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Biomechanics of soft tissues at different scales
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I \\/hat is an ATAA and why is serious?

dissection

-
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I Eridemiology statistics

Incidence : 10.4 per 100 000 persons

Elevated mortality without treatment for acute aortic dissection:
50% in 48 hours / 90% in 3 months

BAV patients: %2 develops an ATAA
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I Risk management

Decision of surgical repair based on a measure if the Maximal Diameter

B The International Registry of Acute Aortic Dissection (IRAD):
among 591 type A aortic dissection, 59% had a diameter <5.5 cm

(Pape, 2007)
5.5 Cm

Possible Possible

stability complication

Pape et al, Aortic Diameter 25.5 cm Is Not a Good Predictor of Type A Aortic Dissection Observations From the International
Registry of Acute Aortic Dissection (IRAD), Circulation, 2007
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_ Added value of biomechanics

Flanar

B New insights on aneurysm
rupture mechanisms
 Arterial wall mechanics
- How does it rupture ?

« When?

Biaxial

Stress

Ension

Strain

B New patient-specific
decision making tool
- Patient-specific
« From medical images

.)“‘ {. 2 v,:‘

Vascops
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Recent developments in computational
Dl modeling and challenges

0. Trabelsi, et al, Patient specific stress and rupture analysis of ascending thoracic aneurysms,
J. Biomech. (2015).

G. Martufi, et al, Is There a Role for Biomechanical Engineering in Helping to Elucidate the Risk Peak
Profile of the Thoracic Aorta?, Ann. Thorac. Surg. 101 (2016) 390-398. Wa"
S. Pasta et al., Constitutive modeling of ascending thoracic aortic aneurysms using

microstructural parameters, Med. Eng. Phys. 38 (2016) 121-130. Stress

Finite-element
modeling
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I SAINT-ETIENNE PROTOCOL
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I Bulge inflation tests
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Inverse membrane analysis + digital image correlation = stress
& strain reconstruction.
—Dbiaxial failure properties

Trabelsi, O., Davis, F.M., Rodriguez-Matas, J.F., Duprey, A., Avril, S. Patient specific stress and rupture analysis of ascending thoracic aneurysms.
Journal of Biomechanics, 2015.
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Collection of the samples
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PREPARATION
I
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D Bulge inflation test

Romo et al. Journal of Biomechanics -2014.
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Rupture profiles
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Full-field measurements using sDIC

Undeformed Deformed
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Local stress reconstruction
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I Stress strain analysis in the bulge test

Onp - Rupture stress, A, : Rupture stretch,

Stretch/Stress Curve
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I Comparison with other studies

6 R.J. Okamoto et al,, Ann. Biomed. Eng. 30 (2002) 624—-635.

D.A. Vorp et al,, Ann. Thorac. Surg. 75 (2003) 1210-1214.
C.M. Garcia-Herrera et al., Med. Biol. Eng. Comput. 50 (2012) 559-566.
D.P. Sokolis et al, Med. Biol. Eng. Comput. 50 (2012) 1227-1237
O' C. Forsell et al, Ann. Thorac. Surg. 98 (2014) 65-71
r‘u b * S. Sugita. Card Eng Tech. 371 (2011) 41-51.

J.E. Pichamuthu et al., Ann. Thorac. Surg. 96 (2013) 2147-2154
A. Duprey at al. Acta Biomater 2016)
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I Comparison with other studies
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C.M. Garcia-Herrera et al., Med. Biol. Eng. Comput. 50 (2012) 559-566..
D.P. Sokolis et al, Med. Biol. Eng. Comput. 50 (2012) 1227-1237
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D Rupture risk estimation

Stretch/Stress Curve
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I Correlation between yqyeen and Eppysio
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Duprey A, et al. Biaxial rupture properties of ascending thoracic aortic aneurysms. Acta Biomaterialia 2016.
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Distensibility measurements using the

I ¢\hamic CT scan

Hm D = (AmaX'Amin)/Amin/(Pmax_Pmin)

HE = 2R/Dh
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= Correlation between yg e and Ejpysio

1+ R2=0.7709
0.0g 1 e _R2'= 0.6959
0.96 - .
0.94 -
0.92 -
0.9 - . i
0.88 T e v
0.86 -
0.84 - m e
0.82 -
0.8 | | | Eplhysio (M Pa)

0 1 2 3 4 j

Saint-Etienne




I summary

H 2 ways of defining rupture:

B PWS — but unknown patient-specific strength
H v, correlated with in vivo distensibility

Higher distensibility = less risk because
the aneurysm can more easily withstand
volume variation

C. Martin et al., Acta Biomater. 9 (2013) 9392-9400
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I Future work

B Extend the analysis to other patients

B Define a threshold for the new risk of
rupture

M Predict the long-term evolution of this
criterion for small aneurysms using
mechanobiological models
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I Histological interpretation

B ATAA enlargement is a consequence of elastin damage

B More and more collagen tends to be recruited in the
physiological range

elast col

Patient with
|8.I’g€St Ystretch

Patient with
smallest Vstretch

M.R. Hill et al,, J. Biomech. 45 (2012) 762-771 j
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I Computer fluid dynamics
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INTRODUCTION AND RATIONALE:
I  EXAMPLE OF ATAA PHYSIOPATHOLOGY

Aneurysm

Normal

Adventitia Intima Media

/ Disturbed
Laminar flow hemodynamics
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POINT OF VIEW OF MECHANOBIOLOGY
I

Altered mechanics induce biological responses, including gene
expression, protein activation and cell phenotype

T
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Dl POINT OF VIEW OF BIOMECHANICS

Macroscopic manifestations ultimately dictate the mechanical functionality
and structural integrity of the aortic wall

(R Hr Martufi et al. Biomech. Model.
Mechanobio. pp. 917-928, 2014.
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Dl CHALLENGES AND OBJECTIVES

Fundamentally understand local structure—function
relationships in aortic aneurysms.

This requires an approach permitting:

1. To reconstruct the regional distribution of mechanical
properties of the aorta during aneurysm growth.

2. To investigate their correlation with the underlying
microstructure and its evolutions.
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TENSION — INFLATION OF MICE AORTAS
I

Gleason, et al. J. Biomech. Eng.
126(6), p. 787, 2004.
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MEASUREMENT OF THE RESPONSE
B  USING DIGITAL IMAGE CORRELATION

classical panoramic

ROI of panel(b)

360-deg image

virtual Image

Badel et al. CMBBE, 15, p 37-48, 2012. Genovese. Optics Lasers Eng, 47, p 995-1008, 2009. j
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PANORAMIC DIGITAL IMAGE
I CORRELATION - pDIC

Genovese et al, CMBBE, 14, p. 213-
237, 2011.
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Full-field strain measurement across the
outer surface of the artery

Circumferential Green Strain
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BB CONSTITUTIVE MODEL

Bellini, et al., Ann. Biomed. Eng.,

Strain energy functions: Bl ol . A Do
._1_
W= G WE(F) + g Wm(2™) + 3 9w (59)
=1
ff
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B CONSTITUTIVE MODEL
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I  -/RAMETERS TO BE IDENTIFIED
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Inverse approach — traditional

N approach

initialization Set of
materials
properties

Resolution of
forward
problem

-

Identification of

material properties Deviation
between

predictions and
measurements
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Initialization

Identification of

The virtual fields method

Set of
materials
properties

3D
estimation of
stresses

-

material properties Deviation to

the principle
of virtual
power
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B Results

Control Fibulin 4 SMC KO Fibrillin 1 mgR/mgR
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pPDIC measurements

Fibulin 4 SMC KO Fibrillin 1 mgR/mgR
ventral dorsal inflation ventral dorsal inflation
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Full-Field Material Parameter Estimation
_ » Circumferential linearized stiffness (@ 1% and 100 mmHg)

Fibulin 4 SMC KO Fibrillin 1 mgR/mgR
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Heterogeneity of the
strain energy
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B FUTURE WORK

Aortic Dissection

Descending Thoracic

""

%:.\!,
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Posterior
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L el

Intact Aorta
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FUTURE WORK
I

Optical Coherence Tomography (OCT)
data are available from the experiments

OCT Laser

Requires further developments of the
Inverse approach to be employed

Merged Cross-Section

(2D) L) X
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