2032

IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control ,

vol. 58, no. 10,

October

2011

Letters
On the Effects of Reflected Waves in
Transient Shear Wave Elastography
Thomas Deffieux, Jean-Luc Gennisson, Jeremy Bercoff,
and Mickael Tanter
Abstract—In recent years, novel quantitative techniques
have been developed to provide noninvasive and quantitative
stiffness images based on shear wave propagation. Using radiation force and ultrafast ultrasound imaging, the supersonic
shear imaging technique allows one to remotely generate and
follow a transient plane shear wave propagating in vivo in real
time. The tissue shear modulus, i.e., its stiffness, can then be
estimated from the shear wave local velocity. However, because the local shear wave velocity is estimated using a timeof-flight approach, reflected shear waves can cause artifacts
in the estimated shear velocity because the incident and reflected waves propagate in opposite directions. Such effects
have been reported in the literature as a potential drawback of
elastography techniques based on shear wave speed, particularly in the case of high stiffness contrasts, such as in atherosclerotic plaque or stiff lesions. In this letter, we present our
implementation of a simple directional filter, previously used
for magnetic resonance elastography, which separates the forward- and backward-propagating waves to solve this problem.
Such a directional filter could be applied to many elastography techniques based on the local estimation of shear wave
speed propagation, such as acoustic radiation force imaging
(ARFI), shearwave dispersion ultrasound vibrometry (SDUV),
needle-based elastography, harmonic motion imaging, or crawling waves when the local propagation direction is known and
high-resolution spatial and temporal data are acquired.

B

ased on the propagation of mechanical shear waves
in tissue, quantitative elastography techniques [1]–[6]
are able to noninvasively and quantitatively estimate the
shear modulus of tissues, i.e., their stiffness. Because palpation is so important as a diagnosis tool, which is emphasized by its dominant role in breast cancer screening,
these methods are regarded as highly promising. They are
already being clinically tested at different stages for breast
cancer detection [7], [8], liver fibrosis staging [2], [9]–[11],
kidney monitoring [12], thyroid gland [13] and prostate
cancer detection [3], [14], musculoskeletal monitoring [15],
[16], and ophthalmologic [17] or vascular applications [18],
[19].
In supersonic shear imaging, a transient plane shear
wave is generated remotely in situ using acoustic radiation
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ing and in real time, using ultrafast ultrasound imaging
(up to 20 kHz) [20]. Based on the shear wave propagation movie, it is then possible to estimate, pixel by pixel,
the local shear group velocity, vg, of the transient plane
wave using a time-of-flight approach [21]. Using time-domain cross correlation, the time-of-flight approach allows
estimation of the time delay of the shear wave between
adjacent points to estimate the local shear wave group
velocity, vg. By estimating this velocity, it is possible to
estimate the shear modulus µ either using the well-known
equation µ = ρ · vg2 for quasi homogeneous media, where
ρ is the density and vg the estimated shear wave velocity
group, or the full dispersion relation in guided media such
as thin layers or tubes (for example, for the cornea [17] or
arteries [18]).
Unfortunately, estimating the local shear wave velocity
with this time-of-flight approach can yield artifacts if incident and reflected shear waves are present simultaneously,
which can be the case when there is a high elastic contrast
in the image [22], [23]. Those artifacts can be complex
to understand when multiple elastic reconstructions are
combined to form a single elasticity image.
Based on the spatio-temporal directional filter proposed
by Manduca et al. [24], which was applied to magnetic resonance elastography, we present here an implementation
of a directional filter for ultrasound-based shear wave elastography and its associated results. This filter, which was
introduced several years ago in our reconstruction algorithms, yields strong improvements on the reconstruction
quality by separating the incident and reflected propagating shear waves. Because the wave is assumed to be locally
planar, it can be written, for a low dispersive and locally
homogeneous medium, as the sum of one-dimensional forward- and backward-propagating waves (respectively, Ui
and Ur) traveling with a velocity c:

∫∫ (U i(ω)e j(ωt −kx) + U r(ω)e j(ωt +kx))dω dk
= ∫ U i(ω)e j(ωt −(ωx )/c) + U r(ω)e j(ωt +(ωx )/c) dω.

U (x, t) =

(1)

By looking at the k-space representation [k, ω] of a
propagating plane wave (1), the domain can easily be
separated in four quadrants, k > 0 and ω > 0, k < 0 and
ω < 0, k < 0 and ω > 0, and finally k > 0 and ω < 0. Depending on the sign of the phase velocity c = ω/k, one can
separate the forward (c > 0) and backward (c < 0) components of a wave by simply multiplying the k-space data
by a mask. By smoothly apodizing the borders of this
mask to avoid brutal cuts in the spectrum and subsequent
Gibbs oscillations in the [x, t] domain, it is possible to design a very simple, yet efficient, directional filter that can
entirely remove the reflected components of a propagating
wave without any artifacts. This filter operates on each
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Fig. 1. (a) K-space representation of a propagating plane and transient shear wave (2-D Fourier transform for a given depth). Simulated data of
wideband plane shear wave. (b) Coefficients of the filter in the Fourier plane [kx, ω]. The filter is apodized on the edges to prevent oscillations; its
center corresponds to the zero frequencies. The filter is applied using the 2-D fast Fourier transform (FFT) on each depth line of the shear wave
propagation movies.

depth line and its design is shown in Fig. 1; the results on
experimental and simulated data sets (10-mm spherical
inclusion of stiffness 10 kPa in a 5-kPa background) are
presented in Fig. 2.
Using elastic finite-difference time-domain numerical
simulations [25] of the shear wave propagation (visible in
Fig. 2) and in vitro elastic phantom experiments, we can
illustrate the effects of the directional filter on the shear
modulus images (results presented in Figs. 3 and 4).
Reconstruction of shear modulus maps from simulated
shear wave propagation movies (finite-difference timedomain elastic solver) are presented in Fig. 3 with and
without the directional filter. Different elastic inclusion diameters (8 and 12 mm) and stiffness (10, 15, and 20 kPa)
are used to illustrate the efficiency of the filter in different
situations.
Fig. 4 presents results obtained in breast elastic phantoms for 3 different inclusions. As shown with simulated
data, the effect of the directional filter is quite important.
White arrows indicate the artifact positions without the
directional filter.
Such a filter, which is easy to implement and fast, can
drastically improve the reconstructed shear modulus in
stiff inclusions, as seen in Figs. 3 and 4. It can be applied
in real time and has always been activated by default for
all supersonic shear wave propagation data and associated
results. A movie of the shear wave propagation with high
spatial and temporal resolution (such as that provided by
ultrafast imaging [1]) is required to compute the 2-D Fourier transform accurately and apply this filter.
The proposed filter can also be used to improve the
signal-to-noise ratio of the acquired data. By removing
nearly half of the k-space domain in which nearly no useful signal is present but where half of the white noise
energy is distributed, the filter can significantly improve
the signal-to-noise ratio of an acquisition by up to 2-fold.
In conclusion, although reflected shear waves might be
rapidly attenuated with larger viscosity, especially in vivo,
a directional filter is often required in transient shear wave

Fig. 2. Simulated shear waves propagating through a 3-D spherical inclusion in arbitrary units (a.u.): (a) unfiltered waves, (b) incident shear
wave as separated by the directional filter, (c) reflected shear wave as
separated by the directional filter (scale ×10). Here, the reflected wave
amplitude is one-tenth of the incident wave but still has an impact on the
reconstructed shear modulus value (cf. Fig. 3). The black circle denotes
the position of the spherical inclusion.
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Fig. 3. Shear modulus maps from simulated shear wave propagation data in elastic inclusions of various diameters (8 and 12 mm) and stiffnesses (10,
15, and 20 kPa). (a) Without the directional filter, artifacts are visible in the inclusions with a characteristic overestimation on the edges and an
underestimation in the center of the inclusions, as can be observed in experiments (Fig. 4). This pattern is due to interferences between the incident
and reflected shear waves. (b) With the directional filter, the artifacts are completely removed.

Fig. 4. Shear modulus maps from experimental data acquired on a breast phantom on 3 different inclusions. (a) Without the directional filter, artifacts caused by the reflected shear waves are visible inside the inclusions (white arrows). b) With the directional filter, those artifacts are greatly
reduced. Background shear modulus is 5 kPa and inclusions’ stiffnesses are between 15 and 20 kPa.

elastography to prevent bias from appearing in the local
shear velocity estimation. By separating the forward and
backward components, it is possible to almost entirely remove the reflected wave and reduce those artifacts in the
shear modulus maps of a stiff inclusion. In practice, and
for all clinical applications, such a simple filter is always
used by default to improve image quality. It is highly recommended in transient shear wave applications [2]–[6],
[26] to avoid reflection artifacts.
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