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Abstract

Purpose Experimental assessment of the efficiency of intraosseous ultrasound (IOUS) utilizing the mini probe of endoscopic
ultrasound (EUS) is performed to determine the accuracy of pedicle screw hole placements in thoracolumbar spine.
Methods Drill holes in 76 pedicles of thoracolumbar spines from 2 cases of goats. Each pedicle screw hole is subjected to
a 360° circumferential IOUS scanning with a catheter-type mini ultrasound probe of EUS and to a CT examination. Sub-
sequently, all ultrasound images were independently interpreted by 3 reviewers without knowledge of the real position of
screw holes and the results of the CT examination for the assessment of screw hole malposition and pedicle cortex breach.
Finally, according to the conclusion of CT, a Chi-square test is employed to assess the differences of interpretations of the
screw hole malposition among the all reviewers and the relevant relationship between the recognition of the misplaced screw
holes and imaging methods utilized.

Results CT revealed 13 correctly positioned holes and 63 holes deviating from correct position (including holes that pen-
etrated the cortex). All ultrasound images with malposition identified by CT were correctly interpreted, with no false
negatives and no intra-reviewer differences. There were no omissions of severe malposition (including the spinal canal was
penetrated into). Excluding six false positives misjudged due to the intersection of screw holes on both sides, there was also
no discrepancy between the EUS and CT imaging in the interpretation of screw hole malposition. The examination time of
each pedicle screw hole with EUS took less than 15 s.

Conclusion EUS-based IOUS is an immediate, reliable and lower-cost technique for accurate determination of pedicle screw
hole malposition. With a probe that is both flexible and not easily bendable, the EUS is particularly suitable for IOUS, espe-
cially in the narrow space of the bone gaps or bone canals, and minimally invasive spine surgery (MISS).
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Introduction

The cortical bone damage caused by misplaced pedicle
screws can lead to various issues such as spinal instability
or injury to surrounding tissues (including but not limited
to blood vessels, nerves, and spinal cord, etc.) in patients
[4]. The rates of surgical amendment and revision tend
to augment as the number of implanted screws increases.
In recent years, a variety of intraoperative techniques
have been being developed to address the risk factors of
screw misplacement, such as 3D printed patient-specific
templates that requires less experience from surgeons
[18], dynamic surgical guidance (DSG) that reduces the
learning curve [1], cone-beam CT (CBCT) that acceler-
ates data acquisition and 3D reconstruction [9], image-
guided robot-assisted navigation system that decreases
human errors and fatigues [14, 19], augmented or mixed
reality (AR or MR) guidance technique that establishes
a perspective effect combining virtual and real elements
and provides feedback responses [2, 3, 5, 12], and photoa-
coustic imaging (PI) technique that is sensitive to minor
changes in bone density and has better penetration capa-
bility [10, 17]. Despite the fact that these specific tech-
nologies show significant statistical benefits in reducing
the rate of screw malposition compared to traditional,
experience-dependent, free-hand screw placement meth-
ods still widely used by most surgeons today and promote
a reduction in surgical time and radiation exposure, there
is yet no consensus on which technology is superior among
them. And most technologies still face the need for exten-
sively exposed surgical fields, radiation exposure (even
though the dose and duration have been reduced), lack of
the rapid force feedback, high cost of technological equip-
ment, insufficiency of efficient and high-speed big data
computing power, and potential navigation failures due to
intraoperative displacement of reference objects fixed on
patients [16]. Currently, the above technologies have not
demonstrated significant and robust benefits in clinical set-
tings, nor have they been routinely applied in spinal fusion
surgeries. Moreover, they all face the challenges posed by
complex neuromuscular scoliosis.

IOUS is a general term for a new technology that
directly monitors and assesses the integrity of bone chan-
nels and the properties of surrounding tissues during sur-
gery by placing a miniature ultrasound probe within the
natural or iatrogenic channels of the bone. This is a sim-
ple and easy-to-interpret technology that does not require
additional personnel, extensive training, and complicated
equipment [7]. Kantelhardt SR et al. reported and success-
fully validated the feasibility, sensitivity, and reliability of
intravascular ultrasound (IVUS, a device for assessing the
degree of coronary stenosis, with a frequency of 20 MHz

@ Springer

and a diameter of 1.2 mm) for intraoperative assessment of
the positioning of pedicle screw holes in lumbar and lower
cervical vertebrae in 2009 and 2010. The average exami-
nation time of IOUS using IVUS for every pedicle screw
hole was no more than 1 min. And they believe that the
design based on the catheter may be particularly suitable
for percutaneous MISS [7, 8]. However, the bending of the
flexible IVUS catheter may cause deformations of the 2D
images of the screw holes and the distortions of 3D-recon-
structed images. In addition, the high cost of disposable
IVUS catheter has hindered in-depth research in the field
of IOUS. Excitingly, the EUS probe has similar shape and
physical properties (mini and elastic) as IVUS, and its tip
is not easy to bend. This, combined with the lower cost
and multiple use of EUS probes, has allowed the study of
IOUS to continue. This research aims to achieves IOUS
scanning by placing an EUS probe within the established
pedicle screw holes in order to determinate the accuracy of
pedicle screw hole placements and to evaluate the feasibil-
ity of this technique for clinical application and provide
reliable experimental data to relevant researchers, engi-
neers and medical device manufacturers.

Methods and materials
Preparation of experimental specimens

IOUS experiments utilizing EUS were performed on fresh
thoracolumbar spine specimens from two goats (L1-S1).
These specimens were all obtained from a legal local meat
market. The cervical spine structure of quadruped is dif-
ferent from that of humans, hence, it is not suitable as a
replacement for human cervical vertebrae. In contrast, the
porcine and caprine thoracolumbar structures are similar
to those of humans, and their sizes are close to those of
humans, making them suitable alternatives for human thora-
columbar experiments. It is usually difficult to obtain entire
porcine thoracolumbar spines from meat markets due to have
been segmented by processing workshops before going to
market. Relatively, influenced by regional dietary habits,
most caprine thoracolumbar spines are manually separated
to remain intact.

Preparation of the pedicle screw holes

The caprine thoracic spine consists of 13 vertebrae (T1-
T13) and the lumbar spine consists of 6 vertebrae (L1-L6).
Due to the vulnerability of T1 to damage and incomplete-
ness when separated from the cervical spine, 76 pedicle
screw holes with a diameter of 3 mm and a length of
approximately 30—35 mm were prepared on both sides of
the pedicles from T2 to S1 using a pneumatic drill (Fig. 1,
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Fig.1 Fresh caprine thoracic spine and the preparation of pedicle
screw holes. The upper part is a dorsal view, and the lower part is a
left lateral view. The numbers #1 to #13 correspond to the number-
ings of the pedicle screw holes on the left side along the head and tail

#34-11 #35-L.2 #36-L3

Fig.2 The dorsal view of fresh caprine lumbar spine and the prepara-
tion of pedicle screw holes. The numbers #27 to #33 correspond to
the numberings of the pedicle screw holes on the left side along the

2). Of these, a small number of screw holes were estab-
lished along the presumed correct trajectory, while the
majority of holes were intentionally positioned to deviate
to the inward side of the pedicles or to directly penetrate
the cortex into the spinal canal.

#11-T1 #13-T13

#10-T10 #12-T12

Tail

direction (green arrows), and the numbers #14 to #26 are the number-
ings on the right side (black arrows). The letter “T” stands for tho-
racic vertebrae. The apertures through which the nerve roots pass are
pointed by black dashed arrows

X #39-L6

head and tail direction (green arrows), and the numbers #34 to #40
are the numberings on the right side (black arrows). The letter ‘L’ and
‘S’ represent the lumbar and sacral vertebrae, respectively

Ultrasound imaging
The EUS mini probe system chose the Jupiter system

(Sonoscape, Shenzhen, China) which combines a con-
sole with model EU10 and a controller with model TP10,
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equipped with a probe with model UM2412 (Sonoscape,
Shenzhen, China). The probe has a maximum outer diam-
eter of 2.4 mm and operates at a frequency of 12 MHz.
The ultrasound transducer of this probe is embedded on
the lateral direction of the tip, providing real-time 360° 2D
transverse section images relative to the long axis of probe
(Fig. 3). During the ultrasonography process, the speci-
men was constantly immersed in 0.9% saline solution.
When capturing consistent dynamic images, the probe
was retracted at a constant speed from the bottom of the
pedicle screw holes to the entry-point, acquiring approxi-
mately 120—180 frames for each hole. Finally, the dynamic
images were exported and saved as DICOM format. Then a
DICOM conversion software was employed to extract the
images for analysis from the above images in the ratio of 1
out of 10 (about 1 mm apart) and to convert them to TIFF
format for visualization and interpretation. All ultrasound

Fig.3 Jupiter EUS mini probe system and IOUS imaging of pedicle
screw holes based on EUS. (a) LCD monitor and the model EU10
console of Jupiter system responsible for the transmission, reception
and processing of ultrasonic signals. (b) The model TP10 controller
of Jupiter system responsible for the acquisition, storage, manage-
ment, and post-processing of image data. (¢) A probe with model
UM2412 and the transducer at the tip of the probe that is magni-
fied and displayed (black arrow). (d) The illustration of the imaging
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images were interpreted by three independent reviewers
(including two spinal surgeons and one sonographer) who
had no prior experience in IOUS and were also unaware
of the actual positions of the screw holes and the results
of CT.

CT scan

The spinal specimen was scanned by a 128-slice spiral CT
scanner (UCT760, United Imaging Healthcare, Shanghai,
China) according to the following protocol: unenhanced
helical acquisition with 120 kV, 0.6 s rotation speed, 4 mm
collimation width, and a pitch of 0.9875. Images recon-
structed with 1.0 mm thickness at a 0.625 mm intervals.
After obtaining the CT images, the results of the ultra-
sound and CT were compared.
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modality of the mini probe of EUS placed inside the pedicle screw
hole: a 2D 360° IOUS imaging of the screw hole was achieved during
the retracted process of the probe (a thick white arrow indicates the
direction of retraction and a white triangle mark indicates the trans-
verse section image by ultrasound scanning). (¢) The EUS image in
a screw hole: the probe (white asterisk) located in the center of the
image and the wide ring-like echo outside of the screw hole wall (thin
white arrow points to)
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Accuracy of assessment of pedicle screw holes

The degree of malposition of the pedicle screw holes were
classified used the 2 mm increment according to the extent
of screw hole deviation shown in CT images [1, 6]: (1) Cor-
rect position, if the screw hole is completely within the pedi-
cle and there is no cortex damage; (2) Minor malposition, if
the screw hole deviation is <2 mm (Fig. 4a); (3) Moderate
malposition, if the screw hole deviation is >2 mm but <4
mm (Fig. 4b); (4) Severe malposition, if the screw hole devi-
ation is >4 mm (Fig. 4c) or the cortex is penetrated causing
the screw hole entirely inside the spinal canal (Fig. 4d). The
clinical significance of more than 2 mm deviation lies in
the fact that an intraoperative correction of the screw hole
trajectory or screw revision should be required.

2 2mm and < 4mm

< 2mm

"N Y

Moderate

Statistical analysis

A ¥ test was performed to conduct non-parametric analysis
on the relationship between interpretations of EUS images
and reviewers, as well as the relationship between the inter-
pretation for malposition of screw holes and imaging meth-
ods. The significance level for testing was set at 95% (P
=0.05 threshold).

Results
In the 76 pedicle screw holes, CT reveal that there were

13 holes (17.11%) with correct position, while there were
a total of 63 holes (82.89%) with malposition. Among the

2 4mm penetration

Fig.4 From top to bottom, the schematic, CT, and EUS images
of different degrees of pedicle screw hole malposition are shown,
respectively. From left to right, the degree of malposition is minor,
moderate, severe without penetration, and severe with penetration.
The white arrows within the image (e) to (h) point to the breaches

of screw holes. The arcs with arrows at both ends indicate the absent
range of the screw hole wall. The white thin arrows indicate echoes
from the tissues out of the hole in the image (i) and (j), and the white
thick arrows indicate the walls of the spinal canal in the image (k)
and (1)
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misplaced holes, there were 9 holes (11.84%) with minor
malposition, 9 holes (11.84%) with moderate malposition,
45 holes (59.21%) with severe malposition (Including 35
holes where the spinal canal was penetrated) (Fig. 4e-h).

The black anechoic area at the center of the EUS images
was the space occupied by the ultrasound probe, bordered
by a white slender ring (Fig. 3c¢). The echo’s blind zone
just outside the border was approximately 0.25 mm width.
Since the diameter of the screw holes established by the
pneumatic drill was 3 mm, which just accommodated the
EUS probe with an outer diameter of 2.4 mm. There was
almost no display of the lumen echo between the screw
hole and the probe (Fig. 5b-h). This was distinct from
the obvious lumen echoes between the screw holes pre-
pared with 5.5 mm diameter tap by Kantelhardt SR. and
the IVUS catheter with 1.2 mm diameter [7, 8]. In our
study, the same phenomena can also exit when a probe
model UM1720 (SonoScape, Shenzhen, China) with 1.7
mm diameter and 20 MHz frequency was placed in the
pedicle screw holes.

Correct

Severe

Fig.5 The EUS images of pedicle screw holes with correct position
and severe malposition. (a) to (h) represent the ultrasound images at
different depth positions from the entry-point to the bottom in the
correctly positioned screw hole. The linear strong echo represents
the lamina (triangle mark). (i) to (p) represent the ultrasound images
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Against the grading criteria of screw hole malposition
based on CT, the ultrasound findings were as follows: (1)
When the position of the screw hole was correct and entirely
within the pedicles, the echo around the hole appeared as an
intact wide ring-like structure composed of diffused coarse
speckles with medium intensity, and the average ring width
was of about 2 mm (Figs. 3¢ and 5b-h). (2) When the malpo-
sition of the hole was minor to moderate, the site of damaged
cortex in the wide ring structure showed the focal deforma-
tion or absence accompanied by varying degrees of echo
from surrounding tissues (Fig. 4 i, j). However, the damaged
area may sometimes also show a slightly enhanced echoes.
(3) In the images with severe screw hole malposition, the
ultrasound presentation is characterized by the absence of
the most of the wide ring, even the disappearance of the echo
of the spinal canal wall on the same side, accompanied by
the appearance of the echo of the spinal canal wall on the
opposite side (Figs. 4k and Sm-p). (4) When the screw holes
completely penetrate through the pedicle cortex into the spi-
nal canal, the ultrasound images manifest as the whole loss

at different depth positions from the entry-point to the bottom in the
screw hole determined to be severe malposition. The CT image in the
lower corner shows that the screw hole has partially breached into
the spinal canal. In the corresponding EUS image, the opposite wall
(white asterisk) of the spinal canal can be detected
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of wide ring echo, replaced by linear, high-intensity echoes
from the walls of the spinal canal on both sides of the screw
hole (Fig. 4 1).

In addition, there were also three types of ultrasound
images cannot be easily classified according to the standards
of CT. Their ultrasound manifestations are as follows: (1)
The suspicious slight malposition. In EUS images, although
the wide ring echo remains intact and shows no significant
deformation, there is an enhancement of the local echo on
the side of the spinal canal (Fig. 6a-c). In contrast, in CT
images, it can be observed that the screw hole is completely
located within the pedicle, but the wall of the hole is adja-
cent to the wall of the spinal canal, with only a thin layer of
pedicle cortex between them; (2) The malposition with the
degree from moderate to severe. In EUS images, despite the

Correct

Fig.6 Three special types of screw hole malposition. (a) to (c), The
screw hole shown by CT as being in the correct position was identi-
fied by IOUS as slight malposition (white box). (d) to (f), The screw
hole shown by CT as a severe malposition was identified by IOUS as
a moderate-to-severe malposition (white elliptic frame). (g) and (h),

echo from the contralateral spinal canal wall is reflected, the
absence or deformation of the wide ring echo is not obvious,
making it difficult for inexperienced reviewers to accurately
distinguish the degree of malposition (Fig. 6d-f). (3) The
characteristic suspicious malposition. In EUS images, on
both sides of the wide ring echo, a finger-like protruding
structure similar to the wall of a canal, with high intensity
echo, appears in sequence. Inside it, there is low or no echo
(Fig. 6g,h). The suspicious structures were confirmed by
CT as the intersections of bilateral pedicle screw holes, but
were all mistakenly concluded as positive results by the 3
reviewers.

The ultrasonic examination time for each pedicle screw
hole, from pushing the probe to the bottom end of the hole
to fully withdrawing from the pedicle, is approximately 15 s.
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The finger-like echoes detected in one of the screw holes close to the
intersection of the two screw holes and appeared at the both sides of
the wide ring are actually the wall of another screw hole located in
the same vertebra (white and green trapezoidal frame). The detected
hole wall on one side is indicated by a thick white line

@ Springer



141 Page 8 of 10

Acta Neurochirurgica (2025) 167:141

After introducing the correct ultrasonic manifestations
of screw hole positions, blinded analysis of ultrasonic data
from 76 groups of crew holes by 3 independent reviewers
showed that there was no significant difference in the correct
interpretation of EUS images among reviewers (Fig. 7a), and
all malpositions were identified (including six false-positive
results). Two additional individuals (one out of the two sur-
geons and the sonographer) believe that there is a possi-
bility of slight malposition in four screw holes judged to
be correctly positioned by CT. Furthermore, after a simple
explanation and training regarding the characteristic suspi-
cious malposition for all reviewers, these false positives can
be easily identified. It is not difficult to observe from the
statistical chart that, after excluding the impact of false posi-
tive samples, there is no difference between the subjective
interpretation of ultrasound and the objective determination
of CT regarding the presence or absence of malposition in
the screw holes (Fig. 7 b, ¢).

Discussion

In this study, we provide for the first time experimental
data on the feasibility, sensitivity, and reliability of EUS for
IOUS assessment within the pedicle screw holes. The exper-
imental materials consist of fresh caprine thoracolumbar
spine, which have biomechanical properties highly similar
to those of humans. In the experimental setting, we prepare
the pedicle screw holes using the same instruments for spinal
surgery. A blinded assessment comparing EUS images and
CT images indicates that IOUS based on EUS is highly reli-
able for monitoring the malposition of pedicle screw holes
or cortical breaches. Moreover, researchers, regardless of
their experience with ultrasound, can comfortably and cor-
rectly interpret the IOUS images of screw holes after a brief

Difference within intra-reviewer

Difference between the EUS and CT

training, demonstrating good intuitiveness and repeatability,
with no false-negative results. Additionally, the tip of the
EUS probe possesses both flexibility and a characteristic
that makes it not easily bent, which is particularly suitable
for intraoperative IOUS and percutaneous MISS.

In terms of interpreting images from IOUS of the pedicle
screw holes, the frequency of the EUS probe is lower than
that of the IVUS ultrasound probe (12 MHz vs. 20 MHz),
which gives the EUS probe greater penetrating power. Con-
sequently, the echoes around the screw holes will appear
as a wide ring structure, differing from the thin ring-like
structure seen with IVUS. In addition, since the screw holes
are located within the cancellous bone of the pedicle or the
vertebral body, and the attenuation of ultrasound in can-
cellous bone is significantly lower than in cortical bone,
as well as the presence of gaps among the rich trabecular
structures within the cancellous bone, the echo of the can-
cellous bone surrounding the hole appears as a wide ring
image with a diffuse dot-line texture. Sometimes, when the
screw hole is minor malposition, the local echo of the cortex
enhances, which may be related to the dura being lifted and
the extradural fat covering the damaged holes wall. When
the pedicle cortex is slightly damaged, even if CT does not
find any signs of dura arching or absence, IOUS may receive
a higher echo signal of the dura and extradural fat through
the cortex crack, which may explain the suspicious slight
malposition observed in the EUS images. In the concurrent
branch study, the research team has obtained robust evidence
indicating that intraosseous ultrasonography surpasses the
gold standard of CT in interpreting slight misplacements of
screw holes. Therefore, in this paper, a discussion on the
sensitivity and specificity parameters of EUS-based IOUS
would be inappropriate. In the ultrasound images with false
positives, the strong echo edge of the finger-like structure
is actually the echo of the contralateral pedicle screw hole

Difference between the EUS and CT

100+ Chi-square Test 1007 (with 6 false-positive samples) (without 6 false-positive samples)
- A B mmC alpha <0.05 Sig.=No - A B mmC CT alpha<0.05 Sig.=Yes - A B mmC CT alpha<0.05 Sig.=No
80+ 80 80
60 80 604
40 40 404
204 204 204
0- 0 04
Positive Positive Negative Negative Positive Negative Positive Negative
correctly incorrectly  correctly incorrectly interpreted interpreted interpreted interpreted
a interpreted interpreted interpreted  interpreted b C

Fig.7 The non-parametric analysis of the relationship between the
interpretation of screw hole malposition in the EUS images and the
reviewers or imaging methods. 3 reviewers are represented by A,
B, and C respectively. (a) The interpretation of pedicle screw hole
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malposition among reviewers is without difference. (b) and (c) The
discrepancies in interpretation regarding the screw hole malposition
between the EUS and CT images were eliminated after excluding
false- positive samples
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wall, which is filled with anechoic saline solution. This phe-
nomenon of enhanced edge echo is caused by an ultrasound
artifact known as the rear echo enhancement effect.

Strengths and limitations

Currently, screw insertion still relies primarily on free-
hand technique based on tactile feedback, which require
a high level of surgical skill, are time-consuming, and are
prone to human error. Navigation-assisted screw insertion
can significantly improve the efficiency and safety of the
procedure [11]. Due to advancements in artificial intelli-
gence, robotics, and advanced materials, current intraop-
erative navigation technologies are experiencing a phase
of explosive development. Image-guided robotic-assisted
systems can significantly reduce human errors and surgeon
fatigue, while greatly enhancing the success rate of pedi-
cle screw placement [13]. As one of the most"cutting-edge
technology"representatives, AR and MR guidance technol-
ogy can provide surgeons with greater operational flexibility
[15]. However, these technologies currently do not have an
effective strategy to address the registration misalignment
caused by patient movement during surgery. The EUS-based
IOUS technique eliminates the need for cumbersome regis-
tration, while offering high flexibility and being radiation-
free. It can be regarded as an auxiliary assessment and guid-
ance technology in the process of pedicle screw navigation.
Given the surgeon's solid anatomical knowledge and the
intuitive nature of ultrasound imaging, the learning curve
for IOUS inherently holds an advantage over navigation
systems that are theoretically and operationally complex.
Despite this, the attenuation of ultrasound and the lack of
ultra-high resolution prevent this technology from serv-
ing as an independent alternative guidance method. With
breakthroughs in material technology and the introduction of
micro-flow detection techniques into miniature probes, the
clinical application prospects of IOUS are highly promising.

Conclusion

This experimental research has found that IOUS based on
EUS is a potentially low-cost and easy-to-operate, easy-to-
interpret, and repeatable technology for verification of pedi-
cle screw malposition and its degree in real-time during the
surgery. A recent research hotspot focuses on integrating a
mini ultrasound transducer at the tip of the drill to achieve
the function of drilling and detecting simultaneously. In the
near future, this improvement may enable early warning of
pedicle malposition, allow for timely intraoperative cor-
rection of the screw trajectory, and significantly reduce the
incidence of severe malposition and spinal cord injury. The

clinical significance of this experimental study is to have
proved the validity and reliability of experimental data, pro-
viding a theoretical basis and practical foundation for the
upcoming innovation.
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