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The aim is to employ biomechanical models
to adapt the treatments of cardiovascular
and osteoarticuar diseases to each patient
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Today’s talk...
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» a local dilation of the aorta
due to aortic wall weakening

. .
h q Y
H £ Al
| —
"‘ ‘.
,, 7 PR
-
N\ / h
TR
\ ¢ "\\
o e
NREN S e
\\
RR
A
3
)
f X f “
!
\
\
/
% ::6!&“44‘(
l;
\"

ascending aortic descending ahdominal
normal aorta arch aorta aorta
aneurysm aneurysm aneurysm aneurysm

Various aortic aneurvsms

descending aorta mm) ANEurysm rupture
(thoracic aorta and abdominal aorta) = a fatal medical emergency
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» Abdominal aortic aneurysm (AAA):

» “Permanent localized dilatation of the aorta having at least a 50% increase in diameter
compared to the expected normal diameter of the aorta” (Johnston et al., 1991)

» Death by aneurysm rupture

» Major public health issue:
» 500000 new discovered cases per year worldwide
» 15000 death per year in the U.S (13 cause of death)

Rupture

Aorta with an

| Healthy aorta abdominal aneurysm
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PREVENTION OF
ATAA RUPTURE
FROM A
BIOMECHANICAL
POINT OF VIEW???
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What are the patient-specific
material properties of the
tissue?

What is the patient-specific
strength of the tissue?

o
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BIOMECHANICAL
EXPERIMENTAL
APPROACHES
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Central necking
— €

[Duprey et. al., In-vitro
characterisation of
physiological and
maximum elastic modulus
of ascending thoracic
aortic aneurysms using
uniaxial tensile testing,
Eur. J. Vascular &
Endovascular Surgery,
2010]
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Biomechanical comparison of
aneurismal and healthy tissue

BSSM Cardiff - 2013/09/05 - Stéphane AVRIL

Nonaneurysmal (control) aorta
140 +
120
100 |
&0
.5{| i
40 |
N Mfﬁ R = 0.9997
e saniah ; . . S
1 1.4 12 1.3 1.4 1.5 1.4 1.7 1.8

Stretch Ratio

Vorp DA, Schiro BJ, Ehrlich MP, Juvonen TS, Ergin MA, Griffith BP. Effect of aneurysm on the tensile strength and
biomechanical behaviour of the ascendina thoracic aorta. Ann Thorac Surag 2003: 75(4):1210-4.
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A
X, axis
carriages
Em=e— Load cell
Threads [ )
Specimen

.
A Optical markers
Saline bath

Rupture

(4 ¢
| Sacks MS. Biaxial mechanical evaluation of planar biological materials. J. Elast. 61:199-246, 2000
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Aortic
dissection

W < 10 m)/cm?

Sommer G, Gasser TC, Regitnig P, Auer M., Holzapfel G.A. Dissection properties of the human aortic media: an
experimental study. ASME ) Biomech Eng 2008; 130:021007.




Lack of local analyses

Where and how does the
rupture initiates?

-
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MATERIALS AND
METHODS
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aortic tiss

Aneurismal

ue

Inflation test

Optical Full-field measurement
( Full-field displacement)

]

l

Full-field

Stress reconstruction

]

Calculation of
stress at rupture

S

Deformation gradient
m) Lagrange strain

/

Inverse procedure

\

‘ Constitutive model
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Aneurismal : Optical Full-field measurement
Inflation test

aortic tissue ( Full-field displacement)

]

l Deformation gradient

m) Lagrange strain

Full-field j

Stress reconstruction Inverse procedure

] \

‘ Constitutive model

Calculation of
stress at rupture

T
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l——) Circumferential
l—) Circumferential

Circumferential

Axial

-i) Separated aortic layers.

Circumferential

a) Excised tissue
sample.

¢) Inflation test device. Speckle
patternis made before starting
the inflation test

b-ii) Entire aortic layer.

o
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Aneurismal : Optical Full-field measurement
Inflation test

aortic tissue ( Full-field displacement)

]

l Deformation gradient

m) Lagrange strain

Full-field j

Stress reconstruction Inverse procedure

] \

‘ Constitutive model

Calculation of
stress at rupture

L
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in vivo loading environments
(biaxial stress state due to internal pressure)
can be generated

inflation device
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Aneurismal : Optical Full-field measurement
Inflation test

aortic tissue ( Full-field displacement)

!

l Deformation gradient

m) Lagrange strain

Full-field j

Stress reconstruction Inverse procedure

] \

‘ Constitutive model

Calculation of
stress at rupture

L
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Undeformed

tracks the gray value pattern
in each subset during deformation
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Aneurismal : Optical Full-field measurement
Inflation test

aortic tissue ( Full-field displacement)

!

l Deformation gradient

m) Lagrange strain

Full-field j

Stress reconstruction Inverse procedure

] \

‘ Constitutive model

Calculation of
stress at rupture

S
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Theory of finite deformation

from the undeformed and deformed

Deformation gradient F ¢a coordinates of each measurement data point

right Cauchy-Green tensor C = FTF Assumption: plane stress
homogeneous initial thickness
Green+Lagrange strain tensor E = 1/2(C - I) Incompressibility

o
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Thickness evolution (mm)

0.75

0.7

0.65

0.003 MPa 0.018 MPa 0.033 MPa

0.048 MPa 0.057 MPa Rupre

hg
F11F22 _ F12F21

I Incompressibility assumption: h =
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Aneurismal : Optical Full-field measurement
Inflation test

aortic tissue ( Full-field displacement)

]

l Deformation gradient

m) Lagrange strain

Full-field j

Stress reconstruction Inverse procedure

] \

‘ Constitutive model

Calculation of
stress at rupture

S
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» Membrane elastostatics
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Aneurismal Inflation test Optical Full-field measurement
aortic tissue ( Full-field displacement)
S. Avril, P. Badel, A Duprey. Anisotropic and hyperelastic l
identification of in vitro human arteries from full-field
measurements. Journal of Biomechanics -2010, vol 43, N°15, pp
2978-2985. . .
J. Kim, S. Avril, A Duprey, JP Favre. Experimental characterization Deformatlon gradlent .
of rupture in human aortic aneurysms using full-field ‘ Lagrange strain
measurement technique. Biomechanics and Modeling in

Mechanobiology, 2012.

Full-field
Stress reconstruction Inverse procedure
‘ Constitutive model

Calculation of
stress at rupture

L
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Axial Direction

Circumferential
Direction

- V(I Is,16) = Fg(I) + Pr(ls Is),
Incompressibility:

/=1 Wg(Il) = Cm{fl - 3]

¥ (la 1e) =55 ) {explka(l— 1)) - 1),

L =y




Point-wise stress-strain
curve fitting
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RESULTS
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Test 1) Stress fields (011) Il) Displacement fields (U;) I11) Strain Fieds (E,,)

10
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B ) k,

(°) (MPa)
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A(%) K, (MPa)
55 0.25
50 0.2
45,58 46.37
45 0.15
44,41
42.74 0.14
40 0.1
0.07
35 0.05 T
¢o.n3 % 0.03 1
30 0
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(]4) O] ATAA media B ATAA entire wall (24)

I (] O) Xl ATAA adventitia ® AcCentire wall (7)
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Test 1) Grayscale map thickness (mm) 1) Deformed mesh 111) Rupture picture

10
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Conclusions
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The tissue thinning starts to localize very early before
the rupture

-> presence of aneslatic response in very local areas

Thickness distribution at Thickness
50% of the ultimate distribution at Thickness distribution at Pictife St ribture
stress 70% of the ultimate 90% of the ultimate stress P

I stress
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» The strength of the tissue is heterogeneous
> Existence of weaker zones in the tissue
» Damage develops in the weaker zones

» Damage leads to rupture when the pressure
Increases.

» What is the microstructural specificity of the
weaker zone?

» Does it affect the elastic response in the
physiological domain?
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» Accurate measurement of the thickness distribution
» Validity of the incompressibility assumption

> Effect of loading conditions and environment
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Future work
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............ n AR Biologic sensor and filter

.
3 Smooth muscle cells
..... == M NS Media { FElastin fibers

Collagen fibers

\

Adventitia Collagen fibers

Multiphoton-second harmonic
generation (MP-SHG) microscope
600x
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S. Avril, F. Schneider/ C. Boissier, ZY Li. In vivo velocity vector
imaging and time-resolved strain rate measurements in the
wall of blood vessels|using MRI. Journal of Biomechanics,
2010, 44(5) pp 979-983.
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