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Fig. 1. Schematic diagram of PSM-PW-VI.
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Fig. 2. Velocity model of cortical bone: (a) Velocity model
of cortical bone with three-layer model; (b) velocity model

of cortical bone with five-layer model.
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Fig. 3. Schematic diagram of the experimental setup.
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Table 1.  Model parameter setting.
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Table 2. Simulation and experiment setup.
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Fig. 4. Simulated reconstructed results: (a) Reconstructed
result of cortical bone with three-layer model; (b) recon-
structed result of cortical bone with five-layer model. Or-

ange lines are the structure and edge extracted from the model.
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Fig. 5. Reconstructed result of phantom experiment. Or-
ange lines are the structure and edge extracted from the

true model.
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Fig. 6. Results of ez-vivo experiment: (a) Reconstructed res-
ult of three-layer model cortical bone; (b) reconstructed res-
ult of five-layer model cortical bone. Orange lines are the
structure and edge extracted from the true model.
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Fig. 7. Effect of the number of compounding angles on the

contrast-to-noise ratio.
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Fig. 8. Experiment reconstructed result of cortical bone
with five-layer model using uniform velocity model; Orange

lines are the structure and edge extracted from the true model.
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Fig. 9. Comparison of reconstructed results: (a) Reconstruc-

; (b) T

tion result using synthetic aperture method; (b) reconstruc-
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Table 3. Computational complexity of PSM-SA and
PSM-PW-VT algorithms.

P PSM-SAE 2=

PSM-PW-VI& Ze

24EAi {H NeNg N, NpN N
Fai{-}  2NeNiogy(NeNt) Nilogy (Nt) + NpNelogy (Ne)

Fa'{-} 2NeNN,log,(Nz) Np Nz N logy(Ny)

R T LRSI VA R SEBR TR, AR SO —
5 8% 5 A HL (8 #% intel i7-10700 CPU+
16 GB RAM) - f# /§ PSM-SA fl PSM-PW-VI #
HAR R I/ LA X3k, AP AR B S FRis £ 7 (]
W 4 ). PSM-PW-VI J5 ¥ ] 7E 10 s N #
— 1 30 mm =25 mm A B4, R PSM-SA &
THE Y 20 f5.

# 4  PSM-SA 5 PSM-PW-VI J5#ia 170 [A]
Table 4. Running time of PSM-SA and PSM-PW-VI
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Abstract

Cortical bone, a highly attenuated, anisotropic, and multilayered biological medium with high acoustic
impedance, presents significant challenges for high-frequency ultrasound to penetrate its complex structure and
acquire high-quality images. The traditional method of using uniform sound velocity in ultrasonic dynamic
focusing imaging is limited by emission energy and frame rate, which hinders the accurate and rapid
reconstruction of multi-layer structures and clinical applications. In order to meet these challenges, this study
proposes a novel method, called the phase shift migration-based plane-wave bone imaging via velocity inversion
(PSM-PW-VI), that can accurately and quickly image the multi-layer structure of cortical bone. In the PSM-
PW-VI method, two identical linear array probes are arranged in parallel on both sides of the cortical bone for
data acquisition. First, the ultrasound velocity distribution in the imaging region is obtained by using
ultrasound travel time inversion. Next, two images corresponding to the upper probe and lower probe are
acquired in parallel in the frequency domain by employing a phase shift migration-based coherent plane-wave
compounding method. Finally, the two images are merged to generate a complete ultrasound image of the
cortical bone. Wave propagation in cortical bone is simulated by using the open source toolbox kwave in
MATLAB. Ez-vivo experiments are conducted on 2.5-mm-thick sawbones phantom and 2.45-mm-thick bovine
bone plates to evaluate the feasibility of the proposed method, by using the Verasonics platform. Simulation,
phantom (Sawbones), and ez-vivo experiments validate the effectiveness of the method. Notably, the average
error of the thickness is less than 0.2 mm, and the relative error is less than 7% for both three-layer and five-
layer cortical bone. The influence of the number of plane wave compounding angles on imaging quality is
investigated, revealing that only 15 angles are sufficient to produce high-quality images. The influence of the
velocity model on imaging accuracy is also examined since accurate sound velocity estimation is crucial for
obtaining high-quality images of cortical bone. Finally, the performances of PSM-PW-VI and PSM-SA in
imaging depth and efficiency are compared. The results demonstrate that the proposed PSM-PW-VI method
offers significant improvements in temporal resolution, data storage and processing quantity, emission energy,
and imaging depth. The experimental findings validate the effectiveness of the proposed method as an accurate
and efficient ultrasound imaging tool for cortical bone, and its substantial role in promoting ultrasound bone

imaging technology and clinical applications.
Keywords: plane wave imaging, cortical bone, multilayered medium, frequency domain
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* Project supported by the National Natural Science Foundation of China (Grant Nos. 11827808, 12034005, 12274094) and the
China Postdoctoral Science Foundation Project (Grant No. 2022M720814).
1 Corresponding author. E-mail: yifangli@fudan.edu.cn

1 Corresponding author. E-mail: tda@fudan.edu.cn

154303-10


mailto:yifangli@fudan.edu.cn
mailto:yifangli@fudan.edu.cn
mailto:tda@fudan.edu.cn
mailto:tda@fudan.edu.cn

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

T AL B PP 2 2 R B R
REZ FXT oHik #HERE RFE BLF iEFL
Phase shift migration based plane-wave imaging of cortical bone

Zhang Yun-Yun LiYi-Fang ShiQin-Zhen  XulLe-Xiu DaiFei XingWen-Yu Ta De-An

5] Fi{& B Citation: Acta Physica Sinica, 72, 154303 (2023)  DOI: 10.7498/aps.72.20230581
TEZE[R]1E View online: https:/doi.org/10.7498/aps.72.2023058 1
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

BT 22 )2 P UL A 5 A LA R BT IR
Multi-layer velocity model based synthetic aperture ultrasound imaging of cortical bone

WIFEAEA. 2019, 68(18): 184302 https://doi.org/10.7498/aps.68.20190763

PSP e S 5

Measurement and compensation of frequency—dependent attenuation in ultrasonic backscatter signal from cancellous bone

YIFI44. 2019, 68(18): 184301  https://doi.org/10.7498/aps.68.20190599

IR T RAE RO AR 5 7k
Sparse sampling in frequency domain and laser imaging

PPz 2022, 71(5): 058705  https://doi.org/10.7498/aps.71.20211408

ST P S T TERRO A AL RS AL I BRI BE A AT T

Analytical theory on electromagnetic shielding effectiveness of infinite conductor plate with periodic aperture array under plane wave

illumination

WIFEAEAR. 2019, 68(10): 104101 https://doi.org/10.7498/aps.68.20182070

S FHOR A 25 A T ST TR 5 B A B8 A R R 25 I B XU S 4

Birefringence characteristics of magnesium oxide crystal in terahertz frequency region by using terahertz focal plane imaging

WIEEAEAR. 2020, 69(20): 208702 https://doi.ore/10.7498/aps.69.20200766

BT S AR 22 AR 5 1 22 IRy 12
Lamb wave imaging method based on difference signal in reverse path

WIFEAEA. 2019, 68(12): 124301 hitps://doi.org/10.7498/aps.68.20190101


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230581
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20190763
https://doi.org/10.7498/aps.68.20190599
https://doi.org/10.7498/aps.71.20211408
https://doi.org/10.7498/aps.68.20182070
https://doi.org/10.7498/aps.69.20200766
https://doi.org/10.7498/aps.68.20190101

	1 引　言
	2 基本原理
	3 仿真及实验设置
	3.1 仿真设置
	3.2 实验设置

	4 结　果
	4.1 仿真结果
	4.2 实验结果

	5 讨论部分
	5.1 发射角度数
	5.2 声速模型
	5.3 成像深度
	5.4 成像效率

	6 结　论
	参考文献

