV pressure

L. = 7 is the lensth k. = 1 left subendocordial vessel
(s v =

e k. = 0.2 right subendocordial vessesl| .
M

prETT
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odel construction — Systemic

rculat

O

on Vessel branching

Parent vessel

Vs [ Be
B —_ / £ i

Daughter vessels

pu

1 )
i l_-}'
v'Bifurcations V
/ Mass conservatiorI{T
—> Q = Apuy, = E Ajuy
1=1
\ Pressure continuity
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v'Tapering vesse

35

Green — Simple resistance
Others — Tapering vessels

Swansea University

Reflection Coefficient

L1

Phase (degrees)

Mannitude
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Model construction — Boundary

C ons

t

Al
1na

O

Inlet Exit

n—+1 n
wy |-T=-TL — Wy |I=IL—J.TQI

W, |1’=.T|} — wg |I=I[]—.:1'.g Ar

- wrlli::] zwg—l—S(ﬁ”H)lM £

20

2 [ _
atg =4 |2 po

One One
condition condition

B wlitt =2 )
e, -
e =S w, — incoming characteri

@
¥ v -
r‘-’-'n-l-':.“.r-l.—_"h.'-IJm
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e AV E
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Solutlon Method — Taylor Galerkin —

The Second Derivative
The System __ __ _- |
92U _q ou 9 b au
au OF o2~ "ot ax \" Vo
2 =5 a2
! U _ (g OF O(FuS) I (g OF
Ot2 Y\ T 0z ) T oz or \ " ox
The Semi-Discrete Form
dUﬂ ATEC}EUH
U™t = U™ 4+ At 5t 5 a2 + O (At?)
UH+1 - Un T "i-}Fﬂ A’f d n (s mn aFn (' L}FH T e
At ZS_E};E_Q [él;r(FUS —Fu U Sz ) SUJE_SUS]
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Solution Method — Spatial

Discrétisaticﬁ
IML]{AU} = At ([K ] {F}" + [L]{S}" + {fr.}")
where
M.] = EH é] lumped  [M.] = ;H H

F” JNT
/ N7 ﬂ'ﬂ — F”due / NTF ndl’,
£1.

ﬁ;rl'rli‘,ﬂ Post prOCESSEd flux

Timestep Atna: =

.
L’]‘ﬂ- A
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Results

Consistent and Lumped Mass

Lumped Mass Matrix e Consistent Mass Matrix
160 120

~ 110
£ 140} 110}
= Right

oay Ascending anterior | Left Ulnar B
£ 120} 100
— Aorta Tikial
@ 90t i
= 100} a0
i
o B a0 a0}
-
[

70} B0t 70t

1 1.2 1.4 1.6 1 1.2 1.4 1.6 1 1.2 1.4 1.6
Time (s) Time (s) Time (s)
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Results

Comparison Between LCG and GG

2010 02
LCG GG

2000 ~ L = i 015 4 pPwidth=04s . "
i 1990 A E 0.1 4 Pwidth=0.08s f.
Lo
3 % w idth = a /
2 E 1980 - . NE 005 - Pwidth = 0.04s H;
Lo 5 < w
oL@ 1970 - wn W 0 l_-.-::I:__.:,.:.——’i*_ﬁ_;
o 5 ] 'JE-‘ - )
D5 1980 - & =008 N /
a e \\ f

1950 - T 01 .

¢ ./
1940 - 0.15 AY V.
153':' T T T T 'DE T T T T
-2 15 -1 0.5 0 0.5 1] 0.4 1 15 2 25
a) Log (Element Length {cm)) b) Log (Time Step (us))
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Results

Single Vessel — Step increase and
decrease in A

Ap=0.5 Ap=2.0
% 1000 |
‘c 1200 A—
(] |I '. ml:l i
- 1000 : —>
2 am | o0
> ;
T & 400} ;
2 400 Z2l
7 0= 4
g 20
a o 200t

0 5 10 15 20 0 : 10 15 20
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Results

Single Vessel — Step increase and

decrease in Property Function

B = 226074

B = 453948

Pressure (dynes/cm?)

i }
[
[} i

1000 |

B = 226974

B = 113487
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Results

Single Bifurcation

1000 -

500 —

0

—

m 2

o o

o o O
| |

1000 -
500 —

Pressure (dynes/cm?)

|
0 005 0.10 015
P T|r|_'1_e (g_} .

— T ———

. . e T e T
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Results — Coronary artery

PP B P S 0 S
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Results

L/min

L/min
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Results S e S

N | - ) Cardio-  Aortic Valve Aortic Coronary
orma XErclSe  myopathy Regurgitation Stenosis Arteriosclerosis

u — Ruyr

0.5
0
100
| . —Pao
50 — P
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L/min  mmHg  mmHg
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- 02 — Quea
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:T ; \,-_Jll ) — QLendn
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Results — thoracic aneurysms

10

=10 -5 n 5
Distamee, x (em)

Swansea University

Aortic flow
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Part | — 1D flow conclusions

You have learned:

JdOne-dimensional systemic circulation
model development

1One method of solution

JHow to obtain results

Mynard and Nithiarasu, 2008, Communications in
Numerical Methods in Engineering.
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Carotid Artery

Carotid Artery Disease

L

B T s
T\ Carotid

arteries

i 1996-2003 WebMD Inc. All rights resenved.

Swansea University

Foam Falty Intermediate Complicated  Fibrous
cells streak lesion Aiharoma oture plague
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Motivation

] Better and faster diagnosis.
] Understanding plaque build-up and
atherosclerosis.

ITEATTO WS
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Better and faster diagnosis

» Reduction in waiting list/stroke

UK statistics

» 120,000 cerebrovascular event per year

> 10,000 patients eligible for endartrectomy

» Only 4500 endartrectomy performed every year

» 2000 patients face stroke while waiting for treatment

» Only 20% patients are treated within 2 weeks (after TIA)

TIA to objective selection

> Duplex scan

» CT angiogram

> Radiologist time

> Together take between 6 and 12 weeks

Question:

» Multiple scan essential?
Answering:

» Clinical, image processing, CFD to establish the correlation between scanning
modalities.

> If successful, translate to clinic

Swansea University



Plaque Build-up/atherosclerosis

JAs plaque deposits grow, a condition called
atherosclerosis results. This condition causes
the arteries to narrow and harden.

JAlthough experts don’t know for sure what starts
atherosclerosis, the process seems to stem from
damage to the arterial wall.

Swansea University




Wall Shear Stress

Laminar Flow Regions of Disrupted Flow

Risk Factors:
Hypertension
Smoking
Hypercholesterolemia

= Diabetes Mellitus
S

. LEndothelial Repair Atherosclerotic Plague
Focal Region of Decreased
Shear Around Curvature JCytoskeietalColluar
Alignment in Direction of Flow
T Reactive Oxygen Species
TLeukocyte Adhesion
TLipoprotein Permeability
TInflammation e e s
e e T, The role of shear stress in the pathogenesis _

== W of atherosclerosis

Kristopher S Cunningham'* and Avrum I Gotlieb'*

Swa ﬂ Sea U rl Ivers Ity 'Department of Pathology, Toronto General Research Institute, University Health Network, Canada and

“Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Ontario, Canada




Wall Shear Stress

A

Static
Condition

Chien AJP(H) 2007;292:1209

Laminar
F

—
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Subject-specific modelling

> A robust subject-specific modelling
framework

Pre-processing

Modelling
Material properties, turbulence, non-
Newtonian, FSI, mutliscale, etc.

Data preparation, image
processing, meshing , boundary
conditions etc.

Clinical translation
Understanding, establishing new
diagnostic and treatment protocols,
it surgical simulation, etc.

e

Swansea University



Subject-Specific Modelling Pipeline -
Swansea Model

Mathematics Clinical input Preprocessing Solution Outcome

N

UUnderstanding
U Publications

U Clinical
relevance and
translation
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Image Segmentation

[ Level set representation given as

0P

92 — ogl@) nl.t) VO] - (1 = a)(F () - V)
where « is a tuning parameter, g(a) = 1/(1 + || VI||) is the edge stopping function, k(x,t) =
V - (V®/||[V®|) is the curvature of the surface ® = const, F(x) = [Fy, F,,F.]" is the flow

function determined by image 1.

Vo(x)

x x—x o
G(:E):PV“E”—}‘H #VI(I‘):PV //m:ED |$_$!|A—|—] VI(SE)d:E
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Image Segmentation

Carotid Circle of Willis

0 o

=== Femur or thigh bone

M
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Semi-Automatic Meshing

» Image processor gives 3D binary file

> Initial surface mesh
»(advanced marching cube)

» Construct boundary layer mesh

> Volume mesh

Swanseu Uraversily



aubing smoothing (restricted)

pinter _ (1 —Ap + ;,,ldi Z P, Final mesh
Piep,

. : 1 .
pnew — (1 _ PL) plnter + — p;nt.er
A>0, u<0 dp é;p

new

new, constr.

p 3 if |p™™ — pll > hmax

0 0.2 0.4 0.6 0.8 1
asnact ratio / 0.8165

P —p
|p==™ — p

min=4.4e-005 mean=0.65 max=1.2 std=0.34

=

15-

\J\\\E\\j

2.5-

\\\L

e
)

o

0.2 0.4 0.6 0.8

7’ edge length, mm

0.2 0.4 0.6 0.8 1
aspect ratio / 0.8165

min=0.013 mean=0.13 max=0.22 std=0.018

min=0.0038 mean=0.63 max=1.3 std=0.28
min=0.0067 mean=0.49 max=0.98 std=0.17 =
18-

16-
14-

12-
1-

0.8-

0.6-

0.4-
0.2-
0
0

0.2 0.4 0.6 0.8
edge length, mm

0.1 0.15
edge length, mm

0.2 0.4 0.6 0.8 1
aspect ratio / 0.8165



Semi-Automatic Meshing

Carotid with boundary
Carotid with extension tubes layer mesh

Human upper airway

T

._'_'_._._-_-I':I_————I_-_'_._'_'_'_.
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Fluid/Solid Meshing
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CFD - Fractional Step Method

* The first step of the CBS scheme is

’U,Z‘T — 'u,z-'”’ 8Fz-j " At 8 8F?;j "
- — —|— uk

At Jdx 2 0z \ Oz
1 Ou,
where F.. = wu; — ——
’ ( d Re 8@-) -
* The second step is defined as ;o
i% — —p 0 /'U;T — At / Ip \n\ ) e Sy e
/62 At 8.’172' \ ‘ \333%} }

mmmmmm

e The third step is
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Flow Boundary Conditions

Compute complex amplitude:

> r —q t 27T
Un = Ult)e ™", wn=—, n=0,....N
0

Solve
Vi, + ki, = -1, {r,y} € Q
0:' {i—'_«, y} € of).

maximal velkcity, cmis
.
.

Un,

kin = \/—iwn [V

Compute velocity profile

n=1

w(w,y.t) Z L vn (2, y) € temt — = Upto(x,y) +QZ Re [Jn’l‘ (,y) Wﬂt} !
————— N

- n=—N
1"""'-'-1—'-‘“—..7
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Flow Solver
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Wall Parameters

Mean wall shear stress:

1 T Laminar Flow Regions of Disrupted Flow
'l' — - t d if‘ Risk Factors:
- IH E ﬂ n T 5 Hypertension

Smoking
q
\ 1eNOS

. Endothelial Repair
Focal Region of Decreased $ i

1 T JCytoskeletal/Cellular
Ill E a n Shear Around Curvature Alignment in Direction of Flow

OS ] e E 1 T Reactive Oxygen Species

T TLeukocyte Adhesion
a h‘S TLipoprotein Permeability

T Inflammation

Hypercholesterolemia
Diabetes Mellitus

\

Oscillatory shear index: m—>

Atherosclerotic Plaque

Wall shear stress angle deviation:

A T
WSSAD:—[ —](j)f- dAf dr: fj)l;:arccos _ ‘
T Jo A Js il - [z |

. . e T e T
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WSS Convergence

i s -~ Max Instantaneous WSS
.....
j200 |- i ®  Purely Unsiructured
4 ® 3 Boundary Layers
g n 4 Boundary Layers
1000 - j i [ 5 Boundary Layars
= : Lo B B Boundary Layers
3 N ir e : b B 7 Boundary Layers
_E a00 f' ’ . = e I ® B Boundary Layers
= e, e . i 9 Boundary Layers
w i e N Wy ® 11 Boundary Layers
£ 500 rifs g i -, B 12 Boundary Layers
i . m = m "
; o —t T 1
400 | j : ——— e M
T L - . . =g S .:""-..._“_‘_\_

b

Conclusion: A minimum of 12 boundary layers required _
with geometric progression

260

-

E 200 |-
£ =
£ -
E 180 |- =
E "
i
(a) E L4 j ]
J— ___ i Time averaged WSS
e 50 |-
0 L | |
Swansea Universi 500000 uamber of a2l 7500000




Peak Time
extension averaged

A

Conclusion: Inlet/outlet extensions have only moderate
influence on WSS.

A o i Il w8

1.5D 748.48 3930.08 181.024
extension
3.0D 748.70 4046.81 168.361

extension



Flow Pattern

. 460
420
380
240

260
220
180
140
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. 243

218
192
166
141
115
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Abnormal Carotid Arteries of Different

D
r

mndsg ~
dli
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Wall Motion

» Without wall motion, false stenosis locations predicted
» Wall motion measurements, image registration and
integration should be part of a pipeline.
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Part Il 3D Conclusions

You have learned:

1 Learned a
1 Learned a
1 Learned a

J Important parts of a subject-specific modelling pipeline

pout image segmentation, meshing and solution
oout result generation

pout the uncertainties and drawbacks of

existing models

For further details:

Sazonov, Yeo, Bevan, Xie, van Loon and Nithiarasu, 2011,
International Journal for Numerical Methods in Biomedical Engineering,

.1446

e
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