.:'0'.;';"..'
R
F 4 ‘Le® @
. - " \

_ UNIVERSITE ierc
DE LYON

Saiﬁ?.'giine From patient-specific

Une école de I'lMT finite—element

modeling towards
S0 D prediction of

¢ aneurysm progression

AUVERGNE RHONE-ALPES

SAINBIDSE i Inserm

SAnteé INgén
BlOlogie Sai tEt |||||||||||

de la santé et de la recherche médicale
L1055 - INSERM = SAINT -ETIENNE

m wen - Prof Stéphane AVRIL

Vienna | Austria



I OUTLINE

U PART I: Risk factors for aortic rupture
U PART Il: Computational prediction of aortic weakening

U PART Ill: Role of SMCs in aortic weakening
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I OUTLINE

d PART I: Risk factors for aortic rupture
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Aneurysms and Dissections of
the ascending thoracic aorta

Goal: find factors of aortic rupture
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Collection of human samples
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D Bulge inflation test

Romo et al. Journal of Biomechanics -2014.
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. Full-field measurements using sDIC
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_ Identification of local material
properties

The

C C Fo }I{d\alggoRn

DIC point clouds )5\ Surface mesh b\

Tension (N/mm)

strain

0 0.2 0.4

Davis et al. BMMB — 2015.
Davis et al. JMBBM — 2016
Zhao et al. Acta Biomaterialia - 2016
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= Correlation between the stretch-based rupture
risk and the tangent elastic modulus

0.98 A

0.96 A

0.94 -

0.92 A

0.9 -

0.88 -

0.86 A

Rupture risk

0.84 - \’
0.82 - |n -vitro (MPa)

0.8

0 1 2 3 4 5 6 7

Duprey A, et al. Biaxial rupture properties of ascending thoracic aortic aneurysms. Acta Biomaterialia 2016.
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Prediction of tissue rupture with the local

THE UNIVERSITY
OF lowa

Sample 1

Sample 2

Sample 3

Sample 4

tension

tension

0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
04

tension
0.66
0.62
0.58

0.54
0.5

0.46
042
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I sUMMARY

d Local tangent stiffness is heterogeneous and a risk
factor for aortic rupture
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I OUTLINE

J

U PART II: Computational prediction of aortic
weakening
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Aneurysms and Dissections of
the ascending thoracic aorta

Goal: Predict weakening in the
aortic wall
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D Introduction - Assumption

ATAAs are triggered by local proteolytic injury, which
Induce adaptation in the ascending thoracic aorta

Elevated WSS -y Normal WSS

lagen Matrix

Guzzardi et al, JACC (2014), Condemi et al, IEEE TBME (2019)
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Stress

Proteolytic injury and tissue
adaptation

PROTEOLYTIC
INJURY

HEALING

Strain

Stéphane Avril - 2020 Oct 30 - CBIO Santiago
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B Layer-specific constitutive model

Strain-energy function based on the constrained mixture theory
W= of (W"(I7) + U(Ja)) + ) _ o W (IyY) + o W™(IT)
j=1

elastica interna

endothelial cells

Deposition stretch of each constituent: Lumen

Elastin {1 — firoblast
, ;
|

Collagen [E——T — — — = =
E : Load
SMC i
i

Humphrey & Rajagopal, Math Models Methods Appl Sci. (2002) ; Bellini et al, ABME (2014), Mousavi & Avril, BMMB (2017)%
/
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Layer-specific constitutive model

Elastic and inelastic decomposition of deformation gradient

f Circumferential

Fiu = Fir F;

ele” gr

"Radial

F/ Fl,

tot — F

elc

Smooth Muscle Cell

F,. = F/F,

_ Collagen fibers

Flf and Fé should

be updated if the G ‘y
. . h

artery is not in the
homeostatic state Fictitious initial

Deformed
configuration configuration

Reference in vivo
Mousavi & Avril, BMMB (2017), Mousavi et al, BMMB (2019) configuration

Ghavamian et al, Front Bioeng Biotech (2020)
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Abaqgus finite-element
—t Implementation and verification

v FE software ABAQUS coupled with UMAT
v' Hexahedral and tetrahedral elements

v’ Structural mesh (r, 9, z)

v" Two different layers (media and adventitia)

(Avg: 75%)

0.017
0.015
0.014

0.012
0.011
0.009

0.008
0.006
0.005
0.003
0.002
0.000
-0.001

Mousavi et al, IINMBE, 2018
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Growth and Remodeling In
homogenized constrained mixture

Collagen mass production
Ge
ol (t) —

o/ (t) = o’ (hhg—— e
Oy,

»G&R

Inelastic deformation due to remodeling " time

Elastin —
Collagen —-----»

I
: j  Load Qp |
SMC | AL
: |
Cyron et al, BMBB (2016), Braeu et al, BMMB (2017), Laubrie et al, IJINMBE (2019) f/
8

Saint-Etienne




= Patient-specific predictions

Growth and remodeling of a two—layer patient—specific human ATAAs due
to elastin loss

W= of (W' (I1) + U(J2) + ) o W (IY) + o W™ (1)

—e QE(X-. t) Dmax e —
= — ———p (X.0)e

Localization function
around the point of «—
TAWSS max

Mousavi et al, BMMB (2019) fj
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Patient-specific

I predictions

Growth and remodeling of a two—layer patient—
specific human ATAAs due to elastin loss

Small growth parameter

SDV69
(Avg: 75%)

SDV69
(Avg: 75%)

SDVE9
(Avg: 75%)

COOOHHENMNNNWW
owonHRAVYONUIDR
QOO0 EE NN WK
oW RANONUIOR D
DOOOEERE PR W
owunrrONBNOW

s
N

Normalized Thickness

Mousavi et al, BMMB (2019)
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Background: Aneurysms and Dissections of
the ascending thoracic aorta

dissection

Humphrey et al, Science, 2014
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1

T

Elastin G —
' |

SMC
passive

SMC
active

= of (W"(I7) + U(

JTIII )\.I'Il

Effects of active SMC contraction

Je1) +Z 2 W (

Collagen EG— - — = = > — e Elastic fiber
1 —— _— A s

3
m
[mpﬁumum 1)2 _1] Jactmax AR 1 (Amax — Aact)
EI,Ct- m\2
, Qo 3 (’\igax o /\[} J
LV&%S o -[‘V;Igt

Vascular smooth

N muscle cell
1

Collagen type |

| i Load and type Il

- - ——-— L

|
<= Basal tone

! o-acl: I fj

__— Microfibril
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= Length-tension relationship of SMCS

2
Gact _ T actmax 1 {)"::: ax ;"l l.uu:tﬁ.|I
T o(0)[C™: (af @ af)] m  — \m)?
Gact
Basal tone ~50kPa 4

("U'Utfuru:)k;( k‘(_) o

pact =1

a0t =),

maX

)Lact
>

|
|
|
|
|
|
|
Ay 1

Murtada et al, J Theor Biol 2012, Ghavamian et al, Front Bioeng Biotech (2020)

Saint-Etienne

max



Future work: test other assumptions

Combination of local decrease of SMC active stress and
proteolytic injury

Large RRT
resulting in possibly
Increased
proteolytic effects

Large WSS
resulting in reduced
SMC contractility

Mousavi et al, ABME (2020, submitted)
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Sensitivity analysis
_ yenay

e The time of which the artery is maximally damaged (tg...).

e The rate of collagen deposition (k5 /T<).

¢/ The maximum contractility of SMCs (A™ ).

IT1a2

Case | 4 Case | 4 Case Il

o (Pa)
ot (Pa)
o2t (Pa)

v
v

Hact }LaCt ;Lact

Ghavamian et al, Front Bioeng Biotech (2020)
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Evolution of the active stress of SMCs
Nl

Case | Case |

Case lll

ot (Pa)

5 1It] 15 2-D 5 1ID
Years Years
— ks = 0.05 ki = 0.10 — k7 = 0.15

15 1 2 3 4 5
Years

kY = 0.20 — k7 = 0.30

S

MINES
Saint-Etienne
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I sUMMARY

U Patient-specific numerical model based on the
constrained mixture theory including damage and G&R —
coupling with CFD analyses, + active role of SMCs

1 Marginal contribution of the active stress of SMCs but a
critical state can be reached when the active stress
reaches zero due to large stretching

 One of the major role of SMCs is mechanoregulation.
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I OUTLINE

 PART lll: Role of SMCs in aortic weakening
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The major role of SMCs In
Aneurysms and Dissections of
the ascending thoracic aorta




Future work: mechanosensitivity impairment

« ol (t) — o

Qj () = Qj (t)kCJ;X Fi + éj (1) 0 < x < 1:impairment coefficient

[MPa|
2.53

Tangent stiffness after 10 years

0.43

Mousavi et al, ABME (2020, submltted)
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Traction force microscopy on aortic

_ smooth muscle cells

Matrigen Petrisoft™
a Collagen-coated hydrogel, 12 kPa Natural cell architecture

Fixed and stained cells

Nucleus

“Actin fibers

\Focal adhesions

/ SMCs cultured for 2 days\

LU«
P

m Matrigen Softwel|™

Living cells

9000
9600
EEEO
0600
0600
@Q@Q
A\
I
|

X
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Traction force microscopy on aortic

smooth muscle cells

\?;\l:eersal stiffness f,/" SMCs cultured for 2 days H‘\K‘
plllieg )//{
v,A.,A,»,,‘,,,,,é. / -

2 kPa
SIRHNY @ SIS ‘
- \k fluorescent microbeads 4//“

Aortic SMCs from human primary culture (AoSMC, Lonza),
passages 5-7, cultured in a differenciating medium (SmBM,

Lonza) —

Ca Zeiss Axio bs,e'enZl/Zen- ' . ki

Objective : Plan-Neofluar 20x/0.4 Experimental displacement field &, Fm * CcoSs 6 K.

. Fluorescent microscopy + DIC : track the . — I;a
displacement of fluorescent microbeads
. Cell unbinding method (with trypsin) :

assess the homeostatic state of single K=2
33 avril@emse.fr Stéphane Avril - 2020 Oct 30 - CBIO Santiago MINES
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N
o
o

150

100

TF measurements (nN)

&)
o

Traction force of aortic smooth muscle
cells depend on the surrounding stiffness

112.2

101.3

155.8H

126.7¢ 117.3p

119.8p

[@>)

120.6

118.1

+ 4kPa
+ 8kPa

12kPa |
+ 25kPa
mean
——median

4 8 12
Gel stiffness (kPa)

aint-Etienne




Modelling of SMCs cytoskeletal

_ mechanics

Myosin Motors 7 F-actin Bundle

7 M
= +
— (((((((((QZ’CE;; Leading Edge
ey,

Vﬁlumenr % k”N ; %‘/\\\)kun

o Molecular Clutches
/I ‘ Fraas I s
'—} X X clutch(iy

z

Chan & Odde, Science 2008.
Kharkaneh et al, Acta Biomaterialia 2020.
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D Modelling of SMCs cytoskeletal mechanics

60

B (&)
o o

w
o

Traction Force [nN]

20

10

T

% Median of Experimental Data Points
— B — Model Prediction without Softening | -
—E— Model Prediction with Softening

12 25
Substrate Stiffness [kPa]

Stéphane Avril - 2020 Oct 30 - CBIO Santiago
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Stiffness characterization of aortic smooth
muscle cells using AFM indentation

Indentation force

force applied on a
node of the cell

N
LWAN
15 N
\
“\
— 1 M
z AN
c W
Iy \Q\
o R
5 Ny
\:H -f'f_-"-.
Wi
ot "\JX‘:"L 3
0.5 1 I I I I
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

Displacement (;:m) fj
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[F ‘ Bl Probability
—Gamma fitting
~Median

o
(=
o

Probability

©
o
5

0 10 20 30 40 O 10 20 30 40 O 10 20 30 40
Elastic Modulus (kPa) Elastic Modulus (kPa) Elastic Modulus (kPa)
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I SUMMARY AND FUTURE WORK

U Decipher the link between cytoskeletal SMC mechanics
and mechanosensitivity in aortic aneurysms

U Include SMC models into the G&R models of aortic
aneurysms

[ Clinical translation

Saint-Etienne




Computational mechanics in the
. OR for vascular surgery?

PediSurge

www.predisurge.com
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