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Shear Elasticity Probe for Soft Tissues with
1-D Transient Elastography

Laurent Sandrin, Mickaël Tanter, Jean-Luc Gennisson, Stefan Catheline, and Mathias Fink

Abstract—Important tissue parameters such as elastic-
ity can be deduced from the study of the propagation of
low frequency shear waves. A new method for measuring
the shear velocity in soft tissues is presented in this paper.
Unlike conventional transient elastography [1], [2] in which
the ultrasonic transducer and the low frequency vibrator
are two separated parts, the new method relies on a probe
that associates the vibrator and the transducer, which is
built on the axis of the vibrator. This setup is easy to use.
The low frequency shear wave is driven by the transducer
itself that acts as a piston while it is used in pulse echo
mode to acquire ultrasonic lines. The results obtained with
the new method are in good agreement with those obtained
with the conventional one.

I. Introduction

Measuring the viscoelastic properties of soft tissues
is of great interest because tissue stiffness may be

related to a pathological state. Palpation remains the most
commonly used technique in a clinical setting. It relies on
qualitative estimation of the low frequency (LF) stiffness
of tissue. There is a need for a noninvasive and quantitative
system that could be used to measure stiffness response of
the tissue.

Little information on the viscoelastic parameters of
soft tissues is obtained using ultrasound-based methods.
Truong [3], [4] measured ex vivo shear velocity and at-
tenuation in frog skeletal muscle. Krouskop et al. [5] de-
veloped a Doppler-based system for making noninvasive
measurements of the elastic modulus of soft tissue in vivo.
Sonoelasticity and later sonoelastography have been de-
scribed [6]–[9] to image tissue stiffness. It consists of stim-
ulating the tissue with a monochromatic mechanical vi-
bration (10 to 1000 Hz) and of measuring the relative tis-
sue motion with a color Doppler instrument. Yamakoshi
et al. [10] used a similar approach to measure the LF vi-
bration velocity in phantoms, in pig leg muscle, and in
vivo in human liver. Static elastography was developed by
Ophir et al. [11]–[13] who use a quasi-static compression
applied to the tissue to produce an image (elastogram)
that depicts the distribution of the estimated strain in the
tissue. Muthupillai et al. [14] and Dutt et al. [15] studied
the propagation of shear waves in gel-based phantoms and
beef striated muscles using magnetic resonance elastogra-
phy (MRE). Local displacements were estimated using a
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Supérieure de Physique et Chimie Industrielles de la Ville de Paris,
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modified gradient-echo imaging pulse sequence. Quantita-
tive measurements enable estimation of local shear wave
velocity, shear modulus, and dispersion. Levinson et al.
[16] applied sonoelastography in situ to collect vibration
propagation velocities as a function of load in the quadri-
ceps muscle of 10 volunteers. Young’s modulus values were
derived from shear velocities.

In our laboratory, Catheline et al. [1], [2] emphasized
the biases induced by diffraction in sonoelastography and
sonoelasticity when shear waves are generated by a forced
monochromatic vibration. They showed that the apparent
shear velocity depends on frequency because the classical
theory of a plane wave propagation in a linear viscoelas-
tic medium does not apply. To avoid these biases, they
proposed to use a pulsed excitation driven by a piston
vibrating perpendicularly to the surface of a half-space
viscoelastic medium. The axial component of the displace-
ments induced by the transient shear wave is estimated
with an ultrasonic transducer placed on the opposite side
of the medium. Using a pulsed excitation, they showed
that diffraction biases could be eliminated and that both
shear elasticity and shear viscosity could be measured.
This method is termed transient elastography. The work
of Catheline et al. was extended by Sandrin et al. [17], [18]
to the study of 2-D shear wave propagation. For this appli-
cation, high frame rate is required. Therefore, an ultra-fast
ultrasonic imaging electronic system that can produce up
to 10,000 frames/s was developed. Acquisition times are
considerably reduced compared with MRI or Doppler tech-
niques, which allow for investigation of moving organs.

Transient elastography suffered from an important
drawback: because it worked in transmit mode, access to
both sides of the medium under investigation was needed.
In this paper, we propose an improved system in which
the pulsed LF vibration is given by the ultrasonic trans-
ducer itself. This system is termed the reflection mode. The
main difficulty that arises in reflection mode concerns the
ultrasound-based measurement of absolute displacements
within the medium because the transducer itself is mov-
ing. In Section II, the transmit mode is presented and used
to estimate the shear elasticity in a homogeneous tissue-
equivalent phantom. The reflection mode is developed in
Section III. Different solutions are carefully analyzed, and
the results are compared with those obtained in transmit
mode. Good agreement between both methods allows us
to validate our new system. The so-called shear elasticity
probe is applied to the in vivo measurement of bicep shear
elasticity in Section IV.
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Fig. 1. Transmit mode experimental setup. T1 is placed on the opposite side of the medium.

II. Transmit Mode

An isotropic linear elastic material can be described
by two independent parameters such as the compressional
modulus and the shear modulus. In soft tissues, the shear
modulus is less than 1 MPa, and the compression modulus
is on the order of 1 GPa [19]. Thus, at a fixed strain, shear
displacements would be much larger than compressional
displacements if shear and compression attenuations were
identical. However, shear attenuation increases strongly
with frequency. At ultrasonic frequencies, soft tissues be-
have similar to water because shear waves are fully atten-
uated. On the contrary, at LFs (less than 200 Hz), shear
attenuation is low, and shear waves may be induced using
an adapted LF vibrating device while compressional waves
can be ignored. The transmit mode involves the propaga-
tion of both kinds of waves at different frequencies with
highly different velocities. A shear wave is emitted with a
LF vibration (50 Hz). It propagates slowly in soft tissues
(1 to 10 m/s). The displacements induced in the medium
by this wave are measured using a compression wave, an
ultrasonic wave (5 MHz) propagating at about 1500 m/s.

A. Experimental Setup
The experimental setup is presented in Fig. 1. The en-

tire system is operated with a personal computer (Pentium
300 MHz). An electronic system controls the LF excitation,
and the ultrasonic pulsed echo mode. The LF excitation is
obtained with a Brüel & Kjaer mini-shaker type 4810. The
center frequency of the LF excitation typically ranges be-
tween 50 and 200 Hz. The shape and the frequency of the
LF vibrations are arbitrary. Ultrasonic signals are sampled
at 50 MHz. They are emitted and recorded using a 9-bit
digitizer with 2 Mbytes of random access memory (RAM).

RF lines are usually acquired at a repetition frequency
between 500 and 2000 Hz. The repetition frequency is only
limited by the travel time of the ultrasonic pulse. In a 7.5-
cm deep medium, where the speed of sound is 1500 m/s,

Fig. 2. Diffraction effects. The summed contributions of the trans-
versely polarized shear waves coming from subsources give rise to
a globally, longitudinally polarized shear wave on the axis of the
vibrator.

the travel time of the ultrasound is 100 µs, and, thus, the
theoretical maximum acquisition rate is 10 000 RF lines/s.
Because of the amount of RAM available (2 Mbytes), the
number of RF lines that can be stored during an acquisi-
tion is limited (for example 400 RF lines for a 75-mm deep
region of interest).

In this section, we study the transmit mode in which
we use an ultrasonic transducer and a LF mini-shaker. As
shown in Fig. 1, the ultrasonic transducer (T1) is placed
on one side of the medium, and the mini-shaker vibrates on
the opposite side, perpendicular to the surface. A second
ultrasonic transducer (T2) is fixed to the axis of the mini-
shaker and used as a piston-like vibrator (the displacement
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of the vibrator is perpendicular to the piston surface) to
induce the LF shear wave. T2 is not used to emit or receive
ultrasonic signals. In Section III, T2 will be used both
as a LF vibrator and as an ultrasonic transducer. Both
ultrasonic transducers (T1 and T2) feature a diameter of
7.3 mm, a focal length of 34.5 mm, and a central frequency
of 5.0 MHz.

The measurements have been performed in a tissue
equivalent gel-based phantom. The phantom is homoge-
neous, and its size is 80 × 150 × 200 mm. It is made
with gelatin (4%) and agar (3%) powders mixed in hot
water (80◦C). 5% propanol-1 is added to the solution to
increase the conservation duration. Agar powder is used
as echogenic particles; gelatin concentration is related to
elasticity.

B. Displacement Estimation

Different speckle tracking algorithms [11], [20] have
been developed to estimate the axial or even lateral dis-
placements or strains in soft tissue. In our study, speckle
signals (RF lines) acquired with the electronic system are
segmented versus depth z into 1-mm slices with 50% over-
lap. The axial displacement is estimated in each segment
using the standard cross-correlation technique [11], [21]
between successive RF lines that remain highly correlated
because displacements are small. The precision is about
1 µm [22]. To increase the signal-to-noise ratio, RF lines
and displacements are filtered using, respectively, a band-
pass filter (2.5 to 7.5 MHz) and a low-pass filter (100 Hz).

Experimentally we measure the displacements along the
ultrasonic axis that intercepts the vibrator. Actually, we
have only access to the projection of the displacement vec-
tors on the ultrasonic axis. Although, if the medium is in-
variant for any translation perpendicular to the ultrasonic
axis, transverse displacements must be zero because of the
cylindrical symmetry versus the vibrator-transducer axis.
Furthermore, symmetry considerations also indicate that
the shear and compression wave propagation directions are
parallel to this axis. In conclusion, surprisingly, if there
are displacements induced by the shear wave on the axis
vibrator-transducer, they must be purely longitudinal. Al-
though shear waves are purely transverse in the far field
(where they can be considered as plane waves), they may
have a longitudinal component in the near field of an ex-
tended source because of diffraction effects. As shown in
Fig. 2, the summed contributions of the transversely po-
larized shear waves coming from sub-sources give rise to a
globally longitudinally polarized shear wave on the axis of
the vibrator.

Because the phantom is placed in a rectangular box, the
cylindrical symmetry is valid until the shear wave reaches
the edges.

Fig. 3. Transmit mode. Part of the M-mode image composed of
100 RF lines stored while the LF shear wave propagates inside the
medium.

Fig. 4. Displacement estimates measured in the homogeneous phan-
tom as a function of time and depth.
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Fig. 5. Transmit mode. Phase delay (a) and amplitude (b) of the
shear wave as a function of depth. A linear fit of the phase delay
variation with depth (along the z direction) is performed between
depths of 5 and 50 mm, indicating the shear phase velocity at 50 Hz,
the value of which is 1.53 ± 0.03 m/s.

C. Elasticity Estimation
Elasticity in the medium is derived from the shear ve-

locity. In an isotropic elastic medium, Young’s modulus E
and the Poisson ratio σ are expressed as

E =
µ(3λ + µ)

λ + µ

σ =
λ

2(λ + µ)

(1)

where µ and λ are the Lamé coefficients, respectively, of
the shear modulus and bulk modulus. These equations are
valid in soft media if viscosity can be ignored. In soft me-
dia, λ � µ and, thus, E and σ simplify to

E = 3µ

σ =
1
2
.

(2)

The Young modulus only depends on the shear mod-
ulus. Because the shear modulus is small, the Pois-
son ratio is very close to 1

2 . It characterizes the quasi-
incompressibility of the medium and indicates that shear
waves will dominate within the medium. If the medium is
purely elastic (dissipation can be ignored), the shear mod-
ulus satisfies [23]

µ = ρV 2
s (3)

where VS is the shear velocity and ρ is the mass density.
Consequently, given the shear velocity and mass density ρ,
one easily deduces the Young’s and shear moduli in a soft
non-dissipative medium.

In our experiments, shear velocity is estimated using
a linear regression of the phase versus depth variation at
the center frequency of the LF vibration. Indeed, as long
as diffraction effects and dissipation can be ignored, the
phase velocity does not differ from the shear velocity [15].

D. Results

In the experiment, 100 RF lines are acquired with trans-
ducer T1 at a repetition frequency of 2000 RF lines/s dur-
ing the shear wave propagation. The RF lines correspond

to a ROI between Z = 5 mm (6.5 µs) and Z = 90 mm
(117 µs) on the axis of the vibrator. Part of the M-mode
image composed of 100 RF lines between 17 and 23 mm
is presented in Fig. 3. The total acquisition time is 50 ms.
Shear wave is induced by sending a single cycle of a 50-Hz
frequency sinusoid to the vibrator. The choice of a mean
frequency of 50 Hz is a compromise between a lower fre-
quency, which would lead to enhanced diffraction effects,
and a higher frequency, which would be more attenuated
in soft tissues. As explained by Catheline [15], diffraction
effects induce biases in the velocity estimation.

Displacements estimated with the cross-correlation
technique are presented in Fig. 4. The evolution of phase
delay and amplitude of the shear wave are obtained using
the angle and amplitude of the Fourier transform at the
excitation central frequency (50 Hz). Results are shown in
Fig. 5. The amplitude evolution versus depth [Fig. 5(b)]
is complex. The amplitude remains approximately con-
stant until 15 mm and decreases afterward as 1/z2, be-
cause the longitudinal displacements are dominated by a
near-field term that decreases as 1/z2 as explained by Aki
and Richards [24]. A linear fit of the phase delay evolution
versus depth [Fig. 5(a)] is performed between depths of 5
and 50 mm. It indicates the shear phase velocity at 50 Hz,
which value is 1.54 ± 0.02 m/s (r2 = 0.994). Assuming
that the density in the phantom is 1000 kg.m−3, the shear
elasticity may be estimated from (3). It yields to a shear
modulus of 2.36 ± 0.05 kPa. Thus, in the transmit mode,
this technique allows an accurate estimation of the shear
modulus with small error.

III. Reflection Mode

Because it requires access to both sides of the medium,
the transmit mode is not convenient when access is lim-
ited. We developed a second mode termed reflection mode
in which the transducer used to emit and receive ultrasonic
signals also acts as a piston-like LF vibrator. In reflection
mode, the measurement of absolute displacements within
the medium is not direct because the transducer vibrates.
The measured displacement of a tissue slice equals the
absolute displacement induced by the shear wave minus
the relative displacement of the transducer itself. Thus, we
have to discriminate between the displacements because of
the shear wave and those caused by the measurement de-
vice. The presence of a fixed interface echo in the RF lines
provides a means to find the exact displacement of the
vibrator and, thereafter, compensate the RF lines for its
displacement. When no fixed interface echo can be found
in the RF lines, an alternative solution is to assume that
the shear wave attenuates sufficiently to neglect the dis-
placement deep in the medium. It will be shown that such
an assumption may induce biases in the shear velocity es-
timation if the assumption is not verified. Therefore, an
ultimate solution based on strain estimation is proposed.
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Fig. 6. a) Reflection mode experimental setup. T2 is fixed to the axis of the vibrator. b) The shear elasticity probe is composed of the
vibrator and the transducer.

A. Transducer Relative Displacement Compensation

The experimental longitudinal displacements, d(z,t), of
tissue slices within the medium are measured relative to
the transducer. When the transducer is motionless, as in
transmit mode, the experimental displacements are the ab-
solute displacements. On the other hand, when the trans-
ducer is used to generate the LF shear wave, the displace-
ment of the transducer must be taken into account be-
cause the absolute displacements no longer equal the ex-
perimental displacements measured relative to the trans-
ducer. The exact displacement of the vibrator must be
subtracted from those measurements to get the absolute
displacements. The experimental displacements relative to
the transducer are expressed as

d(z, t) = δ(z, t) − D(t) (4)

where z is the depth, D(t) is the absolute displacement
of the vibrator, and δ(z,t) is the absolute displacement at
depth z caused by elastic wave propagation. The vibration
is positioned at z = 0.

One finds several methods to eliminate D(t) from (4).
The simplest solution is to measure d(z,t) and then take
its derivative with respect to z, which eventually gives
the strain. Unfortunately, with this method, the cross-
correlation is noisier and time consuming because it re-
quires the measurement of large displacements. Further-
more, derivation is very sensitive to noise.

The most promising method is to measure D(t) in-
stead of directly measuring d(z,t). Once D(t) is known,
the RF lines can be shifted back to compensate for the vi-
brator displacement. Thereafter, displacements δ(z,t) are
estimated using the cross-correlation technique applied to
successive RF lines. The temporal shift is performed in the

Fig. 7. Reflection mode. a) Echo signal (RF line) obtained in the
phantom. The strong lower interface echo at 78 mm is clearly seen.
b) Same signal between 25 and 35 mm (A.U. = arbitrary units).
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Fig. 8. Part of the M-mode image composed of 100 RF lines stored while the LF shear wave propagates inside the medium: a) in transmit
mode, b) in reflection mode, and c) in reflection mode after compensation of the relative displacement of the vibrator.

Fourier domain. An RF line discrete Fourier transform is
expressed as

R(k) =
N−1∑
n=0

r(n) exp
(

−j
2πnk

N

)
(5)

where r(n) is the sampled echo signal and N is the number
of samples. If the RF line is acquired at time to, then the
back-shifted RF line rs is

rs(n) =
N−1∑
k=0

R(k) exp
(

j
2πk

N

(
n +

2D(to)
cTs

))
(6)

where Ts is sampling period and c is speed of sound.
Vibrator displacement compensation is performed by

estimating D(t). In the following, we discuss the different
techniques used in reflection mode to compensate the vi-
brator displacement and to correctly estimate shear veloc-
ity. The first technique consists of measuring a motionless
interface relative displacement (MIRD). The relative dis-
placement of the motionless object is, thus, exactly the
opposite of D(t). A second technique can be used when
no motionless object echo is present. It consists of assum-
ing that the elastic wave attenuation is sufficient for the
displacements to be negligible at a certain depth in the
medium. The vibrator displacement is deduced from the
relative displacement of a deep echo. This technique is
termed motionless deep echo assumption (MDEA). This
second technique may lead to a biased estimation of the
shear velocity if the attenuation of the elastic waves is
not sufficient. However, one can take the derivative of the
displacements versus depth, which yields to strain. Using
the strain approach (SA), we show that the bias is re-
moved. The derivation may be avoided by using an adap-

tive stretching technique [25]. The different techniques are
compared with the transmit mode.

B. Results

In the reflection mode, transducer T2 is both used to
acquire the RF lines and to act as a piston-like vibrator
[Fig. 6(a)]. As shown in Fig. 6(b), the transducer is fixed
to the axis of the mini-shaker. One hundred RF lines are
acquired in the same conditions as in transmit mode. An
RF line is presented in Fig. 7(a). The strong lower interface
echo is clearly seen. Part of the M-mode image composed
of 100 RF lines between 17 and 23 mm is presented in
Fig. 8(b). This M-mode image must be compared with
the one obtained in transmit mode presented in Fig. 8(a).
For display consistency, RF lines are referred to the same
coordinate system. As one can notice, the shift between
successive RF lines is larger in Fig. 8(b) than in Fig. 8(a).
The displacement of the vibrator induces large shifts in
the RF lines that can be compensated using the following
approaches.

1. MIRD: The exact displacement of the vibrator can
be deduced from a MIRD. We used the echo of the
lower interface of the medium at 78-mm depth as shown
in Fig. 7(a). This movement is measured with a cross-
correlation technique using a 2-mm window centered at
78-mm depth. The resulting displacement of the vibrator
estimate is presented in Fig. 9(a). The cross-correlation
coefficient between successive RF lines is very good; its in-
ferior limit is 0.93 [Fig. 9(b)]. The amplitude of vibration
is about 1 mm.

The relative displacement of the vibrator [Fig. 9(a)] can
be used to shift back the RF lines. Fig. 8(c) presents the
compensated RF lines that are close to those obtained
in transmit mode [Fig. 8(a)]. After compensation, the
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strong echo coming from the lower interface is motionless
[Fig. 10(b)]. Thereafter, absolute displacements induced
in the medium by the LF shear wave can be estimated
[Fig. 11].

The evolutions of phase delay and amplitude of the
shear wave as a function of depth are presented in Fig. 12.
One notices that, in reflection mode, no information is ob-
tained close to the vibrator. In fact, because T2 is both
used as a transducer and as a LF vibrator, we are lim-
ited by the working region of the transducer itself. This
implies that depths shallower than 5 mm are not investi-
gated. The linear fit performed between a depth of 5 and
50 mm indicates a shear velocity estimate of 1.51 ± 0.02
m/s (r2 = 0.994). Thus, the shear modulus is 2.28 ± 0.04
kPa.

2. MDEA: In the absence of motionless interface echo,
another solution is to assume that the shear wave is suf-
ficiently attenuated and that a late echo comes from a
deep region inside the medium that hardly moves. Un-
der such an assumption, the latest echo can be used to
obtain the exact displacement of the vibrator using the
cross-correlation technique with short length window.

The assumption of a motionless deep echo was tested
for a depth of 50 mm with a 2-mm length window. The
vibrator absolute displacement estimation is presented in
Fig. 13(a). In contrast to the strong echo from the lower
interface, we do not know if the echo at 50 mm comes
from a motionless part of the medium. The error on the
vibrator absolute displacement estimation is calculated by
comparison with the exact vibrator absolute displacement
obtained from the relative displacement of the motion-
less interface echo at 78 mm. The error is presented in
Fig. 13(b). The error on the estimate of the vibrator dis-
placement indicates that the medium experiences a dis-
placement of 50 µm in amplitude at the depth of interest.
Thus, the assumption of a motionless region of the medium
is false. The error on the estimate of the displacement of
the vibrator is maximum at 35 ms when the shear wave
reaches this part of the medium. This error is not negligi-
ble compared with the displacement induced by the shear
wave.

The displacement estimates obtained after compensa-
tion of the relative displacement of the transducer are pre-
sented in Fig. 14(a). The evolution of phase delay of the
shear wave as a function of depth is presented in Fig. 14(b).
The phase delay linear fit indicates a shear phase velocity
at 50 Hz of 1.72± 0.04 m/s (r2 = 0.957), which eventually
gives a shear modulus of 2.96 ± 0.14 kPa.

3. SA: Strain estimates are obtained using a classi-
cal derivation algorithm (finite differences scheme with a
five-point centered mesh) applied to the displacement esti-
mates measured under MDEA mode. They are presented
in Fig. 15(a). The evolution of phase delay of the shear
wave as a function of depth is presented in Fig. 15(b). The
phase delay linear fit indicates a shear phase velocity at
50 Hz of 1.54 ± 0.02 m/s (r2 = 0.996). The shear modulus
is 2.36 ± 0.04 kPa.

Fig. 9. a) Displacement estimates of the vibrator deduced from the
relative displacement of the strong echo coming from the lower in-
terface of the medium at Z = 78 mm and b) corresponding cross-
correlation coefficient between successive RF lines.

Fig. 10. a) Part of the M-mode image obtained in reflection mode
that shows the relative displacement of the lower interface strong
echo at Z = 78 mm. The RF lines are shifted back with respect to
this displacement that corresponds to the opposite of the vibrator
absolute displacement. The strong echo is motionless in the M-mode
image obtained after compensation (b).
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TABLE I
Shear Velocity and Shear Modulus Estimates. Comparison Between the Transmit and Reflection Modes.

Reflection modes

Transmit mode MIRD MDEA SA

Shear velocity (m/s) 1.54 ± 0.02 1.51 ± 0.02 1.72 ± 0.04 1.54 ± 0.02
Shear modulus (kPa) 2.36 ± 0.05 2.28 ± 0.04 2.96 ± 0.14 2.36 ± 0.04

Fig. 11. Displacement estimates measured in the phantom after com-
pensation of the relative displacement of the vibrator deduced from
the relative displacement of the strong echo coming from the lower
interface of the medium.

C. Discussion

Table I summarizes the different estimates of the shear
velocities and shear moduli in the phantom using the
transmit and reflection modes. Given the mass density,
shear moduli can be obtained using (3). The mass density
of our phantoms is about the same as water: 1000 kg×m−3.
Although no comparison has been carried out with other
elasticity estimation techniques, the values indicated in the
table seem reasonable. The shear velocity reference esti-
mate is obtained in transmit mode: 1.54 ± 0.02 m/s. In
reflection modes, the shear velocity estimates are in good
agreement, whatever the technique, because the variations,
compared with the reference, are inferior to 12%. The
MDEA mode induces the largest error on the shear velocity
estimation because the vibrator displacement compensa-
tion is incorrect. The error is small (2%) with the MIRD
mode and very small with the SA mode. The strain ap-
proach perfectly compensates the transducer relative dis-
placement. It yields to the same shear velocity and shear
modulus estimates as in transmit mode.

Fig. 12. Reflection mode (MIRD). Phase delay (a) and amplitude (b)
of the shear wave as a function of depth after compensation of the
relative displacement of the vibrator. A linear fit indicates a shear
phase velocity at 50 Hz of 1.51 ± 0.02 m/s.

Fig. 13. a) Vibrator displacement estimates deduced from the rela-
tive displacement of the echo at Z = 50 mm. b) Error obtained by
comparison with the exact displacement.
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Fig. 14. Reflection mode (MDEA). Displacement estimates (a) and
phase delay (b) of the shear wave as a function of depth after com-
pensation of the relative displacement of the vibrator. A linear fit
indicates a shear phase velocity at 50 Hz of 1.72 ± 0.04 m/s.

Fig. 15. Reflection mode (SA). Strain estimates (a) and phase delay
(b) of the shear wave as a function of depth after compensation of the
relative displacement of the vibrator. A linear fit indicates a shear
phase velocity at 50 Hz of 1.54 ± 0.02 m/s.

IV. In Vivo Experiments

As far as the in vivo experiments on the human biceps
are concerned, the motion compensation technique, per-
fectly adapted, is the MIRD mode. Indeed, the motionless
reference is given by the echo of the humerus bone. This
latter hypothesis is quite justified because the insonifica-
tion time (80 ms) is much smaller than any natural motion
of the humerus bone. The following experiment is achieved.
A subject is loaded with 1.5-kg weights up to 9 kg then
unloaded. A whole experiment lasts 1 min, and the sig-
nals are analyzed afterward. An error bar on the velocity
is the standard deviation of the linear fit operated on the
experimental phase of the shear wave. Fig. 17 shows that
the velocity is increased up to a factor of 4 during the con-
traction of the muscle. It represents, in an simple elastic
model, a factor of 16 on the Young modulus. In addition,
the velocity during the unloading remains higher than dur-
ing the loading. This observation could be related to the
fatigue of the muscle. Thus, a potential application in the
treatment of muscle diseases such as myopathy is hopeful.

Fig. 16. Experimental setup for in vivo measurements.

Fig. 17. Velocity of the shear wave in a human bicep contracted by
various loads.



sandrin et al.: shear elasticity probe 445

V. Conclusion

In transient elastography, the transmit mode can be
used to measure the shear modulus or shear velocity in soft
tissues. This mode suffers from a major drawback because
it requires access to both sides of the medium. Thus, we
developed the reflection mode that needs only access to
one side of the medium. This second mode is validated
through careful comparison with the transmit mode.

Based on the reflection mode, the shear elasticity probe
is a portable device that could be useful to evaluate the
shear modulus or Young Modulus of soft tissues with nu-
merous potential applications in medicine and in the food
industry. For medical applications, the crucial point is that
the technique is non-invasive, instantaneous, and does not
carry any side effects. The shear elasticity probe can also
be used to mechanically scan the medium and construct a
2-D or even 3-D map of the Young’s modulus.
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