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In contrast enhancement ultrasound (CEUS), the vasculature image can be formed from nonlinear echoes arising from microbubbles in a blood
flow. The use of binary-coded pulse compression is promising for improving the contrast of CEUS images by suppressing background noise.
However, the amplitudes of nonlinear echoes can be reduced, and sidelobes by nonlinear echoes can occur depending on the binary code.
Optimal Golay codes with slight nonlinear-echo reduction and nonlinear sidelobe have been proposed. In this study, CEUS images obtained by
optimal Golay pulse compression are evaluated through experiments using Sonazoid microbubbles flowing in a tissue-mimicking phantom.

© 2022 The Japan Society of Applied Physics

In contrast enhancement ultrasound (CEUS), nonlinear
echoes from microbubbles (MBs) in a blood flow are used
for contrast-specific image construction. CEUS images are
useful for visualizing the blood flow and are promising for
vasculature evaluation.1–9) These MBs, called ultrasound
contrast agents (UCAs), comprise gas cores encapsulated in
shells.10) The contrast of the CEUS image is further enhanced
when the amplitude of ultrasound increases. However, MBs
can be destroyed by the use of even moderate-amplitude
ultrasound.11) To relatively improve the contrast of CEUS
images without increasing the amplitude of ultrasound, pulse
compression using a frequency-modulated (FM) signal or
binary-coded (BC) sequence has been introduced.12,13) In
pulse compression, the received FM echo or BC echo
sequence is compressed to a short pulse by the cross-
correlation between the received signal and the reference
signal that corresponds to the transmitted signal.
Furthermore, the background noise in the received signal is
suppressed by cross-correlation. Therefore, the signal-to-
noise ratio of the echo is improved, i.e. the image contrast
is relatively improved. However, these pulse compression
algorithms function effectively for linear echoes. In terms of
nonlinear echoes from MBs, a sidelobe can occur around the
compressed short pulse (correlation peak), and the peak
amplitude that corresponds to the MB contrast can also be
reduced, particularly in BC pulse compression. Previously,
an estimation method of the nonlinear-peak reduction and the
nonlinear sidelobe shape has been proposed.14) Furthermore,
optimal Golay codes for CEUS with slight nonlinear-peak
reduction and nonlinear sidelobe have been identified from
all patterns of Golay codes.15) However, the proposed Golay
pulse compression for CEUS has been verified in only RF
echo data obtained via computer simulations based on single
MB oscillations or experiments using a silicone tube filled
with MB suspension in water.14,16) Therefore, in this study,
CEUS images obtained by optimal Golay pulse compression
were evaluated through experiments using a silicone tube
filled with MB suspension in a tissue-mimicking phantom.
The experimental configuration used in this study is

illustrated in Fig. 1. A tissue-mimicking phantom with flow
channels was formed in the resin mold. The agar portion was
composed of 92.5 wt% ultrapure water, 5 wt% of nylon

particles with a diameter of 5 μm (ORGASOL 2002 EXD
NAT 1, Arkema, France) as scatterers, 2 wt% agar powder
(Agar, Sigma-Aldrich, USA), and 0.5 wt% surfactant
(TERGITOL Type NP-10, Sigma-Aldrich, USA). Silicone
tubes with an inner diameter of 0.3 mm and outer diameter of
0.4 mm (Aramec silicone micro tube, Aram, Japan) were
placed at distances 30 and 50 mm from the top surface of the
phantom. Sonazoid, which is the UCA used for the diagnosis
of focal liver lesions in Japan, was used in the
experiment.17,18) The Sonazoid suspension for injection was
diluted 100 times and manually flushed into the tube using a
syringe. The transmission of the BC ultrasound and acquisi-
tion of echoes were performed using a research ultrasound
system (Vantage 256, Verasonics, USA). A linear array
probe (L11-5v, Verasonics, USA) was mounted on the
system. The probe was placed above each silicone tube in
the longitudinal direction. To form CEUS images, pulse-
inverted amplitude modulation (PIAM) was employed.19,20)

Moreover, three-times transmissions by the negative pulse
from odd number elements, the positive pulse from all
elements, and the negative pulse from even number elements
were employed to ease transmission of half-amplitude ultra-
sound in the PIAM. The positive and negative pulses with a
center frequency of 5 MHz were transmitted as plane waves
via PWM excitations. In terms of Golay pulse compression,
the sequences composed of positive and negative pulses were
transmitted as Golay codes A and B, and the pulse interval
was set to 2 μs. In the experiments, CEUS images formed by
the proposed method, which is the PIAM with Golay pulse
compression, were compared with those obtained using the
conventional PIAM. Therefore, nine sequences of transmis-
sion/acquisition were repeated. The first three sequences
corresponded to the conventional PIAM. The next three
sequences corresponded to PIAM with Golay code A (fifth
sequence) and inverted Golay code A′ (fourth and sixth
sequences). The last three sequences corresponded to PIAM
with Golay code B (eighth sequence) and inverted Golay
code B′ (seventh and ninth sequences). In this study, Golay
codes A′ and B′, which were mirrored Golay codes A and B,
were used to create a small nonlinear sidelobe.14) The
repetition frequency of these consecutive sequences was
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100 Hz. Therefore, the frame rate of the CEUS images was
11.1 fps. The other parameters are listed in Table I.
When the Sonazoid suspension was flowing at a depth of

30 mm, the conventional B-mode image that represents the
amplitudes of the RF echo data acquired by the second
sequence is shown in Fig. 2(a). The conventional PIAM
image formed from the summation of the RF echo data
acquired by the first, second, and third sequences is shown in
Fig. 2(b). In both images, high contrast lines were observed
at approximate depth of 32 mm. The mean brightness within
±10 mm lateral in these images is shown in Figs. 2(d) and
2(e). The linear echoes from the scatterers were reduced by
approximately 16 dB by the PIAM of this system. However,
the nonlinear echoes from the Sonazoid MBs were not
reduced, whereas the two peaks at depths of 32.1 and
32.6 mm were reduced to the same level. Therefore, the
two peaks appeared to be linear echoes from the outer surface
of the upper wall and the inner surface of the lower wall of
the silicone tube. The nonlinear echoes from the Sonazoid
MBs appeared between the two peaks. To further reduce the
linear echoes from the silicone tube, the moving target
indicator (MTI), which is the subtraction of two RF echo
data from adjacent frames, was applied. The static compo-
nents that corresponded to the linear echoes in the experi-
ments can be reduced by the MTI. The conventional PIAM
image with the MTI is shown in Fig. 2(c), and the mean
brightness in the image is indicated in Figs. 2(d) and 2(e).
The nonlinear echoes from the Sonazoid MBs can be
obtained at a depth of 32.4 mm, and its contrast from the
background noise level was approximately 13 dB.
Meanwhile, the B-mode image with Golay pulse compres-
sion formed from the summation of cross-correlation func-
tions of the fifth and eighth sequences is shown in Fig. 2(f).
The PIAM image with Golay pulse compression formed from
the summation of cross-correlation functions from fourth to
ninth sequences is shown in Fig. 2(g). In the case of the
PIAM image with Golay pulse compression, the background
noise level decreased by approximately 13 dB, which is

equivalent to the theoretical value of 10-bit Golay codes, in
the deep region. The PIAM image with Golay pulse
compression and the MTI is shown in Fig. 2(h). In the B-
mode and PIAM images, the peak amplitudes of the
conventional and proposed methods were similar. In the
PIAM images with the MTI, however, the peak amplitude of
the proposed method was smaller than that of the conven-
tional method. Hence, the nonlinear echoes from the
Sonazoid MBs decreased approximately 3 dB by the non-
linear peak reduction of pulse compression using 10-bit
optimal Golay codes. Furthermore, the nonlinear sidelobe
appeared from 21 to 46 mm in depth. The nonlinear echoes
that corresponded to the actual flow of the Sonazoid MBs
were approximately 10 dB greater than the maximum non-
linear sidelobe that generates artifacts of the flow. Therefore,
the contrast from the background noise level was improved
by Golay pulse compression, but the appearance of artifacts
may be an issue.
The conventional B-mode and PIAM images and the

PIAM image with the MTI when the Sonazoid suspension
was flowing at a depth of 50 mm are shown in Figs. 3(a)–
3(c). The mean brightness in the images is shown in

Fig. 1. (Color online) Experimental setup and sequence of ultrasound transmission/acquisition.

Table I. Parameters of ultrasound transmission/acquisition.

Elements of transducer 128
Element pitch 0.3 mm
Voltage of PWM excitation 8.2 V
Estimated sound pressure 0.225 MPa at depth of 50 mm
Sampling frequency 50 MHz
Center frequency of pulse 5 MHz
Pulse (sequence) repetition frequency 100 Hz
Golay code A −1 −1 1 1 1 1 1 −1 1

1
Golay code B 1 1 − 1 1 − 1 1 − 1 −1

1 1
Golay code A′ (mirrored A) 1 1 −1 1 1 1 1 1 −1 −1
Golay code B′ (mirrored B) 1 1 −1 −1 1 − 1 1 − 1

1 1
Interval of binary pulses 2 μs
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Figs. 3(d) and 3(e). The linear echoes from the scatterers and
the tube wall were reduced by the PIAM and MTI. However,
the nonlinear echoes from the Sonazoid MBs could not be
determined by the background noise. The B-mode and PIAM
images and the PIAM image with the MTI with Golay pulse
compression are shown in Figs. 3(f)–3(h), and the

corresponding mean brightness is shown in Figs. 3(i) and
3(j), respectively. The nonlinear echoes from the Sonazoid
MBs can be obtained at a depth of 52.5 mm, and its contrast
from the background noise level was approximately 12 dB.
Therefore, nonlinear echoes could not be obtained in the
conventional PIAM with the MTI image, and nonlinear

(a) (b) (c)

(f) (g) (h)

(d) (e)

(i) (j)

Fig. 2. (Color online) Experimental results based on Sonazoid suspension flowing at depth of 30 mm in tissue-mimicking phantom.

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 3. (Color online) Experimental results based on Sonazoid suspension flowing at depth of 50 mm in tissue-mimicking phantom.
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sidelobes that appeared similar to the background noise could
not be identified.
In this study, CEUS images of the Sonazoid MB in the

tissue-mimicking phantom were formed by pulse compres-
sion using 10-bit optimal Golay codes, PIAM of three-times
transmissions, and the MTI. In the CEUS image, the back-
ground noise level decreased by approximately 13 dB.
Subsequently, the nonlinear echoes from the Sonazoid MBs
decreased by approximately 3 dB. Therefore, the contrast of
the CEUS image improved by approximately 10 dB.
However, the nonlinear sidelobe, which was 10 dB smaller
than the nonlinear echoes, appeared around the actual flow.
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