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N Introduction

Correlation between liver mechanical characteristics and

physiological functions

Cirrhosis

75 kPa

Absent or mild Significant Severe Liver Elasticity

Cirrhosis
fibrosis fibrosis  fibrosis (F4) modulus

(Metavir Fo-F1) (F2) (F3) [according to Castera et al. 2008]
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DiX des mode

-élément ressort- -élément amortisseur-

.2-4: Les éléments de base d'un modéle mécanique.
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DiX des mode

Fig.2-10 : la réponse en fluage du modele de Kelvi




DiX des moc
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Méthodes expérimentales
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kkkkk Existing Methodologies

In vivo - non-invasive technique

Magnetic Resonance
Imaging Elastography

elastography Ultrasound-based
Transient Elastography

Indentation Rheometric
tests tests

In vivo - invasive technique ______+"Invitro - Well known and validated method






C’ sssss Dynamic Mechanical Analysis (DMA) )

e [n vitro Dynamical Mechanical Analysis in shear
e G'& G'' (0.THz to 10Hz)

e Small deformations: 0.1% strain (linearity)

Organ Cut samples

20mm

—> -
. <
a7
6mm

AR 2000 rheometer (TA-Instrument, New Castle, DE)
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Syntheése

La rhéométrie : Le rhéometre

AR 2000 : rhéometre a contrainte controlée

Géomeétrie : plane

Hypotheses de travail : tissue étudié dans le domaine de
viscoélasticité linéaire

(petites déformations)

Parametres enregistrés : G’, G”, raw phase

Lien entre les deux méthodes G= \/G'Z + S

E=3pV 2 — 3G Hypothése d’un matériau purement élastique
PVs &



ographie pa




Assumption of a purely
elastic medium

s=p(2

L0 density

k : wavenumber
w: frequency

A wavelength

Experimenta
with vertical e




Vertical MR

Actuator

Phase shift
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Phase shift

Distance from actuator
Z axis

Actuator

Actuator

i Echographic gel

\ Phase shift
) Wave propagation

Dynamic MRI , prop g.
Inverse equations

w MR Elastogram Breast

Shear Stiffness (kPa)

Biopsy: Grade 3 Fibrosis T

[Kruse et al. 2000]

[Sinkus et al. 2005]

[Sack et al. 2009] )







R a— Transient Elastography (TE)

and ex vivo Transient Elastography

- % -

US transducer r;/_ Ribs
.
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Fibroscan (Echosens, Paris, France)
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Syntheése

L’élastographie impulsionnelle : Le Fibroscan

Fréquence de travail : 50 Hz

Hypotheses de travail : foie élastique, isotrope, i

E =30V

Depth { mm)

p=1g.cm®

Vs Vitesse de propagation de 'onde
de cisaillement

20

d 10 2 3 40 5 60 To 80

Time (ms)
=

724






ETUDE BIBLIOGRAPHIQUE

Les méthodes de caractérisation des propriétés mécaniques des tissus

mous de la littérature (liste non exhaustive)

Auteur Année Méthode Organ Conditions Type Fréequence E (kPa) G (kPa)
d’individu (Hz)
Brown 2003 ultrason foie in vivo porc il 80
Chen 1996 ultrason foie in vitro bovin 0,62 +/- 0,24
Klatt 2006 MRE foie in vivo homme maladg 50 -80 3+/-0,24
Kruse 2000 MRE foie in vitro porc 100 25-4
Kruse 2000 MRE foie in vitro porc 300 4-6,2
Carter 2001 indentation foie in vivo homme sain statigye 270
Carter 2001 indentation foie in vivo homme malafde statiqlie 740
Kim 2003 indentation foie in vivo porc 100 31,8
Ottensmeyer] 2001 indentation foie in vitro porc 0,1-6p 2,2
Samur 2005 indentatior foie in vitro porc statiqug 15
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ETUDE BIBLIOGRAPHIQUE

Auteur Tissu | Conditions Technique E (en kPa) G (en kPa)

Huwart Foie In vIvO MRE 7
homme

Klatt Foie In vivo MRE 2,26 +/- 0,23
homme
Ottensmeye | Foie In vivo | indentatiol 2,2

homme

Roulot Foie In vivo Fibroscan| 5,49 +/- 1,59
homme
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novessirs o essssooes Literature review )

Shear Modulus G versus Frequency for Liver Tissue: a literature review

10° 10™ 10° 10 10° 10° 10° In vitro rheometry

IR T T TTI TTTHIm T Liu & Bilston 2000 - Bovine Rheometry
1100 —=— Valtorta 2005 - Bovine Rheometry

] —a— Huwart 2006 - Human Rheometry

100

r ] Indentation
Ottensmeyer 2001 - Porcine Indentation

) - —a— Kim 2003 - Porcine Indentation
A

104 * 110

] / ] MR-elastography

] ] Kruse 2000 - Porcine MRE
* Suga 2003 - Porcine MRE
s : * Klatt 2006 - Human MRE

Shear Modulus G (kPa)

1- i1 US-based elastography
; ; Lehdingen 2006 - Human US
] ] @ Foucher 2006 - Human US
0.3 B, @ Castera 2008 - Human US
10 10 10 10 10 10 10 @ Roulot 2008 - Human US

Frequency (Hz)

‘ Difficulties to compare the results: inter-species variations,

profocols, frequency ranges, strain rates, ...
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’ .
( ssssssssssss General experimental protocol )

5 female pigs (25 fo 35kg)

TE tests TE tests TE tests DMA
(anesthetized (anesthetized (ex vivo liver) (in vitro liver)
closed animal) opened animal)

Inter-costal

Sub-costal Direct contact Direct contact Direct contact 40 Cut samples
Laparotomy Animal death Hepatectomy Samples cut
) 1h . 30mn  1hto24h
\ Y J \ Y J - ~~ /

In vivo Exvivo In vitro




(’ sssss In vivo Transient Elastography tests )

4 P!
TE tests TE tests TE tests DMA
(anesthetized (anesthetized (ex vivo liver) (in vitro liver)
closed animal) opened animal)
Inter-costal 3

Sub-costal Direct contact Direct contact Direct contact 40 Cut samples
\ ] j‘
N
Laparotomy Animal death Hepatectomy Samples cut
‘ ) 1h © 30min  1hto24h
\ Y J \ Y J - ~~ /
In vivo Ex vivo Invitro




3 in vivo US-TE configurations:

e (a) In vivo inter-costal (anesthetized closed animal)

e (b) In vivo sub-costal (anesthetized closed animal)

e (C) In sifu (anesthetized or dead opened animal)

For each configuration:

5 pigs
10 measurements/pig

I mean shear modulus value

_/




g ' > —il— G, inter-costal
—il— G}, sub-costal

4 44 |G, insitu
g |
o ]
ER | (@) In vivo (b) In vivo .
8 2- C) Insitu
= | nter -costal Sub-costal (©)
o

0 > Grean| 3.01£0.45kPa| 3.19 +0.69 kPa | 2.52 + 1.58 kPa

Frequency (Hz)

\_ _/




( ““““““ J’ °°°°° Ex vivo TE & DMA tests )

TE tests TE tests ( TE tests DMA D
(anesthetized (anesthetized ) (ex vivo liver) (in vitro liver)
closed animal) opened animal)

Inter-costal

Sub-costal Direct contact Direct contact Direct contact 40 Cut samples
4
Laparotomy Animal death Hepatectomy Samples cut
) 1h © 30min  1hto24h
\ Y J \ Y J - ~~ /
In vivo Ex vivo Invitro

\ J




Ex vivo US-TE configuration (d): In vifro DMA tests (e):

e EX Vivo e Ex Vivo
(dead animal after hepatectomy) e Clamped liver:
e Clamped liver: maintained blood pressure
maintained blood pressure  Temperature monitoring

e Controlled temperature

\_ _/




Ex vivo results: TE versus DMA )

Storage G’ and Loss G”” Moduli (Pa)

-

10000

1000 -

100 1

10

Mean storage G’ (square) and loss G'' (triangle) moduli obtained by

Dynamic Mechanical Analysis on in vitroporcine hepatic tissue samples

2

i Jil.

0,1

0 LGDMA () = \/ G'(w)2+G (w)zJ
.

]
Frequency (Hz)
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Ivo results: TE versus

1 10
—9—Gpma
" Gre
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Frequency (Hz)

10

0,1

DO s
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(d) Ex vivo TE

Gmean

2.18 +0.45 kPa




’ .
( ssssssssssss Ex vivo results: TE versus DMA )

Shear Modulus G versus Frequency for Liver Tissue: comparison with the results from the literature

In vitro rheometry
—4— Liu & Bilston 2000 - Bovine Rheometry

/i —e— Valtorta 2005 - Bovine Rheometry
100 - == » Huwart 2006 - Human Rheometry

] / —o— Author's - Porcine Rheometry

] / f ] Indentation

. ) {1 —=— Ottensmeyer 2001 - Porcine Indentation
v

v Kim 2003 - Porcine Indentation

10 - " :
] i / 1 MR-elastography
1 ——=. o ] e Kruse 2000 - Porcine MRE

= ® 1 = Suga 2003 - Porcine MRE
w 1 » Klatt 2006 - Human MRE

Shear Modulus G (kPa)

13 1 US-based elastography

i ] Lehdingen 2006 - Human US
Foucher 2006 - Human US
Castera 2008 - Human US
Roulot 2008 - Human US
Author's - Porcine US

0,3 T UL TIT L LELLELLL T T T rrr T T i
0,01 0,1 1 10 100 1000 10000

Frequency (Hz)
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Ex vivo Hepatic tissue properties

)

TE tests
(anesthetized
closed animal)

Inter-costal

TE tests
(anesthetized
opened animal)

TE tests
(ex vivo liver)

DMA

ens s

(in vitro liver)

~

Sub-costal Direct contact Direct contact Direct contact 40 Cut samples
.
Laparotomy Animal death Hepatectomy Samples cut
) 1h © 30min  1hto24h
Y J \ Y J - ~~ /
In vivo Ex vivo Invitro

J




In vitro liver anisotropy investigation

Porcine liver

Human liver

FALCIFORM
LIGAMENT

ANTERIOR VIEW OF LIVER

RL: right lateral lobe LM: left median lobe
RM: right median lobe LL: left lateral lobe




uuuuuu /’ In vifro liver anisotropy investigation )
10000
s N\
G)
11l
1000 i i i H 1 = II

B G'mean_transverse

; i { i % i i B G'mean_longitudinal

7! oo
S

@ G"mean_transverse

H § { % i i % | ¢ G"mean_longitudinal

Example of longitudinal sample

\

Storage G’ and Loss G” Moduli (Pa)

Example of transverse sample

0,1 1 1.0 100
Frequency (Hz)
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Right lok
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Post mortem time effect on shear modulus

o’

o

# t<6h
4 18h <t< 24h

Frequency (Hz)

effect on the Short time: vy,

ain limit Long time: v,




OATIC TISSUEe MOQAcE

Generalized Maxwell model

e ? relaxation modes
e Based on 0.1 fo 10Hz DMA mean

 J Experimental in vitro relaxation modulus
— Modelled relaxation modulus




Conclusions

s on the same 5 porcine livers
O 3invivo configurations comparison

O Exvivo US-TE / In vitro DMA

hear modulus value at 50Hz:

shear modulus value at 50Hz:

O Invivo: G=2.0+0.5kPa

O Invitro: G=1.2 + 0.4 kPa

tic tissue characterization

O Homogeneous

O Isotropic

O High post mortem time dependence

ant number of animals

) characterize fibrosis

asurement, but elastic assumption vali







Experimental Linear Strain-Dependant

Introduction Protocol Characterization Behavior

Modeling of Shear Linear Behavior
(Commonly used in the literature)

[Relaxation Modulus: ]

0000 10005 0010 00160 0020 0025

G(t)=G, +(G, -G, )e” e




Experimental Linear Strain-Dependant

Introduction Protocol Characterization Behavior

Objectives

Enhance the Knowledge of the Shear Linear
Behavior of Brain Tissue




Introduction Experimental Linear Strain-Dependant
Protocol Characterization Behavior

Experimental Setups

"High Frequency Rheometer" "Low Frequency Rheometer”
(HFR)
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[Thermostat ] [Thermostat]

Use for translational shear tests: Use for torsional shear tests:
- Small strains (Disp,,., = 50 A) - Small and large strains

- Frequency sweep (f < 10 kHz) - Frequency sweep (f < 150 Hz)
- Time sweep (t > 0.01 s)




Introduction Experimental
Protocol

Samples Origin and Preparation

Human Brain
(HFR (N=9))
White Matter Fr
Thickness: 418 — 427 ym

Diameter: 10 mm

Characterization

\Sample Axis: Tr 4

/HFR (N=2)

Gray Matter
Thickness: 418 — 427 ym

Diameter: 10 mm

A%
/(N =7) LFR

Strain-Dependant
Behavior

Pig Brain
HFR

S White Matter
Thickness: 150 - 850 um

Diameter: 10 mm

i

S White Matter
Thickness: 2250 ym

Diameter: 20 mm

\Sample Axis: Tr )

\Sample Axis: Tr




Experimental Linear Strain-Dependant

Introduction Protocol Characterization Behavior

Sequence of the Tests




Introduction Experimental Linear Strain-Dependant
Protocol Characterization Behavior

Experimental Results: Linear Domain

I 0,1
y (%)

Linear Viscoelastic Limit: ~1%




. Experimental Linear Strain-Dependant
ndreelieuieh Protocol Characterization Behavior

Experimental Results: Frequency Domain

—m— G' from High Frequencies Rheometer (HFR) (y = 0.001 %)

100000 q e G" from High Frequencies Rheometer (HFR) (y= 0.001 %) 100000 E

/I/! 1

HH%?

HHHHHH?/EEE
s ettt

T T T
10 100 1000 10000 ; 10 100 1000 10000

f (Hz) f (Hz)

HFR Results LFR Results
(ERE) (N = 3)




Introduction Experimental Linear Strain-Dependant
Protocol Characterization Behavior

Experimental Results: Time Domain

76000

e G(t) reconstructed from HFR data (y ~ 0.001 %) ST

4000
50000 -

48000 5
<
aTo) !
><30000 *®
&=
@b 2000

20000 -

<
e
e
o

19686

(O 04

1E-7 1E-6 1E-5 1E-4 1E-3 001 01 1 10 100 1000 7 1E-6 1E-8 1E-4 1E-3 1001 0,1 100 10 10@0001000

t(s) t (6)s)

HFR Results (N = 18) LFR Results (N = 3)
(GG )exp = H(T) = G(Y) G()exp




Introduction Experimental Linear Strain-Dependant
Protocol Characterization Behavior

Experimental Results: Inter-Species

] —m— G' Porcine white matter
100000 -

~@- G" Porcine white matter

b o R Tt .
10 100 1000 10000
f (Hz)

Porcine white matter
(N = 18)

100000

T ——
10 100 1000 10000
f(H2)

Human white matter
(N=9)




Introduction Experimental Linear
Protocol Characterization

Strain-Dependant

Behavior

Experimental Results: Inter-Region

1 —m— G' white matter
100000 { --@- G" white matter

ffffﬁfifii
tis sttt

)
o
O
O

f (Hz)

White Matter (N = 9)
(Corona Radiata)

10 100 1000 10000

100000

T
10 100 1000 10000
f (Hz)

Gray Matter (N = 2)
(Thalamic Nucler)




Introduction Experimental Linear Strain-Dependant
Protocol Characterization Behavior

Experimental Results: Comparison with Literature

9. Bovine (Bilston, 1997)




Introduction Experimental Linear Strain-Dependant
Protocol Characterization Behavior

Modeling Results: Shear Linear Behavior
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Introduction Experimental Linear Strain-Dependant
Protocol Characterization Behavior

Analysis of the Shear Strain Softening
of Brain Tissue

y increase

yincreased




Introduction Experimental Linear Strain-Dependant
Protocol Characterization Behavior

Hyperelastic Model

HY‘-QOgheSIS B exp. y,=0.1% —-—s?m.
- Re e;rence State: LineanStatE sy — am
5 v exp. y,=10% v— sim.
- I&c}]gpressmllltv G(~ 300D Paj, << K(~2.1 GPa)

® exp. y,=50% —e—sim.
= 1S0

pYys Low degree of anlsotropy of the Corona Radiata

va< aa;e ot Hysteresis Effects: (McElhaney, 1976 ; Mendis, 1995 :

-I—' 50 4

= e 197 snd 2850 Srends: 20 e SN NN N
Ogddag Models = = = W | 60000 560 1.25

Hl—=1rno ._.j.ﬂ_.j " : ay 0.7451_-3.9 16.3
Oﬁ(A):zlo " 0 — _J—2/+ 1+é




Introduction P

Experimental

Linear Strain-Dependant
izati Behavior

rotocol Characterization

Towards a Visco-Hyperelastic Model

Hypothesis
- Time/Stradcn

- Ap L

|
>
nfrma
1N

A expy 5

'eléiﬁfﬂ d"

Factorlzatmn ’I'lm-a(%p

R ndepenelengq&ftf—\e—ﬁq

] ‘1expv—

— b nvn \1 — I‘2{'\0/ — : :

endani@éﬁama Is

bplied Strain

yincreased

053 0.4
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Introduction

a(t) (Pa)

Experimental

Protocol

Linear

' Strain-Dependant
Characterization Behavior

Towards a Visco-Hyperelastic Model

exp.y,=0.1%
exp.y, = 1%

exp. y, = 5%

exp. y, = 10%
exp. y, = 20%
exp. y, = 30%
exp. y, = 50%

Aak _A_ak

o()=Fufuee |1t

Rangk| 1 | 2 | 3

U, | 60000 560 1.25
o, | 0.0451 -39 16.3

053 04
013 1.76 31

5,0x10"

1,0x10°

1,5x10°

t (s)

2,0x10°  2,5x10°

3,0x10°




ARACTERISATION D

CERVEAU IN VIVO




un vitro tests : Validation on ex-vivo porcine brains ]

/

&

A

MRE data
Rheometric data
o1 1 10 100
Frequency (Hz)
Rheometric data T
MRE data

it
it

10"+ L | L L | UL LI
0,1 1 10
Frequency (Hz)

]-00/
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)

| In vivo tests : preliminary results on 7 rats g &P o 2 Wl

10um, 180Hz
€

) Bite-bar Brass rod Modal Exciter Rat brain distribution maps of G’ and

G” with a manually selected region
of interest

Mean shearing moduli at
180Hz for the 7 tested rats :

G'=7600+x650Pa
"=7500+1600P:

Sprague-Dawley RF coil ¢
anesthetized male rat

Horizontal MRE Experimental device for in vivo
rat brain

60
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HUMAN SEGMENTS

Festerior

Muscle Anterior
Muscle
Cervical
Column

ModEdit
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adu Trauma

istorique

7

dlisation et validation du modeéle de la téte

ites de tolérances spécifiques a un mécanisme




ute: Headform mass of M = 4.5 to 4.8 kg
anism related to linear head acceleration

E

>
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ncceleration ||
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Head Injury Criteria (HIC, 1972)

M = 4.58 kg

HIC =1000
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Limites du HIC

 Non prise en compte de I"accélération
rotatoire

e Non direction dépendant

* Ne tiens pas compte des mécanismes de
lésion

66/17



HEAD INJURY MECHANISMS AND RELATED PARAMETER

Skull fractures

i i

Subdural and
subarachnoidal
haematoma

Skull deformation

1§

Diffuse Axonal Injuries
(DAI)

Relative motion between
the brain and the skull

Intracerebral strains/stress

67/46




STRASBOURG UNIVERSITY FE HEAD MODEL

) Brain
Tentorium

Diploé Scalp

48266 bricks
25977 shell

Inner table

74243 elements
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IMPACTOR
MASS 5.6Kg

E=13.6 Mpa

V=0.16

HELIOSS

Head acceleration

I N T v T T T

e EXPERIMENTAL DATA
—O—ULP

Inter-action Force [N]

Validation parameters
» Impact force

> Linear Head acceleration

»Five intracranial-pressure

Impact Force

e EXPERIMENTAL DATA
— —ULP




Occipital pressure 2 [Pa]

Occipital pressure 1 [Pa]

Occipital pressure 2

e EXPERIMENTAL DATA

;= —uLP

30000

N H

4 6 8 10
Time [ms]

Occipital pressure 1

12

14

20000+
10000

-10000
-20000
-30000
-40000
-50000

—— EXPERIMENTAL DATA
— —UuLP

-60000
0

4 6 8 10
Time [ms]

12

14

Posterior Fossa pressure [Pa]

60000

Brain pressure

40000+

20000 1

-20000+

-40000

-60000 +

-80000

= EXPERIMENTAL DATA
—o—ULP

2 4 6 8 10 12 14
Time [ms]

180000

Frontal pressure

160000
140000
120000
100000 +
80000
60000
40000
20000 +

0=
-20000
-40000

Frontal Pressure [Pa]

——EXPERIMENTAL DATA| |
— —UuLP

-60000 T

Time [ms]

Parietal pressure

Parietal pressure [Pa]

~

l

= EXPERIMENTAL DATA
— —ULP

Time [ms]
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Linear velocity of the CG of the head [m/s]

MS428-2 case

INPUT OUTPUT (3 accelerations, 5 pressures)

Rotation of the CG of the head [rad]

Linear accelerations
e Frontal acceleration _ Lenticular Nucleus acceleration Occipital acceleration
40 : : : = 100 : : : 40 : : :
4 1 1 & A § sg0] — ] A f
52 % A £ r i WA
0 Ol|s ol— & 60 ——up 5 0l— ¢
— | S . © = o)
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0,304 4
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—e— Y-Rotation o e, —_ ] ——ExP ] T 25 4 T
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Occipital impact (C755-T2)

Linear acceleration (g)

Angular velocity (r/s)

-104

.15

INPUT \

Linear accelerations

— ><cg Linear accelation
Yy Linear accelation
Z, Linear accelation

Time (ms)

T T . e )
uz\W 40 50  Boes 70

C755-T2 (Occipital

Rotational accelerations

—_— >(Eg Angular velocity
— Y, Angular velocity

g
//\ Z, Angular velocity
/

/ \
N\
/ N\
/ N\
/ \\
/
/ \
/
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MODEL BASED INJURY CRITERIA

Experimental or analytical replication Real accidents
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Numerical
reconstruction I
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Injury mechanisms and tolerance limits
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MODELLING OF THE PROTECTION SYSTEMS

Motorcyclist

Balistic

ModAnim
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RACTION OF CRIT

(ideal injury criterion)

[ Cases without injury
B (njuried cases R 8] Injury risk curve

parameter

1
1 + e—(a+bx)

Injury risk
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Candidate parameter

Binary logistic regression (SPSS v14.0)

Nagelkerke R-sq statistic




HEAD INJURY MECHANISMS AND RELATED PARAMETER

Skull fractures

i i

Subdural and
subarachnoidal
haematoma

Skull deformation

1§

Diffuse Axonal Injuries
(DAI)

Relative motion between
the brain and the skull

Intracerebral strains/stress
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UdS TOLERANCE LIMIT TO SKULL FRACTURE

Bone injuries

Skull fracture
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CSF minimum pressure [MPa]

UdS TOLERANCE LIMIT TO SDH

Vascular injuries

Subdural hematoma
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Von Mises Strain

UdS TOLERANCE LIMIT TO DAI
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UdS HEAD INJURY CRITERIA

Sub-arachnoidal haematoma (50% risk)
O CSF Minimum pressure : 135 kPa

Moderate neurological injuries (50% risk)
O Intra-cerebral Von Mises stress > 26 kPa
O Intra-cerebral Von Mises strain > 25 %

SCALP

BRAIN

Severi neurologice injuries (50%risk)
O Intra-cerebral Von Mises stress > 33 kPa
O Intra-cerebral Von Mises strain > 35 %

Skull fractures (50% risk)
O Global strain energy of the skull > 0.865

TENTORIUM

BRAINSTERM



Développements futurs

- Investigations in vivo (humain et aniimal)

- Caractérisation aux grandes déformations

- Anisotropie [ hétérogénéité

- Effets des vaisseaux sanguins et pressurisation
- Limites de tolerance sur modele animal
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