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Computational mechanics in the
OR for vascular surgery?
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Arterial biomechanics and
mechanobiology —
Introduction




I Schematic representation of aortic structure
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I Functional biomechanical behavior
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Material characterization and constitutive

_l modeling
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MEASUREMENT OF THE RESPONSE
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.%
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D Bulge inflation test

Romo et al. Journal of Biomechanics -2014
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Understanding aneurysm
growth using
mechanobiology and
photomechanics




I Frediction of risk of rupture and dissection

dissection
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_ Context

B More and more aneurysms are detected at an early stage
(incidence >8% for males >65 years old).

B An intervention is recommended if the aneurysm grows
more >1cm/year or it is >5.5cm. This represents >90000
Interventions per year in Europe and USA

® BUT:
«  25% aneurysms <5.5cm rupture : 15000 deaths
* 60% of aneurysms >5.5 cm never experience rupture!

**I

B [n summary: very high rate of inappropriate decisions and
misprogramed surgical interventions!!

** 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
fz/f
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TOWARDS ATAA GROWTH
PREDICTIONS

Clinical
applications

Development of

mechanobiological models

uropean un:
Established by the European Commission
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Altered mechanics induce biological responses,
Including gene expression, protein activation
and cell phenotype
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1. EXxperiments
2. Material model

3. Inverse method

APPROACH
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Study Design
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ROI of panel(b)

360-deg image

Posterior  Anterior

virtual Image

20
Saint-Etienne




pPDIC measurements
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Measurement of bulk deformation

fields by Digital Volume Correlation
on OCT images
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I OCT-DVC applied to arterial mechanics
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_ OCT-DVC validation — Rigid Motion

Digital Volume Correlation
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Rigid Motion Results Infinfesimal Strain
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OCT-DVC applied to arterial mechanics
I P

Rigid Body Test = all § Uniaxial Tensile Test
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OCT-DVC applied to arterial mechanics

Adventitia
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I OCT-DVC applied to arterial mechanics
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1. EXxperiments
2. Material model

3. Inverse method

APPROACH

02(95%) + CO,(5%)

Pressure \
transducer
Compressed air Load cell
ﬁ Strain gages
o1 — gag
—— Stair_\less steel
cantilever
——\
Flask 3ﬂl Water
t Y bath
1 1

AR

Krebs-Ringer Y
solution (37°C) 3-way valve Artery Leak valve

300

" SMCs
collagen e
230 elastin

=)

o

£

E

o

5

[

8

a

26

Stéphane Avril - 2018 May 29 - Santiago de Chile

po

MINES
Saint-Etienne



BB CONSTITUTIVE MODEL

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

Strain energy functions: 42(3). pp. 488-502, 2014
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B CONSTITUTIVE MODEL
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I  -/RAMETERS TO BE IDENTIFIED
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1. EXxperiments
2. Material model

3. Inverse method
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Inverse approach — traditional

N approach

initialization Set of
materials

properties

Resolution of
forward
problem

-

Identification of

material properties Deviation

between measurements
predictions and

measurements
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= Inverse approach — FEMU approach

initialization Set of
materials
properties

1. Write the weak form of the problem:
R(u,w,p) =0 vw

Resolution of

forward

) : : roblem
2. Discretize and represent as a linear P

combination of piecewise bilinear functions
Z Ul<pl(><)

3. Implement a finite-element implicit
resolution using the BFGS algorithm
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m Inverse approach — FEMU approach

P T . Set of Oberai et al., Inverse problems, 19,
Initialization materials pp. 297-313, 2003

properties

Resolution of
forward
problem

Deviation
between

JW= IITw) = T@P)|I2 + = B(w) Rl

measurements
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ey INVErse approach — FEMU approach

1. Use a gradient based method
(steepest descent or BFGS)

2. Need to derive the gradient of J with
respect to u at each iteration. With
the adjoint method, this requires the
resolution of 2 forward problems

3. Very unstable with hyperelastic
models: many risks that the
forward problems have a poor

-

Identification of

material properties convergence
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Alternative inverse approach:
N the virtual fields method

initialization Set of Full-field strain
materials measurements

properties

3D
estimation of
stresses

-

ldentification of
- . Deviation to
material properties e [l
of virtual
Bersi et al., J Biomech Eng, 2016 power
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B Full-field stress reconstruction

initialization Set of Full-field strain
materials measurements

properties
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Resolution:

J=2
P A

Minimization of the equilibrium gap
using the principle of virtual power

2
— V<& ) dw + T: & ds
. J [f)_( ¢ (tj—_ )
P:nt P;xt
Bersi et al., J Biomech Eng, 2016
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c3.c2? chaB | cecl, c§3c‘2L
\ J
I
Linear least-squares
\ J
I

Genetic algorithm
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How to obtain 3D full-field strain

I casurements?

Set Qf Full-field strain
materlals measurements
properties

3D
estimation of
stresses
surface
277

Posterior  Anterior
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Measurement of bulk deformation

Nl fields by Digital Volume Correlation
g on OCT images
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= Derivation of stress tensor using layer
specific constitutive behavior
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N Minimizing the equilibrium gap

2
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I Similar to material fitting at every position

P F

Radius P

Crosses represent external virtual work for every pressure and axial stretch
Solid lines represent internal virtual work
The goodness of fit is evaluated with the R2 value
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Summary of the inverse approach
___ g o

Initialization

-

|dentification of
material properties

Set Qf Full-field strain
materlals measurements
properties

3D
estimation of
stresses

Deviation to
the principle
of virtual
power
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Results - Highlights
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Full-Field Material Parameter
I Estimation vs thickness distribution
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Full-Field Material Parameter
I Estimation vs local stress
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I Correlation with tissue pstructure

Hist OoCT
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BN Visior

B Our vision is that the evolution of the strength and of
the wall stress of the aorta during the growth of an
aneurysm can be predicted on a patient-specific
basis by a computational model.
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Some other projects In
vascular mechanobiology




Non invasive reconstruction of in vivo
stiffness distribution

Gated CT scan
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I Correlation with flow descriptors

Velocity 4D MRI
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Traction force microscopy of vascular smooth
muscle cells
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