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Part I: Overview of elastography



HARD SOFT

Experimental movie of the z component of the displacements
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Example of inclusions in gels

Brevet n° FR99 03157 déposé le 16 Mars 1999 : "Imagerie sismique des ondes de cisaillement", 
Laurent Sandrin, Mickael Tanter, Stefan Catheline, Mathias Fink



FibroScan®

Echosens (2003): le Fibroscan Supersonic Imagine (2008): l’Aixplorer

Now: Philips, Siemens…



1991: Static (Ophir)

1981  Natural motion (Dickinson)
1983  Vibrator (Eisencher Echosismography)

1987: Monochromatic + Doppler  (Krouskop)

Years Qualitatif

Quantitatif

1998: Pulse (Fink, Catheline)

klijklij SCT 

Hooke’s law:



Acoustical Imaging 21, 253 (1994)

Sonoelasticity in soft tissues



What is learnt at school about shear and compression waves
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Indeed if ky=kz=0 

then uy=uz=0

The compression wave is longitudinal
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The shear wave is transverse

Rotational-free strain 

(without rotation)

Divergence-free strain 

(without change of volume)

Separation in 2 independent wave equations



The importance of the source term
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Separation in 2 independent wave equations Much trickier

The complete solution was first given by Stockes in 1849. (“Quantitative 

seismology” Aki & Richards, “Waves in elastic solids”Achenbach…)

The Green’s function is:
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Near field termL-wave T-wave

The far-field culture dominates wave physics, specially in ultrasounds.

But, in seismology and in elastography, the near field cannot be avoided.

The near field term is responsible for the longitudinal shear wave. 

Commercial applications by Echosens for the liver fibrosis started in 2003. 



The pulsed approach and the Green’s function solids

Numerical simulation of the Green ’s function (Gakenheimer &Miklowitz)

Longitudinal component : uz

Central frequency: 200 Hz

piston

air

40 mm

80 mm

R wave



Theory versus experiment
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Questions
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Near field termL-wave T-wave
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free. This is why it is sometimes called coupling term.

Is the longitudinal shear wave really a shear wave? 
?#1

?#2

?#3



The importance of the near field term












0)(

0)(


NFPL

NFST

GGrot

GGdivThe residuals can be perfectly 

compensated for by the near field term 



















































i

r

ir
G

i

r

ir
G

e

e

ikr

mnnmNFS

mn

iqr

mnnmNFP

mn

13

4

1
),(

13

4

1
),(

3

3

r0

r0

S

mn

P

mn

S

NFS

mn

T

mn

P

NFP

mn

L

mnmn GGGGGGG 


),( r0

The two terms Green’s function is:

The P-wave is the rotational-free solution of the wave equation but 

is composed of a longitudinal term and a near field term.

The S-wave is the divergence-free solution of the wave equation but is 

composed of transverse term and a near field term.

Let’s take a look at the near field terms.

Separation in 2 independent near field terms

Because the near field term can be split into a shear term and a 

compression term, there is no reason to call it “coupling”.  
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The elastic Green’s function

Numerical computation of a solid with CP=2000m.s-1 and 

CS=1000m.s-1, the central frequency pulse is 1MHz.
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Zoom #1: The longitudinal shear wave



Direction parallel to the source =0

Longitudinal polarization

This longitudinal shear wave deserves its name, it is indeed a shear wave. 

More precisely it is the near field part of the shear wave.

?#2

Yamakoshi and Sato had the right intuition.

This longitudinal shear wave is divergence-free and curl-free. However, 

the strain tensor is still non-zero.

Zoom #1: The longitudinal shear wave
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Numerical computation of a solid with CP=2000m.s-1 and 

CS=1000m.s-1, the central frequency pulse is 1MHz.

The elastic Green’s function
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Zoom #2: The transverse dilatation wave



Direction perpendicular to the source =/2

It is curl-free, divergence-free

transversally polarized

Zoom #2: The transverse dilatation wave

This transverse dilatational wave is described for the first time

S. Catheline and N.Benech
Longitudinal shear wave and transverse dilatational wave in solids

J. Acoust. Soc. Am. 137 , EL200 (2015).



1995: Monochromatic+MRI 

(Ehman&Greenleaf)

1991: Static +Ultrasound (Ophir)

1981  Natural motion (Dickinson)
1983  Vibrator (Eisencher Echosismography)

1998: Pulse+ultrasound (Fink, Catheline)

1987: Monochromatic + Doppler  (Krouskop)

Years Qualitatif

Quantitatif

1990: Monochromatic + Doppler  (Levinson, Parker, 

Sato)

1998: Pulse+MRI+Radiation pressure (Sarvazian)

2004: Pulse+ultrasound (Fink, Tanter, Bercoff, Nightingale)



S. Catheline, P. Grasland-Mongrain, R. Souchon, 
F. Cartellier, A. Zorgani, C. Lafon and J.-Y. Chapelon

LabTAU INSERM U1032, University of Lyon, France

Shear waves induced by Lorentz force in soft tissues



Ali Zorgani, R.Souchon, A. Hoang-Dinh, J-Y Chapelon, S.Catheline

INSERM U1032, LabTAU, University of Lyon

Passive elastography approach
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Time reversal

TR=spatio-temporal correlation
(coda wave interferometry)

Key for speed extraction=TR

S.Catheline, N. Benech, X. Brum, and C. Negreira, Phys.Rev.Letter. 100,  064301 (2008).

T.Gallot, S. Catheline, P. Roux, J. Brum, N. Benech, C. Negreira, IEEE UFFC, vol.58,6,p.1122 (2011)
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T.Gallot, S. Catheline, P. Roux, J. Brum, N. Benech, C. Negreira
Passive elastography: Shear wave tomography from physiological noise 
correlation in soft tissues
IEEE Transactions on UFFC, vol. 58, no. 6, June 2011.



 

 

50 100 150 200 250 300 350 400

50

100

150

200

250

300

350

400
1

2

3

4

5

6

7

8

9

10
x 10

10

 

 

20 40 60 80 100

10

20

30

40

50

60

70

80

90

100

-1

-0.5

0

0.5

1

x 10
-19

6

5.2

4.3

3

ZOOM

S

40s)(tR

R

20

40

60

80

z 
(c

m
)

20

10

0

x (cm)
0

)(t

A
rb

itrary u
n

it

0
80

20

t

c

m
.s

-1

3

4

5

6

x (cm)

Fsampling=25Hz



x
10

20

30

40

50

Time 
-3 -2 -1 0 1 2 3 4-4

(a
.u

.)

0

8

(a.u.)
0 8

t=0s

x0=24

Under sampling



 

 

50 100 150 200 250 300 350 400

50

100

150

200

250

300

350

400
1

2

3

4

5

6

7

8

9

10
x 10

10

 

 

20 40 60 80 100

10

20

30

40

50

60

70

80

90

100

-1

-0.5

0

0.5

1

x 10
-19

6

5.2

4.3

3

ZOOM

S

3s)(tR

R

20

40

60

80

z 
(c

m
)

20

10

0

x (cm)
0

)(t

A
rb

itrary u
n

it

0
80

20

t

c

m
.s

-1

3

4

5

6

 

 

10 20 30 40 50 60 70 80 90 100

10

20

30

40

50

60

70

80

90

100 1

2

3

4

5

6

7

8

9

10
x 10

10

6.2

5.8

4.9

3.6

0 20

m
.s

-1

3

4

5

6

c

z 
(c

m
)

20

10

0

RT

RTV

k
c






)Re(

x (cm)
lambda

 

 

10 20 30 40 50 60 70 80 90

10

20

30

40

50

60

70

80

90

4

5

6

7

8

9

10
x 10

-3

7.0

9.1

8.7

5

20

10

0

0 20

cm

4

6

8

10



RT

RT

k





S. Catheline, R. Souchon, M. Ruppin, J. Brum, A. 
H. Dinh, J-Y Chapelon
Appl. Phys. Lett. 103, 014101 (2013)
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Elasticity imaging: under sampling experiments
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MRI Results to be coming…


