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Abstract—Conventional imaging of diagnostic ultrasound is
widely used. Although it makes the differences in the soft tissues
echogenicities’ apparent and clear, it fails in describing and
estimating the soft tissue mechanical properties. It cannot
portray their mechanical properties, such as the elasticity and
stiffness. Estimating the mechanical properties increases chances
of the identification of lesions or any pathological changes.
Physicians are now characterizing the tissue’s mechanical
properties as diagnostic metrics. Estimating the tissue’s
mechanical properties is achieved by applying a force on the
tissue and calculating the resulted shear wave speed. Due to the
difficulty of calculating the shear wave speed precisely inside the
tissue, it is estimated by analyzing ultrasound images of the tissue
at a very high frame rate. In this paper, the shear wave speed is
estimated using finite element analysis. A model is constructed to
simulate the tissue’s mechanical properties. For a generalized
soft tissue model, Agar-gelatine model is used because it has
properties similar to that of the soft tissue. A point force is
applied at the center of the proposed model. As a result of this
force, a deformation is caused. Peak displacements are tracked
along the lateral dimension of the model for estimating the shear
wave speed of the propagating wave using the Time-To-Peak
displacement (TTP) method. Experimental results have shown
that the estimated speed of the shear wave is 5.2 m/sec. The speed
value is calculated according to shear wave speed equation equals
about 5.7 m/sec; this means that our speed estimation system’s
accuracy is about 91 %, which is reasonable shear wave speed
estimation accuracy with a less computational power compared
to other tracking methods.

Keywords—Elasticity Imaging; Acoustic radiation force
impulse (ARFI); Shear wave elasticity imaging; Soft tissue stiffness
imaging

. INTRODUCTION

Replacing healthy soft tissues by fibrotic tissues is the
pathological change that may cause a malignhant or benign
tumor. The stiffness of these pathologic tissues is higher than
the surrounding [1]. Elastic modulus is a measurand for the
stiffness. It is the measure of the material’s resistance to
deformation in either compression or tension namely the
elasticity modulus (E) and in shear namely the shear modulus
(W [2]. Muscles and fibrous tissue are more resistant to
deformation than other compliant tissues such as fat, due to
their higher elastic moduli [3-5].

Deformation; is a result of stress over the tissue; formerly,
it was manual palpation over the tissue. Nowadays, it is the
beat or the push that is caused by the acoustic radiation force
generated by the ultrasound probe, a procedure called
Elastography procedure. This procedure can be accomplished
by many methods. These methods are classified regarding
either the obtained images or the source of excitation.

Regarding the obtained images, these methods are either
qualitative; revealing relative stiffness differences; or
quantitative; leading to an estimate for the underlying tissue
elastic modulus using reconstruction methods. Also,
classification regarding the source of excitation these methods
are either external; which are the dynamic external methods
and static external compression methods for mechanical
excitation; or internal; like the physiological motion of the
tissue itself or an acoustic radiation force (ARF).

In this paper, a model is constructed simulating the soft
tissue’s mechanical properties. The model simulated the Agar-
gelatine phantom, due to its similarity in behavior to soft
tissue, where the agar is considered to act as scatterers and
gelatin is considered to introduce the elasticity for the model.

A transient ARF is applied to the model to induce
scatterers displacements. Then, peak displacements are
tracked using Time-To-Peak displacement (TTP) method
along the lateral direction starting from the focal zone and
moving away towards either of the lateral edges. Speed; of the
shear wave generated by the propagation of the peak
displacements; is then estimated by calculating the time taken
by the wave to reach a specific point on the lateral direction
divided by the distance.

This paper is organized as follows, firstly an introduction
section about elastography and its major methods, and a
background section about the elastography mathematics. Then
a literature review section; about the progression in the field of
elastography applications starting from its origin till the recent
application and the major imaging techniques; is presented. A
methodology section demonstrating the FEM generation and
ARFI application and acquisition procedure is introduced.
Finally, results, discussion, and conclusion sections are given.
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Il.  BACKGROUND

This section aims to give the reader a proper background
about the mathematical equations involved in the field of
elastography, the assumptions made to simplify the
calculations and the limitations that are found if the tissue is
modeled as viscoelastic and non-linear.

Firstly, it is worth speaking about the strain, which is the
deformation caused by the stress, and to highlight its behavior
in the finite element models and its relationship with
displacement induced. Strain (€) is related to the tissue
displacement by (1) [1, 2], and shown in Figure 1.

€= ()(Vu" +Vu) (1)
where Vu is the spatial displacement gradient, and T is the
transpose operation.

Fig. 1. Spatial displacement gradient

The dynamic displacement response of the soft tissue can
be tracked by using the cross-correlation and Doppler-based
auto-correlation; such as Kasai’s method [6]. The resolution of
the tracking methods is not fixed along the lateral and the
axial directions. It is better in the axial direction (it is actually
fractions of a micrometer) than in the lateral one (a few tens of
micrometers) [7]. Axial direction is chosen, because it is the
direction of better resolution. Another issue that should be
considered is the homogeneity of soft tissues whereas
materials constituting them are not homogeneous. Many
assumptions are proposed in that field (elasticity imaging
field) to simplify the interpretation and the analysis of images
obtained. The most common assumptions for the tissue
material are [1, 2]:

a) Stress-strain relationship of the tissue is linear.
b) The tissue is elastic.
¢) The tissue is isotropic.
Under these assumptions we conclude the relation between
stress (o) and strain (¢) to be given by (2) [2].
c=Ee¢ 2
where E is the elasticity modulus in KPa.
Another way to estimate the tissue’s elastic properties is
by tracking the propagation of the shear waves generated

inside the tissue. Shear waves propagate orthogonally to the
direction of the propagation of the ultrasonic compressive
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waves; i.e. perpendicular to the direction of the induced tissue
displacement.

Under the preceding assumptions of the tissue material, the
equation of the shear modulus is given by (3) [1].

62
wrtu = p(55) =0 ©)
where p is the material density in Kg/m3, V2 is the
Laplacian operator and t is the time.

The speed of the propagation of the shear wave is also
related to the shear modulus according to (4).

c, = \/% @)

Moreover; the shear modulus is related to the elasticity
modulus by (5) [1, 2].

_E
H= 2(1+v)
where v is the Poisson’s ratio.

(®)

There are two deviations from the above assumptions
when modeling the tissue as viscoelastic and non-linear:

a) Considering the viscosity of the tissue results in a
dependence of the tissue stiffness on the excitation frequency.
Higher excitation frequencies yield a stiffer tissue response
compared to lower excitation frequencies. In other words;
both the elastic and shear modulus is a function of the
frequency (E (f) and p (f)) [8]. A frequency dependent shear
modulus will result in a frequency dependent shear wave
speed, a phenomenon called Dispersion.

b) Furthermore, as a result of the introduction of the
viscosity term, the tissue would absorb some of the imparted
energy.

Nonlinearities imply that the strain in response to an
applied stress is dependent on the absolute stress that is
applied to the tissue; hence, the elastic moduli are a function
of strain (E (¢) and p (€)) [1].

I1l.  LITERATURE REVIEW

Elasticity imaging methods adopt one concept which is
applying either a mechanical excitation or stress to tissues.
Stress can be from external or internal excitation source. The
internal source may be the physiological motion of the tissue
itself or an acoustic radiation force (ARF). The resulting tissue
deformation (displacement) is measured in response to that
excitation using ultrasound, magnetic resonance or optical
methods [1].

Based on the Helmholtz model for shear wave
propagation; introduced by equations (3), (4) and (5); the
measured tissue deformation can be related to tissue stiffness.
When the imaging methods were first proposed, the excitation
source was obtained and considered as the physiological
pulsation of the tissue itself, and ultrasound was used to
monitor the tissue response [9, 10]. Then, dynamic methods
were introduced, where dynamic external vibration is used to
create shear waves inside the tissue to be studied
(Sonoelasticity) [11] and methods using external static
compression for mechanical excitation (strain imaging) [12].
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The excitation using Acoustic Radiation Force Impulse
(ARFI) was introduced in the early 90s by Sugimoto et al.
[13]. This method has an advantage of coupling the source of
excitation to the organ under study directly, rather than being
coupled through intervening tissues. Greenleaf et al. and
Parker et al. provide efficient reviews of elasticity imaging
methods [14, 15]. Nyborg et al. [16, 17] introduced a model of
the tissue to be acting as a viscoelastic fluid in response to the
ultrasonic wave propagation, and under plane wave
assumptions, the ARFI is given by (6).

F=2 (6)

where o (dB/cm.MHz) is the acoustic absorption

coefficient of the tissue, | is the temporal average intensity of
the wave and C (m/sec.) is the speed of sound in tissue.

Besides, the contribution of scattering is neglected because
the majority of attenuation arises from absorption [17]. The
relationship between the depth and the frequency should be
considered. The attenuation increases by increasing depth for
higher frequencies. As a result, there is an optimal frequency
for each depth which depends on the attenuation-frequency
tradeoff.

The ARFI can be applied for different temporal duration’s
methods, such as the quasi-statically, transient method, and
harmonic method [1, 8]: the Quasi-static method which
proposes that; the excitation pulses are applied on the tissue to
reach a steady state response, typically longer than one
second; the transient method which proposes that the
excitation is applied for a very short duration, typically a
temporal impulse, faster than the natural frequency of the
tissue associated with the dynamic tissue response; and the
Harmonic method which proposes the application of the
impulse in a harmonic way; a pulsed manner; to achieve a
sinusoidal tissue excitation of one or more frequencies.

Applying a specific stress (force) then measuring the
corresponding mechanical response is considered as the most
common method for elasticity imaging. By having variations
in the duration of the applied force and different measuring
methods, a variety of imaging methods have been obtained,
each having advantages and drawbacks [18]. A brief about the
most common methods is given in the following sub-section.

A. Sonoelasticity

Harmonic shear waves are generated mechanically by
using external actuators in contact with the skin. Doppler or
any other imaging technique is used for measurement of wave
propagation [19].

Krouskop et al. induced the shear wave inside the muscle
tissue of thigh using a motorized actuator placed on the medial
side of the thigh. The ultrasound transducer was put on the
lateral side of the thigh to measure the wave propagation using
Doppler methods [19]. On the other hand, Lerner et al.
proposed the use of the acoustic horn to generate the waves in
the phantom and the use of colored Doppler for measurement
[20]. Shear wave velocities distribution is obtained by Sono-
elastography for phantoms, human prostates, and skeletal
muscles [21].
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B. Acoustic Radiation Force Impulse (ARFI) imaging

Acoustic radiation force impulse (ARFI) is defined as the
force resulting from the momentum transfer from the
propagating ultrasound wave through the tissue due to
absorption and scattering mechanisms [16]. Displacements in
tissue can be generated using a focused force impulse, these
displacements (deformations) are relaxed and the tissue
returns to its original position by the removal of the force [22].

In response to this focused force, the tissue within the
region of excitation (ROE) is deformed and shear waves are
generated and propagate away from the ROE. After this short
duration excitation is achieved, an ordinary imaging procedure
is done to image these waves departure along the transverse
direction of the ROE. Along a single line, excitation is
accomplished and measurement is made, then, another
adjacent line is investigated and so on till the image of tissue
response is constructed. The tissue response is characterized
by a set of parameters; the peak displacement, and the time the
tissue takes to reach the peak displacement and the recovery
time [23].

This method has been used for many applications. It is
used with phantom tissue imaging [24], imaging thermally
induced lesions [25], abdominal imaging of lesions [26],
human prostate imaging [27] and imaging of cardiovascular
vessels [28, 29].

C. Transient Elastography

An external source of vibrations is used to generate waves
and to provide a single cycle of low frequency; typically 40-50
Hz. Compressional and shear waves are generated together by
this sort of excitation. Fortunately, they are separated from
each other by the time lag between them, as the compressional
wave is much faster than the shear one [30, 31]. Transient
excitations avoid biases caused by the sinusoidal excitations of
cylindrical source [30, 31].

Motion tracking is the most important part of this method,
where cross-correlation is used to locate the time shift
between two echo signals, and by knowing the speed of sound
in tissue we can estimate how much motion has occurred
inside the tissue.

Dutt et al. were pioneers to use mechanical actuation and
to obtain a measurement of shear waves using this method
[32]. Transient elastography can be used to measure stiffness
in phantoms, breast, and skeletal muscle [33].

D. Shear Wave Elasticity Imaging

The modulated ultrasound beam that generates acoustic
radiation force was not used until Nightengale and Trahey
have made their experiments on the proposed theory of
Sarvazyan et al [34]. The generated force, when applied to the
tissue, generates the shear waves that are detected by any
other method. It is used to palpate the tissue but from the
inside. Thereby, it has replaced the physicians’ finger and is
used as a virtual finger. Having high localization of induced
strain; due to high attenuation after a few micrometers away
from the ROE; was the main difference between this method
and any other elasticity imaging method.
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The high absorption feature of these newly generated
waves was the most important reason for the feasibility of
using it. Then, an induced vibration is possible to be located in
a very tiny portion of the tissue, namely in the focal zone.

In this technique, the major drawback is the small value of
deformation. Hence, very complex signal processing methods
are required to accurately estimate the motion [35-37]. This
method has been used for investigation of phantoms, liver,
prostate, and cardiac tissue [38, 39].

E. Supersonic Shear Imaging

In the preceding methods mentioned, the imaging
procedure was made along a single line and with single focal
point probably the focal point. The supersonic shear imaging
involves investigation to be done with multiple focal points
for the same line. The focal point is changed axially along the
vertical beam with a speed much higher than the propagation
speed of the shear wave resulted [40]. The multiple shear
waves resulting from many focal locations (axially)
constructively interfere to construct a conical shear wave [41].

This results in a Mach cone, where the Mach number of
excitation can be adjusted to make the shear wave
directionally oriented. It can be used for phantoms, liver,
skeletal muscle and breast assessments [42].

It has been noticed that in viscous fluids, applying acoustic
radiation force generates acoustic streaming or fluid flow, and
this fluid flow has a velocity proportional to the fluid viscosity
and the boundary condition. It is worthy to mention that
phenomenon as it helped greatly in breast cancer detection and
differentiation.

Starritt et al. were the first to investigate this phenomenon
of generation of acoustic streaming. Nightingale et al. were
the first to use it to differentiate between the fluid filled and
solid lesions in the breast. This was achieved by interspersing
pushing pulses with Doppler pulses to detect the resulting
fluid flow using Doppler techniques [34].

IV. METHODOLOGY

In this search, a FEM is constructed and given the
mechanical properties of the Agar-gelatine phantom by a
Finite Element Modelling software LISA FEA V8.0. For
estimating the mechanical properties of this phantom by
ultrasound imaging of the shear wave, a point force is applied
for about 0.01 seconds in a transient manner. The resulting
shear wave is then tracked by B-mode ultrasound imaging at a
high frame rate and its speed is estimated to calculate the
stiffness of the phantom; which is a mechanical property of
the phantom; using Matlab software version R2010a. Tracking
the shear wave propagation off-axis and measuring its velocity
is a necessary process to have a quantitative map of elasticity
for the tissue under consideration.

Tracking process is performed at several stationary nodes
inside the model; where every node gives a curve of its
displacement versus time profile from which we estimate the
speed of the propagated wave. During its propagation; the
shear wave; covers a few meters per second, and a specific
frame rate (FR) is needed to appropriately catch the
propagating peak leading to a good estimation of the wave’s
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speed. Hence, a frame rate of several kilohertz is needed to
have a good estimation for the speed since the conventional
ultrasound scanners are not efficient due to their low frame
rates; typically reaching about 50 to 60 frames per second
[43].

The block diagram of the proposed method is shown in
Figure 2.

FEM
Generation

4 Field-11
Reference frame

Applying ARFI

\

Field-I1
Deformed frames

Peak
Displacement
tracking

Lateral TTP
curves

Shear Wave
Speed estimation

Fig. 2. Block diagram of the methodology

A. FEM Mesh generation

The experiment is performed using an elastic Agar-
gelatine model. The choice of this material is due to the ability
of the gelatine to maintain the stiffness of the phantom, and
the ability of the agar to act as scatterers for the ultrasound
waves in the phantom. A FEM mesh for this phantom is
generated by a Finite Element Modelling (FEM) software
LISA FEA V8.0 to simulate its behaviour at applying the
acoustic radiation force impulse (ARFI). The FEM is a square
shaped plate and unity in dimensions (1m side length), this
square shaped plate resembles the plane inside which the
ARFI is generated and the shear wave propagation takes place.

Dividing this model to small squares; by Meshing
techniques; provides an accurate displacement calculations’
leading to a good estimation of the shear wave speed, each
sub-square is attached to its neighbourhood by nodes.

It is at these nodes where the wave tracking takes place,
this is achieved by tracking the peak displacements using B-
mode ultrasound imaging. Differences in times for reaching
the peak displacement at two or more successive nodes are
calculated to provide the speed estimation. The mesh consists
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of 1105 nodes and 1024 elements, where the opposing face to
the transducer is constrained completely and the face where
the transducer touches is allowed to move in the perpendicular
direction; i.e. the direction of the shear wave and other faces
are allowed to move freely in all directions. The distance
between any two successive nodes in the lateral direction is
0.015625 meters. The phantom is shown Figure 3.

Axial
position

Lateral position

@

(b)
Fig. 3. Slice of the phantom, and (b) Square shaped 1m side length of the
Agar-gelatine phantom

Assigning the material mechanical parameters of the Agar-
gelatine phantom for the simulated model to act as a real
material, those properties are listed in Table 1.

TABLE I. MATERIAL MECHANICAL PARAMETERS FOR AGAR-GELATINE
PHANTOM

Material parameter Value Unit

Young'’s modulus (Eo) 107585 Pa

Shear modulus (G,) 35886 Pa

Poisson’s ratio (v,) 0.499 ---

Density (p) 1060 Kg/m?

B. Acoustic Radiation Force Impulse (ARFI) generation

After generating the mesh nodes, the ARFI is generated
and applied on the model. A point source force is generated by
LISA FEA V8.0 program and applied at the centre of the mesh
model; equally at the focal point of the ultrasound beam in the
axial direction; this force is applied for a very short duration,
typically 0.02 second and less. The force is applied in a
gradually increasing manner, and is removed in a gradually
decreasing manner as well; each part of the applying and the
removal of the force take typically 0.01 second; as shown
clearly in Figure 4.

The time of investigation is 50 milliseconds; the force is
induced within 10 milliseconds to reach its peak, and another
10 milliseconds to be fully removed and to reach zero
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magnitude, summing up for 20 milliseconds of excitation. The
rest of the time is for the tracking B-mode imaging procedure.

12000
10000
8000 A
6000
4000
2000

0
-2000 ) 002 004 0.06
Time (Sec.)

Force (N)

2\
=\
==\

Fig. 4. Force magnitude versus the time of excitation

C. Acquisition Sequence

In the beginning, the medium is investigated by using a
plane wave. This results in providing a reference frame. Then,
the pushing sequence is sent by focusing the ultrasound beam
to the area of interest (the focal zone of the beam is the area of
interest) for a very short duration, typically about 20
milliseconds.

Just after the generation of the pushing pulse, an ordinary
B-mode imaging procedure is carried out to catch the progress
of the wave propagation through the model [43]. The B-mode
imaging of the shear wave propagation is carried out by a very
high frame rate, almost 1000 frames per second and up [43].
For investigating any other region in the model, the last
procedure is repeated after modifying the focal zone of the
beam.

For visualization of the propagation of the wave, the peak
of the wave is plotted versus time profile for the whole model.
The speed can be estimated from this visualization.
Converting 3D visualizations to 2D curves of nodes
displacements versus time profiles is more efficient for
estimating the speed of the shear wave as proposed in [44].
For more feasibility of the calculations, one of the sides of the
curve is selected to calculate the shear wave speed from it, by
tracking the peak displacement. This is proposed by Ned C.
Rouze in [45] and shown in Figure 5.

8

displacement (um)
O =2 N W A OO N

&
o
(4]

10 15
time (ms)

Fig. 5. Single sided curve for estimating the shear wave speed at different
lateral positions along the time profile [45]
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V. RESULTS

In this section, results for the Agar-gelatine phantom are
reported for mechanical properties presented in Table 1.
Results are obtained by using both the Finite Element
Analysis software LISA in conjunction with Matlab software.

The shear wave speed is estimated using the Time-To-
Peak  displacement (TTP) method.  Time-To-Peak
displacement is defined as the time taken by a specific part of
tissue to reach its maximum displacement. It is a characteristic
for each tissue. Simply, the shear wave speed is estimated as
the distance difference between two nodes divided by the time
difference at which the TTPs are occurring for these two
nodes. Yet, for a good estimation of the shear wave speed,
more nodes are involved in the calculation where the average
is calculated.

For calculating the TTP, the displacement profile for each
node with time must be obtained. In other words, to observe
the specific time at which the node reaches its peak
displacement. The displacement profile for the central node of
excitation is obtained as shown in Figure 6. It is clear from the
figure that at t = 0.014 sec. the maximum displacement has
taken place. The force is applied at the central node.

__09
g 08 /\
GE’ 0.7 / \ == Central-
2 06 / \ node
sl / \
2 05 i
‘g 0.4 / \
€ 03
g / \
& 0.2
201 /
[a]

0

0 0.02 0.04 0.06

Time (Sec.)
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Fig. 7. Displacements profiles for five successive nodes away from the
central node

The shear wave speed is calculated as the average value of
the quotients, of distance difference between two successive
nodes divided by the difference in the TTPs for these same
two nodes, for eight nodes, and given by (7) and (8).

Cou= T @)
n.(c

Carg = il Cnncr) " S ®)

The following tables (2), (3), and (4) show different

obtained values for the shear wave speeds at each successive

two nodes. The average speed is found to be 5.2083 (m/sec) at

its optimum case of 0.001 seconds as a time difference
between each two successive frames.

Fig. 6. Displacement magnitude profile

Having displacement profiles for the nodes that are
laterally away from the node at which the excitation happens,
allows precise estimation of the shear wave speed, by
calculating their successive TTPs.

Figure 7 shows clearly the displacements profiles for five
successive nodes away from the central node, where the TTPs
are calculated from them. Moving outwards from the central
node, peaks are observed to be gradually decreasing as the
node gets farther.

TABLE I. SHEAR WAVE SPEEDS AT 8 DIFFERENT NODES AT 0.001 SEC

DIFFERENCE BETWEEN EACH TWO SUCCESSIVE FRAMES
Node no Ax (m) At (sec.) C (m/sec.)

0,1 0.015625 0.003 5.2083
1,2 0.015625 0.003 5.2083
2,3 0.015625 0.003 5.2083
3,4 0.015625 0.003 5.2083
4,5 0.015625 0.003 5.2083
5,6 0.015625 0.003 5.2083
6,7 0.015625 0.003 5.2083

TABLE Il SHEAR WAVE SPEEDS AT 8 DIFFERENT NODES AT 0.0009 SEC
DIFFERENCE BETWEEN EACH TWO SUCCESSIVE FRAMES

Node no Ax (m) At (sec.) C (m/sec.)

0,1 0.015625 0.003 5.2083
1,2 0.015625 0.004 3.9063
2,3 0.015625 0.004 3.9063
3,4 0.015625 0.004 3.9063
4,5 0.015625 0.004 3.9063
5,6 0.015625 0.003 5.2083
6,7 0.015625 0.003 5.2083
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TABLE Ill.  SHEAR WAVE SPEEDS AT 8 DIFFERENT NODES AT 0.0005 SEC
DIFFERENCE BETWEEN EACH TWO SUCCESSIVE FRAMES
Node no AX (m) At (sec.) C (m/sec.)
0,1 0.015625 0.006 2.6042
1,2 0.015625 0.007 2.2321
2,3 0.015625 0.007 5.2083
3,4 0.015625 0.003 5.2083
4,5 0.015625 0 NaN
5,6 0.015625 0 NaN
6, 7 0.015625 0 NaN
6
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Fig. 8. Laterally probed velocities at different frame rates: (a) at 1 KHz, (b)

at 1.1 KHz, and (c) at 2 KHz
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VI. DISCUSSION

From previous tables, it is clear that estimating the shear
wave speed does not give a fixed value for the speed. On other
words, there is a tradeoff between the estimated speed and the
frame rate used for the estimation process. There is an
optimum frame rate that leads to the estimation of the closest
speed value, although higher frame rates give closest
estimated value.

In our experiments, the optimum frame rate is found to be
1 KHz (each frame of imaging takes about 0.001 sec). Other
frame rates were found to give fluctuating velocities around 5
m/seconds as shown in Figure 8. The optimum frame rate in
these experiments led to a velocity of 5.2 m/sec. This is a
characteristic for this phantom.

On the first laterally probed velocities curve, it is observed
that velocities are fixed and independent on the node lateral
position inside the phantom. Other laterally probed velocities
curves show the instability of the speed and its dependency on
the node lateral position.

The calculated shear wave speed for the phantom under
study is about 5.7 m/sec. The deviation of our results from the
calculated is due to the insufficient number of nodes involved
in the phantom construction, yet the speed estimation does not
give a precise value as the calculated one. Moreover, the
distance between the nodes in the x-direction is predicted to
have a role in a good estimation of the speed. As the nodes are
the stationary stations from which we monitor the propagation
of the wave, less distance means better tracking for the peak
displacement.

All methods using external actuators and external vibrating
sources are introducing a proper deformation value, which is
large enough to be picked up and processed. This facilitates
the measurement process of tissue nonlinearities. This also has
the drawback of complex hardware to achieve such a function.
Amongst these methods, Sono elasticity and transient
elasticity.

On the other hand, methods which utilize ARFI have the
advantage of using the same ultrasound scanner for excitation
and imaging, i.e. the same scanner for probing and
measurement. The only disadvantage, here, is that the
intensity of the excitation pulse must be kept under certain
limit due to the mechanical and thermal considerations when
dealing with ultrasound waves [46].

These unwanted bio-effects limits the intensity of
excitation, and hence the induced deformation to less than 30
pum. This also limits the shear wave’s estimation beyond 6 or 7
cm, due to high attenuation. Furthermore, as mentioned
earlier, the high attenuation is considered an advantage, where
it produces highly localized shear waves [46].

As far as we know, there is no formula to predict the
relationship between the excitation frequency and the
elasticity moduli. If we take into consideration that the tissue
particles may be modeled as a vibrating pendulum, there will
be some excitation frequency that will have no action on these
particles, as their moment of inertia will be very high for that
frequency. In other words, shear waves will not be generated
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and hence the tissue will be misestimated to having low
modulus of elasticity, but, in reality it is not. This critical
frequency or any frequencies approaching it should not be
used as they deflect the estimation. This critical excitation
frequency will be investigated in our future work.

VIlI. CONCLUSION

In this paper, shear wave speed is estimated for the Agar-
gelatine. A phantom with specific mechanical properties from
literature is used. A model for this phantom is generated by a
finite element modeling software to simulate its behavior. A
point source force is applied at the focal point, which is the
center of the phantom, to stimulate the shear wave
propagation. TTP method is used to estimate the speed. The
estimated speed is found to be 5.2 m/sec; while the calculated
one is 5.7 m/sec. The difference between both of them arises
from the shortage of the number of nodes by which the model
has been constructed. Further investigation will be carried out
to improve the results and to study the effect of the excitation
frequency on the estimated speed.
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