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Two main questions are at the center of this paper. The first one concerns the choice of a rheological
model in the frequency range of transient elastography, sonoelasticity or NMR elastography for soft
solids~20–1000 Hz!. Transient elastography experiments based on plane shear waves that propagate
in an Agar-gelatin phantom or in bovine muscles enable one to quantify their viscoelastic properties.
The comparison of these experimental results to the prediction of the two simplest rheological
models indicate clearly that Voigt’s model is the better. The second question studied in the paper
deals with the feasibility of quantitative viscosity mapping using inverse problem algorithm. In the
ideal situation where plane shear waves propagate in a sample, a simple inverse problem based on
the Helmholtz equation correctly retrieves both elasticity and viscosity. In a more realistic situation
with nonplane shear waves, this simple approach fails. Nevertheless, it is shown that quantitative
viscosity mapping is still possible if one uses an appropriate inverse problem that fully takes into
account diffraction in solids. ©2004 Acoustical Society of America.@DOI: 10.1121/1.1815075#

PACS numbers: 43.80.Vj, 43.80.Ev, 43.20.Qf@Fd# Pages: 3734–3741
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I. INTRODUCTION

Elasticity mapping is an effective method for detecti
tumors in soft tissues. Images of elasticity can be achie
with static elastography1 or dynamic elastography
~sonoelasticity,2,3 NMR elastography,4,5 or transient
elastography6,7!. The dynamic methods present the advanta
of potentially revealing the medium dynamic properties8,9

such as viscosity. In the simple case of a plane monoc
matic shear wave for example, the speed and attenuation
deduced from the phase and amplitude measurements, w
can be converted into elasticity and viscosity. This last co
putational step requires choosing an appropriate rheolog
model. The simplest viscoelastic models~utilizing two pa-
rameters! are Voigt’s model and Maxwell’s model. Althoug
the first one is more often used for solids and the second
for liquids, the choice is not obvious in liquid-like solid
such as soft tissues since both models are used in
literature.10–12 Moreover, in the dynamic elastography fr
quency range~20–1000 Hz!, no commercially available rhe
ometer exists~typically 0.01–10 Hz!. Homemade rheometer
moreover tend to present resonance and propaga
difficulties.13,14 This paper may contribute to fill this gap i
experimental data.

II. EXPERIMENT

In our experimental study, we used an ultrafast ult
sonic scanner.15,16 It provides images of the echogenecity
tissues similar to a standard echographic device but wi

a!Electronic mail: stefan.catheline@espci.fr
b!Also at: Philips Research Laboratories, Division Technical System, R¨nt-

genstrasse 24-26, D-22335, Hamburg, Germany.
c!Also at: Station de Recherches sur la Viande, INRA, Theix, 63122
Genès Champanelle, France.
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rate of 5000 frames/s~about 100 times higher than conve
tional scanners!. It includes a medical ultrasonic array wit
128 channels working at 5 MHz. Each channel is connec
to a 2 Mbytes memory, the echoes are sampled at 50 M
and digitized with 9 bit resolution. In a typical experimen
250 echographic images are recorded in memory with a
dence of 3000 frames/s. A movie of the displacement is
tained using correlation algorithms between success
speckle images. Thus, it allows one to detect fast tissue
tion induced by low frequency shear waves inside the m
dium. The apparatus can measure displacements as sma17 as
1 mm. As shown in Fig. 1, the low frequency~50–500 Hz!
shear wave is generated by transversally shaking a rigid
minum plate (1103170 mm2) applied on one side of the
phantom with a vibrator~Bruel&Kjaer 4810 type!. The phan-
tom is a mixture of water with 3% gelatin and 2% agar. T
transverse displacement field of the shear wave is meas
in a plane perpendicular to the rigid plate (40340 mm2).
The displacement field, displayed in Fig. 2, confirms t
plane nature of the shear wave. The 100 Hz shear w
propagates from bottom to top in the four sequential ima
selected from the displacement field movie. The use of s
plane waves simplifies the analysis of the viscoelastic pr
erties of soft solids since viscoelastic theories often util
this assumption. From the displacement field along the a
of the rigid plate (z520 mm), Fig. 3~a!, the phase and the
amplitude as a function of depth are computed, Figs. 3~b!
and 3~c!. The speed,CT52.2660.003 m s21, and the attenu-
ation, aT52361 m21, are then deduced. The experimen
errors are estimated from the linear fit deviations. We po
out that the estimate of the phase slope as a function of d
is less subjected to noise than the amplitude slope. Co
quently, attenuation measurements may be difficult in no
situations. The experiment is repeated for frequencies ra
t
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v
g.
gl

e

l
.

e
s

city
atic

,
ate,
by

an
and

at
he
-
o
-

t d
a

cti
: it

.
the
ing from 50 to 500 Hz with a 25 Hz step. The shear wa
measurements as a function of the central frequency, Fi
~circles!, show a rather flat speed distribution and a stron
varying attenuation distribution~from 5 to 80 m21). The
maximum error occurs at 500 Hz, because the amplitud
the shear wave drops with the increase in frequency:DCT

50.007 m s21 andDaT54 m21. This reliable experimenta
data will be the reference measurements in the following

III. THE INVERSE PROBLEM APPROACH

The elasticity mapping in transient elastography is p
formed with some inverse problem algorithm. We propo

FIG. 1. Experimental setup. A low frequency plane shear wave is gener
in an Agar-gelatin phantom by shaking a rigid plate with a vibrator. T
wave propagates along the directionk. In the meantime, a medical trans
ducer array, connected to an ultrafast scanner, insonifies the medium
40340 mm2 area~gray area!. Then a correlation algorithm, on speckle im
ages stored in memory, computes the displacement fieldu within the phan-
tom.

FIG. 2. Typical experimental transverse displacement field (z component!
of a 100 Hz shear wave. These images are extracted from a movie a
ferent acquisition times 20, 30, 40, 50 ms after a few cycles of sinusoid
generated from the bottom of the images. The arrow indicates the dire
of propagationk. The plane property of the shear wave is clearly visible
is a transverse wave.
J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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here a very simple one to measure both the local elasti
and viscosity. In the simple case of a plane monochrom
shear wave, the starting point is the one-dimensional~1D!
Helmholtz equation:

]2FTt~uz~x!!

]x2 1k2FTt~uz~x!!50, ~1!

where FTt , uz , andx stand for the time Fourier transform
the transverse displacement, and the longitudinal coordin
respectively. Thus the local complex wave vector is given

k5
A ]2FTt~uz~x!!

]x2

FTt~uz~x!!
, ~2!

and the local speedCT and attenuationaT are expressed as

CT5
v

Re$k%
, aT5Im$k%. ~3!

Thus, the latter set of equations constitute the basis of
algorithm that permits one to compute the local speed

ed

n a

if-
re
on

FIG. 3. ~a! Seismic representation of the transverse displacement field~b!
The phase and~c! the amplitude are computed from a spectral analysis at
central frequency 100 Hz. Linear fits give the speed (CT52.265
60.003 m s21) and the attenuation (aT52361 m21).
3735Catheline et al.: Viscoelastic using elastography
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the local attenuation from the local displacement fielduz(x).
Its application to a homogeneous Agar-gelatin based ph
tom serves to test the feasibility of the technique in a v
simple configuration. The results obtained from the inve
problem algorithm and those obtained from the phase
amplitude, Fig. 4~cross!, are very close: within 5% for the
speed and within 11% for the attenuation below 400 Hz. T
deviation in the reconstructed values of attenuation ab
400 Hz is due to a poor signal-to-noise ratio in displaceme
Thus, not only is the speed correctly recovered using
inverse problem algorithm, which has already be
demonstrated,18 but also attenuation even though it is mo
sensitive to noise. As a consequence, viscosity mapp
should be possible if a suitable rheological model is chos

IV. VOIGT’S VERSUS MAXWELL’S MODEL

At a given frequency, two experimental measureme
of phase and amplitude allow one to compute the local sp
and attenuation, from which the elasticity and viscosity e
mates are deduced. This last step requires a rheolog
model. These viscoelastic models, which require only t
parameters, are Voigt (V) and Maxwell’s (M ) models, Fig.
5. Both models are composed of a dashpot and a spring
they are placed in parallel (V) or in series (M ) depending on
the model. The stress–strain relationships are, respectiv

FIG. 4. Speed and attenuation measurements of the transverse wave
function of the frequency.~a! The inverse problem algorithm gives a goo
estimation of speed~crosses! compared to the reference measurement
tained with a spectral analysis of the displacement field method~more reli-
able but nonlocal!. ~b! However the inverse problem approach for attenu
tion measurements seems to be more sensitive to noise since a dev
from the reference measurements~circles! is visible beyond 400 Hz.
3736 J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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s5S m12m2

]

]t D «, S m11m2

]

]t Ds5m1m2

]«

]t
. ~4!

The stresss is linked to the strain« via the shear elasticity
m1 , the shear viscositym2 , and the time-derivative operato
]/]t . Inserting these relations for monochromatic excitati
into the equation of motion, one obtains the 1D Helmho
equation for Voigt’s model and Maxwell’s model, respe
tively,

]2U

]x2 1
rv2

~m11 ivm2!
U50,

~5!
]2U

]x2 1
rv2~m11 ivm2!

ivm1m2
U50,

wherer is the density andU the Fourier transform of the
displacement. Then, from the complex wave vector,
transverse wave speed (CT

V ,CT
M) as well as the attenuatio

(aT
V ,aT

M) can be computed for each model:

CT
V5A 2~m1

21v2m2
2!

r~m11Am1
21v2m2

2!
,

~6!

CT
M5A 2m1

rS 11A11
m1

2

v2m2
2D

,

aT
V5Arv2~Am1

21v2m2
22m1!

2~m1
21v2m2

2!
,

~7!

aT
M5
Arv2SA11

m1
2

v2m2
221D

2m1
.

In order to compare the theoretical predictions of Voigt a
Maxwell’s models to the experimental data, one frequenc
chosen arbitrarily, for example, 400 Hz. With the measu
values of Fig. 6, CT(400)52.28260.004 m s21 and
aT(400)55461 m21, it is possible to evaluatem1 and m2

using Eqs. ~6! and ~7!. Voigt’s model gives m155.67
60.02 kPa andm250.2260.01 Pa s and Maxwell’s mode
m155.7360.02 kPa andm252361 Pa s. Both models pro
vide similar values for the elasticity. However, there is
difference of two orders of magnitude for the viscosity.
the literature, the viscosity for gelatin rarely exceeds 1 P
For example, with Zener’s model in gelatin at 1.5 Hz, Dj
bourov et al.19 found 0.21 Pa s, very close to the value o

s a

-

-
tion

FIG. 5. ~a! The Voigt’s model is composed of a spring, with spring consta
m1 , and a dashpot, with coefficient of viscositym2 , in parallel. ~b! The
Maxwell’s model is a spring and a dashpot in series.
Catheline et al.: Viscoelastic using elastography



i-
tio
ow
e
s

e
tio
ee
in-
is
io
ob
e

n
ng
a

ly
n

,
F
tin
ls

e

n
rray
late
ith
n.
rray

tenu-
ncy
re-

ue

n

the
n the
ans-
ected

verse
ions
tained with the Voigt’s model. This result indicates that Vo
gt’s model seems to be more appropriate for the descrip
of viscous effects in case of the Agar-gelatin phantom. N
a study of the prediction of each model for all the oth
frequencies reveals that both models are correct as far a
speed is concerned, Fig. 6~a!. The dispersion curve of the
speed, therefore, does not allow for differentiating betwe
the two models. On the other hand, the curve of attenua
versus frequency indicates a dramatic difference betw
Voigt and Maxwell’s models and thus allows one to dist
guish the good model: Voigt’s model. Although this model
not perfect, it gives much better predictions for attenuat
than Maxwell’s model. The same general behavior is
served independent of the frequency chosen to fit the exp
mental data: an increasing law asv2 for Voigt’s model and a
plateau for Maxwell’s model. Indeed, for frequencies beyo
100 Hz, the dashpot becomes ‘‘harder’’ than the spri
When these two elements are placed in series, as in M
well’s model Fig. 5~b!, the viscoelastic properties are entire
driven by the spring. Thus the speed and attenuation
longer depend on frequency: they present a plateau. Now
plateau is reached in the measured attenuation curve,
6~b!. As a result, the conclusion so far is that for Agar-gela
based phantom, the best of the simplest rheological mode
Voigt’s model.

V. EXCISED POSTRIGOR BEEF MUSCLE

The next step is to conduct the plane shear wave exp
ment in real soft tissues. We have chosen anexcised post

FIG. 6. Transverse wave speed and attenuation measurements vs freq
~a! The flat speed distribution~circles! is correctly predicted by the Voigt’s
(V) and the Maxwell’s model (M ). ~b! On the other hand, the Maxwell’s
model attenuation predictions cannot properly account for the experime
distribution ~circles!. Voigt’s model is better.
J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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rigor beef muscle: the bicepsfemoris. Figure 7 shows, from
right to left, the vibrator, the duralumin rigid plate applied o
the back face of the muscle sample, and the transducer a
applied on the left side of the sample. When shaken, the p
transmits low frequency vibrations as transverse waves w
a polarization perpendicular to the fibers in this situatio
The displacements are detected using the transducer a
connected to the ultrafast scanner. The speed and the at
ation are represented in Fig. 8 as functions of freque
which ranges from 50 to 350 Hz. The reason why the f

ncy.

tal

FIG. 7. Picture of the experimental setup in a beef muscle~bicepsfemoris!.
The vibrator transmits longitudinal oscillations to a rigid plate applied on
back side of the muscle sample. The transverse wave propagates i
direction of the fibers. The displacements are detected with a medical tr
ducer array placed on the left-hand side of the muscle sample and conn
to an ultrafast scanner.

FIG. 8. Speed and attenuation vs frequency in a beef muscle. The trans
wave has a polarization perpendicular to the fibers. Theoretical predict
~solid lines! are based on a Voigt’s model.
3737Catheline et al.: Viscoelastic using elastography
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quency range ends at 350 Hz is that the attenuationa
'80 m21 at 300 Hz! is approximately twice as large as
the Agar-gelatin based phantom (a'40 m21 at 300 Hz! and
thus the displacements are too small to be exploited until
Hz. Nevertheless, it is clear that these data are once a
well described by Voigt’s model since no plateau is pres
in the attenuation curve, Fig. 8~b!. In addition, the biceps
femoris muscle presents a transverse isotropy. General t
retical considerations on anisotropic viscoelastic media20,21

show that two shear elasticities and two shear viscosities
needed to properly describe the transverse isotropy. It sh
be noted that these theories generalize Hooke’s law by a
ing a Newtonian viscous term in the stress tensorTi j . Thus,
the implicit viscoelastic model is Voigt’s solid,

Ti j 5ci jkl Skl1h i jkl

]Skl

]t
, ~8!

with ci jkl denoting Christophel’s tensor,Skl the strain tensor,
andh i jkl the viscosity tensor.

A slow and a fast wave are found depending on
polarization with respect to the fibers. Two elasticities a
two viscosities are then deduced:m1

'52561 kPa, m2
'53.3

60.4 Pa s,m1
i
54962 kPa,m2

i
51562 Pa s.

Thus the experimental measurements obtained with
plane shear wave experiment are in good agreement
previous work on muscles.22,23 In other soft bovine tissue
such as calfskin, liver, or cardiac muscle, Voigt’s model w
shown to give fair predictions of ultrasonic shear wave sp
and attenuation.24

VI. THE 1D SHEAR ELASTICITY PROBE

The plane shear wave experiments presented in the
part of this paper can hardly be applied in realin vivo soft
tissues. So what results can one expect from the inv
problem algorithm in a more realistic situation with nonpla
shear waves?

We used the 1D shear elasticity probe.25,26As shown in
Fig. 9~a!, the shear elasticity probe is composed of a sin
ultrasonic transducer mounted on a vibrator. It has the adv
tage of using simple electronics while giving a quantitat
global estimate of elasticity. It can potentially be applied
the diagnosis of liver diseases.27 In the following experi-
ments, the same phantom as in the first part was tested
the shear elasticity probe. The shear wave is generated b
front face of the transducer meanwhile working in a pu
echo mode. The central frequency of the 7-mm-diam tra
ducer is 5 MHz. Its focal is 35 mm. A scans are recorded
a 9 bit digitizer at a sampling frequency of 50 MHz. Th
repetition frequency between successive A-scans is fixe
the experiments at 3000 Hz. The longitudinal componen
the displacement along the ultrasonic beam is computed
ing correlation algorithms. The complex diffraction patte
of a low frequency vibrator,28 assures that we are not work
ing with plane shear waves. A typical experimental displa
ment field is shown in Fig. 9~b!. When a 100 Hz centra
frequency pulse is applied, a fast compression wave (P), a
slow shear wave (S), as well as a reflected shear wave fro
the bottom of the sample are visible. If the same algorit
3738 J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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used for plane shear waves is directly applied to the la
measurements, a very good speed estimate is obtained,
11~a!. Nevertheless, the attenuation is overestimated,
11~b!. The reasons for this apparent overattenuation mus
found in the inverse problem algorithm. In order to carefu
study the underlying approximations of the algorithm, o
can start with the most general wave equation in an isotro
and linear solid, Eq.~8!. For the sake of simplicity, the me
dium is considered as purely elastic. Adding viscosity do
not change the essential argument:

~l12m!““u1m“

2u2r
]2u

]t2 50. ~9!

The first assumption one needs in order to obtain the He
holtz equation used in the inverse problem algorithm is t
the compression term, the first one in Eq.~9!, is negligible. It
is referred to as the compression-free approximation~also
called the Helmholtz approximation!. In order to justify this
assumption, one notes that it is possible to clearly sepa

FIG. 9. ~a! Picture of the 1D shear elasticity probe. A single ultrason
transducer is mounted on a vibrator.~b! Sismic representation of the longi
tudinal component~along thex axis! of the displacement field. A compres
sion (P), a shear (S), and a reflected shear waves are visible when a 100
central frequency pulse is applied from the top (x50) of an Agar-gelatin
based phantom.
Catheline et al.: Viscoelastic using elastography
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FIG. 10. Simulation of the displacement field using th
exact Green’s functions in a semi-infinite elastic soli
A pulse is applied from the bottom by a 7 mmcircular
piston source. Att51 ms, the compression wave is vis
ible. Then the shear wave propagates as a Rayle
wave (R) at the surface, as a transverse wave (T) in the
oblique direction and as a near field shear wave (S) in
the axis of the piston.
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the displacement induced by the compression wave and
induced by the shear wave in homogeneous media with t
sient elastography, Fig. 9~b!. Nevertheless, getting rid of th
compression wave is not so obvious as we shall see, e
cially in the usual experimental situation where waves are
the near field. The problem has thus been greatly simplifi
The components of the displacement fieldui are decoupled
and obey the same wave equation,

mDui2r
]2ui

]t2 50, i 5x,y,z. ~10!

Since it is the only one measured experimentally, thex com-
ponent is selected. Then the Laplacian operator reads:

Dux5
]2ux

]x2 1
]2ux

]y2 1
]2ux

]z2 . ~11!

One last simplification is needed. Indeed, the experime
configuration using the 1D shear elasticity probe allows m
surement of only one component of the displacement in
dimension along the ultrasonic beam. The experiment
quires us to neglect two terms in the Laplacian operator:

]2ux

]x2 @
]2ux

]y2 1
]2ux

]z2 . ~12!

This second assumption is referred as the quasiplane
proximation. Then, from the 1D wave equation,

]2ux

]x2 2
r

m

]2ux

]t2 50, ~13!

the Helmholtz equation is finally deduced for the case
monochromatic excitation:

]2ux

]x2 1k2ux50. ~14!

Consequently, what is a perfect inverse problem
~plane! transverse waves is only an approximate inve
problem for general diffracted shear waves~although well
founded as far as speed measurements are concerned!. So
how can one compensate for the lack of information res
ing from the compression-free and the quasiplane appr
mations? We used the analytical solution of the displacem
field in a semi-infinite elastic solid induced by a point sour
applied perpendicularly to the surface.29,30 The theoretical
longitudinal component (x component! of the displacemen
J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
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field is represented on gray scale images, Fig. 10, after a
Hz central frequency pulse is applied from the bottom. O
can distinguish a Rayleigh wave on the surface (R), a trans-
verse wave (T) at 45°, and a shear wave along the axis
the source. The latter wave is precisely the one detecte
the experiments using the 1D shear elasticity probe. If
inverse problem algorithm is applied to the theoretical lo
gitudinal displacement in one dimension along the sou
axis just as in the experiment, one obtains a good estima
of the speed and a surprising~at first sight! nonzero attenu-
ation even though the medium is ideally lossless, Fig. 11~b!

FIG. 11. Speed and attenuation measurements vs frequency.~a! The inverse
problem speed estimation~dots! is very close~within 8%! to the reference
measurements~circle!. ~b! But an overattenuation is clearly visible with th
inverse problem method~dots! compared to the reference measureme
~circle!. Applied to the simulated data in a perfectly elastic solid, the inve
problem gives an overattenuation as well~solid line!. Subtracting these latte
data from the experimental measurements~dots! compensates for diffraction
effects and allows one to compute the medium attenuation~dotted line!.
3739Catheline et al.: Viscoelastic using elastography
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~solid line!. This paradox is a consequence of the appro
mations in the inverse problem. Indeed, diffraction, is se
by the inverse problem algorithm as a dissipative effect
therefore computes an apparent attenuation due in reali
diffraction. Thus if one subtracts this apparent attenuat
from the experimental measurements, the diffraction effe
are eliminated and what remains is the attenuation due to
medium, Fig. 11~b! ~dotted line!. Consequently, speed an
attenuation~or elasticity and viscosity! can be easily mea
sured with the shear elasticity probe.

VII. DISCUSSION

Thus the Green’s function simulation allows one
avoid bias due to diffraction. Another benefit of simulation
that the compression-free and quasiplane approximati
used in the inverse problem algorithm, can be tested. Sur
ingly, it appears that the quasiplane approximation is v
well founded since the left term of Eq.~12! is at least ten
times bigger than the right-hand side terms in the experim
tal configuration.31 This ratio increases for the displacemen
measured farther and farther away from the source. Thus
Laplacian operator is correctly evaluated and the conclus
is that the main flaw in the approximated inverse probl
algorithm comes from the first approximation, namely t
compression-free approximation. Should not it be elim
nated? The divergence of the displacement is almost zero
yet it would be a mistake to ignore the whole compress
term. It would be ignoring the huge coefficient (l12m) in
front that makes the whole compression term non-negligi
the longitudinal wave is clearly visible, Fig. 9. The proble
in a quasi-incompressible medium such as tissues is tha
experimental devices~using ultrasounds or NMR! has the
accuracy to experimentally evaluate this compression te
It should be noted that for the same reason, any Poiss
ratio mapping is not feasible with elastography except in
special case of porous soft materials.32 Nevertheless, as long
as one is interested in phase~or speed! measurements, th
compression-free approximation is valid. But it fails in am
plitude ~or attenuation! estimations and introduces importa
biases.

We have presented an experimental situation in whic
single transducer is as good as a transducer array or a N
device. A compression-free inverse problem algorithm d
not lead to the correct value of attenuation along the axis
a point source. From a more general point of view, this
periment reveals that in order to correctly reconstruct
attenuation map~and thus a viscosity map!, one has to fully
take into account diffraction effects. It means that the inve
problem must follow from the exact wave equation, Eq.~9!.
So how can one reconcile the experimental limitation~the
compression term cannot be evaluated! with the theoretical
requirement~the exact wave equation has to be taken i
account!? As shown previously in the simple case of a h
mogeneous medium, a first answer would be to use sim
tion. For heterogeneous media, the question is still open
feasible exact inverse problem33 is still needed in order to
create a quantitative viscosity image.
3740 J. Acoust. Soc. Am., Vol. 116, No. 6, December 2004
i-
n
It
to
n
ts
he

s,
is-
y

n-

he
n

-
nd
n

:

no

.
’s

e

a
R
s
f
-
e

e

o
-
a-
A

VIII. CONCLUSION

Through a transient elastography experiment using pl
shear waves in soft solids, this paper presents a simple
verse problem algorithm to estimate the speed and the
tenuation. Moreover, it is demonstrated that the best of
simplest rheological model for an Agar-gelatin based ph
tom and a beef muscle sample is Voigt’s solid. The conc
sion of this first part is that quantitative viscosity can
retrieved from an inverse problem algorithm. Some diffic
ties remain in the more general case where nonplane s
waves are used. This is the subject of the second par
simulation based on theoretical Green’s function is shown
properly compensate for diffraction biases. Thus, a quan
tive estimate of shear elasticity and shear viscosity is
tained with the so-called 1D shear elasticity probe in a
mogeneous soft solid~Agar-gelatin phantom!. For viscosity
imaging~in heterogeneous media!, diffraction effects require
one to solve an exact inverse problem whose solution is
to be imagined.
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