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Computational mechanics in the
OR for vascular surgery?

www.predisurge.com




Arterial biomechanics and
mechanobiology —
Position of
photomechanics




I Schematic representation of aortic structure
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I Sasics of aortic mechanics
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Humphrey JD (2002) Cardiovascular Solid Mechanics: Cells, Tissues, and Organs, Springer-Verlag, NY
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I Functional biomechanical behavior

05(95%) + CO2(5%)
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Material characterization and constitutive

_l modeling
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I Frediction of risk of rupture and dissection

dissection
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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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Collection of the samples

Saint-Etienne
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= Preparation
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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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Rupture profiles
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D Rupture risk estimation

Stretch/Stress Curve
Rupture Stress
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= Correlation between the stretch-based rupture
risk and the tangent elastic modulus
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Duprey A, et al. Biaxial rupture properties of ascending thoracic aortic aneurysms. Acta Biomaterialia 2016. f/
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Understanding aneurysm
growth using
mechanobiology and
photomechanics




Altered mechanics induce biological responses,
Including gene expression, protein activation
and cell phenotype
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02(95%) + CO2(5%)
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Study Design
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ROI of panel(b)

360-deg image

Posterior  Anterior

virtual Image
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pPDIC measurements

Fibulin 4 SMC KO Fibrillin 1 mgR/mgR

ventral dorsal inflation

yol
Stéphane Avril - 2019 June 5 - Dalian University of Technology MINES
Saint-Etienne

ventral dorsal inflation

6852
CS38




I OCT-DVC applied to arterial mechanics

Uniaxial Tensile Test
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Measurement of bulk deformation
Nl fields by Digital Volume Correlation
£ on OCT images
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_ Image Processing Methodology — Inflation Test
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BB CONSTITUTIVE MODEL

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

Strain energy functions: 42(3). pp. 488-502, 2014
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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 measurements
predictions and

measurements
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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
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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

-

|dentification of
material properties

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

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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Simple application of
the constitutive model
for each element
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Resolution:

J=2
P A

Minimization of the equilibrium gap
using the principle of virtual power
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3D
estimation of
strains

3D
estimation of
stress

Derivation of stress tensor using layer
specific constitutive behavior
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I \Virtual power 1

1. Alocal virtual radial “bulge”: u(x) = [f(x-xg) /r? ] e,

- fm[tj o: (E@;*) dm —|—§ﬁ ooy L: T:& d:{ =0

* *
Pint F

After deriving virtual strains (infinitesimal)
local internal virtual work is derived at
every Gauss point and integrated across
the volume

The virtual field is normalized such as the
external virtual work equals P.
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I \Virtual power 2

2. Local virtual axial extension: v(x) =f(x-x,) (z e,—X/2 e, -y/2 e)
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After deriving virtual strains (infinitesimal)
local internal virtual work is derived at
every Gauss point and integrated across
the volume

The virtual field is normalized such as the
external virtual work equals F.
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N Minimizing the equilibrium gap
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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

Bersi et al., J Biomech Eng, 2016
Bersi et al, BMMB, 2018

Set Qf Full-field strain
materlals measurements
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3D
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Deviation to
the principle
of virtual
power
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Results - Highlights
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I DISSECTED ANEURYSMS

Dissecting Aortic Aneurysm

Anterior Posterior
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I Cross sectional results

Histology Ag oy (kPa) Copop (kPa)
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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 Vision

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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I Correlation with flow descriptors

Velocity 4D MRI
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