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Ultrasound propagation characteristics within the bone tissue of 
miniature ultrasound probes: implications for the spinal navigation 
of pedicle screw placement
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Background: The accuracy of pedicle screw fixation is crucial for patient safety. Traditional navigation 
methods based on computed tomography (CT) imaging have several limitations. Therefore, this study 
aimed to investigate the ultrasonic propagation characteristics of bone tissue and their relationship with CT 
imaging results, as well as the potential application of ultrasound navigation in pedicle screw fixation. 
Methods: The study used three bovine spine specimens (BSSs) and five human vertebral allograft bones 
(HABs) to progressively decrease the thickness of the cancellous bone layer, simulating the process of pedicle 
screw perforation. Five unfocused miniature ultrasound probes with frequencies of 2.2, 2.5, 3, 12, and 30 
MHz were employed for investigating the ultrasonic propagation characteristics of cancellous and cortical 
bone through ultrasound transmission and backscatter experiments. The CT features of the bone tissue was 
obtained with the Skyscan 1174 micro-CT scanner (Bruker, Billerica, MA, USA).
Results: The experimental results demonstrated that low-frequency (2–3 MHz) ultrasound effectively 
penetrated the cancellous bone layer up to a depth of approximately 5 mm, with an attenuation coefficient 
below 10 dB/cm. Conversely, high-frequency (12 MHz) ultrasound exhibited significant signal attenuation in 
cancellous bone, reaching up to 55.8 dB/cm. The amplitude of the backscattered signal at the cancellous bone 
interface exhibited a negative correlation with the bone sample thickness (average r=−0.84), meaning that as 
the thickness of the cancellous bone layer on the cortical bone decreases, the backscattered signal amplitude 
gradually increases (P<0.05). Upon reaching the cortical bone interface, there was a rapid surge in echo signal 
amplitude, up to 8 times higher. Meanwhile, the statistical results indicated a significant correlation between 
the amplitude of the echo signal and the micro-CT scanning results of bone trabecular structure.
Conclusions: Theoretically, using multiple ultrasonic probes (≥3) and regions of interest (ROIs) (≥5) has 
the potential to provide surgeons with early warning signals for pedicle perforation based on three or more 
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Introduction

Pedicle screw fixation is widely employed in spinal 
posterior stabilization procedures across various clinical 
scenarios, including spinal deformity, trauma, tumor, 
and degenerative diseases (1,2). However, once the screw 
penetrates out from the pedicle during the surgical 
procedure, it inevitably causes inadvertent injury to 
adjacent vital structures including the spinal cord, nerve 
roots, and blood vessels, and other critical adjacent 
structures (3-5). This can in turn potentially lead to 
complications such as paralysis, ischemia of the brain 
stem or cerebellum, and even aortic perforation in severe 
cases. The accurate guidance of screw implantation 
orientation and depth is thus of utmost importance (6). 
The conventional freehand technique relies on anatomical 
landmarks and X-ray images as references for positioning. 
The success rate and quality of screw placement primarily 
depend on the surgeon’s tactile perception and experience. 
Research has indicated that in cases of idiopathic scoliosis, 
the incidence of pedicle screw breach larger than 2 mm 
from the freehand technique ranges from 6.5% to 33.9% 
(7-9). The use of intraoperative C-arm fluoroscopy-assisted 
screw placement is currently prevalent in clinical practice. 
However, due to the acquisition of two-dimensional 
images, the provided information is limited, leading 
to relatively elevated rates of screw penetration (10).  
Moreover, there exists a potential hazard of ionizing 
radiation exposure for both patients and medical 
personnel. The implementation of computer-assisted 
navigation (CAN) systems has significantly enhanced the 
precision and safety of surgical procedures (11). However, 
certain challenges still persist, including the high cost 
of equipment, relatively intricate operation processes, 
requirement of substantial physical space and susceptibility 
to environmental interference. Additionally, registration 

is necessary to establish the correspondence between the 
images and the anatomical location of the patient during 
surgery. Position changes can easily lead to registration 
errors. Although advanced navigation technologies such 
as O-arm navigation can provide immediate intraoperative 
three-dimensional (3D) computed tomography (CT) 
images and perform fully automatic registration, there 
are certain drawbacks, including an increased scanning 
time and repeated radiation exposure during surgery (12).  
Robot-assisted techniques incurs higher costs while 
offering comparable accuracy (13) in screw placement to 
the aforementioned navigation devices.

Therefore, it is imperative to develop a clinically safer 
method capable of continuous and real-time monitoring of 
screw placement position and depth. The use of ultrasound 
in orthopedics is regarded as a promising novel approach 
due to its inherent advantages (14-16), including the 
absence of ionizing radiation, nondestructive nature, cost-
effectiveness, portability, and real-time imaging capabilities. 
When the ultrasound signal is incident on the cancellous 
bone interface, a portion of the energy penetrates into the 
interior of the cancellous bone while another portion is 
reflected at this interface (17). High-frequency ultrasound 
offers superior resolution but also involves significant 
attenuation, with most of the incident wave being attenuated 
within cancellous bone. On the other hand, low-frequency 
ultrasound provides strong penetration capability despite 
lower image resolution (18). In our previous paper (19),  
we proposed that combining high-frequency and low-
frequency ultrasound can enable high-resolution imaging 
with deep tissue detection. However, we could not draw 
a definitive conclusion regarding the optimal frequency 
range, transducer size, or power required for achieving deep 
detection in cancellous bone. Therefore, a comprehensive 
understanding of the ultrasonic propagation characteristics 

successive increases in echo signal amplitude or a sudden substantial increase. The statistical results indicate 
a significant correlation between the amplitude of the echo signal and the micro-CT scanning results of bone 
trabeculae, suggesting the potential use of ultrasound as opposed to CT for real-time intraoperative bone 
navigation.
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of cancellous bone across various ultrasound frequencies 
remains elusive.

In this study, we investigated the ultrasonic transmission 
and backscattering characteristics of bovine and human 
cancellous bone samples using ultrasonic transducers 
of varying frequencies. We examined the attenuation 
coefficient and sound velocity of ultrasonic propagation 
in bones; evaluated the impact of probe frequency, size, 
and performance on the depth of ultrasonic penetration in 
cancellous bones; and observed the amplitude of echo wave. 
Finally, the feasibility of ultrasound-guided navigation in 
clinical spinal pedicle surgery was ascertained.

Methods

Materials

The literature (20) suggests that the average diameter of 
the L1–L5 lumbar vertebral pedicles in human body ranges 
from 6 to 15 mm, with the average width of the L5 vertebra 
being around 15 mm. Therefore, to simulate the scenario of 
pedicle perforation in the lumbar vertebrae, the trabecular 
bone thickness should be at least 6 mm. Furthermore, to 
avoid interference from sample boundaries, it is essential 
to select bone samples with large, flat interfaces that are 
easily accessible. Additionally, it is advisable to maintain 
uniform cortical bone thickness. The bone samples used 
in this study were all custom-made. The bone specimens 
included in this study included fresh bovine spine specimens 
(BSSs) (Animal Experiment Center of Nanjing Medical 
University, Nanjing, China) and human vertebral allograft 
bones (HABs) (Shanxi Osteorad Biological Materials Co., 
Ltd., Taiyuan, China); registration certificate number: 
20163460428), the latter of which were prepared from 

human bone tissue that had been deep-frozen, decorticated, 
defatted, freeze-dried, and sterilized with Co-60 gamma 
irradiation to reduce immunogenicity. As shown in Figure 1,  
the bone samples used in this study were commercial 
bone blocks and did not involve any animal or human 
experimentation. Therefore, it was not necessary to obtain 
approval from the Animal Ethics Review Board and the 
Human Research Ethics Committee.

(I) Backscatter experiment: A table saw (MBS 240/E; 
Proxxon, Föhren, Germany) was used to surgically 
remove the cortical bone and a portion of the 
cancellous bone from one side of BSS1 and HAB1–3, 
with the remaining half of cancellous and cortical 
bone being preserved. The thickness of BSS1 and 
HAB1–2 was approximately 8.00 mm. Due to the 
intricate structure of HAB3, the remaining thickness 
was only about 6.5 mm. In the ultrasonic backscatter 
experiment, to simulate the different distances 
from the boreholes in the pedicles to outside walls 
during clinical pedicle screw implantation, we 
gradually reduced the cancellous bone thickness 
of the bone sample in a layered manner, with each 
layer being decreased by approximately 2 mm, as 
shown in Figure 2. Ultimately, only cortical bone 
remained, and the simulated screw trajectory closely 
approximated cortical bone. 

(II) Transmission experiment: The cortical bones were 
removed from both sides of BSS2–3 and HAB4–5, 
leaving behind cancellous bone with a thickness of 
8.00 mm. BSS2–3 were successively thinned from 
8.00 to 7.00 mm, 6.5, 5.00, and 2.00 mm, respectively. 
HAB4–5 were successively thinned from 8.00 to 
6.50 mm, 5.00, 3.00, and 2.00 mm, respectively. The 

Figure 1 Experimental bone samples. (A) Bone samples for the ultrasound backscatter experiment and (B) bone samples for the ultrasound 
transmission experiment. BSS, bovine spine specimen; HAB, human vertebral allograft bone.
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Figure 2 Schematic representation of the reduction in cancellous bone thickness and physical illustrations of bone specimens. ROI, region 
of interest.
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Table 1 Thickness parameter of the bone blocks

Experiment Bone
Cancellous bone thickness (mm) Cortical bone 

thickness (mm)No. 1 No. 2 No. 3 No. 4 No. 5

Backscatter 
experiment

BSS1 8 6.5 5 3 – 2

HAB1 8 6 4 – – 1

HAB2 8 6 4 – – 1.5

HAB3 6.5 4 – – – 2

Transmission 
experiment

BSS2 8 7 6.5 5 2 –

BSS3 8 7 6.5 5 2 –

HAB4 8 6.5 5 3 2 –

HAB5 8 6.5 5 3 2 –

BSS, bovine spine specimen; HAB, human vertebral allograft bone.

thickness parameters of the bone blocks are shown in  
Table 1. The bone blocks were repeatedly immersed 
and rinsed in normal saline solution and then 

immersed in a degassed water environment for over 
30 minutes to eliminate potential air bubbles within 
the cancellous bone samples.
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Figure 3 The experimental systems. (A) Schematic diagram of the transmission experiment setup. (B) Schematic diagram of the backscatter 
experiment setup. (C) Experimental setup for the backscattering measurements. (D) Experimental setup for the transmission measurements. 
(E) The ultrasound transducers employed in the experiment: 2.2, 2.5, 3, 12, and 30 MHz from left to right, respectively. PC, personal 
computer; DC, direct current; PA, precision acoustic; 3D, three-dimensional.
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The experimental setup comprised a customized ultrasonic 
immersion transmission system and backscattering 
measurement system, as shown in Figure 3A-3D. The 
experimental platform contained: a four-dimensional mobile 
control system (homemade), a transparent acrylic water tank 
(customized), a bone sample fixing bracket (customized), 
an ultrasonic pulse transmitter/receiver (CTS-8077PR; 
Guangdong Shantou Ultrasonic Electronics Co., Ltd., 
Shantou, China), an ultrasonic pulse transmitter/receiver 
device (DPR 500; Imaginant, Ltd., Pittsford, NY, USA), 
a broadband ultrasonic signal receiver needle hydrophone 
(NH0500;Precision Acoustics Ltd., Dorchester, UK), an 
oscilloscope (DPO 5034; Tektronix, Beaverton, OR, USA), 
and a host computer. The performance parameters of the 
ultrasonic probes (Figure 3E; Suzhou Guoke Angzhuo 
Medical Technology Co., Ltd., Suzhou, China) employed 
in the experiment are presented in Table 2. Medical syringe 
needles with a diameter of 1.8–2.5 mm were used to fix the 
microultrasound transducers as the intraoperative pedicle 

probe. DPR 500 (Imaginant Inc., Pittsford, NY, USA) was 
employed as the ultrasonic system.

The experiments were conducted in a controlled 
environment of deionized and degassed water at a temperature 
of approximately 25 ℃, with the speed of sound measured 
at 1,500 m/s. The bone samples were secured in place using 
a holder during the experiment. The ultrasound probe and 
needle hydrophone were coaxially positioned on either 
side of the bone specimen in the experiment involving 
ultrasound transmission, as shown in Figure 3A. The needle 
hydrophone was installed on a customized fixture, ensuring 
optimal stability during movement. The ultrasonic probe 
was securely affixed to the control platform, enabling 
precise X-axis translation, pitch adjustment in the X-Y 
plane, and rotation around the Z-axis. The relative 
positioning between the probe and the bone sample was 
precisely adjusted using a 3D control system for fixing the 
probe and a two-dimensional (2D) console for securing 
the tank. Through this experimental setup, transmission 
or backscatter measurements could be conducted at 
the multiple regions of interest (ROIs) on the same 
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cancellous bone sample, thereby minimizing experimental 
measurement errors. The ROIs were confined within 
the sample boundary, with a distance of approximately  
5 mm from the edge being maintained to ensure that the 
ultrasound beam’s main lobe lay entirely in the plane of 
the bone sample being measured, thereby avoiding any 
potential influence from scattering or diffracted ultrasound 
signals emanating from the sample boundary. To eliminate 
the influence of the ultrasonic incidence angle, we adjusted 
the relative spatial positions of the bone sample and the 
ultrasound transducer by fine-tuning the four-dimensional 
control system during the signal acquisition. When the 
amplitude of the acquired ultrasound signal reached its 
maximum, we determined that the ultrasound signal 
was vertically incident. The transmission experiments 
involved four ROIs for the BSSs and three ROIs for the 
HAB samples at each thickness level. The transmission 
experiments were conducted at frequencies of 2.2, 2.5, 3, 
and 12 MHz, encompassing a total of 160 ROIs in BSS 
samples and 120 ROIs in HAB samples.

In the backscatter experiment, following each reduction 
of cancellous bone thickness in BSS1, 3 ROIs were 
determined, with a total of 60 ROIs. Due to the variable 
orientation of trabecular bone within the same bone 
sample, significant differences were observed in echo 
amplitudes across different regions. Consequently, 5 ROIs 
were selected for ultrasound echo testing, and a total of 
165 ROIs were recorded. The transmitted ultrasound 
signal was received by the needle hydrophone, while the 
backscattered ultrasound signal was acquired by the pulse 
transmitter/receiver. The acquired signals were then 
displayed on an oscilloscope and saved as a csv file for 
subsequent data processing. Data analysis was performed 
using GraphPad Prism 10.0 software (GraphPad Software, 
La Jolla, CA, USA). One-way analysis of variance 
(ANOVA) was use to compare group differences, the 

least significant difference (LSD) test for homogeneity of 
variance or Dunnett’s T3 for heterogeneity of variance was 
applied for multiple comparisons. Statistical significance 
was set at a P value <0.05.
Experimental data processing and analysis

(I) The ultrasonic transmission characteristics of cancellous 
bone were measured using the standard substitution 
method. The speed of sound in cancellous bone sample and 
water is ( )v f  and wc  (1497 m/s), respectively. The time shift 
of the received pulse caused by sample insertion is ( )fϕ , 
and thus the speed of sound ( ( )v f ) of tissue sample can be 
calculated as follows:

( ) ( )
1

1
w

v f
f

c D
ϕ

=
−

 

[1]

The attenuation (21) was calculated as follows:

( )
( ) ( )( )20log sig refA f A f

f
D

α =
 

[2]

where ( )fα  is the measured attenuation coefficient; ( )sigA f
and ( )refA f are the amplitude spectrum of the reference 
signal and the transmission signal, respectively; and D is 
the sample thickness. The formulation of the attenuation 
coefficient [2], assumes negligible diffraction loss due to 
well-matched phase speeds between deionized water and 
cancellous bone (22). Furthermore, transmission losses 
at the interface (resulting from reflection and wave mode 
conversion) are also considered insignificant (23,24).

(II) When a transducer is used for detection and imaging 
in a confined space, it becomes susceptible to interference 
from the reflected waves of the surrounding walls and 
lateral and back radiation signals from the transducer, 
resulting in a diminished signal-to-noise ratio of the echo 
signal, compromised imaging quality, and challenges in 
distinguishing tissue structures. Simultaneously, the near-
field blind area of the transducer also hampers detection 
and imaging within this limited space. The reflected signals 
originating from tissues closest to the transducer are 
submerged within its near-field blind area, rendering them 
indistinguishable. Consequently, in this study, cancellous 
bone echo signal was extracted by filtering out a reference 
signal from the first echo signal. Specifically, prior to 
insertion of the bone sample, reference signals devoid of 
any echo information were acquired. Subsequently, after 
insertion of the bone sample was completed, echo signals 
specific to that particular bone sample were acquired. 

Table 2 The performance characteristics of the ultrasonic probes 

No.
Center frequency 

(MHz)
Bandwidth 

(−6 dB)
Dimensions

1 2.2 44.36% 3.0 mm × 1.3 mm × 2.0 mm

2 2.5 50.08% 5.0 mm × 2.0 mm × 2.5 mm

3 3 48.26% 2.0 mm × 0.9 mm × 1.6 mm

4 12 52.67% 3.0 mm × 1.0 mm × 0.8 mm

5 30 26.91% 3.0 mm × 1.0 mm × 0.9 mm
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MATLAB (MathWorks, Natick, MA, USA) was employed 
for data processing purposes to obtain the filtered echo 
signal. The influence of interference signal on echo signal 
could be greatly reduced by data-filtering processing. 
The peak value of the processed echo data was extracted 
and is represented as the mean ± standard deviation 
(SD). Statistical analysis was performed using GraphPad 
Prism 10.0 software (GraphPad Software). The Pearson 
correlation coefficient (r) and two-tailed P value were 
statistically analyzed, and statistical significance was defined 
as a P value <0.05.

Results

The ultrasonic wave exhibits  s imilar propagation 
characteristics to light when it vertically interacts with a 
different medium, resulting in the generation of a reflected 
wave propagating in the opposite direction and a transmitted 
wave propagating in the same direction as the incident 
wave. The experiment involved the incidence of ultrasonic 
waves on cancellous bone at a vertical angle, thereby 
eliminating the influence of the ultrasonic incidence angle on 
experimental results and solely considered the transmission 
and backscattering characteristics of ultrasonic signals of 
the bone structure itself. The width of the sound beam 
gradually increases as the distance of the transmitted sound 
field increases for the planar transducer, thereby impacting 
the resolution and energy distribution of the sound field. 
Consequently, accurate test results are greatly influenced 
by factors such as the distance between the bone block 
sample, transducer, and hydrophone, as well as their relative 
sizes. In order to minimize the impact of bone block edges 
on ultrasonic wave scattering and diffraction in ultrasonic 

transmission experiments, the bone sample size used was 
greater than 20 mm, and the maximum size of the ultrasonic 
transducer remained below 5 mm, as shown in Figure 4A. 
Additionally, efforts were made to minimize the distance 
between the transducer’s sample, hydrophone, and bone 
block without compromising signal transmission integrity, 
as shown in Figure 4B. The signal could be distinguished 
between the echo signal and the near-field oscillation 
signal in the time domain, which was convenient for later 
comparison and analysis with the transosseous signal.

The pulse transmission method, using ultrasonic signals 
of different frequencies, was employed to investigate the 
acoustic transmission characteristics of cancellous bone 
across various thicknesses. First, the reference signals 
received by the hydrophone at each ultrasound frequency 
were saved without the insertion of the cancellous bone 
block. Subsequently, while maintaining a constant relative 
distance between the transducer and hydrophone, cancellous 
bone samples of varying thicknesses were inserted between 
them using the standard substitution method, and the 
resulting bone transmission signals were recorded. Both the 
reference signal and bone transmission signal were analyzed 
in the time domain. The statistical results of ultrasonic 
characteristics data for various cancellous bone samples with 
different ultrasound frequencies are presented in Table 3.  
The error of the average sound speed measured by a 
multilayer and multi-ROI statistical method was less than 
10%. The sound attenuation coefficient in the frequency 
range of 2–3 MHz was below 10 dB/cm. The accuracy of 
experimental data were primarily influenced by the test 
conditions, signal postprocessing threshold, and ROIs. 
Additionally, the noise signal level and transmitted signal 
amplitude also exerted a degree of influence on the results. 

A B

Figure 4 Representative image of (A) the backscatter experiment and (B) the transmission experiment.
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Table 3 Acoustic properties of different cancellous bones

Frequency, MHz Sample
,  m/sSc ( ) , dB/cmfα

Min–max Mean SD Min–max Mean SD

2.2 BSS2 1,312.8–1,573.2 1,456.1 67.4 6.9–11.7 9.2 1.2

BSS3 1,282.9–1,573.4 1,445.5 78.5 6.1–11.9 9.2 1.7

HAB4 1,141.2–1,691.6 1,334.6 91.1 3.2–7.9 5.6 1.4

HAB5 1,245.7–1,557.5 1,431.6 120.2 1.9–10.2 5.7 2.9

2.5 BSS2 1,372.7–1,578.3 1,472.7 75.9 4.2–13.2 8.6 3.1

BSS3 1,370.0–1,579.3 1,474.1 76.2 4.8–14.4 9.2 3.4

HAB4 1,284.6–1,525.9 1,413.3 93.4 3.8–6.6 5.3 1.0

HAB5 1,371.8–1,487.1 1,445.1 32.5 1.7–5.7 3.6 1.8

3 BSS2 1,059.7–1,606.9 1,327.1 28.2 4.4–8.2 5.9 0.6

BSS3 1,233.2–1,606.9 1,359.2 45.3 4.9–8.1 6.5 0.9

HAB4 1,206.9–1,552.6 1,328.1 62.6 4.7–6.5 5.6 0.5

HAB5 1,201.1–1,520.8 1,435.6 58.0 1.0–3.9 1.7 0.8

12 BSS2 1,337.7–1,537.1 1,418.5 30.7 36.5–41.8 52.9 0.6

BSS3 1,328.2–1,437.1 1,360.5 14.4 48.2–60.4 52.9 0.7

HAB4 1,294.9–1,427.4 1,366.7 34.2 50.7–53.8 55.8 5.5

HAB5 1,246.5–1,492.8 1,366.5 30.8 50.7–53.7 37.6 0.9

SD, standard deviation; BSS, bovine spine specimen; HAB, human vertebral allograft bones.

At 12 MHz, the sound attenuation coefficient increased 
sharply, up to 55.8 dB/cm.

The amplitude of the ultrasonic transmission signal 
decreased as the thickness of the cancellous bone sample 
increased, as shown in Figure 5. Moreover, there was no 
significant difference in the amplitude of the ultrasonic 
signal transmitted by the two bovine bones at different 
thicknesses, and the amplitude was significantly lower than 
that of the human allograft bones. The ultrasonic signal 
amplitude of the 2.5-MHz transducer exceeded that of the 
2.2- and 3-MHz probes due to its larger radiation area, 
which was respectively 2.56 and 5.56 times greater than 
those of the other probes, resulting in stronger ultrasound 
signals being emitted. However, in order to achieve 
miniature size at low frequencies, the design of the 2.2- 
and 3-MHz ultrasonic probes compromised the probe’s 
vibration efficiency, resulting in a slightly lower transmitted 
signal amplitude compared to that at 12 MHz. The 
aforementioned results demonstrate that low-frequency and 
high-power ultrasound possess certain advantages in terms 
of the penetration depth of cancellous bone. Specifically, 

when subjected to low-frequency ultrasound signals ranging 
from 2 to 3 MHz, the cancellous bone samples exhibited 
a maximum penetration depth of approximately 5 mm, 
accompanied by distinct ultrasonic signal observations.

For homogeneous media, the sound velocity and 
attenuation are constant values. However, cancellous bone 
is a highly heterogeneous and anisotropic medium. The 
closer the cancellous bone is to the cortical bone, the denser 
the cancellous bone is. Therefore, in this experiment, 
the sound velocity and attenuation of cancellous bone of 
different thicknesses showed significant variations. In order 
to further study the ultrasound characteristics of bone 
tissue, we conducted ultrasound backscatter experiments.

For the backscatter experiments, the BSS1 was detected 
at 2.2, 3, 12, and 30 MHz. Due to the low echo amplitude 
of the 30-MHz ultrasound signal, HAB1–3 were subjected 
to testing at frequencies of 2.2, 3, and 12 MHz, respectively. 
The statistical analysis results of ultrasonic backscattering 
experiments on multiple ROIs of different bone samples and 
at different thicknesses at different ultrasound frequencies 
are shown in Table 4. The relationship between mean ± SD 
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Figure 5 The relationship between the cancellous bone thickness and amplitude of transmitted signal at different frequencies. BSS, bovine 
spine specimen; HAB, human vertebral allograft bone.
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and the thickness of the bone sample is shown in Figure 6. 
The BSS1 exhibited consistent results at frequencies of 12 
and 30 MHz, and as the thickness of the cancellous bone 
layer on the cortical bone decreased, there was a noticeable 
increase in the amplitude of the echo signal. However, the 
amplitude of the 2.2-MHz ultrasonic echo signal exceeded 
6.5 mm when the thickness was 8 mm, and the amplitude 
of the 3-MHz ultrasonic echo signal at 6.5 and 3 mm was 
lower than that of the previous thickness. The potential 
factors contributing to this include measurement error and 
the disparity in size between the bovine bone sample and 
the transducer. Despite marking each measurement with a 
red box, we faced difficulty in ensuring consistent detection 
orientation across different thicknesses. The echo signal 
amplitude of the same bone sample gradually increased as 
the thickness of the cancellous bone layer on the cortical 
bone decreased at frequencies of 2.2, 3, and 12 MHz.

The amplitude of echo under the same ultrasound 
frequency and different bone sample thickness was 
subjected to statistical analysis, which included calculating 
the Pearson correlation coefficient (r) and determining the 
two-tailed P value; the results are shown in Table 5. The P 

values for all comparisons were found to be less than 0.05, 
indicating significant differences in the amplitude between 
different groups with varying bone sample thicknesses. 
The correlation coefficient (r) between ultrasonic echo 
amplitude and bone sample thickness exhibited a negative 
relationship, with an average value of –0.84.

The amplitude of the ultrasonic echo signal of different 
ROIs within the same bone sample exhibited significant 
variations. For example, in BSS1, the ultrasonic frequency 
employed was 3 MHz, while the thickness of BSS1 
measured 5 mm. The echo signal amplitudes for ROI-
1 and ROI-2 are 0.77 and 1.56 V, respectively, exhibiting 
an amplitude difference of roughly one-fold, as shown in 
Figure 7. The selection of ROIs significantly influenced the 
experimental result; therefore, it is imperative to mitigate 
experimental errors by averaging results obtained from 
multiple ROI measurements. At the same center frequency, 
the ultrasonic echo characteristics of different bone samples 
varied with the sample thickness, as shown in Figure 8. The 
echo amplitude of BSS1 was found to be higher than that of 
the HAB samples under the same ultrasonic frequency and 
bone sample thickness. However, no significant difference 
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Table 4 Statistical results of the ultrasonic backscattering experimental data 

Bone sample Thickness (mm) 2.2 MHz 3 MHz 12 MHz 30 MHz

BSS1 2 1.86±0.11 2.21±0.29 1.39±0.24 0.23±0.10

3 1.18±0.08 1.01±0.22 0.72±0.17 0.16±0.03

5 0.95±0.36 1.12±0.4 0.32±0.07 0.08±0.01

6.5 0.56±0.03 0.57±0.16 0.38±0.05 0.08±0.01

8 0.76±0.12 0.64±0.13 0.23±0.03 0.06±0.01

HAB1 1 2.72±0.28 2.52±0.35 2.24±0.30 –

4 0.47±0.07 0.58±0.10 0.30±0.05 –

6 0.29±0.05 0.31±0.05 0.34±0.10 –

8 0.30±0.03 0.35±0.06 0.14±0.04 –

HAB2 1.5 1.43±0.35 2.01±0.36 1.21±0.17 –

4 0.90±0.18 0.92±0.33 0.33±0.06 –

6 0.44±0.10 0.35±0.11 0.20±0.03 –

8 0.28±0.04 0.24±0.06 0.16±0.04 –

HAB3 2 2.50±0.38 2.34±0.40 1.37±0.65 –

4 0.35±0.07 0.28±0.08 0.17±0.04 –

6.5 0.26±0.06 0.34±0.07 0.14±0.04 –

Data are presented as mean ± standard deviation. BSS, bovine spine specimen; HAB, human vertebral allograft bones.

Figure 6 The results of ultrasonic echo signal amplitude variation with the thickness of the cancellous bone layer on the cortical bone. BSS, 
bovine spine specimen; HAB, human vertebral allograft bone.
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Figure 7 The relationship between the BSS1_thickness and amplitude of ultrasonic echo signal at different ROI. ROI, region of interest; 
BSS, bovine spine specimen.
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in echo amplitude was observed between the HAB samples 
and BSS1 when only cortical bone with similar thickness 
was present. 

Cancellous bone is a porous or reticular structure formed 
by the interlacing of anisotropic trabeculae. The material 
properties, orientation, and degree of anisotropy of the 
trabeculae significantly impact the ultrasonic transmission 
and backscattering characteristics. To further investigate 
the correlation between bone microstructure and ultrasonic 
backscattering properties, micro-CT scanning of BSS1 was 
conducted using Skyscan 1174 (Bruker). The schematic 
diagram of the micro-CT is presented in Figure 9, with the 

specific steps of implementation being as follows: (I) the CT 
Analyser (version: 1.13.10.1; Bruker, Billerica, MA, USA) 
identified and delineated three calculation areas (ROI-1, 
ROI-2, and, ROI-3) as 5×5 mm squares on the surface of 
cancellous bone. (II) The CT data of the cancellous bone 
layer with thicknesses of D1 (4.83 mm), D2 (3.32 mm), 
and D3 (1.81 mm) were acquired at each ROI. (III) The 
acquired CT data of the ROIs, with consistent thickness, 
were subjected to statistical analysis to determine the mean 
± SD. (IV) The cortical bone layer exhibited a compact 
structure with minimal regional variations in bone density, 
and to facilitate calculations, the CT data of a rectangular 

Table 5 Correlation and P value of ultrasonic backscatter characteristics 

Bone sample 2.2 MHz 3 MHz 12 MHz 30 MHz

BSS1 0.83/0.0001 0.77/0.0007 −0.84/<0.0001 0.8/0.0003 

HAB1 −0.86/<0.0001 −0.87/<0.0001 −0.86/<0.0001 –

HAB2 −0.91/<0.0001 −0.91/<0.0001 −0.87/<0.0001 –

HAB3 0.84/0.0001 0.8/0.0003 0.73/0.0022 –

Data are presented as r/P. BSS, bovine spine specimen; HAB, human vertebral allograft bone; r, Pearson correlation coefficient; P, P value.
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Figure 9 The schematic diagram of the micro-CT for BSS1. ROI, region of interest; D1, cancellous bone thickness (4.83 mm); D2, 
cancellous bone thickness (3.32 mm); D3, cancellous bone thickness (1.81 mm); D4, cortical bone thickness (4.83 mm); CT, computed 
tomography; BSS, bovine spine specimen.

Table 6 The micro-CT statistical results of BSS1  

Depth (mm) BV/TV (%) Tb.Pf (1/mm) SMI Tb.Th (mm) Tb.N (1/mm) Tb.Sp (mm)

D1 (4.83) 16.57±1.52 4.92±1.17 2.01±0.32 0.21±0.005 0.80±0.06 0.68±0.005

D2 (3.32) 18.07±2.11 4.52±1.37 1.93±0.33 0.21±0.01 0.87±0.07 0.64±0.01

D3 (1.81) 19.40±2.62 4.64±1.47 1.92±0.31 0.20±0.013 0.95±0.07 0.59±0.03

D4 (2.72) 93.78 −33.75 −30.72 0.57 1.64 0.11

r −0.82 0.81 0.80 −0.80 −0.88 0.87

Continuous variables are presented as the mean ± standard deviation. CT, computed tomography; BSS, bovine spine specimen; BV/TV, 
bone volume/tissue volume; Tb.Pf, trabecular pattern factor; SMI, structure model index; Tb.Th, trabecular thickness; Tb.N, trabecular 
number; Tb.Sp, trabecular separation; D1, cancellous bone thickness (4.83 mm); D2, cancellous bone thickness (3.32 mm); D3, cancellous 
bone thickness (1.81 mm); D4, cortical bone thickness (2.72 mm); r, Pearson correlation coefficient.

area 17.5 mm × 25 mm in size and with a thickness of D4 
(2.72 mm) were averaged. The CT statistical results of 
BSS1 and the Pearson correlation coefficient (r) are shown 
in the Table 6, which include bone volume/tissue volume 

(BV/TV; %), trabecular pattern factor (Tb.Pf; 1/mm), 
structure model index (SMI), trabecular thickness (Tb.Th; 
mm), trabecular number (Tb.N; 1/mm), and trabecular 
separation (Tb.Sp; mm).
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Figure 8 The relationship between the thickness of bone samples and amplitude of ultrasonic echo signal at the same ultrasound frequency. 
BSS, bovine spine specimen; HAB, human vertebral allograft bone.
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The regions labeled for micro-CT data analysis 
coincided with those designated for ultrasound irradiation 
in backscattering experiments. The CT data in Table 6 
reveal that as the proximity of cortical bone increased, 
there was a corresponding increase in BV/TV and Tb.N. 
Specifically, BV/TV, Tb.Th, and Tb.N were 4.8, 2.8, and 
1.7 times greater in cortical bone compared to cancellous 
bone, respectively. The Tb.Sp decreased the closer it 
came to the cortical bone, with the Tb.Sp of cortical bone 
being only 18% of the cancellous bone. The correlation 
coefficient (r) between the bone structural parameters and 
distribution of cancellous bone samples exhibited a high 
correlation, meaning that the closer to cortical bone it was, 
the denser the bone tissue. The r values of Tb.Sp and Tb.N 
were relatively higher, and thus can be used to characterize 
changes in bone tissue structure. Furthermore, the overall 
tendency of the ultrasonic backscattering test results  
(Figure 7) aligns with that of the micro-CT scan results 
(BV/TV, Tb.Pf , Tb.Th, and Tb.N). The result shows that 
both the ultrasonic characteristics and micro-CT data of 
bone sample were closely associated with the distribution 
of cancellous bone samples. The micro-CT scan results 
effectively validated the ultrasonic test findings, and to some 
extent, changes in bone microstructure can be inferred from 
the ultrasonic test outcomes. The findings hold significant 
clinical implications, as there is potential for ultrasound 
detection of bone tissue to supplant CT scans in the future. 

Discussion

The use of low-frequency, high-power ultrasound 
offers significant advantages in terms of the penetration 
depth within cancellous bone (25,26). Specifically, when 
employing a low-frequency ultrasonic signal ranging 
from 2 to 3 MHz, it is possible to penetrate cancellous 
bone samples with a maximum thickness of approximately  
5 mm while simultaneously observing distinct transmission 
ultrasonic signals. The ultrasound signals at frequencies 
of 12 and 30 MHz undergo significant attenuation when 
passing through cancellous bone, primarily within the 
cancellous bone itself. Consequently, it is difficult for 
high-frequency ultrasonic signals to effectively penetrate 
cancellous bone. In our study, the amplitude of the echo 
signal at the cancellous bone interface progressively 
increased as the thickness of the cancellous bone layer 
on the cortical bone decreased. When there was minimal 
presence of a cancellous bone layer on the cortical 
bone, the amplitude of the echo signal exhibited an 

exponential increase. The amplitude of ultrasound echo 
signals increased as it approached the cortical bone, with 
similar changes observed in the micro-CT scan results. 
Therefore, to some extent, ultrasound detection results 
and CT scan results can validate each other. Theoretically, 
it is possible to employ multiple ultrasonic probes (≥3) and 
multiple ROIs (≥5) for the detection of the pedicle screw 
channel, and the ultrasonic echo signal amplitude can 
be monitored for any consecutive increase of more than  
3 times or sudden substantial increases, serving as an early 
warning indicator to alert surgeons of potential pedicle 
perforation. The findings of our study align with the 
results presented in the previous studies (27,28).

In order to reduce the interference of various factors 
in the actual pedicle screw path, our experiment mainly 
focused on the quantitative analysis of ultrasonic 
propagat ion character i s t ic s  o f  bone  t i s sue .  The 
circumferential wall of the pedicle screw path in actual 
clinical practice, however, exhibits irregular shape and 
is filled with blood and bone particles. Additionally, the 
human body temperature is around 37 ℃, whereas the 
experiments were conducted in a 25 ℃ environment. 
The speed of sound differs under different temperatures, 
which is another limitation of this study. As a result, the 
ultrasound navigation environment is significantly more 
complex than that observed in this experiment. Therefore, 
further investigative efforts are imperative to establish 
the safety of relying exclusively on ultrasound guidance 
for pedicle screw fixation procedures. In the subsequent 
research phase, we will aim to enhance the performance 
of low-frequency micro ultrasonic transducers and focus 
on conducting ultrasonic imaging experiments in complex 
pedicle environments, such as those containing blood, bone 
fragments, and other debris. Moreover, we will use a wider 
range of experimental approaches and techniques to acquire 
more robust and reliable data that closely reflect the clinical 
reality, thereby further validating the findings derived 
from this study. The primary objective is to supplant CT 
navigation with ultrasound guidance, thereby diminishing 
the risks associated with CT radiation exposure for both 
surgeons and patients. Moving forward, our plan involves 
seamlessly integrating miniature ultrasound probes at the 
tip of the dilator and ensuring there is no disruption to 
surgical protocols or added complexity for surgeons. This 
seamless integration will provide real-time feedback on 
the trajectory of the screw pathway during pedicle drilling, 
equipping surgeons with crucial warning alerts and precise 
guidance for the drilling direction.
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