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Many heart diseases can change the elasticity of myocardial tissues, making
elastography a potential medical imaging strategy for heart disease diagnosis and
cardiovascular risk assessment. Among the existing elastography methods,
ultrasound elastography is an appealing choice because of ultrasound’s
inherent advantages of low cost, high safety, wide availability, and deep
penetration. The existing investigations of cardiac ultrasound elastography
were implemented based on a bulk model of heart tissue, treating the waves
generated in the myocardial tissues as shear waves. In this pilot study, we
considered the distinct geometric characteristics of heart tissue, i.e., being a
layered structure and its dispersive nature as biological tissue. Based on these
considerations, we modeled heart tissues as a layered-dispersive structure and
developed a new ultrasound elastography method, ultrasonic guided wave
elastography, to characterize the myocardial elasticity. The validity of this
layered-dispersive model and the reliability of the developed guided wave
elastography were first verified on tissue-mimicking phantoms. Then, the
guided wave elastography was applied to an ex vivo imaging of a rat heart
tissue specimen in real-time during the biaxial planar mechanical testing. The
comparison of the real-time myocardial elasticity obtained from guided wave
elastography and mechanical testing demonstrated strong matching, verifying
the reliability of the developed cardiac guided wave elastography as a potential
method for characterizing myocardial elasticity.
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1 Introduction

Heart diseases are the leading cause of death for both men and women in developed
countries and account for approximately one out of every 4 deaths in the United States each
year (Heron, 2019; Kochanek et al., 2019). Many heart diseases can modify the elasticity of
related tissues. For example, ventricular remodeling after myocardial infarction can cause
extracellular matrix deposition and myocardial fibrosis, increasing myocardial elasticity
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(Hiesinger et al., 2012). When cardiovascular diseases occur, the
elasticity of the arteries involved will change (Urbina et al., 2009;
Duprez et al., 2011). The correlation between heart diseases and the
elasticity of the cardiovascular tissues makes tissue elasticity an
effective biomarker in heart disease diagnosis and a valuable part of
the comprehensive assessment of cardiovascular risk (Cohn et al.,
2005). Because of this, elastography-based imaging techniques have
attracted significant attention in the past decades for clinically
evaluating myocardial stiffness in diagnosing and monitoring
cardiovascular diseases.

The primary elastography techniques that have been studied and
applied in the diagnosis and monitoring of heart diseases include
magnetic resonance elastography (Elgeti et al., 2008; Chang et al.,
2017; Dong et al., 2020), ultrasound elastography (Vejdani-Jahromi
et al., 2017; Konofagou et al., 2000; Qian et al., 2007) as well as
optical elastography (Singh et al., 2019). Compared with other
elastography methods, ultrasound elastography techniques have
the advantages of low cost, wide availability, and easy operation.
(Sigrist et al., 2017). In addition, the virtues of ultrasound as a
noninvasive and safe imaging technique, which can provide a deep
penetration to the human body, make it an ideal option for
myocardial elasticity evaluation in an in vivo scenario.

One of the pioneering studies of applying ultrasound-based
elastography to heart disease diagnosis was estimating and
monitoring the local cardiac muscle displacement and strain in a
human heart using the qualitative strain imaging technique
(Konofagou et al., 2000; Konofagou et al., 2002). Shear wave
elastography methods were developed and applied to evaluate
myocardial elasticity quantitatively (Vejdani-Jahromi et al., 2017;
Song et al., 2016; Urban et al., 2016; Couade et al., 2011). Although
these methods can extract the speed of the shear wave generated in
myocardial tissues, the complexity of the shear wave has not yet been
fully considered. One of these complexities results from the fact that
myocardial tissue is a layer structure instead of a bulk structure, and
this geometrical feature makes the wave speed in myocardial tissue
different from that in a bulk tissue of the same material. In the
meantime, myocardial tissue is a viscoelastic material, and the
resultant dispersive nature of this type of material makes the
different frequency components of the generated waves propagate
at different speeds. In this study, myocardial tissue is modeled as a
layer-dispersive structure, and the effects of its geometric and
dispersive properties are considered when extracting its elasticity.

Aiming to develop a quantitative ultrasound-based elastography
technique for noninvasively evaluating the elasticity of myocardial
tissues in vivo, this pilot study develops such a method in an ex vivo
environment. Because a wave whose propagation is guided by a
structural form or boundary and whose propagation direction and
characteristics are determined by its structural boundaries is
typically referred to be a guided wave (Lowe and Braun, 2001),
the ultrasound elastography method developed in this study of
imaging layered-dispersive structures is called ultrasonic guided
wave elastography. In the rest of this study, the guided wave
nature of the waves generated in a layered structure is first
identified through a phantom study, and the feasibility of the
ultrasound elastography method based on a guided wave,
i.e., ultrasonic guided wave elastography, is then tested. The
developed method is further applied to a rat heart tissue
specimen, and the reliability and accuracy of its elasticity

measurements are validated by mechanical testing, the current
gold standard method of quantifying the elasticity of biomaterials.

2 Materials and methods

2.1 Tissue mimicking phantoms

To develop an ultrasound elastography method for imaging a
layered tissue structure, a plate-like single-layer tissue-mimicking
phantom was made of synthetic gelatin (#0, Humimic Medical,
Greenville, SC, United States) with 0.4w/v% silica gel (Product
Number 288500, Sigma-Aldrich, Co., St. Louis, MO,
United States) as scatters. In the meantime, a bulk phantom, in
which both shear and surface waves can be generated, was also made
of the same materials to compare the shear and surface waves to the
wave generated in this single-layer structure. Instead of conventional
gelatin from porcine skin, synthetic gelatin was chosen as the
phantom material because this synthesis gelatin performs much
better in handling tension and compression. With higher durability
than the gelatin from porcine skin, synthesis gelatin can easily retain
its shape after tension or compression, which makes it more suitable
for mimicking muscles, including myocardium—the tissue of
interest in this study. In addition, the thickness of the single-
layer gelatin phantom was made to be 3.5 mm, the same as the
average thickness of the rat heart thickness. The thickness of the bulk
gelatin phantom is 40 mm, thick enough to allow for the generation
of surface acoustic waves and shear waves.

2.2 Heart tissue sample

A rat left ventricular tissue specimen was prepared to test the
feasibility of the developed ultrasonic guided wave elastography
method (for imaging layered tissue structures) in characterizing the
elasticity of myocardial tissue for rodent models. To ensure the
material properties of the specimen are similar to its in vivo status,
the specimen was excised from the rat and tested within 2 hours after
preparation. The left ventricular free wall was excised from the
whole heart to prepare the specimen, cutting along the inter-
ventricular septum from the base to the apex. The thickness of
the tissue was measured in a minimum of three locations using a
digital micrometer (2097A12, McMaster-Carr, Elmhurst, IL,
United States), and the average value was 3.5 mm. The prepared
specimen was nearly circular in shape, having an effective testing
region of 6 mm by 6 mm for ultrasound elastography and
mechanical testing.

2.3 Ultrasound elastography

2.3.1 Experimental configuration
Figure 1 depicts the experimental setups of ultrasound

elastography methods. In the configuration of Figure 1A, the
sample under test (either a layer of gelatin or rat heart tissue)
was held steady in water with its main surface parallel to the surface
of the ultrasound transducer as much as allowed. This configuration
can facilitate the generation of acoustic radiation force impulses and
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the effectiveness of these impulses in generating guided waves in
layered structures. The preliminary tests confirmed that waves can
be effectively generated and tracked in this configuration. In
addition, to create surface and shear waves in the bulk phantom
for comparison purposes, the configurations in Figures 1B, C were
used, respectively.

2.3.2 Tests on the tissue-mimicking phantoms
All the tests on the two gelatin phantoms (the single-layer phantom

and the bulk phantom) were executed on a programmable ultrasound
research system (Vantage 128, Verasonics Inc., Redmond, WA,
United States) using a Verasonics linear array transducer L11-4v.
An acoustic radiation force impulse (ARFI) was excited for wave
generation at 6 MHz with an excitaton voltage of 50 V and
exciation duration of 400 µs The generated waves were recorded at
10 MHz using ultrafast ultrasound imaging (Tanter and Fink, 2014)
with a frame rate of about 10,000 frames/second. During the tracking, a
compound plane wave imaging method was used and the three plane
waves were emitted at −5°, 0°, and 5°.

During testing, phantoms were put 6 mm away from the
transducer in the configurations of Figures 1A, B, and the bulk
phanton contacted with the transducer in the configuration of
Figure 1C. In all tests, the focal length of the excitation beam
was chosen as 7.5 mm witht an F# of 2.5. A 3-dimensional
(space-space-time) IQ data set was obtained from each test.
Then, the IQ data was converted to a movie of axial
displacement for retrieving wave speed. All data processing was
implemented offline using MATLAB (R2022b, Math Works Inc.,
Natick, MA, United States). For each configuration in Figure 1,
multiple tests were performed. Because the tests performed under
the same configuration provided nearly identical results, the results
acquired in one test were reported in this study.

2.3.3 Tests on the heart tissue sample
The rat heart tissue specimen tests were performed using the

same ultrasound system but a different transducer, i.e., Verasonic
L22-14vLF, due to the high requirement for spatial resolution.
This transducer is a high-frequency transducer not generally used

for elastography. The reason for choosing this transducer in this
study is that the region of the rat heart tissue specimen available
for imaging is tiny (only 6 mm); the high spatial resolution
(especially lateral resolution) that L22-14vLF can provide is
needed to ensure that enough details of the generated waves
can be recorded. As in imaging the single-layer gelation
phantom, the tests on rat heart tissue were performed using
the configuration in Figure 1A and using an ARFI to excite the
tissue and ultrafast ultrasound imaging to track the generated
wave. In all the tests, waves were excited and recorded at 15 MHz.
The excitation impulse was 24 V in amplitude and 250 µs in
length, and the frame rate of ultrasound recording was
11,400 frames/second. During the tests, the specimen was also
6 mm away from the transducer and the focal length of the
excitation beam was 7.5 mm witht an F# of 2.5. Figure 2 below
depicts the experimental setup of the ultrasonic guided wave
elastograpy during the mechanical testing.

FIGURE 1
Schematics of the experimental setups for ultrasound elastography on (A) a layered tissue structure to acquire guided waves, (B) a bulk tissue to
acquire surface acoustic waves, and (C) a bulk tissue to acquire shear waves.

FIGURE 2
Image of the experimental setups for ultrasonic guided wave
elastography performed on the rat heart tissue sample during the
biaxial mechanical testing.
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2.4 Group velocity-based elasticity
evaluation

In ultrasound elastography, two types of methods, i.e., group
velocity-based method and phased velocity-based method, are
available for deriving wave speeds and further evaluating tissue
elasticity. Group velocity refers to the velocity of the overall wave
envelope (containing many frequency components) generated by
ARFI and propagating in the target tissue. In contrast, phase velocity
refers to the velocity of each component wave propagating at their
respective frequencies. For a non-dispersive medium, group velocity
is the same as phase velocity. However, for a dispersive medium,
which is the case for most soft tissues, group velocity differs from
phase velocity.

In shear wave elastography, the primary method of ultrasound
elastography, the velocity of group shear wave (cshear) is normally
acquired using the time-of-flight based method from the recorded
wave propagation data. The corresponding tissue elasticity,

evaluated either by shear modulus (G) or Young’s modulus (E),
can be calculated using the following equations. In this study, mass
density ρ for both gelatin phantoms and rat heart tissue was taken as
1,000 kg/m3, a typical value used in ultrasound elastography for
convenience.

G � ρc2shear (1)
E ≈ 3G (2)

Theoretically, the phase velocity-based method should be
used to acquire accurate wave speed for the tissue of interest
because most soft tissues are dispersive. However, the group
velocity-based method is still the most frequently used way to
extract wave speed and estimate tissue elasticity. The following
are the main reasons. First, applying the phase velocity-based
method requires that the tissue under test has relatively
homogeneous mechanical properties throughout the region
under test. This requirement is needed to ensure that the

FIGURE 3
The procedures of a dispersion analysis. (A) Time-space domain representation of the propagating wave generated in tissue. (B) Temporal-spatial
frequency domain representation of the propagating wave obtained by applying 2DFFT to the propagating wave in (A). (C) Dispersion curve of the
propagating wave extracted from the temporal-spatial frequency domain representation in (B).
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generated wave’s dispersion (which requires a path of
propagation to develop fully) originates from the tissue under
test only, not induced by any potential inhomogeneous
composition of the tissue. This requirement can be satisfied
locally in the region of interest in imaging the tissues, such as
the cornea. (Tanter et al., 2009), artery wall (Couade et al., 2010),
and human tendon (Helfenstein-Didier et al., 2016). But in many
cases, when the target tissue is composed of more than one type of
tissue (e.g., a tumor in healthy tissue), this requirement cannot be
met, and the group velocity-based method must be used. Second,
the group velocity-based method is capable of characterizing
tissue inhomogeneity. In contrast with the phase velocity-based
method, the group velocity-based method is not only capable of
characterizing tissue inhomogeneity but also in favor of it. The
group velocity-based method is highly preferred for applications
in which tissue elasticity difference is used as a contrast
mechanism to distinguish tissues of different types, and the
actual elasticity value is not important. Even for cases where
the value of tissue elasticity matters (but is not crucial), the group
velocity method is also preferred due to its capability of mapping
a large field of view instead of evaluating tissue elasticity of a
relative small region.

In this study, both group velocity-based and phase velocity-
based methods are used to process the experimental data obtained
from the two tissue-mimicking phantoms to help develop an
ultrasonic guided wave elastography technique for imaging
layered tissue structures. With the established method, only the
phase velocity-based method was used to process the data acquired
from the rat heart tissue.

2.5 Phase velocity-based elasticity
evaluation

Phase velocity-based method contains two steps to derive wave
speeds for the target tissue: first, a dispersion curve is extracted from
the recorded wave, and then wave speed at differenct frequenicies
are retrieved from the dispersion curve.

2.5.1 Dispersion analysis
From the perspective of wave propagation, dispersion refers to

the fact that different frequency components in a wave packet
propagate at different velocities in the same medium. This
phenomenon is usually described with a dispersion curve,
plotting phase velocity against (temporal) frequency. In
ultrasound elastography, a dispersion curve can be obtained
through the Fourier analysis of a propagating wave recorded in
the time-space domain.

The procedures of a typical dispersion analysis in ultrasound
elastography are demonstrated in Figure 3. The source data for
dispersion analysis is the time-space domain representation of the
propagating wave generated in the target tissue, as shown in
Figure 3A. The first step of dispersion analysis is to perform 2-
dimensional Fourier analysis (2DFT) on the source data, and the
output is expressed in the format of temporal frequency vs. spatial
frequency as in Figure 3B. In this study, the 2DFT was implemented
using the MATLAB built-in function for 2D fast Fourier transform
(2DFFT). Then, the phase velocity (cphase) at each temporal

frequency (f) can be obtained by first finding the spatial
frequency (1/λ) corresponding to the maximum value of the
spatial frequency profile at this temporal frequency from
Figure 3B, and then dividing the temporal frequency by the
spatial frequency value (Nenadic et al., 2013). The following
equation can mathematically express this step, and the obtained
dispersion curve is in Figure 3C.

cphase � f

1/λ � fλ (3)

2.5.2 Wave speed estimation based on
dispersion analysis

To retrieve the shear wave speed (cshear) of the target tissue,
which is required for estimating tissue elasticity, from the obtained
dispersion curve, an empirical formula (Equation 4) derived for
fitting the dispersion curve of layered structures (Couade et al., 2011;
Nguyen et al., 2011) was used. In this relationship, ω is the angular
frequency (ω � 2πf) and h is the thickness of the plate-like tissue
under test, which corresponds to the thickness of the rat heart
tissue specimen.

cphase �
�������
ωhcshear
2

�
3

√
√

(4)

To obtain a reliable estimate for the shear wave speed of the
target tissue, an effective phase velocity should be determined.
Here, an effective phase velocity is referred to as the phase
velocity corresponding to an effective frequency of the
recorded wave. This study defines an effective frequency as
one that falls within the spectral coverage of the top 1%
intensity of the 2DFFT of the processed signals, as in
Figure 3B. Although one effective frequency is needed to
identify an effective phase velocity, a range of effective
frequencies is typically available. If the variation over the
frequency range is not large, which is the case of this study,
an average value can be obtained as an estimate of effective
frequency. Thus, an effective phase velocity and corresponding
shear wave velocity can be obtained. At last, the elasticity of the
target tissue can be calculated using either Equation 1
or Equation 2.

2.6 Mechanical testing

Mechanical testing was also performed on the same heart tissue
specimen to examine the reliability and accuracy of the developed
ultrasonic guided wave elastography method in evaluating the
elasticity of rat heart tissue. Since mechanical testing is currently
the gold standard method for assessing the mechanical properties of
biomaterials, in this study, the elastic modulus obtained from
mechanical testing was used as reference values to determine the
reliability of the measurements obtained from ultrasound
elastography.

2.6.1 Planar biaxial tensile testing
Before the testing, white ink markers were placed in the center of

the practical test region for displacement tracking. Then, the
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specimen was mounted into the CellScale planar biaxial Biotester
(CellScale, Waterloo, Ontario) using custom-made tines to account
for its thickness. At last, the specimen was submerged in modified
Krebs-Henseleit buffer without calcium (K3753, Sigma) maintained
at 37 °C to mimic an in vivo physiological environment and to
inhibit muscle contraction of the left ventricle during mechanical
testing and ultrasound elastography.

During the testing, a preload of 10 mN was applied in both the
circumferential and longitudinal loading directions. Then, 11 cycles
of 20% equibiaxial strain followed, with each cycle containing 30 s of
stretching, 30 s of relaxing, and 5 s of resting. Elastography was
performed during the first eight cycles of the mechanical testing to
measure elasticity, while optical images were recorded during the
remaining cycles for stress-strain analysis.

2.6.2 Elasticity extraction
After the testing, the nominal stress tensor was calculated from

the measured loads in each cycle. The cross-sectional area of the
specimen used in this calculation is defined as the product of the
length and thickness of the specimen measured at the beginning of
the experiment. The engineering strain was computed using the
LabJoy® software (CellScale, Waterloo, Ontario) from the tracked
displacement of the optical markers.

To obtain the stress-strain data points for evaluating Young’s
modulus of the tissue specimen, the experimental stress-strain data
points over the three cycles (Cycle 9 to Cycle 11) were averaged for
analysis in both the circumferential and longitudinal directions. The
averaged stress-strain data formed a single, more reliable curve for
elasticity evaluation. It should be noted that mechanical testing was
performed in two directions (circumferential and longitudinal), but
ultrasound elastography was performed in only one direction
(longitudinal) in this pilot study. Therefore, only the results
obtained in the longitudinal direction will be compared in this
study. To get an estimate of the varying Young’s modulus of the
tissue specimen during mechanical testing, the stress-strain curve
was first divided into three regions with equal strain coverage (about

FIGURE 4
Wave speed evaluation for the tissue-mimicking gelatin phantoms using the group velocity-based method. (A) The B-mode image of the single-
layer gelatin phantom and the guidedwave speedmap in the region aremarked by a dashed rectangle. (B) The B-mode image of the bulk gelatin phantom
and the speed maps of the surface wave and shear wave in the marked regions of the same size as the guided wave. (C)Wave speed comparison among
the guided, surface, and shear waves generated in the same material and by the same excitation.

TABLE 1 Comparison of the average speed (�c) and standard deviation (δ) of
the guided, surface, and shear wave group velocities generated in the
gelatin phantoms.

Wave type �c (m/s) δ (m/s) δ/�c

Guided wave 4.03 0.35 8.68%

Surface wave 5.34 0.57 10.67%

Shear wave 7.06 0.98 13.88%
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6.3% each), and then linear regression was applied to each area for
calculating the slope as an estimate of the Young’s modulus.

3 Results

3.1 Wave speed evaluation for the tissue-
mimicking phantoms using the group
velocity-based method

The plate-like single-layer tissue-mimicking gelatin phantom
was tested first to check the feasibility of the proposed experimental
setup shown in Figure 1A for imaging layered tissue structures. It
was confirmed that acoustic radiation force impulse (ARFI) can
generate propagating waves in this phantom. Since the energy of
such acoustic waves is mainly confined within the layered structure

during propagation, these waves are commonly called guided waves.
In this study, the speed of the guided wave generated in the single-
layer gelatin phantom was evaluated by tracking its propagation
using the group velocity-based method. Figure 4A shows the speed
map of the generated guided wave acquired in the rectangular area of
2 mm by 4 mm, which is marked in the B-mode image of the single-
layer gelatin phantom. For comparison, the surface wave speed map
and shear wave speed map of the same size evaluated for the regions
marked in the B-mode image of the bulk gelatin phantom are shown
in Figure 4B. The average speeds of these speed maps and their
standard deviations were computed and listed in Table 1 and plotted
in Figure 4C.

Table 1; Figure 4C readily show that the speed of the guided
wave is the smallest of the three, 25% smaller than the surface wave
speed and 43% smaller than the shear wave speed. Because these
three waves are generated in the same material with different

FIGURE 5
Wave speed evaluation for the tissue-mimicking gelatin phantoms using the phase velocity-based method. (A) The B-mode images of the single-
layer and bulk gelatin phantoms show the location (dashed lines) for data selection. (B) 2DFFT of the space-time data selected from the single-layer
phantom demonstrates the effective frequency region. (C) Comparison of the phase and group velocities for the guided, surface, and shear waves.
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geometric conditions, the influence of medium geometry (or
boundary condition) on wave speed can be clearly observed.

3.2 Wave speed evaluation for the tissue-
mimicking phantoms using the phase
velocity-based method

The phase velocity-based method was applied to first evaluate
the phase velocities of all three types of waves (guided wave, surface
wave, and shear wave) investigated in this study and then to
calculate the guided wave’s corresponding shear wave speed
based on its phase velocity. The reason for retrieving the shear
wave speed from the guided wave generated in the single-layer
gelatin phantom is to perform tissue elasticity evaluation. This is
because shear wave speed is a material property not affected by
sample geometry, but guided wave speed is affected not only by
material property but also sample geometry.

The first step in obtaining the phase velocity of the waves is to
perform dispersion analysis. Different from the group velocity-based
method, in which a group velocity can be evaluated for every
position (pixel) of the field of view, the phase velocity-based
method can only provide a dispersion curve and corresponding
phase velocities for each axial position (corresponding to a lateral-
time data set). Figure 5A shows an example of choosing an axial
position for the dispersion analysis of each wave, in which the
dashed line indicates the path of each wave’s propagation.

Before evaluating the phase velocity from a dispersion curve
using Equation 3, the effective frequency range of the data under
analysis should be found. Figure 5B shows the 2DFFT of the lateral-

time domain data chosen from the single-layer gelatin phantomwith
only the top 1% intensity shown. From this figure, the effective
frequency range was identified as from 160 Hz to 580 Hz, and the
average and standard deviation of the dispersion curve within this
range were computed as the estimate of the phase velocity of the
guided wave and its standard deviation. The same operations were
also done for the surface wave and the shear wave, and the results
were listed in Table 2 and compared in Figure 5C. For comparison,
the group wave velocities of these three wave types were also
depicted in Figure 5C.

By comparing the ratios between the average and the
standard deviation of the wave speeds evaluated over the
range of effective frequency (δ/�c) listed in Table 2, it can be
readily seen that the ratio for the guided wave (20.55%) is much
larger than those for the surface wave (3.07%) and shear wave
(3.51%). This suggests that the phase velocity of the guided wave
experiences a significant variation over the range of effective
frequency (160 Hz–580 Hz). In contrast, those of the surface and
shear waves are relatively consistent. The main reason for this
phenomenon is that the guided wave in the layer gelatin phantom
is dispersive, but the surface wave and shear wave in the bulk
gelatin phantom are not. The comparison between the group
velocities and the phase velocities in Figure 5C confirms this
reasoning: for both the surface wave and shear wave, their phase
velocities are very close to their group velocities (with a difference
of 2% for the surface wave and 1% for shear wave), and so they are

TABLE 2 Comparison of the average speed (�c) and standard deviation (δ) of
the phase velocities of the guided, surface, and shear wave generated in the
gelatin phantoms.

Wave type �c (m/s) δ (m/s) δ/�c

Guided wave 3.26 0.67 20.55%

Surface wave 5.21 0.16 3.07%

Shear wave 7.13 0.25 3.51%

FIGURE 6
Shear wave speed retrieval from the dispersion curve of the
guided wave in the single-layer tissue-mimicking gelatin phantom.

TABLE 3 Comparison of the average speed (�c) and standard deviation (δ) of
the shear wave speed of the synthetic gelatin material acquired using three
different methods: the group velocity-based method (GVM), the phase
velocity-based method applied to the shear wave measurement (PVM-SW),
and the phase velocity-based method applied to the guided wave
measurement (PVM-GW).

Wave type �c (m/s) δ (m/s) δ/�c

GVM 7.06 0.98 13.88%

PVM-SW 7.13 0.25 3.51%

PVM-GW 6.61 0.31 4.69%

FIGURE 7
Retrieved shear wave speeds of the rat heart tissue specimen
during the stretching processes of three cycles of mechanical testing.
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not dispersive; for the guided wave, this difference is as much as
24%, and so it is dispersive.

For evaluating the elasticity of a layered tissue structure, the
corresponding shear wave speed should be retrieved from the
dispersion curve of the guided wave. This can be accomplished
by applying Equation 2 to the phase velocities over the range of
effective frequencies. Figure 6 depicts these calculated values of shear
wave speed over the effective frequency range; for comparison, it
also depicts the dispersion curve. To obtain an estimate of the shear
wave speed of the gelatin material (material property not affected by
sample geometry), the average and standard deviation of the shear
wave speeds retrieved shown in Figure 6 were calculated, and they
are 6.61 m/s and 0.31 m/s, respectively.

To assess the reliability of shear wave speed evaluation using the
phase velocity-based method applied to guided wave measurement
(PVM-GW), Table 3 compares the average and standard derivation
of shear wave speed evaluated from Figure 6 with those measured
using the group velocity-based method (GVM) as in Table 1 and the
phase velocity-based method applied to shear wave measurement
(PVM-SW) as in Table 2. The ratios between average speed and
standard derivation (δ/�c) in Table 3 shows PVM-GW has similar
consistency to PVM-SW in evaluating shear wave speed at effective
different frequencies, both of which are muchmore consistent than

GVM. More importantly, the average speed obtained using PVM-
GW has a difference of −7.29% and −6.37% from those obtained
using PVM-SW and GVM, respectively. In the field of ultrasound
elastography, such differences are acceptable, and they confirms
the feasibility of the phase velocity-based method (including
Equation 4) in evaluating the shear wave speed of a layered
tissue structure.

Thus, the proposed ultrasonic guided wave elastography
method, including the experimental setup in Figure 1A and the
phase velocity-based method for shear wave speed evaluation, was
established as a reliable elastography method for imaging layered
tissue structures and was ready to characterize the elasticity of the rat
heart tissue in this study.

3.3 Wave speed evaluation for the rat heart
tissue sample using the phase velocity-
based method

The phase velocity-based method was applied to evaluate the
shear wave speeds of the rat heart tissue under different mechanical
(stress and strain) states during the mechanical testing. The
evaluation was executed on the guided wave elastography
measurements, which were acquired during the stretching
process of these three cycles (Cycles 6–8) of mechanical testing.
Figure 7 shows the resultant shear wave speed estimates at their
corresponding measurement times. Because data acquisition was
done manually, the temporal gaps between two consecutive shear
wave speeds retrieved is not the same.

Figure 7 shows that the retrieved shear wave speed increases as
the mechanical stretching progresses for all three cycles. This speed
variation trend is expected because the heart tissue becomes

FIGURE 8
(A) The stress-strain curves were obtained in longitudinal and
circumferential directions from three cycles of mechanical testing.
The curve obtained in the longitudinal direction was divided into three
sections with low, middle, and high engineering strain for
estimating their corresponding Young’s modulus. (B) The Young’s
modulusmeasurementswere obtained from the low,middle, and high
sections defined in (A).

FIGURE 9
Young’s moduli of the rat heart tissue specimen were compared
using ultrasound elastography and mechanical testing. The
elastography measurements are presented as data points concerning
the testing time for Cycles six to Cycle eight of the mechanical
testing. The mechanical testing measurements are expressed as the
ranges for the low, middle, and high stress-strain states obtained from
Cycle nine to Cycle 11 of the mechanical testing.
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increasly stiffer along with stretching. Although the maximum and
minimum speed values are different among different cycles (they
were not obtained at the same relative time in each cycle), they
approximately fall into the range of 6.5 m/s to 17 m/s. Applying
Equation 1 and Equation 2, Young’s moduli of the rat heart tissue
corresponding to these retrieved shear wave speeds can be obtained
and discussed later.

3.4 Elasticity evaluation for the rat heart
tissue sample using mechanical testing

The mechanical testing results of the rat heart tissue specimen
are summarized in Figure 8. The stress-strain curves were obtained
by averaging the measurements of three cycles (Cycle 9 to Cycle 11)
in both circumferential and longitudinal directions, as in Figure 8A.
Since the ultrasonic-guided wave elastography was performed in the
longitudinal direction, only the stress-strain measurements obtained
in the longitudinal direction were processed. To provide a general
reference on the elasticity of the rat heart tissue for assessing the
performance of the proposed ultrasonic guided wave elastography
method, the longitudinal stress-strain curve was divided into three
sections (low, middle, and high sections in Figure 8A), and linear
regression was applied to these three sections for calculating Young’s
moduli. The resultant Young’s moduli and their standard deviations
are depicted in Figure 8B. From Figure 8B, we can see that Young’s
modulus of the heart tissue increases as the tissue is stretching.

3.5 Comparison of ultrasound elastography
and mechanical testing in tissue elasticity
measurement

Based on the retrieved shear wave speeds of the rat heart tissue
obtained from the guided wave elastography shown in Figure 7,
Young’s moduli of the tissue were computed using Equations 1, 2
and depicted in Figure 9. To assess the accuracy of the elasticity
measurements by ultrasonic guided wave elastography, the
measurements by mechanical testing shown in Figure 8B were
repeated in Figure 9 in the format of elasticity ranges for the low,
middle, and high stress-strain states defined in Figure 8A. It can be
readily observed that most of the data points obtained by ultrasound
elastography fall between the upper boundary of the high stress-
strain state and the lower boundary of the low stress-strain state.
Since the measurements by mechanical testing are treated as actual
values of tissue elasticity in this study, this observation suggests that
the proposed ultrasonic guided wave elastography method could
provide relatively reliable measurements for rat heart tissue.

4 Discussion and future prospects

4.1 Further development of the ultrasonic
guided wave elastography

Although this pilot study of cardiac elastography supports the
feasibility of ultrasonic guided wave elastography in characterizing

heart tissue elasticity, further studies of the developed method are
needed to improve its reliability.

One of the further studies is to investigate the accuracy of
converting the measured guided wave speed to shear wave speed.
Currently, we used the empirical relationship in Equation 4 without
examining its reliability. In future studies, both numerical and
experimental investigations should be performed to evaluate the
accuracy of this relationship. Considering the significant effect of
sample thickness on the guided wave properties, a thorough
investigation of the impact of sample thickness should be
emphasized.

Because the major goal of this study is to check the feasibility of
the developed method, a limited number of data sets were acquired
and processed for both guided wave elastography and mechanical
testing. For a more strict evaluation of the proposed ultrasound
method, a detailed comparison of measurements between the two
methods should be obtained. Taking the mechanical testing
measurements as the actual values of tissue elasticity, the
accuracy or error of the ultrasound-based measurements should
be evaluated. If such a further comparison reaches the same
conclusion as this study, the technology developed in this work
will be ready for in vivo study.

4.2 Applying the developed ultrasonic
guided wave elastography method to in vivo
cardiac imaging in rodent models

With the feasibility of the developed ultrasonic guided wave
elastography confirmed in this ex vivo study, the logical next step is
to test its feasibility in vivo cardiac imaging in a rodent model. In
such endeavors, challenges may occur, and adjustments to the
developed method will be necessary.

One of the challenges is guided wave excitation. In this study,
guided waves were excited in heart tissue using a very high
frequency (15 MHz), which may not be effective for in vivo
studies due to the high attenuation and the corresponding low
penetration of high-frequency sound. To address this challenge,
the single-transducer ultrasound elastography approach, in
which elastic wave generation and tracking are performed by
the same transducer, may be replaced by a dual-transducer
approach, in which a low-frequency transducer is used to
generate elastic waves and a high-frequency transducer to
track the generated waves. Our preliminary in vivo studies
show it is feasible to use a 5 MHz pencil case transducer to
generate guided waves and use the high-frequency transducer,
i.e., L22-14vLF, to track the generated waves. Another solution to
this problem is to choose a relatively high-frequency transducer,
such as a 10 MHz transducer, which can provide decent wave
excitation power as well as high-resolution imaging for in vivo
studies while using the single-transducer approach.

Another challenge is the selection of a coupling medium for
ultrasound transmission. Water was used in this ex vivo study, but it
is inconvenient for in vivo studies. To address this issue, typical
ultrasound gel can replace water without affecting the wave
properties, as confirmed in our investigation of surface acoustic
wave elastography (Liu et al., 2023).
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5 Conclusion

This study developed an ultrasound elastography method,
namely, ultrasonic guided wave elastography, under ex vivo
conditions for characterizing the biomechanical properties of
heart tissues in a rodent model. The feasibility of the proposed
method was first tested on two tissue-mimicking gelatin
phantoms, one of which has a single-layer structure
mimicking heart tissue. By comparing the wave speed
measurements obtained using the group velocity-based and
phase velocity-based methods, the proposed ultrasound
elastography technique, including experimental configuration
and data processing method, was demonstrated feasible. Then,
the proposed method was applied to image the rat heart tissue
specimen during biaxial tensile mechanical testing. A good match
was observed between the elasticity measurements obtained by
the proposed ultrasound elastography method and the
mechanical testing. Considering mechanical testing is the gold
standard for characterizing the mechanical properties of
biomaterials such as heart tissue, the results of this work
validate the proposed ultrasonic guided wave elastography
method as a feasible approach for characterizing cardiac tissue
elasticity.
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