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classical endovascular




Design of treatments: to be
Improved

o Elastic biocompatibility

o Durability and risk
prediction using FE




Fundamental requirement

 Accurate and personalized identification of the
elastic properties of the thoracic aorta

Multi-layered anisotropig
Kroon & Holzapfel, 2008
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On-going research at Saint-Etienne

e Uniaxial tensile tests on strips
* Biaxial tests on whole segments
e In vivO measurements




Ecole Nationale

SAINT-ETIENNE

Ex Vivo Characterization of
Biomechanical Behavior of Ascending
Thoracic Aortic Aneurysms Using
Uniaxial Tensile Testing

J MichiganEngineering

ESVB, 13th May 2009

Ambroise Duprey, Khalil Khanafer, Marty Schlicht,
Stephane Avril, David Williams, Jean-Noel Albertini,
Xavier Barral, Jean-Pierre Favre, Ramon Berguer

Submitted to the European Journal of Vascular and
Cardiovascular Surgery, in revision.



> 30 studies dealing with mechanical testing of
aorta published since the 60s

Well-established properties :

— Viscoelasticity

— Non-linearity of stress-strain relationship
Still under debate

— Anisotropy

— Values of elastic modulus

Important limitation for computational analysis
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Objective

e Measurement of Maximum Elastic Modulus of aortic
tissue from ATAA using uniaxial tensile testing

« Assessment of the influence of several parameters :

— Valve type

bicuspid




e Measurement of Maximum Elastic Modulus of aortic
tissue from ATAA using uniaxial tensile testing

« Assessment of the influence of several parameters :

— Stretch orientation E [
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e Measurement of Maximum Elastic Modulus of aortic
tissue from ATAA using uniaxial tensile testing

« Assessment of the influence of several parameters :

— Location of the tissue




Matemaﬂs and Methods

Tensile testing machine used for uniaxial mechanical testing

Crosshead
moving




Tissue freshly excised
86 specimens from 13 patients

/ bicuspid aortic valve
Custom-designed tissue cutters
Tested within 48h
Preconditioning

Cross head speed: 10mm/min



Adipose and loose
connective tissue on the
adventitial side of each
specimen is removed
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Tissue is cut along one
chosen direction
(longitudinal or
circumferential) into strips
of nearly equal width
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Results

Influence of valve type and tissue location

Comparison Maximum Elastic Modulus between Bicuspid and

Tricuspid Aortic Valve
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Results

e Strong influence of the stretch orientation

Comparison stress-strain definition/Bicuspid Greater Curvature

® Circumferential

Longitudinal

Maximum Elastic Modulus (MPa)

True stress/True strain True stress/Engineering strain Engineering stress/Engineering strain

STRESS-STRAIN DEFINITION




* Evidence of strong anisotropy
e But lots of testing Issues...
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Current and future work

Digital image
correlation

l

Inverse
approach
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On-going research at Saint-Etienne

e Uniaxial tensile tests on strips
e Biaxial tests on whole segments
* In VIvO measurements
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New testing system developed b
Dr. Katia Genovese
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Testing:
— Preconditioning
8 pressure cycles 0 - 120 mmHg

8 axial cycles Az=11- A:=14
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— Applying pressure
pressure 0 mmHg —» 130 mmHg
pressure rate 12 mmHg/s




ldentification

Analysis of the global response
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ldentification

Simplifying assumptions :

- Constant thickness
- Homogeneous behaviour
- Isotropic hyperelasticity:

hyperelastic potential Deformation gradient

oWV oWy oWV \

g=p||2—+2I,— |[FE'E-2—F.'FF.F |+cl
= al, o, = — “o,— ——— f—

VA

invariants of the Cauchy tensor Incompressibility condition

Fung strain energy function: Y = Clo\_ek(ll_g) —1J
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ldentification

FE-based invert method
7 steps :

» Full field measurements




ldentification

FE-based invert method
7 steps :

» Full field measurements




 ifresis

ldentitication

FE-based invert method
7 steps :

» Full field measurements
» Numerical geometry

Num. model

stack of circilllir.sections homogeneous thickness
2000 tetrahedrons
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ldentification

FE-based invert method
7 steps :

» Full field measurements AP =TT TR
» Numerical geometry ] I fixed
» Realistic BC ABRS o !

Ploxiglas _
window

4
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p

vascular “kinematic
segment moumt

' adapters
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ldentification

FE-based invert method
7 steps :

Exp. data

» Full field measurements
» Numerical geometry
» Realistic BC

» Constitutive equations




ldentification

FE-based invert method
7 steps :

» Full field measurements
» Numerical geometry

» Realistic BC

» Constitutive equations

» Numerical response

Exp. data Num. model

Max = 11a-3 MFa

C Stran energy IMPa)

I: Win T 4376 MFa

20 20




ldentitication

FE-based invert method
7 steps :

» Full field measurements
» Numerical geometry _ _
. Realistic BC UL, -1,
» Constitutive equations - - U

» Numerical response EXp

» Cost function

Exp. data Num. model

Mare 3.119-3 MPa

C Strahn energy [MPa)

I: Mis 7 43878 MFa

20 -20
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FE-based invert method
7 steps :

» Full field measurements
» Numerical geometry

» Realistic BC

» Constitutive equations

» Numerical response

» Cost function

» Minimization

Num. model

M 3.116-3 MFa

L Stran energy [MPa)

I: Win 7 4318 MFa

20 -20
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ldentification

Results and comparison with the global response
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Validation study on human aorta

Results

- Hyperelastic behavior :

Local heterogeneities
(mechanical properties, thickness, branches)

A

FATT |
Y displacement [mm]

¥ [mom] [ [mm] Y [rom]

P =24 mmHg P =55 mmHg P =127 mmHg




Current and future work

« Validation and identifiability verification

 |dentification of spatial variations of the
mechanical properties with longer segments

* Application of the procedure to multi-layer
anisotropic hyperelastic models




Unsolved issue: where Is the
physiological behaviour?

Pressure [kPa]

Physiological
behaviour 2
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On-going research at Saint-Etienne

e Uniaxial tensile tests on strips
e Biaxial tests on whole segments
* In VIVO measurements




Measurement of the motions
of arterial walls with CT scans
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¢ = dR/R, = dA/2A, = 0.035
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Measurement of diastolic and systolic
pressures

c = p R/e = 50x0.13x5/0.6 = 54.2 K
E=06/e=15MPa
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Current and future work

Update of pressure measurements

3D geometry reconstruction and deformation
analysis

Application to patients who need an excision
for comparing in vivo and ex vivo properties
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Unsolved issue: behaviour outside
the physiological range
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CONCLUSION

o Complementarity of in vivo et ex vivo
approaches for characterizing the

elastic properties of arteries
e \What about viscoelasticity?

 \What about fracture?




