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Abstract— Elastography provides tissue stiffness information
that attempts to characterize the elastic properties of tissue.
However, there is still limited literature comparing elastographic
modalities for tissue characterization. This study focuses on two
quantitative techniques using different vibration sources that
have not been compared to date: crawling wave sonoelastog-
raphy (CWS) and single tracking location shear wave elasticity
imaging (STL-SWEI). To understand each technique’s perfor-
mance, shear wave speed (SWS) was measured in homogeneous
phantoms and ex vivo beef liver tissue. Then, the contrast,
contrast-to-noise ratio (CNR), and lateral resolution were mea-
sured in an inclusion and two-layer phantoms. The SWS values
obtained with both modalities were validated with mechanical
measurements (MM) which serve as ground truth. The SWS
results for the three different homogeneous phantoms (10%, 13%,
and 16% gelatin concentrations) and ex vivo beef liver tissue
showed good agreement between CWS, STL-SWEI, and MM as
a function of frequency. For all gelatin phantoms, the maximum
accuracy errors were 2.52% and 2.35% using CWS and STL-
SWEI, respectively. For the ex vivo beef liver, the maximum accu-
racy errors were 9.40% and 7.93% using CWS and STL-SWEI,
respectively. For lateral resolution, contrast, and CNR, both
techniques obtained comparable measurements for vibration
frequencies less than 300 Hz (CWS) and distances between the
push beams (�x) between 3 mm and 5.31 mm (STL-SWEI). The
results obtained in this study agree over an SWS range of 1–6 m/s.
They are expected to agree in perfectly linear, homogeneous, and
isotropic materials, but the SWS overlap is not guaranteed in all
materials because each of the three methods have unique features.
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I. INTRODUCTION

ELASTOGRAPHY is a technique that attempts to char-
acterize the elastic properties of tissue in order to

provide additional and more useful information for clinical
diagnosis [1], [2]. Several elastographic techniques, mostly
based on ultrasound but also on magnetic resonance imaging
and optical coherence tomography, have been proposed and
applied to a number of clinical applications such as cancer
diagnosis (prostate, breast, liver), hepatic fibrosis staging, early
detection of renal pathology, focal thyroid lesion characteriza-
tions, and others [1], [2].

Particular attention has focused on the measurement of
liver stiffness as a stage discriminator for chronic liver
disease [3]–[5]. Transient elastography (TE) is a widely
used and validated noninvasive method for assessing liver
fibrosis [4], [5]. For example, TE appears to be reli-
able for the detection of significant fibrosis or cirrhosis in
hepatitis B patients [6]. However, it is less applicable in
the clinic than serum biomarkers particularly in the case of
ascites, obesity, and limited operator experience [7]. Other
elastographic modalities have been applied in liver studies.
Zhang et al. [8] concluded that acoustic radiation force
impulse imaging (ARFI) may be a reliable method for diag-
nosing the stage of liver fibrosis with a similar predictive value
as TE. In [9], supersonic shear imaging (SSI) is an efficient
method for assessing liver fibrosis, comparing favorably with
TE and ARFI. These studies compare their results in terms of
the propagating shear wave speed (SWS) in the liver tissue;
however, TE estimates the SWS typically at 40–50 Hz [5]
and ARFI or SSI measure the SWS at a frequency range
between 100 and 500 Hz [5], [10], [11]. Therefore, a further
comparison study to understand SWS estimation in different
elastographic modalities is necessary and important for tissue
characterization.

Recently, Oudry et al. [12] measured elastic
properties using different quantitative modalities in
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tissue-mimicking phantoms. Their results suggest a bias in
elastic property estimation, which varies with each quantitative
modality and highlights the difficulty in finding a reference
method to assess the elastic properties. In [13] and [14],
interlaboratory studies of SWS estimation were performed
in elastic and viscoelastic phantoms, respectively. These
studies found a significant difference among measurements
at different depths. Similar to [12], their results suggest that
there is a component of variance attributed to the different
measurement systems.

The aforementioned comparison studies of quantitative elas-
tographic methods contribute to the validation and standardiza-
tion of different elastographic techniques. Nevertheless, there
is still a lack of studies comparing 2-D quantitative elasto-
graphic techniques being actively developed and applied in soft
tissues based on mechanically vibrating external forces (such
as vibroelastography [15] or crawling wave sonoelastogra-
phy (CWS) [16]) and 2-D quantitative elastographic tech-
niques based on acoustic radiation force (such as comb-push
ultrasound shear elastography (CUSE) [17] or single tracking
location shear wave elasticity imaging (STL-SWEI) [18]). This
study focuses on the comparison between two quantitative
techniques that are different in excitation source (external
versus ARFI), in frequency range (lower versus higher), and in
bandwidth (narrowband versus broadband), that have not been
compared in the past: CWS and STL-SWEI, so agreement is
not guaranteed. The estimations of SWS, contrast, contrast-to-
noise ratio (CNR), and spatial resolution are compared in pure
elastic gelatin-based homogeneous phantoms, an inclusion
phantom, and a two-layer phantom. Additionally, the SWS
is compared using both modalities in ex vivo beef liver tissue,
a viscoelastic material. The SWS values obtained with both
modalities are validated with mechanical measurements (MM),
which serve as a ground truth. The rest of the document
is organized as follows. Section II introduces the materials
for the experiments and the methods for the SWS, contrast,
CNR, and spatial resolution estimation. Section III presents
the experimental results. Section IV contains the discussion
of our experimental results. Finally, Section V presents the
conclusions.

II. MATERIALS AND METHODS

All the experiments were performed at laboratory temper-
atures (LT) (16 °C–17 °C) and on the same day to avoid
changes in the phantom or tissue materials. Temperature was
confirmed using a thermometer (model 87V, Fluke Corp.,
Everett, WA, USA) whose reader (2 mm diameter) was placed
inside and close to the field of view in each scanned media.
The mechanical testing and ultrasound scans were made in
three different laboratories at the University of Rochester.
Fig. 1 shows the geometry of each phantom and the setup
for the MM, CWS, and STL-SWEI techniques.

A. Homogeneous, Inclusion, and Two-Layer Phantoms

Homogeneous phantoms were constructed following the
procedure used by Hah et al. [19]. Three different phantoms
with gelatin (300 Bloom Pork Gelatin, Gelatin Innovations

Fig. 1. (a) Phantom geometry representation for the inclusion and
two-layer phantoms, and the ex vivo beef liver tissue embedded in gelatin, top
to the bottom, respectively. (b) MM, (c) CWS, and (d) STL-SWEI schematic
setups.

Inc., Schiller Park, IL, USA) concentrations of 10%, 13%,
and 16% were created by heating a mixture of gelatin, 1.8 l of
degassed water, 16.2 g of Na–Cl, 36 g of graphite, and 2.7 g of
agar to 50 °C. The mixture was then cooled to approximately
30 °C and poured into a cubic mold (14 × 10 × 10 cm3) and
was then allowed to rest at 4 °C overnight. Additionally, two
different phantoms were created using the same materials and
procedure described previously. Each of them has two distinct
regions: one with gelatin concentration of 13%, and 10%.
The first phantom consisted of a stiffer cylindrical inclusion,
12.6 mm in diameter, embedded in an otherwise homogeneous
background (inclusion phantom). The second was a two-layer
phantom (one region softer than the other). Before subsequent
experiments were performed, these phantoms were taken out
of the molds and left at LT for 3 h.

B. Ex Vivo Beef Liver Tissue

Five fresh and normal beef liver specimens were acquired
and used for this study. A square-shaped sample (5×4×3 cm3)
was extracted from each beef liver and suspended in a cube-
shaped mold (14×10×10 cm3). An 8% gelatin mixture, heated
to 50 °C and subsequently cooled to 30 °C, was poured into the
mold following the same procedure used by Barry et al. [20].
Then, the solid gelatin phantom was removed from the mold
and allowed to rest at LT for 10 min prior to scanning. The
ex vivo beef liver tissue is embedded in gelatin as a practical
step to ensure acoustical and shear wave coupling for any
surface, as has been performed previously in [5] and [19]–[21].

C. Mechanical Measurements

For each physical phantom, stress relaxation tests were
performed on three cylindrical samples (approximately 38 mm
in diameter and 33 mm in length) made with the same mixture
used to construct the gelatin-based media. For each beef
liver, cylindrical samples (approximately 30 mm in diameter
and 38 mm in length) were acquired using a custom-made
coring knife. Eight cylindrical samples were carefully selected
to avoid large-scale vessels or ligaments. The samples were
stored in normal (0.9%) saline until mechanical tests were
performed using the procedure described by Zhang et al. [22].
A QT/5 mechanical device (MTS Systems Co., Eden Prairie,
MN, USA) with a 5-N load cell was used to test the samples.
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The compression rate and the strain value were adjusted
to 0.5 mm/s and 5%, respectively. These parameters were used
to set a sufficient loading. Moreover, the strain selected is
a common compressive value used by other authors which
has produced consistent results [22], [23]. The tests lasted
approximately 700 s. MM were considered the reference when
assessing the accuracy of the elastographic measurements.
Similar to [22] and [24], the stress relaxation curve of each
sample was fitted to the Kelvin–Voigt Fractional Deriva-
tive (KVFD) model using standard nonlinear least squares
procedures. The averaged model parameters, E0, η, and α
(E0, is the relaxed elastic constant, η is the viscoelastic
parameter, and α is the order of fractional derivative), were
then used to estimate the SWS at any frequency. For all
measurements, only curve fitting with a correlation coefficient
value larger than 0.97 was included in order to demonstrate
that the KVFD model is appropriate for this study. The full
mathematical description of the KVFD model can be found
in [22].

D. Shear Wave Speed Estimation Using Crawling Wave
Sonoelastography

An amplifier (model 5530, AE Techron, Elkhart, IN, USA)
driven by a dual channel function generator (model
AFG3022B, Tektronix, Beaverton, OR, USA) provided input
signals to two mechanical vibration sources (Bruel & Kjær,
Naerum, Denmark) vibrating at low frequencies—40–280 Hz
for beef liver tissue and 160–500 Hz for phantoms—and
placed at opposite sides of the phantoms. Using these sources,
vibrations were applied to generate a relatively uniform vibra-
tion field. A GE LOGIQ 9 ultrasound system (GE Healthcare,
Wauwatosa, WI, USA) was used to perform sonoelasto-
graphic imaging with a linear array (M12L, GE Healthcare,
Wauwatosa, WI, USA) positioned between the vibration
sources. The center frequency was 5 MHz and the track-
ing pulse repetition frequency range was 0.240–1.068 kHz.
An F /# of 3 was used for tracking and an F/# of 1.5 was
used for dynamic receive. To estimate the SWS, the crawling
wave signal phase was extracted using the method described
in [19] and [21]

cs( f ) = 2π fv
θ ′(x)

(1)

where fv is the vibration frequency and θ (x) is the unwrapped
phase of the crawling wave signal. The phase was obtained by
taking the Fourier transform of each pixel projection over the
time axis from the crawling wave image.

CWS has been applied to detect radio frequency ablated
hepatic lesions in vitro [25], to characterize human skeletal
muscle in vivo [26], to characterize human prostate tissue
ex vivo [27], and to evaluate shear wave dispersion in liver
steatosis [20].

E. Shear Wave Speed Estimation Using Single Tracking
Location Shear Wave Elasticity Imaging

A Siemens Antares scanner (Siemens Medical Solutions,
Malvern, PA, USA) and a Siemens Antares VF7-3 linear array
transducer (Siemens Medical Solutions, Malvern, PA, USA),

were used to generate pushing beams as well as to track
the induced displacements. This equipment was used in pre-
vious studies for gelatin phantoms and ex vivo liver tissue
applications [18], [28], [29]. The center frequency of both
the push and track pulses was 4.21 MHz, the acoustic radi-
ation force excitation was 200 μs and the tracking pulse
repetition frequency was 7.44 kHz. An F/# of 3.5 was used
for ARFI excitation, an F/# of 2 was used for tracking,
and an F/# of 0.75 was used for dynamic receive. In the
STL-SWEI algorithm, the acoustic radiation force was applied
at two locations, P1 and P2, and the induced shear
waves were tracked at one location, T , 7.08 mm from P1
[see Fig. 1(d)]. The distance between the pushing pulses, �x ,
was varied between 2.66 and 6.20 mm, to evaluate how �x
influences the lateral resolution, contrast, and CNR estimation
in phantoms. For the beef liver tissue study, shorter distances
between T and P1 (4.06 mm) and P1 and P2 (3.04 mm) were
used due to higher shear wave attenuation. Then, the SWS can
be estimated using

cs = �x

�t
(2)

where �x is the distance between P1 and P2, and �t is the
arrival time difference between the two observed shear wave
signals.

STL-SWEI has been applied in phantoms and excised
porcine liver tissue [28], [30], and to estimate the viscoelastic
parameters of ex-vivo bovine liver [18], [29].

If we model the push pulse and resulting shear waves
as cylindrical spreading, then plane wave relations are not
accurate close to the source and at low frequencies. For
example, (2) assumes plane wave behavior and thus, a spatial
dependence on the phase ks�x (where ks is the wavenumber).
This approximation holds for large kS�x [31]. In order to
know the corresponding frequency range of the SWS using
STL-SWEI, the phase difference between [31, eq. (15)] (which
considers cylindrical shear wave behavior) and the plane wave
phase shift was compared, that is

r =
� {

H (1)
0 (kS�TP1)H (1)

0 (kS�x)
}

� {eks (�TP1−�x)} (3)

where the overline indicates the complex conjugate, �TP1 is
the distance between T and P1, H 1

0 is the zeroth-order Hankel
function of the first kind. Then, r was arbitrarily chosen
between 0.975 and 1, in order to obtain the corresponding
frequency range of STL-SWEI.

Therefore, a comparison between the SWS values obtained
using CWS and STL-SWEI can be presented for a range of
frequencies and validated with MM.

F. Lateral Resolution Estimation

The lateral resolution was estimated by fitting the
average SWS profile across the inclusion phantom with a dou-
ble sigmoid function that models the background-inclusion-
background profile shape [32], that is

c(x) = (cin − cout)

(
1

1 + e
x1−x
λ1

)(
1

1 + e
x−x2
λ2

)

+ cout (4)
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where x is the lateral position, cin and cout are the SWS in
the inclusion and background, respectively, x1 and x2 are the
locations of the inclusion boundaries, and λ1 and λ2 represent
the widths of the transition from the background into the
inclusion, and from the inclusion into the background, respec-
tively. For the two-layer phantom, the term (1/1 + ex−x2/λ2)
in (4) is not considered. The six parameters (cin, cout, x1,
x2, λ1, λ2) were estimated using a standard nonlinear least
squares fitting procedure. The estimation of λ1 and λ2 enable
the measurement of the SWS resolution R2080, defined as the
distance required for a 20%–80% transition of the SWS [32],
to be evaluated quantitatively as

R2080,i = 2ln(4)λi

i =
{

1, for the two layer phantom

1 and 2, for the inclusion phantom.
(5)

G. Contrast and CNR Estimation

The contrast and CNR were evaluated in the SWS images
from the inhomogeneous phantoms using

Contrast = |c̄in − c̄out|
c̄out

(6)

CNR = |c̄in − c̄out|√
σ 2

in + σ 2
out

(7)

where c̄in and c̄out are the mean values of the SWS at rec-
tangular regions within the inclusion and background regions,
respectively, and σin and σout are the standard deviation for
the same regions, respectively.

III. RESULTS

A. Shear Wave Speed Estimation in Homogeneous Phantoms

Fig. 2 shows shear waves images estimated with
CWS (left column) and STL-SWEI (right column) for a 10%
gelatin phantom [Fig. 2(a) and (b)], 13% [Fig. 2(c) and (d)],
and 16% [Fig. 2(e) and (f)]. For all cases, a CWS image
estimated using a 380 Hz vibration frequency (Vf) and an
STL-SWEI image using �x equal to 4.43 mm are displayed
for comparison purposes. Subsequently, a region of inter-
est (1.5 × 1.0 cm2) was extracted from the center of each
image to obtain the SWS and its standard deviation.

Fig. 3 shows the comparison plots of SWS as a function of
frequency using CWS, STL-SWEI, and MM for all phantoms.
In CWS, the maximum accuracy errors obtained were 2.52%,
1.63%, and 2.26% for the 10%, 13% and 16% gelatin phan-
toms, respectively, at 160 Hz. In STL-SWEI, better agreement
compared with MM was obtained at a higher frequency
range than was used for CWS. The estimated frequency
range, using (3), for the 10%, 13%, and 16% phantoms were
380–860 Hz, 420–1060 Hz, and 460–1200 Hz, respectively.
The maximum accuracy errors obtained were 2.22% at 380 Hz,
2.35% at 420 Hz, and 0.71% at 460 Hz for the 10%, 13%
and 16% gelatin phantom, respectively. It can be noted that
since the phantoms consist of almost purely elastic material,
the dispersion results (relationship between SWS-frequency)
remains almost constant for the entire frequency range. In that

Fig. 2. SWS maps estimated with CWS (left column) and STL-SWEI
(right column) for (a) and (b) 10%, (c) and (d) 13%, and (e) and (f) 16%
gelatin phantom. The CWS images correspond to 380 Hz vibration frequency
and �x equals 4.43 mm. The black square illustrates the region of interest
extracted for all images.

sense, for each technique and phantom, all the averaged
SWS measurements between 460–500 Hz were combined to
perform a statistical test. The Tukey–Kramer test showed that
the SWS measurements, obtained with each modality, are
not significantly different (p > 0.05) for the same phantom
type (see Fig. 4). Additionally, the test showed that each
modality is able to differentiate the elastic material properties,
the SWS results for each phantom were significantly different
(p < 0.05) (10% versus 13% versus 16%). Table I indicates
the p value obtained for different compared materials.

B. Shear Wave Speed Estimation in the Two-Layer
and Inclusion Phantoms

The SWS images estimated by CWS for the two-layer
and inclusion phantoms are presented in Figs. 5 and 7,
respectively. Similarly, Figs. 6 and 8 show the SWS images
estimated by STL-SWEI for the two layer and inclusion
phantom, respectively. It is worth noting that Figs. 5–8 do
not correspond exactly to the same scanning position because
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Fig. 3. Comparison plots of CWS, STL-SWEI, MM using the KFVD model
for (a) 10%, (b) 13%, and (c) 16% gelatin phantom.

Fig. 4. Aggregate SWS measurements between 460 and 500 Hz for each
modality and phantom. The error at each bar corresponds to the standard
deviation of the SWS mean values at the aforementioned frequency range.
SWS results for each phantom were significantly different (p < 0.05)
(10% versus 13% versus 16%).

TABLE I

p VALUE OBTAINED FROM STATISTICAL TESTING

the CWS and STL-SWEI images were derived from different
data sets obtained with different scanners. Nevertheless, all of
them are able to contribute to the estimation of lateral

Fig. 5. (a) B-mode image of the two layer phantom. Red dotted
line: boundary between the softer and stiffer region. (b)–(d) SWS images
obtained with CWS for 220, 280, and 320 Hz, respectively. Black dotted
lines in (c) indicate the region used to obtain the average SWS profile in
the axial direction. Black dotted rectangles in (d) show the regions used to
estimate the contrast and CNR.

Fig. 6. (a) B-mode image of the two layer phantom. Red dotted
line: boundary between the softer and stiffer region. (b)–(d) SWS images
obtained with STL-SWEI for �x equal to 3.54, 4.43, and 6.2 mm, respectively.
Black dotted lines in (c) indicate the region used to obtain the average SWS
profile in the axial direction. Black dotted rectangles in (d) show the regions
used to estimate the contrast and CNR.

resolution, contrast, and CNR. Figs. 5 and 7 show the SWS
images obtained using CWS at different vibration frequencies.
Figs. 6 and 8 present the SWS images obtained using
STL-SWEI for different �x values (3.54, 4.43, and 6.2 mm).
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Fig. 7. (a) B-mode image of the inclusion phantom. Red dotted lines
in (a) indicate the region used to obtain the average SWS profile in the axial
direction. (b)–(d) SWS images obtained with CWS for 220, 300, and 400 Hz,
respectively. Black dotted squares in (d) show the regions used to estimate
the contrast and CNR.

Fig. 8. (a) B-mode image of the inclusion phantom. Red dotted lines
in (a) indicate the region used to obtain the average SWS profile in the axial
direction. (b)–(d) SWS images obtained with STL-SWEI for �x equal to
3.54, 4.43, and 6.2 mm, respectively. Black dotted squares in (d) show the
regions used to estimate the contrast and CNR.

C. Lateral Resolution Results

The lateral resolution was evaluated using the crite-
ria described in Section II-F. For both cases (CWS and
STL-SWEI), good agreement was obtained when fitting the
SWS profile across a region of interest for both types of
two layer and inclusion phantoms with their corresponding

Fig. 9. Lateral resolution estimation. (a) Lateral resolution versus frequency
using CWS. (b) Lateral resolution versus �x using STL-SWEI.

sigmoid or double sigmoid functions (i.e., correlation coeffi-
cients larger than 0.97 for all cases). Thus, no uncertainties due
to the applied model were considered. Using (5), one or two
R2080 values for the two layer and inclusion phantoms were
calculated. For all cases, the average between R2080,1 and
R2080,2 was obtained. The lateral resolution results versus fre-
quency for the CWS experiments is shown in Fig. 9(a). It was
found that the lateral resolution ranged between 4.19 ± 0.52
and 2.38±0.51 mm for a frequency range from 220 to 500 Hz.
The frequency range used for the resolution estimation was
the same as that used for homogeneous phantoms. However,
lateral resolution estimation using vibration frequencies lower
than 220 Hz were not as accurate as we expected. This could
be because at lower frequencies, CWS has longer interference
fringe spacing, and thus the difficulty in differentiating targets
increases. The lateral resolution versus �x derived from the
STL-SWEI images is shown in Fig. 9(b). It was found that the
lateral resolution estimation ranged between 2.45 ± 0.75 mm
and 4.15 ± 0.73 mm. This resolution range is comparable to
the one obtained with CWS. As shown, as the Vf increases for
CWS or �x decreases for STL-SWEI, better lateral resolution
could be obtained. These results were as expected.

D. Contrast and CNR Results

For contrast and CNR estimation, we selected two different
regions of the same size (2 × 0.5 cm2 for the two layer
phantom and 0.5 × 0.5 cm2 for the inclusion phantom).
Although it would be better to locate these regions at the
same depth as shown in Figs. 5(d) and 6(d), it was not
possible to choose reasonable regions of the same size at
the same depth in Figs. 7 and 8 due to the size of the
inclusion. Nevertheless, the mean SWS measured inside the
chosen background region presents variations of less than 3%
compared with the mean SWS obtained at lateral regions in the
inclusion. Figs. 7(d) and 8(d) show the chosen regions located
at positions similar to other studies [17], [25]. The contrast for
both elastographic techniques is reported in Fig. 10(a) and (b).
Contrast values for CWS were in the range of 0.13 ± 0.03
to 0.23 ± 0.01, and in the case of STL-SWEI, the contrast
was in the range of 0.19 ± 0.02 to 0.22 ± 0.02. Fig. 10(a)
shows that as the Vf increases, the contrast approaches 0.25.
Fig. 10(b) shows that contrast values estimated with
STL-SWEI tend to decrease as �x increases. This result may
be due to the fact that the estimated SWS is an average of
the region between the push beams. The CNR obtained with
both techniques is shown in Fig. 11(a) and (b). In this case,
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Fig. 10. (a) Contrast versus frequency using CWS. (b) Contrast versus �x
using STL-SWEI.

Fig. 11. (a) CNR versus frequency using CWS. (b) CNR versus �x using
STL-SWEI.

the CNR ranges between 3.01±0.29 and 6.31±0.33 for CWS
and 3.88 ± 0.98 and 6.09 ± 0.58 for STL-SWEI. In the latter
case [see Fig. 11(b)], the CNR results present higher standard
deviations values compared with the CWS-CNR results.

E. Shear Wave Speed Estimation in Ex Vivo Beef Liver Tissue

Similar to the previous gelatin phantom experiment,
the same region of interest was selected to obtain the SWS
average and its standard deviations. The SWS results are,
generally, in the range of 1.0–2.0 m/s, which is similar to
the values obtained in animal livers [33]–[35]. The estimated
frequency range, considering (3), for the ex vivo beef liver
using STL-SWEI were 120–380 Hz, which is in agreement
with a typical frequency range for soft tissues [36]. It should
be noted that the frequency range differs from that used for
phantom experiments due to higher shear wave attenuation.

Fig. 12 shows the comparison plots of SWS as a function
of frequency using CWS, STL-SWEI, and MM for an ex
vivo beef liver experiment. Table II presents the accuracy
errors with respect to MM using CWS and STL-SWEI. The
maximum accuracy error estimated using CWS was 9.40%
at 40 Hz. The maximum accuracy error for STL-SWEI was
7.93% at 120 Hz. As noted in Section II-E, the lower frequency
in STL-SWEI is related to the minimum value of r . The
Tukey–Kramer test showed that the three modalities are not
significantly different ( p > 0.05) for each frequency corre-
sponding to the overlapping frequency range (120–280 Hz).

IV. DISCUSSION

A. SWS and Accuracy Estimation in Phantoms

Both techniques, CWS and STL-SWEI, were able to esti-
mate SWS at their corresponding frequency range. Further-
more, it was possible to obtain a close correspondence among
the three modalities. As it can be observed, CWS has better

Fig. 12. Comparison plots of CWS, STL-SWEI, and MM using the
KFVD model for a beef liver experiment.

TABLE II

SWS ERROR WITH RESPECT TO MM USING CWS AND STL-SWEI
FOR Ex Vivo LIVER TISSUE [%]

accuracy than STL-SWEI, with respect to MM, for lower fre-
quencies. Although it was expected that CWS achieve a better
SNR, boundary reflections, and limited field of view increase
the variability in the measurements obtained using this method.
In addition, the combination of lower frequencies and stiffer
materials provides the worst conditions for SWS estimation
using CWS. For STL-SWEI, good correlation was obtained
with MM results for a higher frequency range than CWS.
In STL-SWEI, in order to obtain the SWS versus frequency
data, a plane wave propagation behavior was considered as
explained in Section II-E for the shear waves generated by
the two pushes. More details on the estimation of mechanical
properties using STL-SWEI can be found in [18] and [29]. The
accuracy error results, for all gelatin phantoms, demonstrate
that the range of r in (3) is a reasonable criteria applied
in this study. However, if the lowest value of r decreases,
i.e., r < 0.975, a larger frequency range may be obtained,
but a higher accuracy error at lower frequencies would result.
As shown, CWS cannot be used at higher frequencies due
to the presence of higher attenuation across the large ROI.
Although the shear waves generated in STL-SWEI are also
attenuated, they are tracked close to the place where the
acoustic radiation force was applied and therefore allow
the estimation of SWS at higher frequencies (compared
with CWS). The combination of the aforementioned crite-
ria explains the conditions to obtain an overlapping spec-
tral range between CWS and STL-SWEI. The SWS values
obtained with both elastography modalities are similar to
those reported in the literature from tissue mimicking
phantoms (2–6.5 m/s) [12], [21], [37]–[39].

B. Lateral Resolution, Contrast, and CNR

With respect to lateral resolution, CWS presents better
results (lower resolution values) when the Vf increases. This is
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expected since shear waves have smaller spatial wavelengths.
For STL-SWEI, it was found that as �x increases, the lat-
eral resolution has worse performance as expected. However,
STL-SWEI can achieve better lateral resolutions when
decreasing �x . In that sense, the minimum lateral resolution
from STL-SWEI is limited by its beamwidth (i.e., 0.8 mm).

It can be seen that for vibration frequencies higher than
340 Hz, CWS presents better lateral resolution, contrast, and
CNR results than those obtained with STL-SWEI using �x
higher than 4 mm. However, in ex vivo and in vivo tissue,
the attenuation is higher than that found in the phantoms. Thus,
SWS estimation will be more difficult for higher vibration
frequencies. Considering the ex vivo results in this work and
other studies for in vivo tissue such as Zhang et al. [22],
it can be seen that vibration frequencies higher than 300 Hz
cannot be used. Therefore, using 300 Hz as the maximum
operating Vf, results obtained with CWS are comparable to
those obtained using STL-SWEI for �x values between 3 and
6 mm.

In STL-SWEI, better lateral resolution and contrast were
found as �x decreases. However, worse CNR were obtained.
In addition, the application of STL-SWEI in ex vivo and in vivo
tissues will also be limited by the attenuation. Since the losses
are worse with increasing �x , it will be harder to track the
induced shear waves. In this study, a �x = 3.04 mm was
used for the ex vivo beef liver tissue; in [29] a liver study
was performed using a �x equal to 5.31 mm. Considering
the lateral resolution, contrast, CNR results, and the �x value
used in this study and in [29] for soft tissues, it can be said that
comparable (with CWS) and reasonable SWS estimations will
be obtained by applying a �x range between 3 and 5.31 mm.

C. SWS and Accuracy Estimation in Ex Vivo Liver

Both modalities were able to measure SWS in ex vivo liver
tissue with good correlation to MM. In this case, the fre-
quency range was lower than that used for the phantom
study due to the shear wave attenuation. Thus, it was not
possible to generate interference patterns using CWS for
higher vibration frequencies. It can be noted that the dispersion
(i.e., SWS-frequency dependence) was higher for the ex vivo
liver tissue than the gelatin-based phantoms used in this
study, i.e., the estimated dispersion slope was 0.12 m/s per
100 Hz and 0.03 m/s per 100 Hz, respectively. Similar to the
phantom experiments, CWS provides SWS values for lower
frequencies than STL-SWEI. On the other hand, STL-SWEI
could provide information at higher frequencies, where, for
CWS, the cumulative attenuation loss across the 3–4 cm ROI
is detrimental. Thus, this study shows the SWS behavior in
a narrowband and broadband frequency range using CWS
and STL-SWEI, respectively, and how it changes in gelatin-
based phantoms and ex vivo liver tissue, which is a more
viscoelastic material. Moreover, the SWS values obtained with
both elastography modalities are similar to those reported in
the literature for liver tissue (1–2 m/s) [9], [33]–[35], [40].
In that sense, this experiment increases the range of elas-
ticity and SWS covered by CWS, STL-SWEI, and MM
(i.e., 1–6 m/s). Finally, STL-SWEI has the advantage that it
is not as time-consuming as CWS because it could provide

SWS results for different frequencies using the acquired data
in one experiment.

D. Limitations of the Study

Some limitations of this study include the following. The
CWS configuration used in this study may not be feasible for
clinical implementation. Partin et al. [21] proposed the appli-
cation of miniature surface sources for CWS generation which
may develop into an achievable ultrasound-based device. STL-
SWEI demonstrated its applicability for measuring the vis-
coelastic properties in soft tissue at a maximum depth of
4 cm [29]. Although this technique may be used for liver
fibrosis staging as described in [18], further research is needed
to evaluate STL-SWEI for clinical deployment at larger depths.
Another limitation of this study is the need for testing in other
tissues.

V. CONCLUSION

We have compared and characterized gelatin-based phan-
toms and ex vivo liver tissue using CWS and STL-SWEI and
validated the results with MM. Although, they are expected to
agree in perfectly linear, homogeneous, and isotropic mate-
rials, the SWS overlap is not guaranteed in all materials
because each of the three methods have unique features,
i.e., MM is a long time duration stress relaxation test applying
a uniaxial constant strain, CWS is a sinusoidal steady state
shear wave modality, and STL-SWEI is a transient broadband
shear wave pulse technique. Nevertheless, the results using
these modalities agree over an SWS range of 1–6 m/s. For each
material, statistical analysis shows that the three modalities are
not significantly different from one another.

The lateral resolution, contrast, and CNR could be mea-
sured using CWS and STL-SWEI. It was found that
CWS and STL-SWEI give comparable lateral resolution, con-
trast, and CNR results for vibration frequencies less than
300 Hz and �x values between 3 and 5.31 mm (which are rea-
sonable parameters for soft tissue applications), respectively.

Finally, the results of this study contribute to the limited data
currently available for comparing elastographic techniques,
especially techniques that use different types of force to gen-
erate shear waves inside the material. Moreover, the method-
ology implemented in this document may be helpful for future
standardization of different elastographic modalities.
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