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ABSTRACT Ultrasound computed tomography (USCT) is a promising technique for breast cancer detec-
tion. It provides three modalities: sound-speed-image (SSI), attenuation image, and echo image. In these
modalities, the echo image is appropriate for the early detection of breast cancer, because it has high
resolution. However, echo image reconstruction generally employs an assumed (pre-determined) sound
speed to calculate the arrival time of echo signal, the mismatch between the assumed and real sound
speeds results in phase aberration of echo signal, and the phase aberration further leads to a decline in
image resolution and contrast. To correct the phase aberration, SSI can be used to provide sound speed
information instead of the assumed speed, but the resolution of and noise level in SSI may affect the
correction performance and echo image quality. In this article, we explored the effect of SSI resolution
and the noise level on the resolution and contrast of echo image. First, USCT raw data was obtained by
both numerical and experiment studies. Second, echo images were reconstructed by synthetic aperture (SA)
technique, and their phase aberration was corrected by multi-stencils fast marching (MSFM) using SSIs with
different resolutions and noise levels. Finally, the resolution and contrast of echo images were quantitatively
evaluated. Both numerical simulation and phantom experiment demonstrated that the quality of echo images
deteriorates as the SSI resolution decreases and the noise level increases.

INDEX TERMS Echo image, phase aberration correction, sound speed image, ultrasound computed
tomography.

I. INTRODUCTION
Nowadays, X-ray mammography is widely used as a screen-
ing tool for early detection of breast cancer. However, there
are three disadvantages in the use of mammography for
breast cancer screening. First, women have to suffer ioniz-
ing radiation because X-ray is used. Second, it is difficult
to detect early breast cancer in women with dense breast,
because the overlap of suspicious tissue and glandular tissue
on the two-dimensional (2D) mammography images. Finally,
women would have to suffer from pain and discomfort,
because their breasts need to be compressed during imag-
ing. A recent study [1] reported that mammography with
adjunctive ultrasound imaging can significantly enhance the
sensitivity for screening of dense breasts. However, current
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ultrasound imaging techniques suffers from non-isotropic
low resolution and high dependence on operator skill, which
limited its ability on screening and early detection of breast
cancer.

In order to overcome the disadvantages of current tech-
niques, ultrasound computed tomography (USCT) has been
proposed as a promising tool for breast cancer screening
or diagnosis [2], [3]. It can automatically obtain three-
dimensional (3D) breast images with three different modali-
ties, including sound-speed-image (SSI), attenuation image,
and echo image [4]–[7]. The USCT imaging system mainly
includes a bed with an opening on it, a water tanker under
the opening of the bed, and a ring ultrasound transducer
immersed in the water tank. The ring transducer is generally
composed of thousands of ultrasound elements, and able to
be mechanically moved up and down. The USCT imaging
procedure is as follows [8], [9]: women or patients for
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imaging lie prone on the bed with one of their breasts
naturally drooping through the opening of the bed. Under
the opening, the ring transducer encircles the breast in water.
Then each element of the ring transducer fires pulse sound
wave, while others receive transmissive and echo waves.
After that, three modalities of 2D coronal breast images
can be reconstructed, and 3D breast images can be obtained
by mechanically moving the ring transducer up and down.
After receiving raw data, SSI and attenuation images can
be reconstructed using the arrival time and amplitude of
transmissive wave signal in the raw data. The echo image
can then be obtained by synthetic aperture (SA) technique
using echo wave signal in the raw data. Generally, the echo
image can provide the highest resolution among the three
modalities, and therefore it is the most appropriate modality
to detect breast cancer in early stages, which always has
small size. The quality of echo image, including resolution
and contrast ratio (CR), is important for the early detection
of breast cancer. However, it always be degraded by phase
aberration due to the mismatch between the real and assumed
sound speeds for image reconstruction.

Most of ultrasound echo imaging methods, including
USCT echo imaging method, generally assume human tis-
sue to be homogenous and employ a pre-determined sound
speed for beamforming. However, the real human tissue is
not homogenous, and there is a mismatch between the real
and pre-determined sound speeds. The mismatch results in
the calculation error of delay time of echo wave signal,
which is the direct reason for phase aberration [10], [11].
Regarding the current ultrasound echo imaging using linear
transducers, a lot of previous studies focused on phase aber-
ration correction. Donnell et al. proposed to correlate echo
signals obtained from different channels for phase aberration
correction [12], [13]. Their method can not only be applied to
medical ultrasound imaging but also to any coherent imaging.
Levin et al. corrected phase aberration of medical ultra-
sound using speckle brightness as a quality factor [14]. Both
Donnell and Levin’s methods shifted received signals of each
channel and corrected phase aberration by the maximum
correlation between channels or brightness of image, but
they didn’t directly estimate the mismatch between the real
and pre-determined sound speeds, which is the root cause
for phase aberration. Cho and Yoon used different methods
to estimate the average sound speed of tissues, and then
corrected phase aberration by using the estimated sound
speed instead of the pre-determined one [15], [16]. However,
human tissues are inhomogeneous, and there still is a mis-
match between the estimated average sound speed and the
real sound speed. Because USCT can provide information
about the sound speed distribution by the SSI reconstruc-
tion. A natural idea is to use the SSI instead of the pre-
determined sound speed for the phase aberration correction of
echo images. Several previous studies made attempts on this
idea [17]–[22]. Ruiter, Qu, and Duric had reconstructed SSIs
using straight-ray, bent-ray and full-wave-inversion methods,
respectively, and successfully corrected the phase aberration

of echo images using the reconstructed SSIs. These three SSI
reconstruction methods can give SSIs of different resolution
with different computational costs. Also, the noise levels in
the reconstructed SSIs strongly depend on the choices of
regularization parameter. To understand the effect of SSI
resolution on phase correction performance, Ruiter et. al
had compared the resolutions of echo images with phase
corrected by SSIs with two different resolutions, which
were reconstructed by the straight-ray and bent-ray methods
[23], [24], respectively. However, two resolutions may be
not enough, and it would be better to cover more possible
resolutions, because even the bent-ray method can provide
SSIs with different resolutions due to the differences in imple-
mentation details. Moreover, the effect of the noise level in
SSI on the phase correction should also be explored.

Our group had reconstructed SSI by the bent-ray
method [25], and then corrected phase aberration of echo
image by multi-stencils fast marching (MSFM) method [20]
and bent-ray tracing method [21]. Besides, we made efforts
to investigate the effect of SSI resolution and the noise level
on the correction performance by evaluating the quality of
echo images, the phase aberrations of which were corrected
using SSIs with possible resolutions. However, in our pre-
vious conference paper, we only evaluated the effect of SSI
resolution on the resolution of echo image [26]. In this article,
we not only evaluated the effect of SSI resolution on both the
resolution and contrast of echo image, but also additionally
studied the effect of the noise level in SSI on the phase
correction and echo image quality.

II. METHODS
A. ECHO IMAGING AND PHASE CORRECTION METHODS
The SA technique is generally employed for echo imaging in
USCT. It uses a complete set of raw data from each emitter-
receiver pair and allows both dynamic transmit and receive
focusing [27], therefore, it can produce high-quality echo
images. MSFM is a fast method and can be used to numeri-
cally solve the eikonal equation [28], which can provide the
sound propagation time regarding the calculation of SSI and
correct phase aberration. In this study, the SA was employed
as the echo imaging method, and MSFM method was used
for phase aberration correction.

Figure 1 shows the schematic diagram of USCT scanning.
The ring transducer is composed of thousands of ultrasound
elements, each of element emits spherical wave one by one,
thewave propagates into the tissue inside the ring, undergoing
a complex combination of reflection, refraction, scattering
and attenuation, before being received by all other elements.
The received raw data can be recorded as S (t,m, n), in which
t is received time, m denotes receiver index and n indicates
the emitter index. Then the echo image can be reconstructed
by:

I (Ep) =
N∑
n=1

M∑
m=1

a (m, n) S (t (Ep,m, n) ,m, n) (1)
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FIGURE 1. Schematic diagram of USCT scanning; USCT: Ultrasound computed tomography.

where, N andM are the emitter and receiver numbers, respec-
tively; a (m, n) is apodization function; t (Ep,m, n) denotes the
sound wave propagation time from emitter n to the position Ep,
and back to the receiver m.

In conventional ultrasound imaging methods, t (Ep,m, n) is
calculated using the distance divided by the pre-determined
sound speed. The distance is calculated by adding the distance
from the emitter n to the position Ep and the distance from
position Ep to the receiver m. The mismatch between the real
and pre-determined sound speeds results in the calculation
error of t (Ep,m, n), which directly leads to phase aberration.

In this study, we employed MSFM method to calcu-
late t (Ep,m, n) by solving eikonal equation. MSFM method
assumes that the wave front evolves by motion in the normal
direction, the motion of the front is described by the eikonal
equation:

‖1T (Ep)‖F (Ep) = 1 (2)

where T and F are the arrival time and the speed of the front
at point Ep, respectively, in 2D, the numerical approximation
of ‖1T (Ep)‖ is given by Godunov:[
max(D−xi,j ,D

+x
i,j , 0)

]2
+

[
max(D−yi,j ,D

+y
i,j , 0)

]2
=

1

F2
i,j

(3)

where D−i,j and D
+

i,j are the standard backward and forward
finite difference schemes at location (i, j). In MSFM, 1T is
approximated by a second-order finite difference scheme,
the equation can be written as:

D−xi,j =
3Ti,j − 4Ti−1,j + Ti−2,j

2
D+xi,j =

3Ti,j − 4Ti+1,j + Ti+2,j
2

D−yi,j =
3Ti,j − 4Ti,j−1 + Ti,j−2

2

D+yi,j =
3Ti,j − 4Ti,j+1 + Ti,j+2

2

(4)

Additionally, MSFM also uses the information provided by
diagonal point to improve numerical accuracy along diagonal
direction [28]. It can track the evolution of an expanding
front with high accuracy. By using MSFM, the motion of

the wave front from a given pixel position (ultrasound ele-
ment position) can be trace, and the arrival time of the wave
front at each pixel can be calculated, considering both sound
speed distribution and sound wave refraction. Our group has
successfully corrected phase aberration of USCT by using
MSFM in our previous studies [20], [21].

B. NUMERICAL SIMULATION AND PHASE
CORRECTION EVALUATION
In this sub-section, we will introduce the numerical simula-
tion and give the procedure to evaluate the effect of SSI res-
olution and the noise level on the phase aberration correction
and image quality.

The numerical simulation was conducted by an open-
source acoustics toolbox (K-wave simulation toolbox), which
was developed by Treeby and Cox [29] and designed for
time domain acoustic and ultrasound simulation in complex
and tissue-realistic media. In our simulation, the diameter of
USCT ring transducer was 100 mm, which was the same
as our experiment prototype. The ring transducer was com-
posed of 1024 elements. The central frequency of the fired
pulse wave was 1.6 MHz, and the sampling frequency of the
received raw data was set to be 10 MHz.

For investigating the effect of SSI resolution and the noise
level on the phase correction, we evaluated the resolution
and contrast of echo images, which were reconstructed using
SSIs with different resolutions and noise levels. As shown
in Figure 2, there are mainly four steps in our numerical
evaluation process. First, speed models were established;
second, USCT raw data was simulated for resolution and
contrast evaluation; Third, SSIs with different resolutions
were obtained by applying mean filters of different size to the
speed models, and we got SSIs with different noise levels by
adding gaussian noises with different standard deviations to
the speedmodels; Finally, echo images were reconstructed by
SA technique and then their respective resolution and contrast
were quantitatively evaluated.

Regarding speed models preparation, we selected 2D
MRI slices of breast, including adipose, glandular and skin
regions, from 3D MRI breast images of nine patients with
diverse breast features. Then, we segmented the selected
slices into adipose, glandular, skin and background regions

VOLUME 7, 2019 150659



X. Qu et al.: Study on Phase Correction for USCT Echo Image by Sound-Speed Image With Different Resolutions and Noise Levels

FIGURE 2. Flow chat for evaluating phase correction in numerical simulation; USCT: Ultrasound computed tomography; SSI: Sound-speed-image;
PSF: Point spread function; CR: Contrast ratio.

by a modified OTSU threshold method. After segmentation,
we assigned sound speeds of 1470, 1570, 1600 and 1540 m/s
to the segmented adipose, glandular, skin and background
regions, respectively. Then, we prepared nine 2D speed mod-
els, including speed distribution information, for the numeri-
cal simulation.

In the simulation, we simulated two kinds of raw data for
resolution and contrast evaluations, respectively. For resolu-
tion evaluation, we need to measure the diameters of PSF.
Therefore, we placed 5× 5 scatter points in the speed models
with interval of 10 mm and diameter of 0.1 mm. These scatter
points had an extremely different impedance (2000 m/s for
sound speed and 2000 kg/m3 for density) to the speedmodels,
which made the segmentation and their diameter measure-
ment easy to implement in echo images. For contrast evalua-
tion, we added random scatter points to adipose and glandular
tissue, respectively. After adding random scatter points, the
values of sound speed for adipose and glandular regions were
1470±1.47 and 1570±7.85 m/s (mean ± standard deviation,
1.47 is 0.1% of 1470, and 7.85 is 0.5% of 1570), respectively.
The random variation and scatter points resulted in speckle
and different intensities in adipose and glandular regions of
echo images, which made contrast evaluation possible.

Regarding image reconstruction and evaluation, we recon-
structed echo images and evaluated its resolution and con-
trast. The echo images were reconstructed by SA technique.
Their phase aberrations were corrected by MSFM using SSIs
with different resolutions and noise levels. For resolution
evaluation, the images of scatter points were segmented by
the threshold of half the local maximum, then we assumed
that the echo image had isotropic resolutions, and the seg-
mented region was circular, the diameter of which can be
considered as the diameter of PSF. For contrast evaluation,
we manually selected adipose and glandular regions from
echo images with random scatter points and calculated CR

by [30]:

CR = 20log10

(
µg

µa

)
(5)

whereµa andµg are the mean intensity values of adipose and
glandular regions.

C. PHANTOM EXPERIMENT AND PHASE CORRECTION
EVALUATION
In phantom experiment, we built an USCT prototype. It had
similar parameters to that in the numerical simulation. The
ring transducer was composed of 1024 elements, the central
frequency of each element was 1.6 MHz. As Figure 3 shows,
the ring transducer was connected to an ultrasound open
platform with 256 channels (Verasonics, Inc., Kirkland, WA,
USA) with a multiplexer, and the sampling frequency was set
to be 10MHz. For scanning, the ring transducer surrounded a
breast mimic phantom. During scanning, both the transducer
and phantom were immersed in shallow water, which guar-
anteed that the sound wave was able to propagate through
water into breast phantom. The phantom was part of a whole
breast phantom. We trimmed it to fit into the ring transducer
(100 mm diameter). Even its shape didn’t look like breast, but
it still had glandular-mimic structure inside.

To evaluate the effect of SSI resolution and the noise
level on phase aberration correction in phantom experiment,
there were mainly five steps as shown in Figure 4. First,
we obtained raw data in the breast-mimic phantom experi-
ment. Second, we reconstructed SSI by the bent-ray tracing
method [31]. Third, we smoothed SSI using mean filters with
different sizes (approximate 1, 10, 20, 30, 40, 50, 60, 70,
80, 90, 100 mm), and added gaussian noises with different
standard deviations to SSI. The mean value of gaussian noise
is 0 and its standard deviation ranges from 0 to 100 m/s with
10 m/s as the interval. Then we obtained SSIs with different
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FIGURE 3. Phantom experiment setup.

FIGURE 4. Flow chat for evaluating phase correction in phantom
experiment; SSI: Sound-speed-image; SART: Simultaneous algebraic
reconstruction technique; MSFM: Multi-stencils fast marching.

resolutions and noise levels. Fourth, we reconstructed echo
images by SA technique and corrected their phase aberration
by MSFM method using SSIs with different resolutions and
noise levels. Finally, we evaluated and compared the recon-
structed echo images. Specifically, we qualitatively compared
intensity profiles of images along the edge of breast phantom

for resolution evaluation, and we quantitively examine CRs
of images by manually picking adipose and glandular regions
for contrast evaluation.

Regarding SSI reconstruction, the bent-ray method was
employed. As Figure 4 shows, there were mainly four steps.
First, the first arrival time of transmissive wave was picked up
by using the Akaike information criterion (AIC) method [32].
Second, the bent ray between each pair of emitter and receiver
was calculated with the current SSI by applying Fermat’s
principle [31]. At the first iteration, a pre-determined sound
speed distribution was assigned to initialize SSI. Third,
SSI was reconstructed and updated by simultaneous alge-
braic reconstruction technique (SART) [33]. Fourth, if the
difference between the SSIs before and after the third step
was sufficiently small, we considered that the iteration was
convergent, and the SSI reconstruction was completed. But,
if the difference was large, the reconstruction process went
back to the second step for the next iteration.

III. RESULTS
A. SIMULATION RESULTS
Figure 5 shows the speed models for numerical simulation,
which were obtained by segmenting breast MRI images of
nine women and assigning the sound speed of 1540, 1600,
1470, and 1570 m/s to water, skin, adipose and glandular
regions. The speed models were zoomed out to fit into the
ring transducer with 100 mm in dimeter, which had the same
size as our small prototype of ring transducer. These breast
models had different shapes, sizes and breast densities (ratio
of glandular to adipose tissue). The breast in Figure 5(b)
is small, but those in Figure 5(e) and (f) are large. The
breast in Figure 5(h) has low density, but that in Figure 5(e)
obviously has higher density.

For resolution evaluation, we placed scatter points with an
extremely higher sound speed (2000 m/s) and a small size
(square shape with 0.1mm side-length) in the sound speed
model. Figure 6(a) gives an example of sound speed models
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FIGURE 5. Sound speed models for numerical simulation. (a)-(i) were
obtained by segmenting MRI breast images of nine women, respectively.
MRI: Magnetic resonance imaging.

with sparse scatter points for resolution evaluation. There are
5 × 5 scatter points, which were placed in the center of the
models with an interval of 10 mm. For contrast evaluation,
we placed random scatter points in adipose and glandular
tissue regions. Figure 6(b) gives an example of sound speed
models with random scatter points. The values of sound
speeds in adipose and glandular tissue regions were 1470 m/s
with 0.1% in standard deviation and 1570 m/s with 0.5%
in standard deviation, which made the intensity of glandular
tissue region was higher than that of adipose tissue region.

Figure 7 shows SSIs for phase aberration correction, which
had different resolutions and noise levels. The SSIs with
different resolutions were obtained by applying mean filters
of different size to the sound speed model (Figure 5(a)).
The sizes of mean filters to obtain Figure 7(a), (b), and (c)
were 0.2, 40, and 100 mm, respectively. In Figure 7(a),
the SSI resolution is high, and the details of breast tis-
sue can be observed, since the size of mean filter is quite
small. In Figure 7(b), the image is quite blur, but a low-speed
region due to the adipose of breast can still be recognized.
In Figure 7(c), the image almost only shows the average
sound speed in the imaging region, because its filter size
is 100 mm which is equal to the diameter of the imaging
region. The SSIs with different noise levels were obtained
by adding gaussian noises with different standard deviations.
The standard deviations in Figure 7(d) and (e) are 50 and
100 m/s, respectively.

Figure 8 shows the reconstructed echo images. Their phase
aberrations were corrected using SSIs with different resolu-
tions and noise levels. Figure 8(a)-(c) and (g)-(i) show the

FIGURE 6. Speed models for resolution and contrast evaluation.
(a) Speed model with sparse scatter points for resolution evaluation.
(b) Speed model with random scatter points for contrast evaluation.

FIGURE 7. SSIs for phase aberration correction. (a)-(c) are obtained by
applying mean filters to sound speed models, and sizes of these filters
are 0.2, 40, and 100 mm, respectively. (d) and (f) are obtained by adding
gaussian noises to (a), with SDs of 50 and 100 m/s, respectively. SSI:
Sound-speed-image; SD: Standard deviation.

reconstructed echo images with sparse scatters for resolution
evaluation. In these images, the contours of skin, adipose
and glandular regions can be clearly observed, because dif-
ferent regions had been assigned different sound speeds and
impedances in the numerical simulation model. Comparing
to these contours, the scatter points had been assigned
extremely different sound speeds and impedances, thus they
had higher intensities and can easily be segmented from the
contours and background, which provided convenience for
the diameter measurement of scatter points (PSF diameter).
Figure 8(d)-(f) and (j)-(l) give the reconstructed echo images
with random scatters for contrast evaluation. In these images,
not only the contours of adipose and glandular regions can be
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FIGURE 8. Reconstructed echo images for resolution ((a)-(c) and (g)-(i)
with sparse scatters) and contrast ((d)-(f) and (j)-(l) with random scatters)
evaluations. (a)-(f) were reconstructed using SSIs, which were
smoothed by mean filters of 0.2 ((a) and (d)), 40 ((b) and (e)), and
100 ((c) and (f)) mm. (g)-(l) were reconstructed using SSIs, to which
gaussian noises were added, with standard deviations of 0 ((g) and (j)),
50 ((h) and (k)), and 100 ((i) and (l)) m/s.

observed, but also the intensities of these two regions were
different, because the standard deviation of sound speeds
in the two regions were different, which were 1.47 m/s
and 7.85 m/s, respectively. The different intensities of these
two regions can be used to calculate CR by Equation 5 for
quantitative contrast evaluation.

Figure 9 quantitatively demonstrates the effect of SSI res-
olution and the noise level on the echo image quality (resolu-
tion and contrast), which indicates the performance of phase
correction. In Figure 9(a), the diameters of PSF increase as
the mean filter size increases. In Figure 9(b), the diameter
of PSF in each case increases as the standard deviation of
gaussian noise increases. Figure 9(a) and (b) denotes the
higher resolution of and lower noise level in SSI can provide
echo images with higher resolutions. In Figure 9(c), the CR
decreases as the mean filter size increases. In Figure 9(d),
the CR decreases as the standard deviation of gaussian noise
increases. Figure 9(c) and (d) denotes the higher resolution
of and lower noise level in SSI can give echo images with
higher CRs. Figure 9 quantitatively demonstrates that the
higher resolution of and lower noise level in SSI can improve
the phase correction performance.

The numerical simulation results show that the resolution
and CR of reconstructed echo image are indeed affected
by the resolution of and noise level in the SSI used for
phase correction. Furthermore, they also give the quantitative

FIGURE 9. PSF diameter and CR of echo images. (a) and (b) are PSF
diameters affected by resolution of and noise level in SSI, respectively.
(c) and (d) are CR affected by resolution of and noise level in SSI,
respectively. CR: Contrast ratio; PSF: Point spread function; SSI:
Sound-speed-image.

relationship between the quality of echo image (resolution
and contrast) and the quality of SSI (resolution and noise
level) used for phase correction.

B. EXPERIMENTAL RESULTS
Figure 10(a) shows our experiment setup. A piece of breast
phantom, which was cut from a whole breast phantom, was
hanged inside the ring transducer. Both breast phantom and

FIGURE 10. Experiment setup and reconstructed echo images.
(a) experiment setup. (b)-(d) are echo images reconstructed using SSIs,
which are smoothed by mean filters of 5, 50, and 100 mm, respectively.
(e)-(j) are reconstructed using SSIs, to which gaussian noises are added,
with standard deviations of 0, 50, and 100 m/s, respectively.
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ring transducer were immersed in shallow degassed water.
Figure 10(b)-(j) shows the reconstructed echo images. Their
phase aberrations were corrected using SSIs. The SSIs for
Figure 10(b)-(d) were obtained by applying mean filters
with sizes of 5, 50, and 100 mm to the reconstructed SSI,
respectively. The SSIs for Figure 10(e)-(j) were obtained by
adding gaussian noises with standard deviations of 0, 50, and
100 m/s, respectively.

Figure 11(a) and (b) show the intensity profiles of echo
images along the border of the breast phantom marked with
red line. They qualitatively demonstrate that the width of
phantom border in echo images is smaller when the SSI
for phase correction has higher resolution and lower noise
level. Figure 11(c) and (d) quantitatively show that CR of
echo image decreases with the increase in the mean filter
size or the standard deviation of noise. This is consistent
with the observation in echo images (Figure 10) and indicates
that the echo image contrast became worse when the SSI for
phase correction has lower resolution or higher noise level.
Figure 11 demonstrates that the resolution of and noise level
in SSI do affect the performance of phase correction, and the
phase correction will be better when the resolution of SSI
increases or the noise level decreases.

FIGURE 11. Intensity profiles along border of phantom and CR of echo
images. (a) and (b) are intensity profiles along red line in echo images;
(c) and (d) are CRs between red and green regions in echo images.
SD: Standard deviation; SSI: Sound-speed-image.

IV. DISCUSSION
In this study, we conducted numerical simulation and phan-
tom experiment to investigate the effect of SSI resolution
and the noise level on the performance of phase correction.
When the resolution of SSI decreases (i.e. the mean filter size
applied on SSI increases) or the noise level in SSI increases,
the calculation error of propagation time from each element to
each pixel increases, which results in poorer phase correction

performance and image quality. The numerical simulation
results quantitatively demonstrated that the diameter of PSF
increased and CR between adipose and glandular tissue
regions decreased when the resolution of SSIs for phase
correction decreased or the noise level in SSI increased. The
experimental results qualitatively showed that the width of
breast phantom border in echo images increased (indicating
that the resolution of echo image decreased) and CR in echo
image decreased, when the resolution of SSI decreased or the
noise level increased. Reductions in both the resolution and
CR indicated that the phase correction performance was
degraded, when SSI had lower resolution or higher noise
level.

In the simulation, we applied mean filters and added
noises to sound speed models to generate desired SSIs and
study their effect on the phase correction. However, this
was different from real application scenarios and our exper-
imental study. In the real scenario or experiment, we can
only reconstruct SSIs but can’t obtain the sound speed
model. Figure 12 (a) and (b) give the reconstructed SSI
from the simulation data corresponding to the sound speed
model in Figure 5(a) and the experimental data, respectively.
Compared to the sound speed model, Figure 12(a) has lower
resolution, but contains low-level noises, because of the use
of bent ray method and SART for SSI reconstruction. For
evaluation under the conditions resembling the experimental
and real application scenarios, we also applied mean filter
and added noises to the reconstructed SSIs from the sim-
ulation data. Figure 13 shows the PSF diameters and CRs
of echo images. The resolution and CR of each echo image
in Figure 13 are worse than their counterparts in Figure 9,
when applyingmean filters of small size and adding low-level
noises, but almost the same, when applying filter of large size
and adding high-level noises. The resolution of reconstructed
SSI from the experimental data is lower than that of the
corresponding sound speed model, which would lead to a
significant deterioration of phase correction performance,
when the applied mean filter is of small size and added noise
is of low-level, but a negligible deterioration, when the mean
filter is of large size and noise is of high-level.

FIGURE 12. SSIs reconstructed by bent-ray method. (a) SSI from
simulation data. (b) SSI from experiment data. SSI: Sound-speed-image.

The simulation results also showed that the PSF diameter
of echo image obtained with the ring transducer might be
smaller than half of the ultrasound wavelength. Since the
central frequencywas 1.6MHz, half of thewavelength should
be approximate 0.48 mm with the sound speed of 1540 m/s,
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FIGURE 13. PSF diameter and CR of echo images using reconstructed SSI
for phase correction. (a) and (b) are PSF diameters affected by resolution
of and noise level in SSI, respectively. (c) and (d) are CR affected by
resolution of and noise level in SSI, respectively. CR: Contrast ratio;
PSF: Point spread function; SSI: Sound-speed-image.

but the PSF diameter was even smaller than 0.3 mm in
Figure 9. The reason may be that beamforming can be imple-
mented at all directions, when using the ring transducer. This
may be an interesting study to be conducted in the future.

V. CONCLUSION
In this article, we studied the phase correction for USCT
echo image by using SSI with different resolutions and noise
levels. It was demonstrated that the phase correction perfor-
mance decreased as the resolution of SSI decreased or the
noise level in SSI increased. The numerical simulation gave
the quantitative relationship between the quality of echo
image (resolution and CR) and the quality of used SSI for
phase correction (resolution and noise level). When the reso-
lution of SSI changed from 0.2 to 100 mm, the PSF diameter
of echo image increased from 0.3 to 0.6 mm and the CR
decreased from 13.5 to 12.0 dB approximately. When the
standard deviation of noise in SSI changed from 0 to 100 m/s,
the PSF diameter of echo image increased from 0.3 to 1.2 mm
and the CR decreased from 13.5 to 10.0 dB approximately.
The phantom experiment further validated the relationship.
It was qualitatively showed that the resolution of echo image
decreased when the SSI resolution decreased or the noise
level in SSI increased. Moreover, it was quantitatively illus-
trated that the CR of echo image decreased as the resolution of
SSI decreased or the noise level increased. In summary, this
study quantitatively evaluated the effect of SSI resolution and
the noise level on the phase correction for USCT echo image.
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