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INTRODUCTION
Diagnostic ultrasound has been widely used in clinical applications, such as soft tissue
abnormality detection and blood flow detection. However, due to the complexity of ultrasonic
wave propagation and scattering in biological tissues which generally involves wave reflection,
refraction, scattering, absorption and other wave phenomena, it has always been a rather difficult
task to interpret the wave mechanics through the received scattering signals.
Computer simulations have been used widely in investigating ultrasonic wave scattering
and ultrasound B-mode image texture formation [1-3]. A good computer simulation model can
not only provide verifications of theoretical and experimental results, but can also yield an ideal
environment in which the effects of various parameters of scatterers and imaging system can be
investigated. However, most of the computer simulation results of ultrasonic B-mode images
published to date consider that scatterer sizes are far less than the incident wavelength, or
point-like. The influences of variations of geometric properties of scatterers, such as scatterer
sizes and shapes, on ultrasonic B-mode images are rarely studied. There are also few papers
published on computer simulation of ultrasonic scattering in biological tissues with high
scatterer concentration, such as in blood and contrast agents.
In this paper, two important mechanisms of ultrasonic scattering in biological tissues are
studied using computer simulation models. At first, a computer simulation model is developed to
investigate the relation between B-mode image textures and the structural properties of scatterers
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in biological tissues. A generalized tissue model composed of randomly distributed ellipsoidal
scatterers is applied in the simulation. The resultant B-mode images are analyzed using first and
second order statistics. Secondly, the backscattered power as a function of scatterer
concentrations from a few percent to over 50% is investigated using one- and two-dimensional
computer simulation models. The simulation results are compared with the Percus-Yevick
packing theory [12, 13].
COMPUTER SIMULATION OF ULTRASONIC B-MODE IMAGE FORMATION
The tissue specimens are modeled as a set of discrete inhomogeneities which have
ellipsoidal shape and are randomly located within a host medium. Both the inhomogeneities and
the host medium are fluid-like and acoustically penetrable. The absorption of acoustic energy in
scatterers and host media are n~glected. For the purpose of simplicity, each individual ellipsoid
is modeled as prelate spheroids with a longer semiaxis a and two equal semiaxes b and c. The
angle of orientation of each ellipsoid is defined as the angle of insonification relative to the long
axis of the ellipsoid. The spatial positions of ellipsoids, which are determined by the geometrical
centers of the ellipsoids, are randomly distributed in a volume V. The angular dependency, or
anisotropy, of ultrasonic parameters can be investigated through a proper organization of these
ellipsoids into oriented groups (Fig. 1).
The time domain backscattered signal of an impulse ultrasonic wave by an
inhomogeneity can be expressed as [4],

(1)
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where * indicates a convolution in the time domain; parameters p and Po , k and ko are the mass
density and compressibility of the inhomogeneities and host medium respectively; v;(t) is the
instantaneous normal particle velocity at the face of the transducer; e(t) is the receiver
electromechanical impulse response of the transducer; the function h,(r,t) and hlr,t) are the
acoustical impulse response of the transmitting and receiving transducers, respectively.
Assuming a weak scattering occurred in the far field of the scattering volume of the
biological tissues, i.e. the Born approximation is valid [5], the equation can be further simplified
as follows.

vo(r 0, t) = 1m' H(r 0, r2, t) * b(s, t)
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Fig.l Scattering configuration of the computer simulation.
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The shape factor b(s,t) depends on the shape and dimension of the object, and on the
wave shape of the incident wave.
For an ellipsoid defined by,
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The shape factor can be expressed as [6] :
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where
(9)
and
(10)
If there are N ellipsoidal scatterers in volume V, the backscattering signal is the
summation of the contribution of the scattering from all the scatterers,
N

vo(t) =.2. Imj . H(roj, r2j, t) *j(Sj, t)
j=1

(11)
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Ultrasonic B-mode images are simulated using a plane transducer with a diameter
d = 13 mm. The excitation signal of the transducer was a Gaussian shaped pulse with a central
frequency of 3.5 MHz, and 6 dB bandwidth of 1.4 MHz.
A tissue volume with dimensions of 13mm x 13mm x 26mm is placed 95mm away from
the front surface of the transducer, i.e., in the far field of the transducer. The step increment of
the scanning transducer is 0.1 mm per step, with 127 total scanning steps corresponding to a
length of 12.7 mm. At each step, the scattering field of the incident wave by a tissue volume of
13mm x 13mm x 13mm is calculated. The backscattered signal is gated from the center of the
tissue specimen to avoid the influence of the front and rear faces of the tissue volume on the
simulation results. The simulation model is developed leaving freedoms to adjust not only the
structural properties of the tissue, such as the size, shape, mass density, and the spatial
distribution of the scatterers, but also the parameters of the imaging system, such as the central
frequency and bandwidth of the transducer used in the imaging system.
Sample results of the B-mode images calculated from the ultrasonic scattering by tissue
model that contains relatively large scatterers (a = O.4mm, b = c = O.Olmm, alA = 0.96) are
shown in Fig.2. These B-mode images are simulated under three different incident angles: 0°,
45°, and 90°. A strong angular dependence of the B-mode image texture is observed. The second
order statistic, the two-dimensional autocovariance function (ACVF) [7], of the B-mode image
shows two extra peaks beside the main peak of the correlation (Fig.3). These two peaks appear
when the incident wave propagates along the long axes of the scatterers in the tissue model. The
distance between the two extra peaks is equal to the length of the long axes of the scatterers if all
the scatterers in the tissue have approximately the same size. However, these two peaks cannot
be observed when the scatterers in the tissue are relatively small (alA<0.25), or if the incident
wave propagates along the short axis of the scatterers [8]. Nevertheless, the simulation results
can be used to study ultrasonic scattering in biological tissues, such as skeletal muscles, and to
provide insight into signal analysis and subsequent tissue characterization.
COMPUTER SIMULATION OF ULTRASONIC SCATTERING IN BIOLOGICAL TISSUES
WITH HIGH SCATTERER CONCENTRATION
The mechanisms of ultrasonic scattering in media containing a large scatterer
concentration, such as blood or contrast agents, are of special interest in obtaining quantitative
information from ultrasonic color Doppler images [9]. A detailed descriptions of the computer
simulation procedures and results can be found in papers [10, 11]. Here, only a brief description
of the major results of ultrasonic waves scattering in blood using one-dimensional (I-D) and
two-dimensional (2-D) computer simulation models are presented.
In the I-D model, scatterers are represented as a row of finite-size slabs randomly
distributed in a homogeneous host medium (Fig. 4). The ratio of total length of the slabs to the
total length of the row is defined as the scatterer concentration of the model. An ultrasonic wave
is scattered by all the slabs starting with the first slab on the right O=N) and ending with the last
slab on the left 0= 1). The total reflected wave can be obtained by solving the continuous
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Fig. 2. Calculated gray scale B-mode images pertaining to tissue models oflarge
scatterers (a/)"=0.96) for a scatterer density of 5 scattererslmm3 under three different
incident angles: 0°, 45°, and 90°.

Fig.3. The 2-D ACVF of the B-mode image pertaining to the tissue model oflarge
scatterers (a/)"=0.96) for 0 0 incident. The scatterer density of the tissue model is
5 scatterersimm J
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Fig. 4. One-dimensional model of scattering of ultrasonic waves by slabs.

boundary conditions required for wave propagation at each of the medium/slab or slab/medium
interfaces. The reflection coefficient is defined as the ratio of the total energy of the reflected
wave over the energy of the incident wave [II].
The scattering of both a plane continuous wave (CW) (10=5 MHz) and a Gaussian shaped
pulse (10=5 MHz; Bm=1 MHz) incident on a blood sample with a length of 11.31mm were
investigated. The reflection power as a function of the scatterer concentration from both the
simulations and the packing theory are shown in Fig.5. The simulation result from the pulsed
incident wave shows a very good agreement with the packing theory within the full range of
scatterer concentrations from 0% to 100%. However, the simulation result from an incident CW
only matches the result of the packing theory over the concentrations from 0% to 80% and
disagrees with the packing theory when the concentration is above 80% where another peak
occurs at 92% [11]. This additional peak is resultant from the additional energies included in the
simulation result produced by the reflection of the CW at the two interfaces of the tissue sample.
The simulation result from the Born approximation using a pulsed incident wave is in good
agreement at the low and high ends of the scatterer concentrations, but is about 15% higher than
the packing theory over the range of scatterer concentrations from 20% to 60%. However, the
Born approximation provides a faster and more convenient procedure to calculate the scattering
field. This is particularly important in the 2-D and 3-D simulations when more complicated
calculations are involved.
In 2-D space, the scatterers are represented as a group of parallel infinitely-long cylinders
randomly embedded in a homogeneous host medium. The scattering of ultrasonic waves by
randomly distributed cylindrical scatterers is more complicated than the scattering of ultrasonic
waves by slabs in one dimension. At the same time, not only is the number of scatterers
significantly increased, but also the determination of the scatterers' positions is much more
difficult. As an example, if normal blood with a hematocrit of 50% is used in the simulation and
the diameter of the cylinders is equal to the approximate thickness of human red blood cells
(d = 2Ilm), there are more than one million scatterers over a Immx Imm area. There is no closed
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Fig_ 5_ Comparison of reflection power versus hematocrit using various methods. Solid line:
exact solution from a pulsed incident wave; Short dash line: exact solution from a CW incident
wave; Dash-dot line: approximate solution from a pulsed incident wave under the Born
approximation; Dotted line: the packing theory.

form equation which can be used to determine the locations of the scatterers. Therefore, one of
the major problems in 2-D simulation is to derive a method to determine the spatial positions of
these millions of scatterers distributed randomly within an area with no overlap. More detailed
computer simulation procedures can be found in the paper [10].
CONCLUSIONS
Two computer simulation models have been developed to simulate I) the formation of
ultrasonic B-mode image texture of scattering media containing randomly distributed ellipsoidal
scatterers, and 2) the relation between the backscattering power and the scatterer concentration
of media with high scatterer concentration.
The computer simulation of the B-mode image formation provided the following facts:
a) the scatterer density is one of the dominant factors for determining the texture of the B-mode
images pertaining to tissue models of small and large scatterers; b) changes in incident angle will
influence the texture of the B-mode image, only when the scatterer size is large (a - A.); c) the
size of the scatterers may be determined from 2-D ACVF of the B-mode image by impinging a
short pulse along the axes of the scatterers.
The simulation results of ultrasonic scattering in blood are in good agreement with the
packing theory. The effects of variation of size and acoustical impedance of the scatterers, and
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pulse duration of the incident wave on the reflection coefficient can be investigated using the
simulation model. The backscattering coefficient as well as the RF waveform and its frequency
spectrum obtained during the simulation can be used to extract more quantitative information
about ultrasonic scattering in tissues. Finally, the combination of these two simulation models
may produce a more realistic tissue model for studying ultrasonic scattering in biological tissues.
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