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Abstract: The clinical ultrasound community demands mechanisms to obtain the viscoelastic
biomarkers of soft tissue in order to quantify the tissue condition and to be able to track its consistency.
Torsional Wave Elastography (TWE) is an emerging technique proposed for interrogating soft tissue
mechanical viscoelastic constants. Torsional waves are a particular configuration of shear waves,
which propagate asymmetrically in-depth and are radially transmitted by a disc and received by a ring.
This configuration is shown to be particularly efficient in minimizing spurious p-waves components
and is sensitive to mechanical constants, especially in cylinder-shaped organs. The objective of this
work was to validate (TWE) technique against Shear Wave Elasticity Imaging (SWEI) technique
through the determination of shear wave velocity, shear moduli, and viscosity of ex vivo chicken
liver samples and tissue mimicking hydrogel phantoms. The results of shear moduli for ex vivo liver
tissue vary 1.69–4.0 kPa using TWE technique and 1.32–4.48 kPa using SWEI technique for a range of
frequencies from 200 to 800 Hz. Kelvin–Voigt viscoelastic parameters reported values of µ = 1.51 kPa
and η = 0.54 Pa·s using TWE and µ = 1.02 kPa and η = 0.63 Pa·s using SWEI. Preliminary results show
that the proposed technique successfully allows reconstructing shear wave velocity, shear moduli,
and viscosity mechanical biomarkers from the propagated torsional wave, establishing a proof of
principle and warranting further studies.

Keywords: Shear Wave Elastography Imaging; Torsional Wave Elastography; mechanical biomarkers;
tissue biomarkers; Kelvin–Voigt viscoelasticity

1. Introduction

Ultrasonography has been widely used for diagnosis since it was first used in clinical applications
in the 1970s [1]. Since then, new ultrasound modalities have been developed to provide information
for a better diagnosis. Elastography enables us to determine the viscoelastic properties of living tissues
and has been used since the 1990s in a growing number of medical applications [2]. It reproduces and
replaces the subjective palpation done by clinicians [3] and can reach to deep organs that can not be
palpated by hands.

Mapping the stiffness can be estimated from static methods, i.e., the analysis of the strain in the
tissue under a pressure, or by dynamic methods, i.e. the propagation of shear waves through the
tissue [4]. Dynamic elastography (DE) techniques are based on applying a force that deforms the
tissue and tracking tissue deformation due to this force. The latter elastography techniques provided
clinicians with quantitative mechanical biomarkers compared to static methods [5]. However, they need
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complex systems able to generate the shear waves either by a mechanical vibrator, through acoustic
radiation force (ARF), or by harmonic vibration, in the case of Magnetic Resonance Elastography
(MRE), and to image or quantify the small displacements induced by the shear wave [6–9].

Chronic liver diseases are an important public health problem. It is estimated that more than two
million people die each year due to chronic liver diseases [10]. For this, mechanisms for its prevention,
correct detection, and treatment are demanded [11].

Producing adequate shear waves in soft tissue is not straightforward due to the diffractions
and reflections. Despite this, shear wave elastography (SWE) and in parallel MRE have been used
to evaluate the staging of liver fibrosis [12–16] among a wide range of pathologies. In this study,
comparisons of the proposed technology were done against SWE.

Torsional waves are shear elastic waves that propagate through soft tissue radially and in-depth
in a curved geometry. Application of torsional waves to sense soft tissue architecture has been proved
to enable a new class of biomarkers that quantify the mechanical functionality of any soft tissue [17].
Abnormalities in the structural architecture of soft tissues are intimately linked to a broad range of
pathologies including solid tumors, atherosclerosis, liver fibrosis, and osteoarticular syndromes [8].
The unexplored nature and applicability span of these mechanical biomarkers and torsional waves
provides a very interesting diagnostic technology. The need for comparative and repetitive studies
is clear. Validation studies are demanded due to the increased interest in the viscoelastic parameters
obtained from elastography techniques [18].

In this study, the generation and detection of torsional waves through the proposed technology
(TWE) developed by our group [19,20] was used to obtain mechanical biomarkers in terms of shear
wave velocity and shear moduli of ex vivo soft tissue. Liver samples were chosen in this work
considering that the assessment of elastic biomarkers in abdominal tissue has been widely analyzed by
SWE since the beginnings of the technique. Consequently, there are numerous studies in the literature
to validate against.

Since TWE is an emerging technology, our objective was to compare scans of ex vivo liver samples
with ones obtained from dynamic elastography techniques. Thus far, there is not enough scientific
evidence in the literature to validate the most recent technologies. The first attempt to validate TWE
was made by Callejas et al. [21] using classical rheometry. In this study, the validation was made using
a Verasonics Vantage system (Verasonics, Inc., Kirkland, WA, USA). Shear waves were generated by
an Acoustic Radiation Force Impulse (ARFI) to reduce some limitations of the previous work since
classical rheometry works in a much lower frequency range than TWE. One important contribution of
this work with respect to the prior is being able to compare the results of both techniques in the same
frequency range. A second approach was done, in which a reconstruction of the Kelvin–Voigt (KV)
viscoelastic parameters was performed using a Probabilistic Inverse Problem (PIP) approach in tissue
mimicking hydrogel phantoms; the results obtained from the TWE technique were compared against
the synthetic signals from a Finite Difference Time Domain (FDTD) [22]. The aim was to validate the
efficacy of the proposed reconstruction method via PIP. However, in this work, the reconstruction was
done using the Time of Flight (TOF); Kelvin–Voigt (KV) and Maxwell (M) viscoelastic parameters were
compared for soft tissue instead of just tissue mimicking hydrogel phantoms.

2. Materials and Methods

Two techniques were used to obtain mechanical elastic and viscoelastic biomarkers. The first,
developed by our group, was TWE, and the other technique used a commercially available system
for shear wave generation, a Verasonics Vantage system. The elasticity measurements using 2D SWEI
and TWE may be expressed as either shear wave velocity (m/s) or shear moduli (kPa). The procedure
for the samples scan is shown in Figure 1. Basically, it consists of preparing the samples (ex vivo
liver and hydrogel phantoms) for testing; measuring them by generating torsional and shear waves;
capturing the propagation of these waves; and, finally. analyzing the signal to reconstruct the
biomechanical markers.
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Figure 1. Flow chart showing the steps for scans performed with both techniques, Torsional Wave
Elastography (TWE) and Shear Wave Elastography Imaging (SWEI).

2.1. Hydrogel Phantoms and Ex Vivo Samples

To assess the properties and feasibility of SWEI in a safe and repeatable manner, it is necessary
to use phantoms with ultrasonic properties mimicking those of soft tissue, eliminating real tissue
heterogeneity, anisotropy, and variability; thus, hydrogel phantoms were prepared. Three fresh ex vivo
samples of chicken liver were also tested for testing real scenarios. To perform ultrasound stiffness
imaging, ex vivo samples were kept at room temperature at 25◦ before testings. Each sample was
scanned three times in two different regions.

To compare and determine the effect of the viscosity, two homemade homogeneous phantoms
were prepared. Both were made from porcine gelatin powder at 7.5% gelatin concentration (Fisher
Chemical, Leicestershire, UK) and 0.5% of sodium dodecyl sulfate (Sigma-Aldrich Corp., St. Louis,
MO, USA). To capture the shear wave, we used enhancements for the ultrasound imaging 1% of castor
oil in one phantom and 0.5% graphite particles in the second one. The manufacturing process of the
phantoms followed the standard used in the literature and particularly the methodology proposed
by Park et al. [23] and Dunmire et al. [24]. Figure 2 shows ex vivo liver samples used for this work,
the ingredients for phantom manufacturing, and one of the hydrogel phantoms being scanned.
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Figure 2. Three ex vivo liver samples, phantom ingredients, and one of the phantoms subjected to
shear wave elastography imaging.

2.2. Torsional Wave Elastography

The torsional wave sensor is based on a novel arrangement of concentric sandwiches of piezo-
and electromechanical elements. The emitter transmitting the waves consists of a PLA (polylactic acid)
disk, printed in 3D, whose rotational movement is due to an electromechanical actuator. The receiver
is formed by two PLA rings with four slots in the inner face of the ring, where the four ceramic
piezoelectric elements are fitted [25–27]. This allows the precise interrogation of soft tissue mechanical
functionality in cylindrical geometries. Dealing with this type of geometry is a challenge for current
elastography approaches in small organs.

Figure 3 shows the TWE probe developed by our group. The left sub-figure shows the sensor
encapsulated in a CNC (computer numerical control) system that allows measuring within an exact
position and at the same time exerting a controlled pressure on the sample. The right sub-figure
shows a cross-section of the TWE probe. More details of the probe can be found in the work of
Callejas et al. [21].

Receiver

TransmitterTorsional waves

Figure 3. Set-up for measurements using TWE technique. The picture was taken during the
measurements at the Ultrasonics Lab at the University of Granada. The figure on the left is a computer
numerical control (CNC) system for positioning and pressure-control of the TWE probe. The right
figure shows a cross-section of the TWE probe.
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Time of Flight (TOF)- Signal Processing

Physically, torsional waves are originated by the actuator (transmitter, right part of Figure 3) and
are transmitted through the specimens to the piezoelectric sensor, where they produce the deformation
thereof and, consequently, an electric potential catchable by an oscilloscope.

To compensate for the mechanical and electronic crosstalk, a measurement is first taken in air,
without contact with the specimen, which generates a signal transmitted mechanically inside the probe
and electronically in air, under similar humidity conditions. This signal is stored and subtracted from
the signals on the specimens, effectively compensating for the mechanical and electronic crosstalk.
This signal is averaged 10 times for noise reduction, using a repetition rate that allows full dissipation
of preceding waves. The total time of measurement is a quarter of a second, which is enough to register
the desired frequency.

The remaining signal has traveled across the specimen and also through some mechanical parts
of the probe. The apparent TOF is estimated from the subtracted signal as above, and after using a
low pass filter at three times the center frequency, in three complementary ways: (1) by estimating
the time where the signal amplitude surpasses 30% of the max level; (2) by finding the first peak
after that threshold; and (3) by finding the next negative peak, as indicated in Figure 4. The time
of the theoretical signal start is estimated by subtracting the corresponding fractions of the period
corresponding to the excitation frequency.

Figure 4. Example of an output of the analyzer software used to analyze the signals obtained from the
TWE technique. The upper left sub-figure shows the stiffness obtained at each measurement frame.
The lower-right sub-figure shows the theoretical signal start.

The apparent time of flight (TOF) is, therefore, the sum of the TOF within the specimen plus the
TOF across the components of the probe, which is called internal delay. The latter is a probe-specific
constant that needs to be calibrated against SWEI and subtracted prior to computing the speed by
dividing the distance by TOF within the specimen (Equation (1)), yielding Equation (2). Acquisition
parameters for TWE technique used for both ex vivo liver samples and tissue-mimicking hydrogel are
shown in Table 1.

cs =
distance

TOF
(1)

cs =
distance

TOF − delay
(2)
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Table 1. Torsional wave elastography (TWE) technique acquisition parameters for both ex vivo liver
samples and hydrogel phantoms.

Measurements Acquisition Parameters Value

Sampling frequency 80 Hz (Decimated 10× after 800 Hz)
Ring-disc radius 3 mm
Frequency 200–800 Hz
Averaging 10 ×
Excitation power 20 V

2.3. Shear Wave Elastography

Acoustic radiation force imaging (ARFI) was introduced by Nightingale et al. [28]. This method
uses focused ultrasound to generate localized displacement of a few microns via an ARF impulse within
the tissue. During the impulse, the acoustic wave propagates through the tissue. Local displacements
are related to the mechanical properties of the tissue, which deforms in response to the focused ARF
excitation, thus shear waves propagate away from it [29]. Finally, the displacement generated by the
ARF is then mapped, within the focal region of each push within a specified region of interest (ROI) at a
known time after stopping the push. The tissue displacement response within the region of the push is
directly related to the magnitude of the applied force and inversely related to the tissue stiffness [8,28].

Shear wave elastography as ARFI also uses an ARF to excite the medium and generate shear
waves and produces a quantitative elasticity map of the medium in real-time. The technique can be
subdivided into the creation of the Mach-cone, where ultrasound beams are focused successively at
different depths to create spherical waves at each focal point. The different generated spherical waves
interfere constructively along a Mach-cone creating two quasi-plane shear wavefronts propagating in
opposite directions in the imaging plane [7].

The Verasonics Vantage US research system is used to generate the push sequences and generate
the shear waves. Verasonics is compatible with many transducers and offers big flexibility in sequence
design. Additionally, Verasonics provides direct access to the raw channel data from each element of
the array, as well as a software beamformer to form ultrasound images [30]. In Figure 5, one can see
the Vantage Verasonics system during measurements and the Verasonics L11 − 5v transducer used in
this work is shown.

Figure 5. Set-up for measurements using SWEI. The picture was taken during the measurements at the
Ultrasonics Lab at the University of Granada. In the left image, the ex vivo liver sample is measured
while one of the hydrogel phantoms is shown in the right image.
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The Verasonics vantage 128 system was used to perform the SWEI. The system uses the MATLAB
programming environment to create the protocol of measurements of SWEI. The sequence of steps
is as follows: the programmer writes a programming script to generate an imaging sequence,
which generates a collection of objects that are loaded into the Verasonics scanner during runtime.
The main parameters for the script are: (1) the push and track transmit frequencies; (2) the push
duration; (3) the push and track transmit aperture; (4) the sampling frequencies; and (5) the pulse
repetition interval. Details and sequences of the Verasonics script can be found in the work of
Deng et al. [30]. In this study, a different transducer was used. Properties of the L11 − 5v 128 elements
linear array transducer are shown in Table 2.

Table 2. Properties of the L11 − 5v Verasonics transducer.

Property Value

Number of Elements 128
Pitch (mm) 0.3
Elevation focus (mm) 18
Sensitivity (dB) −52 ± 3

Table 3 lists the SWEI acquisition parameters used in this study. The push transmit frequency was
set to the center of the transducer to allow maximum transmission efficiency to transfer the ARFI to
the tissue. An identical set can be used for the tracking frequency. However, it is recommended to use
a lower push frequency to widen the push beam width compared with the track beam width to reduce
the underestimation of tracked tissue displacement [31,32] so a lower frequency was used.

Table 3. SWEI acquisition parameters for L11 − 5v Verasonics transducer.

Parameter Value for the L11 − 5v Transducer

Push frequency (MHz) 4.8
Track frequency (MHz) 7.81
Push duration (cycles) 1000
Pulse repetition interval (µs) 100
Impulse duration (cycles/(µs)) 1000, 128
Impulse focus (mm) 16 for ex vivo liver and 12 for hydrogel phantoms
Beam focus configuration Plane wave, fully open
IQ data beam forming sampling frequency 0.25λ
Excitation voltage (V) 40 for ex vivo liver and 28 for hydrogel phantoms
Sampling frequency(Hz) 3000
Number of transmission channels 128
Number of reception channels 128

Changes in the voltage applied for the push will make the induced push less or more powerful
creating shear waves of different amplitudes. The voltage applied was stepwise increased and a value
of 40 V was chosen for the ex vivo chicken liver and 28 V for the hydrogel phantoms.

2.3.1. Dispersion Velocity Calculation from Shear Wave Elastography Imaging (SWEI)

The measured shear wave velocity (SWV) can be used to determine tissue properties assuming a
mechanical model of the tissue. For a linear, elastic, isotropic, homogeneous, and unbounded material,
the SWV can be expressed in terms of the shear moduli µ and density ρ by the relation

SWV =
√

µ/ρ (3)

The density of soft tissue is typically assumed to be 1000 kg/m3 and the SWV in units of m/s is
equal to the square root of the shear moduli when it is expressed in units of kilopascals. In contrast,
for a viscoelastic material, the shear moduli is a complex frequency-dependent quantity. Shear wave
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propagation in a viscoelastic material exhibits dispersion with a frequency-dependent phase velocity
and shear attenuation [7].

The shear wave velocity dispersion curve was extracted from the ARFI using a phase difference
method. First, the tissue velocity field was smoothed. This operation does not modify the phase
velocity, only the amplitude, and the initial phase. The propagation of the plane wave in the sample
along the x-direction is described by a 2D velocity field v(x,t). The phase φ(x, ω) of the wave at
each frequency was obtained using a Fourier Transform of the tissue velocity field v(x,t). For a
monochromatic plane wave propagating in the direction x, the phase can be written as:

φ(x, ω) = − Re[k(ω)]x (4)

where k(ω) is the complex wavenumber and ω is the frequency. Thus, the shear wave phase velocity is:

cs =
ω

−Re[k(ω)]
(5)

and the real part Re[k(ω)] of the wave number can be estimated from a linear fit of the phase φ(x, ω)

along the propagation distance x [33–35].
Finally, dispersion curves are plots of shear wave velocity (SWV) as a function of angular frequency

for ex vivo chicken liver samples and hydrogel phantoms.

2.3.2. Tissue Motion Estimation

Tissue motion was determined using a phase-shift algorithm that operates on IQ data (in-phase
and quadrature data). In this study, Loupas 2D auto-corrector algorithm was used to estimate the axial
displacement caused by the propagation of the shear waves. The Loupas algorithm is an extension of
the Kasai algorithm, which is used to post-process Verasonics data. It has the advantage of generating
more accurate displacement estimations because it takes into account the center frequency [30,36].
Figure 6 shows a flow chart of how Verasonics generates SWEI and the steps needed to obtain the IQ
data from an ARFI sequence. In this work, post-processing of the IQ data to obtain a displacement
map was done using the Ultrasound Toolbox (USTB) [37].

B-mode

generate push

create displacement

induce shear waves

transmit waves according 
to the push sequence

plane wave

align samples and transducer

image shear wave propagation

track shear wave propagation

RF data to IQ data

post process using
Loupas 2D autocorrelator

post processing

Figure 6. Procedure for tissue motion estimation using Shear Wave Elastography Imaging (SWEI) technique.
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3. Results

The results of the scans are presented as mechanical biomarkers in terms of shear wave velocity,
shear moduli, and viscosity. A comparison of shear wave velocity as a function of frequency for both
TWE and SWEI techniques can be found in Figure 7. The sub-figure on the top is for fresh ex vivo liver
samples and the one on the bottom is for hydrogel phantoms. Measurements were done within the
frequency range of 200–800 Hz. Solid lines are optimal fits of a Kelvin–Voigt rheological model.

Figure 7. Dispersion curve for the two types of samples measured, square/circle marks are the values
of shear wave velocity versus frequency via shear wave elastography imaging (SWEI) and torsional
wave elastography (TWE) for ex vivo chicken liver samples (top) and hydrogel phantoms (bottom).
Kelvin–Voigt (KV) fit is shown with solid lines in black color for SWEI and in red for TWE, and 95%
confidence intervals are displayed with dashed lines.

The results show shear wave velocities go from 1.15 to 2.25 m/s for SWEI and from 1.3 to 2.03 m/s
for TWE as mean values for the three liver samples. In the case of hydrogel phantoms, SWV values
vary from 0.76 to 1.09 m/s for SWEI and from 0.79 to 0.93 m/s when scans were done via TWE. Both
techniques show the same trend. These values are mean velocities for the two types of samples. ARFI
based measurements were done three times in different liver areas. The results show a clear viscous
trend in the samples. The results are in concordance with those presented in the literature [38–40].
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A Pearson correlation coefficient was calculated to observe the degree of agreement between the
reconstructed shear wave velocities obtained from both techniques, TWE and SWEI. The results are
shown in Figure 8. A significant degree of agreement is observed, with a Pearson correlation coefficient
of 0.99767 for liver samples and 0.99838 for hydrogel phantoms.

Figure 8. Pearson’s correlation between shear wave velocities via SWEI and TWE for both ex vivo
liver samples (top) and hydrogel phantoms (bottom) at a frequency range from 200 to 800 Hz. Pearson
correlation coefficients are 0.99767 for liver samples and 0.99838 for hydrogel phantoms.

Biomechanical elastic parameters obtained via TWE and SWEI in terms of shear moduli, µ,
for both ex vivo chicken liver samples and hydrogel phantoms are tabulated in Table 4. Scans were
made under a range of frequency from 200 to 800 Hz. Measurements were done in this range of
frequencies based on the power spectrum obtained from the shear wave tracked by the Verasonics
transducer for liver samples, as shown in Figure 9. It can be observed that the energy concentration is
within this range of frequencies (200–800 Hz); frequencies above this range are considered noise.
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Figure 9. The power spectrum of the shear wave tracked by the 7.8 Mhz (L11 − 5v) transducer for the
ex vivo liver sample using a Verasonics vantage system.

Next, viscosity parameters for the same samples using two different rheological adjustments,
namely Kelvin–Voigt and Maxwell, were determined (see Table 5). The results show the same trend;
shear moduli are frequency dependent and increases with increasing frequency.

Verasonics Vantage systems measure and report shear wave velocity; therefore, to obtain the
mechanical biomarkers in kPa, SWV values were transformed by Equation (3) to get shear moduli µ.
In this study, it was assumed that tissue density is 1000 kg/m3.

Table 4. Shear moduli in kPa for both ex vivo liver samples and hydrogel phantoms obtained from
torsional wave elastography (TWE) and shear wave elastography imaging (SWEI) techniques.

Elastic Parameter: Shear Moduli in kPa

Ex Vivo Liver Samples Hydrogel Phantoms

Frequency (Hz) µTWE µSWEI µTWE µSWEI

200 1.69 ± 0.78 1.32 0.62 ± 0.04 0.58
400 2.66 ± 0.23 2.82 0.68 ± 0.05 0.74
600 2.69 ± 0.47 3.69 0.78 ± 0.065 0.85
800 4.00 ± 0.42 4.84 0.86 ± 0.055 1.16

Table 5. Viscoelastic parameters for ex vivo liver samples and hydrogel phantoms obtained from
torsional wave elastography (TWE) and shear wave elastography imaging (SWEI) techniques.

Sample Fit Viscous Parameters The Goodness of Fit
R-square

TWE SWEI TWE SWEI

Ex vivo liver Kelvin–Voigt (KV) µ = 1.512 kPa η = 0.536 Pa·s µ = 1.019 kPa η = 0.628 Pa·s 0.9198 0.9572
Maxwell (M) µ1 = 5.773 kPa µ2 = 4.316 Pa·s µ1 = 13.720 kPa µ2 = 3.712 Pa·s 0.835 0.9861

Hydrogel
phantom

Kelvin–Voigt (KV) µ = 0.615 kPa η = 0.093 Pa·s µ = 0.532 kPa η = 0.148 Pa·s 0.9926 0.9764
Maxwell (M) µ1 = 0.827 kPa µ2 = 2.897 Pa·s µ1 = 1.267 kPa µ2 = 1.663 Pa·s 0.7879 0.8237

Figure 10 shows particle displacement versus time profiles at 24 lateral positions for both an
ex vivo liver sample and a hydrogel phantom.
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Figure 10. Experimental particle displacement versus time profiles at the focal depth resulting from
the ARFI excitation. The ARFI moves the tissue in the axial and lateral position. In this figure, each
displacement trace indicates a lateral position starting nearby the ARFI push focus to 24 lateral positions.
Each individual color curve indicates the lateral position of a displacement trace for ex vivo liver sample
II (left) and hydrogel phantom II (right). The curves show that, at farther distances (few milliseconds
after the push), the particle displacement is reduced, since the shear wave dissipates.

The axial displacement map obtained using the Loupas algorithm [36,37] after post-processing the
IQ (in-phase and quadrature data) of ex vivo liver sample I is shown in Figure 11. We can see the ARFI
push and the shear wave propagation. The y-axis represents the depth in mm of the scan, and the
x-axis the lateral distance of the wave propagation. The sequence of the figure (from A to D) shows the
localization of the ARF push and the shear wave lateral propagation away from the focus. Loupas 2D
autocorrelator performs as the gold standard phase domain technique for motion estimation[41,42].

Figure 11. A sequence of displacement map (displacements are in meters) of ex vivo liver sample I due
to ARFI excitation. The box represents the ROI (Region of Interest) chosen. The sequence from A to D
show the push start (A) and the shear wave propagation in different frames (A–D) till its dissipation.
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4. Discussion

The principal goal of this work was to be able to reliably quantify the mechanical properties of
soft tissue using Torsional Wave Elastography (TWE). A combination of information from different
techniques is required in order to improve our understanding of the tissue mechanical behavior.
Knowing cut off values of the different emerging technologies and comparing them with technologies
well known and working as the gold standard in the field of the elastography would originate a strong
impact on clinical diagnoses. It is an ambitious goal, yet we have obtained promising results and
the technique is being validated through this work and recent work of the group. Torsional wave
elastography has been shown to be effective in obtaining biomechanical biomarkers [21,25–27,43].

In this work, SWEI was used to validate TWE, since it is the gold standard and one of the most
important noninvasive techniques in quantifying the viscoelastic parameters [44,45]. A significant
number of studies reinforce this decision; for instance, Kyoung et al. [46] showed that SWE is a
good method to evaluate the usefulness of the stability index (SI) in liver stiffness measurements,
demonstrating that this reduces the variability and increases the reliability in both free-breathing and
breath-holding conditions. Samir et al. [47] estimated liver stiffness using SWE. The results obtained
from the right upper lobe gave the best correlation with liver fibrosis severity and can potentially
be used as a noninvasive test to differentiate intermediate degrees of liver fibrosis in patients with
liver disease.

A validation study of five elastography techniques available commercially using individual
tissue-mimicking liver fibrosis phantoms with different known Young’s moduli was performed by
Mulabecirovic et al. [48]. They concluded that the SWE systems have very good repeatability and
interobserver agreement. Dietrich et al. [49] presented guidelines and recommendations on the clinical
use of liver ultrasound elastography; in their work, they firmly recommend comparison studies of
all the technologies available to improve our knowledge on cut-off values for each system. Another
comparison among commercially available techniques using SWE for the assessment of chronic liver
diseases was presented by Friedrich-Rust et al. [50].

The reproducibility of the TWE technique was evaluated and found consistent with previous
studies. The first validation of TWE was made by Callejas et al. [21] using a classical rheometer (limited
to 50 Hz), which is a quasi-static regime; the limitation of the previous work is that the measurements
to obtain the shear moduli were made at frequencies well below the measurements made by TWE
(300 Hz to 2 kHz). Therefore, in this work presented herein, the Verasonics Vantage system was
used as the source to generate shear waves, allowing a comparison between the two methods in the
same frequency range. The results are shown in Figure 7. The dispersion curves for the two types
of samples measured, ex vivo liver samples and two tissue mimicking hydrogel phantoms, show
the viscous response of the tissue. Each sample was measured several times by both techniques in
different positions and under different pressures. Biological variability in the samples cannot be
neglected; indeed, we observed different zones of rigidity in the same sample, which is true for all
samples. Significant variability was found when different zones of the same sample were scanned by
the same technique.

The values of shear wave velocities, from 1.15 to 2.25 m/s for SWEI and from 1.3 to 2.03 m/s
for TWE as mean values for the three liver samples, agree with other results obtained from the
literature [38–40]. However, the same figure shows that the curves representing TWE and SWEI results
are spaced at high frequencies (>800 Hz). This is probably because the attenuation is too high and the
signal is dissipated. A similar observation was obtained from the hydrogel phantoms results. Pearson
correlation coefficient shows good agreement between shear wave velocity (SWV) via TWE and SWEI,
with values of 0.99767 for liver samples and 0.99838 for hydrogel phantoms, as reported in Figure 8.

Elastic biomarkers in terms of shear moduli in kPa under the frequency range of 200 to 800 Hz
show a good match between the techniques and report a similar tendency as SWV and therefore shear
moduli are frequency dependent; increasing the frequency increases shear moduli values (Table 4).



Diagnostics 2020, 10, 111 14 of 18

One of the advantages of elasticity based images is that many soft tissues may share a similar
capacity to reflect ultrasonic waves, but they may have different mechanical properties that can
be used to visualize normal anatomy and trace pathological lesions more clearly. The liver is a
viscoelastic structure, which is why changes in its viscosity would be closely related to liver diseases.
Several authors suggest that changes in the transmission rate of mechanical vibration depend on the
frequency [51–53]. Hence, SWE has some advantages over Transient Elastography (TE) [54,55]. Since
Shear wave velocity is frequency dependent, it is possible to quantify the tissue viscosity from the
shear wave dispersion curves [56–59]. In this study, viscoelastic biomarkers were obtained by fitting
the model to the measured frequency. The results, as listed in Table 5, present significant differences
between the two rheological models proposed, Kelvin–Voigt (KV) and Maxwell. The goodness of the
adjustment shows that, in this case, KV model characterizes better both tissue samples and hydrogel
phantoms. This opens up the debate to the elastography scientific community to present guidelines
on which rheological model can express in the most concise way the characterization of soft tissue.
Hydrogel phantoms show slightly better results than ex vivo liver samples, possibly for being more
homogenous. Table 5 shows the parameters related to all the frequencies in the range of 200–800 Hz,
where the maximum energy is concentrated, and not all the frequencies shown in Figure 9. Frequencies
above 800 Hz are assumed to be noise.

TWE technique presents some advantages that make it interesting. First, it can reduce and isolate
the spurious waves contamination (P-waves) [25,27]. Another advantage is its ability to accurately
interrogate soft tissue mechanical functionality in cylindrical geometries. Dealing with this type of
geometry is a challenge for current elastography approaches in small organs such as the uterine cervix,
where SWE would generate bounces on the tissue walls and mask the signal received by the receiver.
However, TWE technique generates less energy that does not generate rebounds [26]. Torsional waves
propagate both radially and in depth, which is very advantageous in the case of multilayer tissue.
The technique is able to characterize the different layers of the tissue when there is a clear difference
between the stiffness of both, since shear waves propagate more quickly in stiffer media. The path of
torsional waves from the transmitter to the receiver depends on the tissue scanned; the methodology
for the characterization of bilayer tissue mimicking phantoms using TWE can be found in the work of
Callejas et al. [22].

Finally, TWE technique deposits extremely low energy in the tissue, which makes it exceptionally
safe. When the acoustic waves are used for fetal imaging, three parameters should be evaluated for
safety considerations. These mechanical and thermal index parameters and their values for TWE can
be found in the work of Callejas [60]. TWE technique has already been successfully applied in vivo in
a recent work by Massó et al. [43] to determine uterine cervix elasticity in pregnant women.

In this work, the tissue was assumed to be isotropic, but when highly anisotropic tissue is scanned
the assumptions made are not precise. Taking into account the fiber orientation, the anisotropy of the
soft tissue is still a pending subject of commercial elastographic techniques, including TWE.

Future directions should include a study of the attenuation versus distance, as well as exploring
different soft tissues and more complicated rheological models for more robust and accurate estimations
of viscosity. Additionally, in vivo scans should continue to validate the TWE technique in organs
where it presents an advantage over SWE. In summary, this work demonstrates that the proposed
TWE technique has enough potential in the determination of mechanical properties of soft tissues.
Preliminary results of ongoing work in vivo are encouraging.

5. Conclusions

In this work, the authors present a Torsional Wave Elastography (TWE) technique developed by
part of our group to determine the mechanical properties of soft tissue. The results were compared
with the ones obtained from a commercial SWEI alternative. A programmable SWE-system for ex vivo
samples was implemented and evaluated. The results of shear wave velocities and shear moduli
for both ex vivo and hydrogel phantoms are in concordance with the literature. At the moment,
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we strongly believe that these results are promising and can be considered as a baseline for future
studies on TWE. The objective was reached and TWE has been shown to be able to capture the
tissue variability with respect to the frequency with a tendency close enough to the gold standard in
elastography. Exploring the TWE technique in other soft tissues will be interesting future work, as will
the study of attenuation versus time in in vivo measurements.
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ARFI Acoustic Radiation Force Impulse
MRE Magmatic Resonance Elastography
SWE Shear Wave Elastography
KV Kelvin–Voigt
M Maxwell
PIP Probabilistic Inverse Problem
FDTD Finite Difference Time Domain
TOF Time of Flight
ROI Region of Interest
US Ultrasonics
IQ In-phase and Quadrature Data
CNC Computer Numerical Control
SWV Shear Wave Velocity

References

1. Tranquart, F.; Grenier, N.; Eder, V.; Pourcelot, L. Clinical use of ultrasound tissue harmonic imaging.
Ultrasound Med. Biol. 1999, 25, 889–894. [CrossRef]

2. Ophir, J.; Céspedes, I.; Ponnekanti, H.; Yazdi, Y.; Li, X. Elastography: A quantitative method for imaging the
elasticity of biological tissues. Ultrasonic Imaging 1991, 13, 111–134. [CrossRef]

3. luc Gennisson, J.; Deffieux, T.; Fink, M.; Tanter, M. Ultrasound elastography: Principles and techniques.
Diagn. Interv. Imaging 2013, 94, 487–495. [CrossRef]

4. Sarvazyan, A.P.; Rudenko, O.; Swanson, S.D.; Fowlkes, J.B.; Emelianov, S.Y. Shear wave elasticity imaging:
A new ultrasonic technology of medical diagnostics. Ultrasound Med. Biol. 1998, 24, 1419–1435. [CrossRef]

5. Urban, M.W.; Nenadic, I.Z.; Mitchell, S.A.; Chen, S.; Greenleaf, J.F. Generalized response of a sphere
embedded in a viscoelastic medium excited by an ultrasonic radiation force. J. Acoust. Soc. Am. 2011,
130, 1133–1141. [CrossRef]

6. Nightingale, K.; Soo, M.S.; Nightingale, R.W.; Trahey, G.E. Acoustic radiation force impulse imaging: In vivo
demonstration of clinical feasibility. Ultrasound Med. Biol. 2002, 28, 227–235. [CrossRef]

7. Bercoff, J.; Tanter, M.; Fink, M.K. Supersonic shear imaging: A new technique for soft tissue elasticity
mapping. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2004, 51, 396–409. [CrossRef]

http://dx.doi.org/10.1016/S0301-5629(99)00060-5
http://dx.doi.org/10.1177/016173469101300201
http://dx.doi.org/10.1016/j.diii.2013.01.022
http://dx.doi.org/10.1016/S0301-5629(98)00110-0
http://dx.doi.org/10.1121/1.3613939
http://dx.doi.org/10.1016/S0301-5629(01)00499-9
http://dx.doi.org/10.1109/TUFFC.2004.1295425


Diagnostics 2020, 10, 111 16 of 18

8. Fahey, B.J.; Nightingale, K.; Nelson, R.C.; Palmeri, M.L.; Trahey, G.E. Acoustic radiation force impulse
imaging of the abdomen: demonstration of feasibility and utility. Ultrasound Med. Biol. 2005, 31, 1185–1198.
[CrossRef]

9. Hirsch, S.; Braun, J.; Sack, I. Magnetic Resonance Elastography: Physical Background and Medical Applications;
John Wiley & Sons: Hoboken, NJ, USA, 2017.

10. Asrani, S.K.; Devarbhavi, H.; Eaton, J.; Kamath, P.S. Burden of liver diseases in the world. J. Hepatol. 2019,
70, 151–171. [CrossRef]

11. Marcellin, P.; Kutala, B.K. Liver diseases: A major, neglected global public health problem requiring urgent
actions and large-scale screening. Liver Int. Off. J. Int. Assoc. Study Liver 2018, 38 (Suppl. 1), 2–6. [CrossRef]

12. Sande, J.A.; Verjee, S.S.; Vinayak, S.; Amersi, F.; Ghesani, M.V. Ultrasound shear wave elastography and
liver fibrosis: A Prospective Multicenter Study. World J. Hepatol. 2017, 9, 38–47. [CrossRef]

13. Mancini, M.; Salomone Megna, A.; Ragucci, M.; De Luca M.; Marino Marsilia, G.; Nardone, G.; Coccoli, P.;
Prinster, A.; Mannelli, L.; Vergara, E.; et al. Reproducibility of shear wave elastography (SWE) in patients
with chronic liver disease. PLoS ONE 2017, 12, e0185391. [CrossRef]

14. Hoodeshenas, S.; Yin, M.; Venkatesh, S.K. Magnetic Resonance Elastography of Liver: Current Update.
Top. Magn. Reson. Imaging 2018, 27, 319–333. [CrossRef]

15. Huwart, L.; Sempoux, C.; Vicaut, E.; Salameh, N.; Annet, L.; Danse, E.; Peeters, F.; ter Beek, L.C.;
Rahier, J.; Sinkus, R.; et al. Magnetic resonance elastography for the noninvasive staging of liver fibrosis.
Gastroenterology 2008, 135, 32–40. [CrossRef]

16. Venkatesh, S.K.; Wang, G.; Lim, S.G.; Wee, A. Magnetic resonance elastography for the detection and staging
of liver fibrosis in chronic hepatitis B. Eur. Radiol. 2014, 24, 70–78. [CrossRef]

17. Ouared, A.; Montagnon, E.; Cloutier, G. Generation of remote adaptive torsional shear waves with an
octagonal phased array to enhance displacements and reduce variability of shear wave speeds: Comparison
with quasi-plane shear wavefronts. Phys. Med. Biol. 2015, 60, 8161–8185. [CrossRef]

18. Aglyamov, S.R.; Park, S.; Ilinskii, Y.A.; Emelianov, S.Y. Ultrasound imaging of soft tissue shear viscosity.
In Proceedings of the IEEE Symposium on Ultrasonics, Honolulu, HI, USA, 5–8 October 2003; Volume 1,
pp. 937–940.

19. Guillermo, R.C.; Nicolás, B.; Juan Manuel, M.R.; Jesús, F.N.; Laura María, P.P. Transductor ultrasónico de
torsión para diagnóstico tisular. Extensiones Internacionales, PCT/ES2012/070380, 14 July 2011.

20. Guillermo, R.C.; Alicia, V.M.; Elena, S.M.; Francisca Sonia, M.G. Dispositivo emisor de ondas ultrasónicas de
torsión y transductor que lo comprende. Extensiones Internacionales, PCT/ES2016/070540, 16 July 2015.

21. Callejas, A.; Gomez, A.; Melchor, J.; Riveiro, M.; Massó, P.; Torres, J.; López-López, M.; Rus, G. Performance
study of a torsional wave sensor and cervical tissue characterization. Sensors 2017, 17, 2078. [CrossRef]

22. Callejas, A.; Gomez, A.; Faris, I.H.; Melchor, J.; Rus, G. Kelvin–Voigt Parameters Reconstruction of Cervical
Tissue-Mimicking Phantoms Using Torsional Wave Elastography. Sensors 2019, 19, 3281. [CrossRef]

23. Park, J.M.; Choi, S.M.; Kwon, S.J.; Jeong, M.K. Measurement of the shear modulus of an ultrasound tissue
phantom. J. Acoust. Soc. Korea 2012, 31, 399–409. [CrossRef]

24. Dunmire, B.L.; Kucewicz, J.C.; Mitchell, S.B.; Crum, L.A.; Sekins, K.M. Characterizing an agar/gelatin
phantom for image guided dosing and feedback control of high-intensity focused ultrasound.
Ultrasound Med. Biol. 2013, 39, 300–311. [CrossRef]

25. Melchor, J.M.; Rus, G. Torsional ultrasonic transducer computational design optimization. Ultrasonics 2014,
54, 1950–1962. [CrossRef]

26. Melchor, J.; Muñoz, R.; Rus, G. Torsional ultrasound sensor optimization for soft tissue characterization.
Sensors 2017, 17, 1402. [CrossRef]

27. Rus, G.; Muñoz, R.; Melchor, J.; Molina, R.; Callejas, A.; Riveiro, M.; Massó, P.; Torres, J.; Moreu, G.;
Molina, F.; et al. Torsion ultrasonic sensor for tissue mechanical characterization. In Proceedings of the 2016
IEEE International Ultrasonics Symposium (IUS), Tours, France, 18–21 September 2016; pp. 1–4.

28. Nightingale, K.; Palmeri, M.L.; Nightingale, R.W.; Trahey, G.E. On the feasibility of remote palpation using
acoustic radiation force. J. Acoust. Soc. Am. 2001, 110, 625–634. [CrossRef]

29. Torr, G.R. The acoustic radiation force. Am. J. Phys. 1984, 52, 402–408. [CrossRef]
30. Deng, Y.; Rouze, N.C.; Palmeri, M.L.; Nightingale, K.R. Ultrasonic shear wave elasticity imaging sequencing

and data processing using a Verasonics research scanner. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2016,
64, 164–176. [CrossRef]

http://dx.doi.org/10.1016/j.ultrasmedbio.2005.05.004
http://dx.doi.org/10.1016/j.jhep.2018.09.014
http://dx.doi.org/10.1111/liv.13682
http://dx.doi.org/10.4254/wjh.v9.i1.38
http://dx.doi.org/10.1371/journal.pone.0185391
http://dx.doi.org/10.1097/RMR.0000000000000177
http://dx.doi.org/10.1053/j.gastro.2008.03.076
http://dx.doi.org/10.1007/s00330-013-2978-8
http://dx.doi.org/10.1088/0031-9155/60/20/8161
http://dx.doi.org/10.3390/s17092078
http://dx.doi.org/10.3390/s19153281
http://dx.doi.org/10.7776/ASK.2012.31.6.399
http://dx.doi.org/10.1016/j.ultrasmedbio.2012.09.016
http://dx.doi.org/10.1016/j.ultras.2014.05.001
http://dx.doi.org/10.3390/s17061402
http://dx.doi.org/10.1121/1.1378344
http://dx.doi.org/10.1119/1.13625
http://dx.doi.org/10.1109/TUFFC.2016.2614944


Diagnostics 2020, 10, 111 17 of 18

31. Palmeri, M.L.; McAleavey, S.A.; Trahey, G.E.; Nightingale, K. Ultrasonic tracking of acoustic radiation
force-induced displacements in homogeneous media. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2006,
53, 1300–1313. [CrossRef]

32. Deffieux, T.; luc Gennisson, J.; Larrat, B.; Fink, M.; Tanter, M. The variance of quantitative estimates in shear
wave imaging: Theory and experiments. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2012, 59, 2390–2410.
[CrossRef]

33. Carcione, J.M. (Ed.) Wave Fields in Real Media, 3rd ed.; Elsevier: Amsterdam, The Netherlands, 2015.
34. Peralta, L. Feasibility of Using Ultrasonic Shear Waves to Assess Cervical Remodelling During the Gestation

Period. Ph.D. Thesis, Departamento de Mecánica Estructural e Ingeniería Hidráulica, University of Granada,
Granada, Spain, 2015.

35. Catheline, S.; luc Gennisson, J.; Delon, G.; Fink, M.; Sinkus, R.; Abouelkaram, S.; Culioli, J. Measuring
of viscoelastic properties of homogeneous soft solid using transient elastography: An inverse problem
approach. J. Acoust. Soc. Am. 2004, 116, 3734–3741. [CrossRef]

36. Loupas, T.; Powers, J.; Gill, R.W. An axial velocity estimator for ultrasound blood flow imaging, based
on a full evaluation of the Doppler equation by means of a two-dimensional autocorrelation approach.
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 1995, 42, 672–688. [CrossRef]

37. Rodriguez-Molares, A.; Rindal, O.M.H.; Bernard, O.; Liebgott, H.; Austeng, A.; Lovstakken, L. The
ultrasound toolbox. In Proceedings of the 2017 IEEE International Ultrasonics Symposium (IUS), Washington,
DC, USA, 6–9 September 2017.

38. Orescanin, M.B.; Qayyum, M.A.; Toohey, K.S.; Insana, M.F. Complex shear modulus of thermally-damaged
liver. In Proceedings of the 2009 IEEE International Ultrasonics Symposium, Rome, Italy, 20–23 September
2009; pp. 127–130.

39. Barry, C.T.; Mills, B.J.; Hah, Z.; Mooney, R.A.; Ryan, C.K.; Rubens, D.J.; Parker, K.J. Shear wave dispersion
measures liver steatosis. Ultrasound Med. Biol. 2012, 38, 175–182. [CrossRef]

40. Kim, S.O.; Lee, S.Y.; Jang, S.L.; jin Park, S.; Kwon, H.W.; Kim, S.H.; Lee, C.S.; Choi, E.S.; Cho, S.K.;
Hong, S.H.; et al. Hepatic Stiffness Using Shear Wave Elastography and the Related Factors for a Fontan
Circulation. Pediatr. Cardiol. 2017, 39, 57–65. [CrossRef] [PubMed]

41. Ding, X.Z.; Dutta, D.; Mahmoud, A.M.; Tillman, B.W.; Leers, S.A.; Kim, K. An adaptive displacement
estimation algorithm for improved reconstruction of thermal strain. IEEE Trans. Ultrason. Ferroelectr.
Freq. Control 2015, 62, 138–151. [CrossRef] [PubMed]

42. Pinton, G.; Dahl, J.J.; Trahey, G.E. Rapid tracking of small displacements with ultrasound. IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 2006, 53, 1103–1117. [CrossRef] [PubMed]

43. Massó, P.; Callejas, A.; Melchor, J.; Molina, F.S.; Rus, G. In Vivo Measurement of Cervical Elasticity on
Pregnant Women by Torsional Wave Technique: A Preliminary Study. Sensors 2019, 19, 3249. [CrossRef]

44. Fink, M.; Sandrin, L.; Tanter, M.; Catheline, S.; Chaffai, S.; Bercoff, J.; Gennisson, J. Ultra high speed imaging
of elasticity. In Proceedings of the 2002 IEEE Ultrasonics Symposium, Munich, Germany, 8–11 October 2002;
Volume 2, pp. 1811–1820. [CrossRef]

45. Sigrist, R.M.; Liau, J.; Kaffas, A.E.; Chammas, M.C.; Willmann, J.K. Ultrasound Elastography: Review of
Techniques and Clinical Applications. Theranostics 2017, 7, 1303–1329. [CrossRef]

46. Hong, E.K.; Choi, Y.H.; Cheon, J.E.; Kim, W.S.; Kim, I.O.; Kang, S.Y. Accurate measurements of liver
stiffness using shear wave elastography in children and young adults and the role of the stability index.
Ultrasonography 2018, 37, 226–232. [CrossRef]

47. Samir, A.E.; Dhyani, M.; Vij, A.; Bhan, A.K.; Halpern, E.F.; Méndez-Navarro, J.; Corey, K.E.; Chung, R.T.
Shear-wave elastography for the estimation of liver fibrosis in chronic liver disease: Determining accuracy
and ideal site for measurement. Radiology 2015, 274 3, 888–896. [CrossRef]

48. Mulabecirovic, A.; Mjelle, A.B.; Gilja, O.H.; Vesterhus, M.; Havre, R.F. Repeatability of shear wave
elastography in liver fibrosis phantoms—Evaluation of five different systems. PLoS ONE 2018, 13, e0189671.
[CrossRef]

49. Dietrich, C.F.; Bamber, J.; Berzigotti, A.; Bota, S.; Cantisani, V.; Castera, L.; Cosgrove, D.; Ferraioli, G.;
Friedrich-Rust, M.; Gilja, O.H.; et al. EFSUMB Guidelines and Recommendations on the Clinical Use of
Liver Ultrasound Elastography, Update 2017 (Long Version). Ultraschall Med. 2017, 38 4, e48.

50. Friedrich-Rust, M.; Poynard, T.; Castera, L. Critical comparison of elastography methods to assess chronic
liver disease. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 402–411. [CrossRef]

http://dx.doi.org/10.1109/TUFFC.2006.1665078
http://dx.doi.org/10.1109/TUFFC.2012.2472
http://dx.doi.org/10.1121/1.1815075
http://dx.doi.org/10.1109/58.393110
http://dx.doi.org/10.1016/j.ultrasmedbio.2011.10.019
http://dx.doi.org/10.1007/s00246-017-1727-1
http://www.ncbi.nlm.nih.gov/pubmed/28932977
http://dx.doi.org/10.1109/TUFFC.2014.006516
http://www.ncbi.nlm.nih.gov/pubmed/25585398
http://dx.doi.org/10.1109/TUFFC.2006.1642509
http://www.ncbi.nlm.nih.gov/pubmed/16846143
http://dx.doi.org/10.3390/s19153249
http://dx.doi.org/10.1109/ULTSYM.2002.1192651
http://dx.doi.org/10.7150/thno.18650
http://dx.doi.org/10.14366/usg.17025
http://dx.doi.org/10.1148/radiol.14140839
http://dx.doi.org/10.1371/journal.pone.0189671
http://dx.doi.org/10.1038/nrgastro.2016.86


Diagnostics 2020, 10, 111 18 of 18

51. Deffieux, T.; Gennisson, J.L.; Bousquet, L.; Corouge, M.; Cosconea, S.; Amroun, D.; Tripon, S.; Terris, B.;
Mallet, V.; Sogni, P.; et al. Investigating liver stiffness and viscosity for fibrosis, steatosis and activity staging
using shear wave elastography. J. Hepatol. 2015, 62, 317–324. [CrossRef] [PubMed]

52. Salameh, N.; Larrat, B.; Abarca-Quinones, J.; Pallu, S.; Dorvillius, M.; Leclercq, I.; Fink, M.; Sinkus, R.;
Van Beers, B.E. Early detection of steatohepatitis in fatty rat liver by using MR elastography. Radiology 2009,
253, 90–97. [CrossRef] [PubMed]

53. Muller, M.; Gennisson, J.L.; Deffieux, T.; Tanter, M.; Fink, M. Quantitative viscoelasticity mapping of human
liver using supersonic shear imaging: Preliminary in vivo feasibility study. Ultrasound Med. Biol. 2009,
35, 219–229. [CrossRef] [PubMed]

54. Li, C.; Zhang, C.; Li, J.; Huo, H.; Song, D. Diagnostic Accuracy of Real-Time Shear Wave Elastography for
Staging of Liver Fibrosis: A Meta-Analysis. Med Sci. Monit. Int. Med J. Exp. Clin. Res. 2016, 22, 1349–1359.
[CrossRef] [PubMed]

55. Cassinotto, C.; Lapuyade, B.; Mouries, A.; Hiriart, J.B.; Vergniol, J.; Gaye, D.; Castain, C.; Le Bail, B.;
Chermak, F.; Foucher, J.; Laurent, F.; et al. Non-invasive assessment of liver fibrosis with impulse
elastography: Comparison of Supersonic Shear Imaging with ARFI and FibroScan R©. J. Hepatol. 2014,
61, 550–557. [CrossRef] [PubMed]

56. Chen, S.; Sanchez, W.; Callstrom, M.R.; Gorman, B.; Lewis, J.T.; Sanderson, S.O.; Greenleaf, J.F.; Xie, H.;
Shi, Y.; Pashley, M.; et al. Assessment of liver viscoelasticity by using shear waves induced by ultrasound
radiation force. Radiology 2013, 266, 964–970. [CrossRef]

57. Deffieux, T.; Montaldo, G.; Tanter, M.; Fink, M. Shear wave spectroscopy for in vivo quantification of human
soft tissues visco-elasticity. IEEE Trans. Med Imaging 2008, 28, 313–322. [CrossRef]

58. Bercoff, J.; Tanter, M.; Muller, M.; Fink, M. The role of viscosity in the impulse diffraction field of elastic waves
induced by the acoustic radiation force. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2004, 51, 1523–1536.
[CrossRef]

59. Barry, C.T.; Hah, Z.; Partin, A.; Mooney, R.A.; Chuang, K.H.; Augustine, A.; Almudevar, A.; Cao, W.;
Rubens, D.J.; Parker, K.J. Mouse liver dispersion for the diagnosis of early-stage fatty liver disease:
A 70-sample study. Ultrasound Med. Biol. 2014, 40, 704–713. [CrossRef]

60. Zafra, C.; Manuel, A. Feasibility of Using Torsional Waves to Assess Viscoelasticity of Cervical Tissue; Universidad
de Granada: Granada, Spain, 2019.

c© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jhep.2014.09.020
http://www.ncbi.nlm.nih.gov/pubmed/25251998
http://dx.doi.org/10.1148/radiol.2523081817
http://www.ncbi.nlm.nih.gov/pubmed/19587308
http://dx.doi.org/10.1016/j.ultrasmedbio.2008.08.018
http://www.ncbi.nlm.nih.gov/pubmed/19081665
http://dx.doi.org/10.12659/MSM.895662
http://www.ncbi.nlm.nih.gov/pubmed/27102449
http://dx.doi.org/10.1016/j.jhep.2014.04.044
http://www.ncbi.nlm.nih.gov/pubmed/24815876
http://dx.doi.org/10.1148/radiol.12120837
http://dx.doi.org/10.1109/TMI.2008.925077
http://dx.doi.org/10.1109/TUFFC.2004.1367494
http://dx.doi.org/10.1016/j.ultrasmedbio.2013.10.016
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials and Methods
	Hydrogel Phantoms and Ex Vivo Samples
	Torsional Wave Elastography
	Shear Wave Elastography
	Dispersion Velocity Calculation from Shear Wave Elastography Imaging (SWEI)
	Tissue Motion Estimation


	Results
	Discussion
	Conclusions
	References

