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Introduction on biological tissues

Mechanical stimulus triggers cells reaction

Mechanotransduction

mechanics
5 Growth, remodeling

biology

A

Cells synthetize tissue to recover a mechanically
stable state (homeostatic stress)

Material properties are modified by
biological action

PATHOLOGY

Castera Transient Elastography Breakpoints

25 7.0 9.5 12.5 75kPa
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Elastography

B In-vivo characterization of soft tissue elasticity

B General principle: imaging shear wave propagation into a tissue to reconstruct a stiffness
map
B Steps:

1. Generating a mechanical wave
2. Imaging wave propagation: US or MRI
3. Reconstructing the stiffness field
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Wave propagation in soft tissues

B |nsoft tissues, pressure waves propagate much faster than shear waves due to high
incompressibility

B ¢, ~afewm/s
B ¢cp = 1500m/s

B Shear waves are much more attenuated than pressure waves due to viscosity, especially
at high frequency.

B Across interfaces, waves are transmitted, reflected and converted = experimentally,
shear and pressure waves coexist.

25001
——C,

——C = 1 m/s

1500

:

Wave speed (m/s)

o 0.499 0.4999 049999 0499999 (0.4999999

4 v



CI\&

& LaMCoS

‘e Unité Mixte
de Recherche
5259

L_aboratoire de mécanlque desr Contactr et dersr Structurer

0)) DE LYON GdR MéPhy
Journée Ondes 2022
INSTITUT NATIONAL BINSTITUT
lNSN o=y CARNGS Bel-Brunon et al.

o [noenicricaiyon!

Acoustic
Elastography - impactor )  rediation
‘ force

B Shock or harmonic excitation depending on the 0 skl ’
imaging modality : :

B Impactor shape and excitation direction impact the E ;
wave field : ;

—> only the shear wave is imaged G

A Transverse MRE Driver Longitudinal MRE Driver

®  Compromise between spatial resolution and wave
penetration into the tissue:

High frequency <> High spatial resolution <> high attenuation I- I

-10 pm

<]))

10 10 um

B Reconstruction often based on plane waves Yin et al., Magnetic Resonance Imaging, 2008
assumption

B More recently: passive elastography

Passive brain MR elastography
[Zorgani et al., PNAS, 2016]
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Elastography — acquisition by US

B Shear wave propagation measured using ultra-sound
B High temporal resolution (30 kHz for ultrafast probes)
—> possibility to image propagation itself!

B [magingon asingle line orin aslice, in one direction
Breast elastography

MI16 Tis 0.4
SL18-5/ Sein / Sein

I 144

= ‘ Mechanical Vibrator

T’\__)»
A /
K? »/(M
£
E
N
Ultrasonic transducer Ultrafast
Scanner
0 20 40 60 80 100 120
Time (ms)

[Catheline et al., IEEE, 1999]
[Aixplorer website]
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Elastogram

ElaStography —_ ach|S|t|On by MRI Experiment Setup Wavelage

Imaging

Plane
i i [Glaser et al. J
B \Wave propagation imaged by MRI Vo Resor
®  Much more complex process: meang 2012 8
Driver
. . In embrane E 8
1. Harmonic waves generation o I i R N T

2. Snapshots acquisition

3. Snapshots preprocessing (remove pressure

from displacement signal)
B Data in the 3 directions of space

A Passive Driver
Active Driver A/ \

Plastic Tube \ \ /

[Wassenaar et al., Magn Reson Med 2015]

==avizld

Displacement (um) Shear Stiffness (kPa)

(a) - I
11 i N [from S. A. Lambert]

G,
.

(b) MRE-sequence j

rem——
time @ t0

¥
t T
_TT", K M shot 1 shot
! 1
'
1
' correspondingto
' delay
ﬁﬁﬂﬁﬁﬁ'ﬂﬁﬁbﬁﬁbﬁﬁﬁﬁﬂ

Xos: Xom Xom

MR-phase image prop.
to wave at certain

shot

P p—
———

Ps: P P
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At TR=n"T

Elastography —acquisition by MRI I
—o At .
= wgw . J—'ﬁ— t Gy
®m  Afocus on MRl acquisition in MRE: g
. q (b) ‘ilE-uq ence -
B Typical mechanical frequency: 100 Hz ] e e e e s
B MRI acquisition: image generation in 300 ms / direction / TR TR G -aeq
slice (repeated in the 2 other directions) . v
- 2 l Xos: Xom Xom
. . * * Ps: Po P
B Typically 8 snapshots to describe a full cycle ‘&vp_
—> Snapshots # propagation x X A Z
—> need for a stable mechanical state ]
*
1,5 *
! 10 ms | 300 ms o
0,5 +—> ) ¢ >
© 1 300 ms |
-015 ot Lo
s
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Elastography: reconstruction

B Direct method applied under simplifying assumptions:

B Linear elasticity
B Local homogeneity ) _ bility S E = 3
=p.C + Incompressibilit =
m |sotropy H=pCs P Y H
® Plane wave D
AN \:\\:\ P
Shear BC ;; Compression BC | g @ | Arbitrary BC 2

B Inverse methods based on wave 517 ;

" - N 4

equation resolution S I . 2
o

o] s

O n !

B |nverse methods based on FEM: o § .!I P
B More complex behaviour 0 0
B Account for boundary conditions - - Z -

n
| i © ‘
Computationaly heavy = :
O N i
& | : I

[McGarry et al. Physics in Medecine & Biology, 2019]
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Some scientific et technical challenges in elastography

B Reaching the targeted area with sufficient amplitude (attenuation, SNR) — trade-off with
spatial resolution

B Enriching reconstruction with more complex mechanical behaviours, heterogeneities
and boundaries while controling computational cost

B |nvestigating the microstructure

Corpus callosum? 6;18;20 Hippocampus?4 81112;14
800- 1,400 Hz 370-1,400 Hz
4.3-9.3-10.3 kPa 46-56-7.8kPa
® |n MRE, quantify how much
what we measure is close to =
5.7 kPa Cerelellumi
the mechanical state of the e oz
] ' 900 Hz
tissue : e
Whole bminZ; 5;7;9;11-13;15;17; 19 Thalamus“
180-1,500 Hz 370-1,400 Hz
2-82-111kPa 36-3.6-3.9kPa [Bigot et al. Frontiers in

10 Technology, 2018]
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Outline
1. Introduction

2. Identifying the non-linear properties of soft tissue using transient elastography
[W. Ye PhD thesis]

3. Investigation of steady-state in MRE
[Q. Du PhD thesis]

4. Conclusions

11
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Tissue non-linearity — analytical identification

B Elastography = small amplitude waves, typically few dozens of um

B Soft tissues are hyperelastic

—> elastography provides the tissue tangent modulus

B Need for a wider characterization (surgery simulation, improved diagnosis)

1000

Landau’s law, typical in acoustic field:

750 1

Stress (Pa)
3
o

250 1

a|-{uman -
Fibre family 1

= =Human -
Fibre family 2

= = =Human -
Fibre family 3

| urine -
Fibre family 1

= urine -
Fibre family 2

= = =NMurine -
Fibre family 3

A 1
Wiandau = RIL+3 111+ DII? + 2K( = 1)
With II = tr(E?) and 111 = tr(E?®)

Non-linear in shear

u, A and D : shear moduli at orders 2, 3

Stretch

T
1.8
[Groves 2013]

! and 4

How to identify them ?
12
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Tissue non-linearity — analytical identification

B 2 options:
P Plane waves

1. Increasing wave amplitudes to reach a non-linear regime

vibrator Source At 15 mm
_osf - : 0.4 -
€ 7,
g £
V,=1mis i < " Bz
A, a’ % 4 0 e 70 8 10 T s_ro 7;0 80 90 100
ime [ms
'=‘k | ¢ Rigid = af o -
plate ! i
V, = 1500 m/s 2 osf g 05
e 3 5 3f 5f
g I < £ =
Transducer % 100 200 800 00 500 600 0 S T
Frequency (Hz) Frequency (Hz)
array

[Jacob 2007]

Distortion of wave shape <:‘> Nonlinearity

Investigating the wave spectrum theoretically provides a relationship between non-linear
parameters, extended to a large range of application by Ye et al. [[JNMBE 2018]:
uA,D = f (A1, 43, 45)

13
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Tissue non-linearity — analytical identification

B Theoretical vs. experimental spectrum

5 5 0
10 = 10 -5
15 e 15
20

-15 20
25 —_
-20 % 25
30 -
25 30
35
40 -30 35 _
45 o 40
50 45
0

400 500 100 200 300 400 500
Froqu('nr\ Hz) Frequency (Hz)

] ]
[} =

3
Spectra of v_ (dB)

Depth (mm)

z (mm)

|
N
a

W
S

|
[}
a

1
&
©

0.8r 100 Hz

% 0.6F
Zos [Ye 2017] 5 05
,% 0.4 % 0.4+ 1 o'bos 0.01 0.015 . 0.02 0.025 0.03 0.035
K 2 [Jacob 2007] Distance (m)
= 0.3 0.3 1
0.2
0.1} 1 .
. T — e Non-linear wave method
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45 . L. .
| Deptham) | FESIESEER IS very sensitive to noise!
Numerical simulation Experimental results

14
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Tissue non-linearity — analytical identification

® 2 options:
1. Increasing wave amplitudes to reach a non-linear regime
2. Prestressing the tissue before performing elastography = acoustoelasticity

Prestressing direction

- TR

Phantom

Ultrasonic array Catheline et al., JASA, 2003

Under a prestress, the tissue becomes
extrinsiquely transverse isotropic

AL LTI —> 3 wave types
(U] (i0) Giii)

Acoustoelasticity provides additional relationships between material parameters.

15
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Tissue non-linearity — analytical identification

B Analytical expressions of ¢;, ¢;; and c;;; proposed by Destrade at al. in 2010 and applied

to various hyperelastic potentials

Dsp_dym 2

" 9.86e-03

D:O

-1.25e-02

(a) In this configuration, wave types i (blue) and ii (red) can be measured

Dsp_dym Z
! 1.18e-02

£o

|-0A01
-1.28e-02

(b) In this configuration, wave type iii is measured

) A 7A 5
pci = u+ 3,u+Z e+ 5,u+T+3D e
) A 7A ,
pchi = u— 3#+Z e+ 5,u+T+3D e

2 4 2
pCiii zu+ze+ (2u+A+3D)e

|— (i) - - = (ii) -~ - i)
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Tissue non-linearity — analytical identification

B Combination of non-linear waves + acoustoelasticity can provide relationships to
analytically identify non-linear parameters.

B Theoretically, this combined method is more robust to noise.

B Limits: plane waves — experimental issues = can be overcome by numerical simulation
of wave propagation

m Effect of boundary conditions on reconstructed parameters

B Effect of heterogeneities
N

17
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Outline

1. Introduction

2. Identifying the non-linear properties of soft tissue using transient elastography
[W. Ye PhD thesis]

3. Investigation of steady-state in MRE
[Q. Du PhD thesis]

4. Conclusions

18
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Investigation of steady-state in MRE

B Can simulation of wave propagation provide good practices in MRE acquisition, i.e.
After how many cycles can we expect the tissue to reach a steady-state ?

Inclusion (INC)
Heterogeneous model:

/S S/ // 2 viscoelastic soft materials

A * Longitudinal harmonic excitation

I / S . .

| - * Inclusion described by eXtended-FEM (X-

'

= : / \ ' . FEM) [Du et al., JASA, 2022]
g ! ry ) T4,*)

[ e . <>
= "3
~ /] X-FEM mesh FEM mesh

B

[ :

O
<« ----—— - - = >
150 mm

19
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Investigation of steady-state in MRE

B Steady-state metric

1 N , , , ,
Asqre(Ty) = N_%Ejzl\/[ugjc(THl) — ul (T2 + [ (Ti1) — u, (T)]?

B Direct reconstruction method based on the resolution of the wave equation on the curl-
based displacement field (using MREJ plug-in of ImageJ )

A / / / / ‘Vl'l‘.“'"w‘“ _____________________________________________ 1.0
! 1.04
| / <>
! A I N
: @ :J'rl‘l‘ INC 0 8 S —— 0 8 _
g : / 7-2"';' 'TL1'_;‘ LD
2 : i (T3 g «> £ 0.6 B
Iy £ 0. Asqre ALL 10,62
©
: , <T 0N e Asgre BAC £
| 0.4 ~-== Aggrt INC S
H ALL -« sqrt c
v / Lf‘ , 0.4
150 mm G'INC
0.2
0.0

. . : 2‘ I | : 7I_ I I 2I
- G’ estimation converged after 25 cycles 0B 0 e e e 20

2 Agqre~ 0.1 seems a reasonable threshold.

MREJ: Xiang et al., Comput Biol Med, 2013 20
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Investigation of steady-state in MRE: application to breast MRE

® Different breast MRE existing configurations

- mmo <o _ 80mm ______ >
[
/S SN S
0= A
- v A
I v
I 1
/s .
- i
— yal g
)l v T -
| P
/v ¥
- \ }‘77’5
N 115 mm
30 mm ™
./ Ny =Y o«
30 mm
d
(a) (d)
60 mm 80 mm
———————————— «-------C -
bbbt |
T A
o
Vo
g .
8 .
1 |:7.3
N
-

'
\

<o
15 mim

(v [Bohte 2018] )

21
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Investigation of steady-state in MRE: application to breast MRE

oo SO . 0.6 A ALL
sqrt 80 mm - Asqrt ALL
A 0.5 - Dggre INC == Dggre INC
| 0.4 T
B i
VB - !
[ B
i 0.2 =
v |
0.1 DY
30 'mm\ AN
0.0
50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
period period
&) S
o L > —— Dgg ALL < S0 > — A ALL
! A 0.8 - 'ﬁsqrr'”\'IC Vi /fg/ i 0.08 - Asqrt INC
! A
. A
. |
N 0.6 ' 0.06
15 S ‘E £
I,-: o = 3
= Foa 2 < 0.04
v
¥ 0.2 / 0.02
T
— — 115 mm
; 0.0 I 0.00
5 mm 0 25 50 75 100 125 150 175 200 30 mm 0 25 50 75 100 125 150 175 200
period period

More constrained models reach steady-state earlier.

22
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Investigation of steady-state in MRE: application to breast MRE

B Influence of impactor and inclusion on steady-state: parametric study

60 mm

period Ty

Yy

Inclusion size

OV
//\S\

K’{S‘
’

|

RS
Yy,

23

[T

-
Q. \’q\\

)

0, O 8
70 %Y S

Impactor
length

B ALL
A INC

Wave Excitation
polarization  frequency
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Investigation of steady-state in MRE: application to breast MRE

B Reconstruction results for G’ (ground truth: 3.88 kPa)

4.5

i 3.4

2.5051%0.792 kPa 23 (a) (¢)
| 1.1
0.0
A 4.5
" ! _ 3.4

3.77840.611 kPa 28 () 0.32440.106 kPa F @

- 1.1 Traore

0.0

24
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Conclusions & Perspectives

B Steady-state estimation can provide experimental guidelines in terms of impactor, wave
polarization, acquisition procedures, etc.

B X-FEM: simpler meshing of interfaces, adapted to multiple and complex interfaces.

B Move to smaller scales: can we detect microstructure (neurons, vasculature) from a
macroscopic signal?

@ 10 pm experiment
A 10 pm simulation

44 b) 0.34 X 10 pm theory
(a) ( ) 4+ 4 pm theory

# 2 pm theory
¥ 30 pm experiment
XX XEFXX ¢ - & Polysaccharides 2.3 + 1.4 pm
X

o~ 0.2 x
< 3 3 3 W
@ [ | - - ~ Xx
E- i ++++ 4 xxX"*x,(
- r_’/_,__,/’—'—-/'/" + 4y, -
= 0.1 +
9 25 m T

A +

-4 p=5%, ¢, o w 024202 A s b e
¥ p=10%, ¢, o 019002 0.0% M A : LALLLIYYY
T T T 1 5 10 15 20
600 700 800 900 1000 o
v (Hz) p (%)

Lambert et al., PRL, 2015
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