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ABSTRACT
Background: In body tissues, tumors generally have different speeds of sound (SOS)

than normal tissues. In this respect, ultrasound computed tomography (UCT) can generate
a cross-sectional SOS map as an innovative ultrasound imaging method. This technique
can produce images with a resolution of millimeters and a high signal-to-noise ratio.

Objective: This study aimed to improve UCT image quality without increasing breast
cancer screening and diagnosis time.

Material and Methods: In this analytical study, a ring-shaped UCT breast imag-

ing system was simulated using the K-wave toolbox of MATLAB. The system has a 20 cm
diameter and 256 ultrasonic piezoelectrics placed in the ring’s circumference. Different
beamforming techniques imaged two designed phantoms (i.e., resolution and contrast), and
the resolution and contrast to noise ratio (CNR) were calculated.
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Results: The results of resolution phantom imaging without any beamforming showed

that only bars with the value of 0.125 and 0.167 lp/mm were distinguishable, and the 0.1
bars were not recognizable in the imaging. In addition, increasing the number of transmitters led to no noticeable change in resolution for 0.125 and 0.167 lp/mm bars. In all beamforming techniques for imaging the contrast phantom, the CNR parameter up to an object
with a diameter of 8 mm increases with increasing diameter without any change.

Conclusion: The beamforming technique using three simultaneous transmitters im-

proved the resolution by about 1 mm compared to the normal strategy. In addition to highcontrast images, beamforming with 9 simultaneous transmitters led to a preferable technique.
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Introduction

-ray mammography, magnetic resonance imaging (MRI), and
ultrasound are common techniques used to detect breast cancer.
Although X-ray mammography is the standard modality clinically used for breast imaging, this technique is not sensitive enough for
dense breast tissue in young women. The ultrasound technique is more
sensitive to dense tissue than X-ray mammography and detects more and
smaller cancers in dense-breast women [1, 2]. Therefore, many studies
have been conducted on automated whole-breast ultrasound scanning
systems using the ultrasound computed tomography (UCT) technique
J Biomed Phys Eng 2022; 12(4)
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[3-8]. UCT can provide quantitative images of
acoustical parameters, such as speed of sound
(SOS), attenuation, and density from measurements of pressure fields [9].
Many modes of acoustic imaging are used,
such as diffraction tomography [10], transmission tomography [11-13], and reflection
tomography [14-16]; transmission imaging
takes SOS, wave imaging, and the attenuation
of these waves. UCT imaging in the transmission mode of the breast was actively studied
for enhanced tumor detection and characterization [17-21], and many types of reconstruction
methods were applied for UCT. Several approaches are considered to reconstruct images
from sets of projections [22], such as iterative
and filter back projection (FBP) [23]. Since
data acquisition with these imaging systems is
a long procedure, a more efficient reconstruction method is preferred. The FBP technique
is either simpler or faster than the iterative
method; therefore, it was selected as the preferred method of reconstruction in this project
[24]. The FBP technique works through the
direct passage and propagation of rays from
materials. We suppose that the ultrasound
wave propagates along a straight line and then
it will be received by the corresponding receiver element on the opposite side. Different
beamforming techniques were established to

optimize resolution, contrast, and other image characteristics to investigate the effect of
beamforming on ultrasound image quality parameters [24]. Different methods were used to
form the beam, such as simultaneous firing or
delay-and-sum techniques [25].
This study aimed at investigatin different
beamforming methods to identify its best
technique for a better image quality in terms
of resolution and contrast without increasing
the imaging time.

Material and Methods
A. System Simulation
UCT geometry

This analytical study simulated a ringshaped UCT breast imaging system with a
20-cm diameter equipped with 256 ultrasonic
piezoelectrics placed in the ring’s circumference. Water temperature was approximately
equal to body temperature (37 °C). The central frequency of ultrasonic piezoelectrics
was adjusted to 1.5 MHz, and the whole geometry was designed for immersion in the
37 °C water [23]. The elements were uniformly distributed over 360° such that the
central angle between two adjacent elements
was about 1.4° (Figure 1).

Figure 1: The simulated system, including the piezoelectric elements placed in the circumference of the
20 cm-ring surrounding the water medium and a medium as glandular tissue with a defect immersed
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Beamforming method

For each tomographic data acquisition sequence, one piezoelectric (as an ultrasound
transmitter) on one side and an opposite semicircle of piezoelectrics on the other side were
designed for the receivers (Figure 1). When
the first transmitting piezoelectric emitted an
unfocused ultrasound wave and all receiving
piezoelectrics simultaneously recorded the
received signals, the next transmitting piezoelectric was activated; the new opposite semicircle of receiving piezoelectrics repeated the
procedure until all piezoelectrics were used as
a transmitter.
For stronger signals, a beamforming technique was used in signal transmission. In this
technique, a number of piezoelectrics were
grouped to send a powerful pulse simultaneously. This study investigated active groups of
piezoelectrics, including 3, 5, 7, and 9 transmitters. Figure 2 presents the propagation of
waves in the medium for single transmitters,
3, 5, 7, and 9 simultaneous transmitters for the
transmitters on the left side. Half of the transmitters’ piezoelectrics on the opposite side
(Figure 1) acted as receivers in all beamforming.

contact formulation at the boundary of the tumor. Multiphysics contact problems were often ill-conditioned and might lead to convergence issues for the solver. The solution was
extremely sensitive to the contact area and the

Simulation method

A 2-D finite difference time domain (FDTD)based numerical simulation model was developed using commercial simulation k-Wave
[26], which is an acoustics toolbox for MATLAB R2016 (MathWorks, Inc., Natick, MA,
United States) presenting an advanced timedomain model of acoustic wave propagation.
This toolbox with the k-space pseudo-spectral
method to solve an acoustic equation reduces
simulation memory and time steps [26].
The simulation area included 256 piezoelectric elements surrounding the water medium
with an SOS of 1523 m/s and glandular tissue
of the beast with an SOS of 1515 m/s (Figure
1). The specifications of the simulation run in
this study are shown in Table 1.
The model was subjected to a time-dependent analysis, and such geometry involved
J Biomed Phys Eng 2022; 12(4)

Figure 2: Transmission of wave in the medium by A) single transmitter, B) 3, C) 5, D)
7, and E) 9 simultaneous transmitters microsecond after the transmit pulse (the active
piezoelectrics are placed at left)
Table 1: Simulation specifications of the ultrasound computed tomography (UCT) system
UCT system specifications

value

Frequency

1.5 MHz

Number of piezoelectric

256

Piezoelectric array diameter

20 cm

Water bath temperature

37 °C

UCT: Ultrasound computed tomography

351

Razieh Solgi, et al

mesh size. In other words, if a very small target
was placed in the medium and simulation area,
an extra-fine mesh was necessary; accordingly, a sufficiently large contact area was used
with a normal-sized physics-controlled mesh.
The mesh size was considered according to the
short acoustic pulse resolve. All Calculations
were done based on a computational grid with
a 0.5 mm grid point size (the Nyquist limit of
two grid points per wavelength) [27]. In addition, an absorption layer was defined around
a computational grid with a thickness of 0.92
cm for absorbing the acoustic waves when
they reached the edges of the computational
domain. This technique can lead to avoiding
any computational domain reflections.
B. Time of Flight (TOF) Calculation
In this study, only the first pulse of each
received acoustic signal, corresponding to
the directly transmitted wave, was used in
the computations. According to Figure 3, the
time-of-flight (TOF) was the time between the
transmitter firing and the time of the first peak
of the received signal to each receiver. For any
pair of emitting and receiving elements, the
TOF of the emitted pulse between the emitter
and receiver along the expected straight path
can be approximated as:
TOF = ∑di fi
i

Resolution Phantom design

In this step, a resolution phantom was designed, including different spatial frequencies
of 0.1, 0.125, and 0.167 lp/mm. The phantom
bars were designed to act similar to a 1000 m/s
SOS material; the bars were housed in a medium with 1515 m/s SOS as the glandular tissues
were immersed in a 37 °C-water with the SOS
of 1523 m/s. Such a phantom was designed
to compare our simulated system with a typical commercialized breast UCT (i.e., CURE
(designed and built at the Karmanos Cancer
Institute (KCI), Detroit, MI, USA) [23]. According to the results of the CURE system,
its resolution in the transmission mode was 4
mm, corresponding to 0.125 lp/mm. The bars

(1)

where di is the path length through the ith
pixel and fi is the TOF per unit distance in the
ith pixel.
By firing a transmitter, the semicircle of
piezoelectrics on the opposite side acted as
a receiver. The numbers of piezoelectric elements and receivers in the current simulated
system were 256 and 129, respectively. The
computation of the TOF between a transmitter
and all receivers led to a line of image sinogram. Afterward, the TOF sinogram was completed by firing all the 256 piezoelectrics and
calculating the TOF for each transmitter and
receiver (Figure 3).
352

C. Phantom study

Figure 3: A) The signal of the transmitter and
some of the receivers as an example to investigate the Time of Flight (TOF) calculation
and B) TOF calculation for each transmitter
and receiver to calculate the sinogram
J Biomed Phys Eng 2022; 12(4)

Beamforming Effects on UCT Image Quality

with 0.1 and 0.167 lp/mm, corresponding to
3 mm and 5 mm bars, respectively, were selected to investigate the effect of beamforming
techniques on the resolution (Figure 4A).
Contrast Phantom design

In this step, the contrast resolution of the
simulated system was characterized by a phantom with an SOS of 1515 m/s (equivalent to
the glandular tissue), containing 8 circular objects with diameters of 4-11 mm and the SOS
of 1000 m/s in a 37 °C-water bath with SOS
of 1523 m/s considered as a contrast phantom
in the simulated system (Figure 4B). This system was considered a contrast phantom in the
simulated system (Figure 4B).
Image reconstruction

Several image reconstruction methods were
applicable in UCT systems [28, 29]; the FBP
technique used the Ram-Lack filter for image
reconstruction [24]. The TOF images would
be calculated by reconstructing the TOF sinogram. Furthermore, according to Equation (1),

the SOS images were calculated by pixel size
divided into TOF image pixels values.
D. Contrast to noise ratio calculation
The effect of different beamforming techniques on contrast to noise ratio (CNR) was
investigated. According to Eq. (2), CNR was
defined by dividing the absolute value of the
difference between the average light intensity
inside the object (Sobj) and the average light intensity of the background (Sbg) by the standard
deviation of it (stdbg).
CNR =

Sobj − Sbg

(2)

stdbg

Results

Image quality phantoms were used to evaluate the system resolution as well as contrast
and investigate the effect of different beamforming techniques on system performance.

Figure 4: A) Resolution phantom, including different spatial frequencies of 0.1, 0.125, and 0.167
lp/mm in different speeds of sounds (SOSs), from 1000 for bars to 1523 for water, B) contrast
phantom contains 8 objects with dimensions of 4 -11 mm with SOS of 1000 m/s, and C) resolution phantom sinogram with a maximum value of 1.6×10-4 s and a minimum value of 9.4×10-5 s
J Biomed Phys Eng 2022; 12(4)
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According to a previous study, the Ram-Lak
filter was applied to all sinograms [24].
1) Reconstructed image quality
2) Spatial Resolution
The bar phantom was used with three different values of lp/mm to investigate the system
resolution and the effect of beamforming. Figure 5 reveals the images of bar phantom based
on different beamforming techniques. The result for bar phantom imaging is shown without
any beamforming, in which only the 0.125 and
0.167 lp/mm are distinguishable, and the 0.1
bars are not recognizable in imaging as seen
in Figure 5. In addition, Figure 5(B-E) shows
the results for imaging with beamforming by
3, 5, 7, and 9 simultaneous transmitters, respectively. According to Figure 5, increasing
the number of transmitters leads to no noticeable change in resolution for 0.125 and 0.167
lp/mm bars. A total of 0.1 bars are recognizable by increasing the number of transmitters

to 3 and 5. However, in 7 and 9 simultaneous
transmitters, the 0.1 bars are not recognizable.
The SOS variations are shown by the red lines
of 3 mm bars on images in Figure 5(A to E) on
0.1 bars (Figure 5(A to E)).
Figure 5A shows the SOS changes for imaging without beamforming, and the plot shows
that the values of bars are near to those of the
intra-bars and are not distinguishable. Figures
5B and C show the SOS changes for imaging
with beamforming by 3 and 5 simultaneous
transmitters. Furthermore, the values of bars
and intra-bars are separate enough to distinguish bars. The SOS changes across the 3-mm
bars for imaging with beamforming techniques by 7 and 9 simultaneous transmitters
are shown in Figures 5D and E, respectively.
Finally, the SOS values in the image do not
satisfy the actual values in the simulated phantom.
3) Contrast Resolution
Phantom contrast was examined with 8 ob-

Figure 5: The reconstructed images of resolution phantom by different beamforming techniques
using the filter back projection (FBP) method: A) without beamforming, B) beamforming by 3,
C) beamforming by 5, D) beamforming by 7, and E) beamforming by 9 and the speeds of sound
(SOS) changes across the red line of 3mm bars on images A to E.
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jects with different diameters (i.e., 4-11 mm)
to investigate the effect of irradiation on contrast. The reconstruction results of the contrast
phantom (Figure 4B) demonstrate that the two
objects with 3 mm and 4 mm diameters are not
recognizable in all techniques (Figure 6). However, the 5-mm object becomes more recognizable by increasing the number of active piezo-

electrics as the source. The CNR parameter is
calculated for objects with different dimensions
(Figure 7). In all beamforming techniques, increasing the diameter of objects up to 8 mm increases the CNR. The same results are obtained
for objects with 9-11 mm diameters. For a fixed
object, the CNR increases with increasing the
number of simultaneous transmitters.

Figure 6: The reconstructed image of contrast phantom by different beamforming techniques
through the filter back projection (FBP) method: A) without beamforming, B) beamforming by
3, C) beamforming by 5, D) beamforming by 7, and E) beamforming by 9.

Discussion

Given the importance of UCT systems for
high-quality quantitative images and better detection, it is necessary to use some techniques
that prevent increasing the imaging time or
adding more complexity [30]. The main objective of the present study was to investigate beamforming effects on the resolution
and contrast of the images without any delay
and summing technique since adding this part
would cause the imaging system more complex [31]. This work simulates a UCT system
according to the CURE system with similar
properties to image resolution and contrast
phantoms. Next, it is tried to image them using
different beamforming techniques by firing 3,
5, 7, and 9 piezoelectrics simultaneously. Both
phantoms are imaged without beamformJ Biomed Phys Eng 2022; 12(4)

Figure 7: Techniques, the resolution, and
contrast to noise ratio (CNR) parameters for
objects of different sizes in contrast phantom by applying different beamforming
techniques.
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ing (with a single transmitter) to simulate the
CURE system and compare its result with different beamforming techniques.
According to the results of the CURE system,
which provides 4 mm resolution in transmission mode by the FBP reconstruction method
[23], it is expected to recognize 4- and 5-mm
bars in resolution phantom without applying
beamforming technique, confirmed by the
present results. However, the 3-mm bars were
not recognizable in the single transmitter technique, as expected. By applying beamforming
techniques in 3 simultaneous transmitters to
image the resolution phantom, the image resolution is improved. A total of 3-mm bars are
recognizable in the case of a single transmitter
to linear as the propagated beam changes from
spherical. Meanwhile, no noticeable change
is in resolution with increasing the number
of transmitters. This result indicates that the
propagated wave is still almost linear up to 5
simultaneous transmitters, and in higher transmitters, it becomes even a point waveform and
acts as a virtual source that does not improve
the resolution. This result is approved by the
comparison between SOS changes across the
3 mm bars in images from different beamforming techniques. A contrast phantom with 8 objects and different diameters was simulated to
calculate the CNR, and the results showed that
the two objects with diameters of 3 mm and 4
mm were not recognizable in all techniques.
The reason is probably that the beam width in
all techniques has been larger than the object
size. According to the results, increasing the
number of active piezoelectrics as a transmitter improves the CNR. For each individual
object, the CNR increases with increasing
the number of simultaneous transmitters due
to increasing the beam energy and decreasing
the noise, that beamforming by delay and sum
shows the same result [32].

Conclusion

This study shows that beamforming methods affect the image quality in UCT breast
356

imaging systems. The results of this study indicate that the optimal beamforming protocol
should be used according to different purposes
in imaging. Furthermore, the best CNR can be
achieved, and active groups of 9 simultaneous
transmitters are selected in the imaging protocol.
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