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Abstract Shear wave propagation speed has been regar-

ded as an attractive indicator for quantitatively measuring

the intrinsic mechanical properties of soft tissues. While

most existing techniques use acoustic radiation force

(ARF) excitation with focal spot region based on linear

array transducers, we try to employ a special ARF with a

focal line region and apply it to viscoelastic materials to

create shear waves. First, a two-dimensional capacitive

micromachined ultrasonic transducer with 64� 128 fully

controllable elements is realised and simulated to generate

this special ARF. Then three-dimensional finite element

models are developed to simulate the resulting shear wave

propagation through tissue phantom materials. Three dif-

ferent phantoms are explored in our simulation study using:

(a) an isotropic viscoelastic medium, (b) within a cylin-

drical inclusion, and (c) a transverse isotropic viscoelastic

medium. For each phantom, the ARF creates a quasi-plane

shear wave which has a preferential propagation direction

perpendicular to the focal line excitation. The propagation

of the quasi-plane shear wave is investigated and then used

to reconstruct shear moduli sequentially after the estima-

tion of shear wave speed. In the phantom with a transverse

isotropic viscoelastic medium, the anisotropy results in

maximum speed parallel to the fiber direction and mini-

mum speed perpendicular to the fiber direction. The sim-

ulation results show that the line excitation extends the

displacement field to obtain a large imaging field in com-

parison with spot excitation, and demonstrate its potential

usage in measuring the mechanical properties of aniso-

tropic tissues.

Keywords Elastography � Acoustic radiation force �
Shear wave � Finite element � 2D CMUT array

Introduction

Changes in soft tissue biomechanics (eg. elasticity) are

generally related to pathological phenomena. To determine

the tissue biomechanical properties, a variety of ultra-

sound-based techniques have been developed in research

laboratories over the last two decades [1, 2]. Quasi-static

elastography [3–5], which can measure strain based on soft

tissue deformation caused by minimal compression, is

regarded as a qualitative approach. It is useful for tumor

detection; however, for many clinical applications, quan-

titative information of tissue intrinsic properties can be of

extraordinary significance, especially for liver fibrosis

analysis [6] and lesion characterization [7]. Although a

number of efforts [8, 9] have attempted to estimate tissue

mechanical parameters by solving the quasi-static elasto-

graphic inverse problem, assuming a given model and set

of boundary conditions, such approaches become imprac-

ticable when information regarding geometry and hetero-

geneity is not available at the outset [1]. Shear wave
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elastography is attractive because of its ability to quanti-

tatively measure the intrinsic biomechanical properties

without a priori assumptions. The development of shear

wave elastography is potentially a promising imaging

technology in clinical practice [10].

Shear wave based elasticity imaging methods involve

the excitation of soft tissue by either an external mechan-

ical vibrational stimulus [11–13] or acoustic radiation force

(ARF) [14–19], followed by monitoring the resulting shear

wave propagation using either ultrasound [15–18], mag-

netic resonance (MR) [14] or optical imaging methods

[19]. Unlike external mechanical vibration that is super-

imposed on the tissue surface, ARF methods apply a force

directly inside the region of interest (ROI) and are less

confined to external boundaries, and thereby enabling

much more versatility. The ARF can be generated via a

general ultrasound transducer [14] or diagnostic ultrasound

transducer [15]. In most cases, ultrasonic beams from lin-

ear array transducers are focused into a spot area to obtain

ARF of sufficient intensity. However, by controlling the

ARF excitation within a very small area, the remotely

induced displacement field or shear waves are restricted to

a very limited area of tissue inside the vicinity of the focal

point. Since elasticity map for tissue region of interest

(ROI) is synthesized from datasets collected from multiple

sequential excitation locations, small regions of excitation

(ROE), the reconstruction of images tends to be a time-

consuming process. The supersonic shear imaging (SSI)

technique [16] extends the ROE by sequentially applying

multiple ARF excitations at increasing focal depths. In SSI,

each excitation, also generated by a linear array transducer,

is moved at a supersonic speed and eventually creates a

quasi-plane shear wave source. This technique can be

extended to perform shear wave spectroscopy (SWS) by

controlling the propagation of shear waves in different

frequencies [20]. Recently by using multiple focused or

unfocused beams, researchers have developed technique

that is able to reconstruct a full field-of-view shear wave

speed map in one rapid data acquisition, called Comb-push

ultrasound shear elastography (CUSE) [21, 22] and then

extended to a more flexible framework with steered push

beam (SPB) method [23]. Attention has also been drawn to

studying the mechanical properties of muscles, which are

anisotropic tissues, using shear wave elastography [24–26].

It is found that shear wave propagation in anisotropic

medium is complex if it is generated by a spot focal region

[26]. In [27], we have designed an special ARF with focal

line region, using a 2-D capacitive micromachined ultra-

sonic transducer (CMUT) with 64 � 128 fully controllable

elements. The shape of the ARF has a length of about

16 mm along the elevational direction, which tends to

extend the ROE to a large scale. In this paper, we continue

to study the feasibility of generating quasi-plane shear

waves via this ARF in a focal line, and demonstrate its

possible usage in the measurement of anisotropic elasticity.

Finite element modeling is adopted in this work to

simulate the propagation of shear waves induced by the

ARF with a focal line region. Over the past decade, finite

element methods have been adopted by several groups to

model tissue response to ARF excitation, and these meth-

ods have been regarded as effective verification of theo-

retical results and to assist the implemented experimental

design [28–31]. In most present studies, soft tissues are

regarded as homogeneous, isotropic and viscoelastic. For

those anisotropic tissues, such as muscles, they are con-

sidered to be transverse isotropic [32], since their fibers are

oriented mostly in the same direction, which we refer to as

the fiber direction. In the case of transverse isotropy, the

shear wave speed along the fiber direction is faster than that

in the plane orthogonal to this direction. Several groups

have already investigated tissue anisotropy and viscoelas-

ticity via a series of methods, but using external mechan-

ical vibration [24] or point-wise ARF [18, 25, 26, 29]. In

order to demonstrate the potential of our focal line ARF

excitation, we will evaluate its performance using linear

viscoelastic material model. Phantoms with and without a

cylindrical inclusion are firstly presented to simulate the

dynamic response of tissues to the focal line excitation.

Then, a phantom consisting of transverse isotropic medium

is designed to show the potential of focal line excitation in

measuring anisotropy.

Theory

Propagation of shear wave in tissue

For an isotropic elastic medium, the propagation speed V of

a shear wave is associated with the elastic shear modulus l
[33]:

V ¼
ffiffiffi

l
q

r

; ð1Þ

where q is the density, and the shear modulus l is related to

the Young’s modulus E and Possion’s ratio m by:

l ¼ E

2ð1þ mÞ : ð2Þ

As soft tissues are nearly incompressible [34], m � 0:5 , a

good approximation of E is:

E ffi 3l: ð3Þ

In other words, the Young’s modulus E and the shear

modulus l approximately have a proportional relation.

Thus we only need the shear modulus or the Young’s

modulus to describe the elasticity of the soft tissues.
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However, as a matter of fact, it is not realistic to describe

the mechanical properties of soft tissues in terms of pure

elasticity, due to the exhibited time-dependent behavior. A

viscoelastic description is regarded as more physically

realistic to model the mechanical nature of biological tis-

sues. A direct way to represent viscoelasticity is using the

time-dependent stress relaxation function. When a vis-

coelastic material is subjected to strain, the relaxation shear

modulus is given by [35]:

lðtÞ ¼ rðtÞ
e

; ð4Þ

where rðtÞ is the stress and e is the imposed strain. The

shear modulus lðtÞ is more often normalized to:

gðtÞ ¼ lðtÞ
l0

; ð5Þ

where l0 is the instantaneous shear modulus, which cor-

responds to the shear modulus at t ¼ 0.

The normalized relaxation function is defined in terms

of the following Prony series:

gðtÞ ¼ 1�
X

N

i¼1

gið1� e�t=siÞ: ð6Þ

Thus, the parameters required to describe the material are

the instantaneous shear modulus l0, the relaxation modulus

ratio gi and the relaxation time si. In this case, the series are
truncated at N ¼ 2. When a shear wave travels with very

high frequency, an appropriate estimation of the instanta-

neous shear modulus is by estimating the speed of the wave

front.

For muscles with fibers oriented in the same direction, it

has been shown that this kind of material corresponds to a

hexagonal model [36], which is regarded as isotropic in the

transverse plane perpendicular to the fiber direction. Thus,

two shear moduli are generally concerned, shear modulus

lk parallel to the fiber direction and shear modulus l?
perpendicular to the fiber direction. The difference between

lk and l? leads to variation of shear wave speed with

various propagation directions.

Acoustic radiation force

The acoustic radiation force (F) can be described by the

following Eq. [37]:

F ¼ ðPa þPsÞ Eh i �
Z

c cos hrdrdh Eh i; ð7Þ

where Pa is the total power absorbed by the target, Ps is

the total power scattered by the target, c is the magnitude of

the scattered intensity, h is the scattering angle, rdrdh is an

area element of the projection of the target onto the axial/

lateral plane, and hEi is the temporal-average energy

density of the propagating acoustic wave.

However, in soft tissue the majority of the attenuation of

an acoustic wave is caused by the absorption. Therefore,

the contribution to the radiation force by scattering can, in

general, be neglected [38], and under the assumption of

plane wave propagation, the radiation force applied to

tissue becomes [37]:

F ¼ 2aI
c

; ð8Þ

where F (which is in the form of a body force, or force per

unit volume) is the acoustic radiation force, c is the speed

of sound in the medium, a is the absorption coefficient of

the tissue, and I is the temporal-average intensity of the

acoustic beam at a given spatial location in the tissue. For a

focused acoustic beam propagating through soft tissue, the

force is effectively applied from the probe surface to just

beyond the focal region of the acoustic beam.

Materials and methods

We present the geometries of the phantom, the line-shaped

ARF models, and finite element models in this section.

Model geometry

The basic model geometry contains a two-dimension

CMUT transducer [39] and a cubic tissue phantom. The

transducer is centered on the top surface of the phantom to

generate the ARF, as illustrated in Fig. 1a. The dimensions

of the phantom are 60 mm in length, 40 mm in width and

60 mm in depth. The transducer has 128 � 64 elements, in

total, with a lateral size of 36.5 and 22.6 mm in height. The

2D CMUT transducer array offers a full control of all its

elements as well as transmitting high voltage pulses,

(a) (b)

Fig. 1 The geometrical details of a the transducer and phantom

positions; and b the cropped box shaped phantom and its boundary

conditions
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allowing us to design ultrasound beams of high intensity. In

this case, the transducer was laterally focused with no

depth focal adjustment, resulting in a focal line region

along the vertical direction and parallel with the transducer

surface. The focal depth was 20 mm. By using this sym-

metric setup, it is obvious that the dotted line, at x ¼ 0 mm,

was able to be approximated as a symmetry plane. In order

to avoid extremely large computation, only the right half of

the domain was modeled as depicted in Fig. 1b.

Based on the model geometry, three kinds of phantoms

were designed: (a) with an isotropic viscoelastic medium,

(b) with a cylindrical inclusion, (c) with a transverse iso-

tropic viscoelastic medium. For the phantom with a

cylindrical inclusion, the inclusion has a diameter of 6 mm

and is centered 7 mm away from the symmetry plane, as

depicted in Fig. 2a.

Acoustic radiation force model

The simulated 2D CMUT array transducer offers full

control of all its elements as well as transmitting high

voltage pulses. It is consists of 8 � 4 base units and each

base unit of sub arrays is 16 � 16, 256 elements with an

element pitch of 0.25 mm � 0.25 mm. There is a gap of

0.5 mm between the base units. The center frequency of

the transducer is 3 MHz. The 2-D array transducer is lat-

erally focused, with no focal depth adjustment, by setting

the delay time between the elements. This leads to a focal

line region along the y-direction and parallel with the

transducer surface (Fig. 3).

Simulation of acoustic field was performed by the linear

acoustic field simulation software Field II [40](http://field-

ii.dk/), and the pressure field is calculated in a 20 mm � 30

mm � 30 mm space (lateral � elevational � axial). For

simulation convenience, each gap between the base units is

regarded as two elements which are turned off. Then the

base units along with the gaps are considered as a whole

2D array with 142 � 70 elements. All the elements are set

with same amplitude and the delay time is set to keep the

same phase difference for each element to the center of the

focal line. Each element is further divided into 2 � 2 sub-

divisions to increase the accuracy of the simulation. System

sampling rate is set to be 100 MHz. The excitation signal is

900 sinusoid cycles (300 ls) oscillating at the transducer

center frequency. The frequency dependent attenuation is

set to 0.5 dB/MHz/cm to model the acoustic attenuation in

soft tissue. The intensity field is calculated from the pres-

sure field, and acoustic radiation force is calculated

according to Eq. (8). A focal line region is illustrated in

Fig. 3, which depicts the intensity field with focal a depth

at 20 mm (the magnitude of the radiation intensity field

normalized by the maximum intensity). The focal line lies

in the focal plane (XY-plane), with a length of about 16 mm

along the y-direction (elevation direction).

From the theoretical perspective, ARF of the full

acoustic field should be employed in the simulation to

accurately model the tissue response. However, this can be

very time consuming and be infeasible in practice. On the

other hand, if the ARF of only the focal region is

employed, this is not adequate for determining realistic

Fig. 2 Section views of the

phantom at the depth

z ¼ 20 mm. a The phantom

with a inclusion has a higher

value of shear modulus within

the inclusion, which is based on

30 kPa for inclusion and 15 kPa

for background respectively; b
The points used to record z-

displacements are located in

3 � 4 array marked by X

Fig. 3 The 2-D array transducer are laterally focused to generate a

focal line, distanced at F ¼ 20 mm away from the array elements
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effects. As a compromise, an ARF within the sub-region of

the acoustic field can produce comparable results and

reduce computation time [28]. In our study, a sub-region of

the acoustic field, 10 mm � 20 mm � 20 mm in size, is

used to apply the ARF to induce the shear wave through the

heterogeneous medium. This sub-region is depicted by a

dashed line in Fig. 4.

Finite element model

Finite element simulations were carried out using ABA-

QUS (Version 6.11, Simulia, Providence, RI). The 3D

model used in our finite element simulation and its

boundary conditions are shown in Fig. 1a. The whole

model domain was meshed through eight-node, linear

elements with reduced integration. Each element has a size

of about 0.4 mm. As shown in Fig. 1a, symmetric boundary

conditions are assumed on the vertical plane on the left side

of the model (x ¼ 0 mm), which cuts across the focal line.

The bottom boundary (z ¼ 60 mm) was fixed in all direc-

tions and the top boundary (z ¼ 0 mm) was set to be free.

The body force was computed for each node point in the

finite element domain corresponding to the selected

acoustic intensity area depicted in Fig. 4. The radiation

push was applied at time ¼ 0 ms and lasted for 300 ls.
The problem was solved in an explicit dynamic scheme and

an entire simulation time of 10 ms was considered.

In this simulation, thematerial properties were assumed to

be linear viscoelastic. Theywere implemented as Prony series

coefficients. The relaxation times, s1 and s2, need to be set to
damp out oscillations thatmay result from theARF excitation

as well as to capture the longer relaxation time behavior after

the wave passes. The relaxation modulus ratios, g1 and g2,

must be positive, and and the sum of these two coefficients

should also be less than one , that is, 0\g1 þ g2\1. Given

these constraints, the Prony series coefficients were deter-

mined by trial and error. All of the three phantoms were set

with same Prony series coefficients. Table 1 illustrates in

detail the parameters of the configurations. The density of all

materials was assumed to be q ¼ 1000 kg/m3.

We then carried out studies over three phantoms rep-

resenting different media. The detailed settings and pro-

cedure for each phantom are expressed as below.

The phantom with isotropic viscoelastic medium

This phantom was used to explore the basic properties of

the shear waves induced by this special focal line ARF

excitation. The shear modulus of the isotropic medium, l0,
was set to 15 kPa.

To illustrate the difference between the focal line exci-

tation and spot excitation, a simulation was also taken by

employing a traditional ARF with spot focus generated by

a linear array transducer. The linear array transducer has

128 elements with element pitch of 0.25 mm and each

element has a size of 4 mm in elevation direction. The

focal depth, center frequency and duration time of the

radiation push were set the same as the 2D CMUT trans-

ducer. The focal spot has an area with about 1.6 mm2.

Shear wave propagation was compared between these two

forms of excitation. The effective excitation area (SEEA) of

each case was also calculated by estimated the area that the

shear wave travels through before the amplitude of the

shear wave attenuates to half. Since the shear wave is

monitored by detecting the displacements field, the SEEA
can be an indication of area of the detectable displacement

field. A large SEEA may lead to a large imaging field.

The resulting displacements in the depth direction are

investigated for a set of 12 points at the focal plane. These

points are arrayed in three rows, and each row has four

points located along the propagation direction of the shear

wave (indicated as a, b, c, d). The locations of the points

considered are illustrated in Fig. 2b. In the propagation

direction, the shear wave speed between each two points

was estimated by the time of flight algorithm. The time of

flight algorithm is based on cross-correlation between the

time profiles of shear displacements at two points located

along the wave travel direction and at the same depth. With

the shear wave velocity, it is then possible to compute a

shear modulus under the assumption of a purely elastic

medium as the shear modulus can then be written [33]:

l¼qV2; ð9Þ

where q is the density and V is the shear wave velocity. The

shear modulus of the isotropic viscoelastic medium is

averaged from these shear moduli calculated from the

different measure points.

The phantom with a cylindrical inclusion

For the phantom with a cylindrical inclusion, both the

inclusion and background materials were isotropic and

viscoelastic, and the inclusion has a higher value of shear

Fig. 4 Acoustic intensity field with focal depth at 20 mm. From left

to right are planes y ¼ 0 mm, x ¼ 0 mm and z ¼ 20 mm

respectively
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modulus than the background. The shear modulus of the

background material was assumed to be the same as the

shear modulus l0 and the shear modulus of the inclusion,

linclusion, and this was set to 30 kPa. The quasi-plane shear

wave propagation through the hard inclusion was imple-

mented, and the shear modulus of both inclusion and

background were reconstructed respectively.

The phantom with transverse isotropic viscoelastic medium

This phantom was used to model the anisotropy of muscles.

The shear moduli parallel and perpendicular to the fiber

orientation direction were carefully set to 17.2 and 10.1

kPa respectively [34]. In order to investigate the transverse

isotropy, simulations were taken as the angle of the shear

wave plane with regard to the fiber direction, from 0� to

180� with 10� steps. Instead of changing the relative

position of transducer to phantom, the rotation was realized

by changing the material orientation in the phantom, while

the direction of the shear wave plane remains unchanged.

For each angle, the shear wave speed is computed from the

simulated displacements. The shear moduli parallel and

perpendicular to the fiber direction were also reconstructed.

Results

Simulated results in isotropic viscoelastic medium

First, the z-displacements field in the phantom with iso-

tropic viscoelastic medium at time ¼ 0:8 ms are given in

three viewports in Fig. 5. The displacements field have a

stripe shape, creating a shear wave propagating along x-

axis direction with a quasi-linear wave front.

To demonstrate the shear wave propagation, which

travels through the isotropic viscoelastic medium, the z-

displacement field is shown stepped through time in Fig. 6

in both cases induced by line acoustic radiation force and

spot acoustic radiation force. The effective excitation area

(SEEA) of the line ARF and the spot ARF are 170 mm2 and

55 mm2, respectively. It is interesting to note that there is a

substantial displacement in the upward �z direction (op-

posite the direction of the push) ahead of the wave front,

especially in the case induced by focal line force. Further

discussion of this phenomenon is given in the ‘‘Discus-

sion’’ section.

The resulting displacements as a function of time for the

point set, whose locations are depicted in Fig. 2b, are

plotted in Fig. 7a–c. The shear wave speeds between each

two points was calculated from the displacements and lis-

ted in Table 2. The averaged shear modulus is 16.2 kPa,

with a relative error of 8.0 % to the preset shear modulus.

Simulated results in phantom with an inclusion

Displacement fields at several time steps are shown in Fig.

8 to depict the shear wave propagation in the phantom with

an inclusion. The shear wave front remains quasi-linear

(from t ¼ 0 ms) until it reaches the hard inclusion in which

the shear velocity is larger. The shear wave propagates

faster in the inclusion with smaller z-displacements

because of the larger Young’s modulus. In the inclusion,

the shear wave front bends, and the axial displacement

amplitude decreases.

The resulting displacements as a function of time for the

point set at the central line are plotted in Fig. 7d. The

estimated shear modulus of the inclusion is 27.4 kPa, with

a relative error of �8:7% to the preset shear modulus.

Simulated results in transverse isotropic viscoelastic

medium

The calculated speeds of each propagation angle are plotted

in Fig. 9. The results show that the speed is maximum

(V ¼ 4:19 m/s, corresponding to a shear modulus of 17.6

kPa) when the propagation direction is parallel to the

elastic principal direction (h ¼ 90�) and minimum

(V ¼ 3:19 m/s, corresponding to a shear modulus of 10.2

kPa) when the propagation direction is perpendicular to the

elastic principal direction (h ¼ 180�). The intermediate

speeds are based on a combination of both shear speeds.

Discussion

Properties of the focal line excitation

This simulation work is to provide a verification to corre-

late theoretical results and to aid experimental design in the

future. The ARF with a focal line region is generated by a

2-D CMUT transducer, and the excitation creates a quasi-

Table 1 Preset parameters and

calculated values of the

viscoelastic configurations

l0 linclusion lk l? g1 s1 g2 s2

Preset 15 kPa 30 kPa 17.2 kPa 10.1 kPa 0.07 50 ls 0.09 300 ls

Calculated 16.2 kPa 27.4 kPa 17.6 kPa 10.2 kPa – – – –

Relative error 8.0 % �8.7 % 2.3 % 1.0 % – – – –
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linear shear wave source successfully in the tissue mimic

medium. For the spot excitation, the induced shear wave

has a spherical wave front. However, the line-shaped

excitation breaks symmetry conditions and induces a quasi-

plane shear wave field propagating in a preferential direc-

tion perpendicular to the focal line excitation. By changing

the propagation direction of the shear wave with respect to

the tissue, we are able to obtain more mechanical infor-

mation from different angles, either to improve the

robustness of the measurement or achieve measuring ani-

sotropy of the tissue as we did in the third simulation

experiment. In the experiment, we simply changed material

orientation in the phantom with the shear wave propagation

direction unchanged. But in practice, one can change the

propagation direction by rotating the ultrasound transducer

with respect to the tissue.

To achieve a measurable displacement in soft tissues,

ARF methods may benefit from the use of higher intensity

and/or longer duration excitation pulses especially when

large lateral regions of interest are desired to observe shear

wave propagation. On the other hand, the acoustic power

cannot increase indefinitely and is constrained by FDA

acoustic and thermal exposure guidelines based on safety

considerations. Under given acoustic power per unit area,

Fig. 5 Three viewports of z-

displacement field at time ¼ 0:8
ms

Fig. 6 The z-displacement field

stepped from 1 ms to 3 ms in the

phantom with homogeneous

isotropic elastic medium,

induced by line ARF excitation

(top row) and spot ARF

excitation (bottom row)
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the effective excitation (SEEA) can be an indication of the

area of measurable displacements. Compared to spot

excitation, the SEEA of line excitation is almost three times

that of the spot excitation. In other words, the line excita-

tion extends much more the area of detectable shear

information for each excitation and thus decreases the time

of imaging process.

The supersonic shear imaging (SSI) method [16] also

generates a quasi-linear shear wave, but there are differ-

ences to our method. In supersonic shear imaging, the

quasi-linear shear wave source is realized by applying

multiple spot ARF excitations sequentially at increasing

focal depths with supersonic speed.

Model accuracy

Although finite element method has been regarded as a

powerful tool to simulate physical processes, failing to

match the simulation model perfectly with real situation

would result certain discrepancy to expectation such as

oscillations of the profiles in Figs. 7 and 9. In our finite

element model, the ARF is directly computed for each

node point in the finite element mesh and applied as a

concentrated force. In this way, the body force property is

neglected, and it may be a source that possesses discrep-

ancies with the real situation. Calculating ARF as a body

force via integration such as Gaussian quadrature would be

a significant alternative, especially in the focal region

where the acoustic intensity varies dramatically. In addi-

tion, the free boundaries of the top surface and the two side

Fig. 7 The z-displacements as a function of time for a set of points:

a at the central line in the isotropic viscoelastic medium; b at 3.2 mm

off the central line in the isotropic viscoelastic medium; c at 6.4 mm

off the central line in the isotropic viscoelastic medium; d at the

central line in the phantom with an inclusion

Table 2 Shear wave speeds between each two points (m/s)

a� b b� c c� d

Central line 0 mm 4.16 3.97 3.82

Off line 3.2 mm 4.16 3.97 3.97

Off line 6.4 mm 3.97 3.97 4.16
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surfaces may result in reflected waves into the media and

disturb the displacement field at the end of the simulation

time. When considering the materials, although the vis-

coelastic and anisotropic behavior of biological tissues has

been recognized, it is rather disappointing that the pub-

lished data for mechanical properties of biological tissues

possess wide variations, particularly between those repor-

ted by different authors, even for tissues of the same types.

Experiments in vivo [26, 41] have already reported the

strong anisotropy of muscle, but the value of viscoelastic

parameters vary depending on loading state of the muscle.

Although the viscoelastic parameters in our simulation

were determined after hundreds of trial and error iterations,

it is challenging to model viscoelasity that is consistent

with real situation in a complete way.

It is interesting to note that there is a substantial dis-

placement in the upward�z direction (opposite the direction

of the push) ahead of thewave front (Fig. 6). This can be seen

more clearly in the displacement plots in Fig. 7. Similar

phenomenon has been reported in [28]. This occurs because

the material is locally pushed down in the focal region, to

preserve volume, the material tends to move upwards in the

region next to the region of excitation. If the excitation

occurs over a large region by applying a large portion of the

ARF field, the material surrounding the focal region is sub-

jected to a downward force from material above it, pre-

venting it frommoving in the upwards direction. On the other

hand, if the excitation occurs over a small region, the dis-

placement with upward �z direction appears more obvious.

We also want to note that in viscoelastic medium, the

velocity of a shear wave is not only related to the shear

modulus but also to the viscosity. A more appropriate way

to describe the relationship can be written by employing

complex shear modulus [28, 42]:

GðxÞ ¼ l0 1�
X

2

i¼1

gi
1� jxs
1þ jx2s2

" #

; ð10Þ

VðxÞ ¼ Real

ffiffiffiffiffiffiffiffiffiffiffi

GðxÞ
q

s

 !

: ð11Þ

where GðxÞ is complex shear modulus, VðxÞ is the the

propagation speed of a shear wave, x is shear wave fre-

quency, l is instantaneous shear modulus, gi, s are the Prony
series coefficients, q is the density of materials and j is

imaginary unit. Under the assumption of a purely elastic

medium, where the viscosity can be neglected, or when the

shear wave travels with very high frequency, the summation

term inEq. (10) turns to zero, andEq. (11) transfers toEq. (9),

and shear wave speed is used to calculate shear modulus

directly. As a preliminary study, although both viscosity and

elasticity were considered in materials of finite element

model, only elasticity (shear modulus) was reconstructed

based on shear wave speed according to Eq. (9), which may

be a source discrepancy between the reconstructed shear

modulus and preset shear modulus. The dispersion analysis

will be included in our future work.

Conclusion

Simulation work on shear waves induced by a line ARF

excitation has been presented using in a 3D finite element

model. The ARF is calculated based on the acoustic field

Fig. 8 The z-displacement field

stepped from 1 to 3 ms in the

phantom with an inclusion

(Dashed circle indicates the

inclusion location)
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Fig. 9 The shear wave speed as function of the angle between shear

wave plane and the elastic principal direction
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generated by the latest designed 2D CMUT transducer

using Field II, and the finite element model is solved in

ABAQUS. A relatively large portion of the ARF is applied

to the tissue phantom medium, creating a quasi-plane shear

wave. Shear wave propagation in each phantom is inves-

tigated and presented in this paper. Then shear wave speeds

were estimated and used to form a quantitative estimate of

tissue shear modulus. Three phantoms are designed:

(a) with an isotropic viscoelastic medium, (b) with a

cylindrical inclusion, (c) with a transverse isotropic vis-

coelastic medium. The propagation behavior of the quasi-

plane shear wave is investigated and then used to recon-

struct materials shear moduli sequentially after the esti-

mation of shear wave speed. Compared to spot excitation,

the focal line excitation extends the displacement field thus

obtains a large imaging field for each radiation push. In the

phantom with transverse isotropic viscoelastic medium, the

anisotropy is found with maximum speed parallel to fiber

direction and minimum speed perpendicular to the fiber

direction, demonstrating its potential usage in measuring

the mechanical properties in anisotropic tissues.
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