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Novel Pedicle Navigator Based on Micro Inertial
Navigation System (MINS) and Bioelectric
Impedance Analysis (BIA) to Facilitate Pedicle
Screw Placement in Spine Surgery: Study in a

Porcine Model

Wentao Lin,® Faqin Xie,® Shuofeng Zhao? Songhui Lin* Chaoqin He,® and Zhiyun Wang MD?

Study Design. A porcine model.

Objective. The study aims to design a novel pedicle navigator
based on micro-inertial navigation system (MINS) and bioelectrical
impedance analysis (BIA) to assist place pedicle screw placement
and validate the utility of the system in enhancing pedicle screw
placement.
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Summary of Background Data. The incidence of pedicle screw
malpositioning in complicated spinal surgery is still high. Procedures
such as computed tomography image-guided navigation, and robot-
assisted surgery have been used to improve the precision of pedicle
screw placement, but it remains an unmet clinical need.
Methods. The miniaturized integrated framework containing
MINS was mounted inside the hollow handle of the pedicle finder.
The inner core was complemented by a high-intensity electrode for
measuring bioelectric impedance. Twelve healthy male Wuz-
hishan minipigs of similar age and weight were used in this ex-
periment and randomized to the MINS-BIA or freehand (FH) group.
Pedicle screw placement was determined according to the modi-
fied Gertzbein—Robbins grading system on computed tomography
images. An impedance detected by probe equal to the baseline
value for soft tissue was defined as cortical bone perforation.
Results. A total of 216 screws were placed in 12 minipigs. There
were 15 pedicle breaches in the navigator group and 31 in the FH
group; the detection rates of these breaches were 14 of 15 (93.3%)
and 25 of 31 (80.6%), respectively, with a statistically significant
difference between groups. The mean offsets between the planned
and postoperatively measured tilt angles of the screw trajectory
were 4.5° + 5.5° in the axial plane and 4.8° & 3.3° in the sagittal
plane with the navigator system and 7.0° + 5.1° and 7.7° + 4.7°,
respectively, with the FH technique; the differences were statisti-
cally significant.

Conclusion. A novel and portable navigator based on MINS and
BIA could be beneficial for improving or maintaining accuracy
while reducing overall radiation exposure.

Key words: bioelectrical impedance analysis, internal fixation,
micro inertial navigation system, navigation surgery, pedicle screw.
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n 1959, Boucher first applied pedicle screw in-
strumentation to lumbar fusion surgery.' Because of its
high mechanical stability by three-column fixation, the
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procedure has been widely adopted for internal fixation of
the spine in recent years.>> However, it is still clinically
challenging: the pedicle screw malpositioning rate in com-
plicated spinal surgery, such as posterior cervical spine
surgery and adolescent scoliosis orthopedic surgery, ranges
from 11.2% to 33%.%° Because of the proximity to the
spinal canal and surrounding vessels, misplacement of the
pedicle screw can lead to various complications.

Procedures such as x-ray fluoroscopy, computed
tomography (CT) image-guided navigation, and robot-as-
sisted surgery are increasingly being used to improve the
precision of pedicle screw placement.”” However, these
methods have various limitations, including large volume,
high cost, radiation exposure, and cumbersome and com-
plex operation,'® and thus fail to meet clinical needs. As
such, a simple and low-cost technique that can monitor
screw trajectory in real-time is needed.

The self-contained micro inertial navigation system
(MINS) provides information on the carrier’s attitude,
velocity, and position. MINS is widely used in automo-
biles, aircraft, missiles, and robots because of its high
autonomy and reliability.'*'* Using MINS, a surgeon can
determine real-time axial and sagittal tilt angles of im-
planted screws from the data provided by the inertial
measurement unit (IMU). The IMU used for MINS in-
cludes a three-axis gyroscope, accelerometer, and magne-
tometer, usually mounted on the body directly. The three-
axis gyroscope and accelerometer measure the object’s
linear and angular acceleration along the x, y, and z axes,
to obtain the three degrees of freedom of the pedicle in-
strument at arbitrary positions by collecting positional
information with six degrees of freedom from three or-
thogonal-sensing axes. A computer algorithm is used to
solve the inertial data to calculate tilt angles in the axial
and sagittal planes.'> The magnetometer is able to cali-
brate gyroscope drift and increase measurement sensitivity
by measuring the direction and intensity of the magnetic
field."*

Bioelectric impedance analysis (BIA) is an inexpensive,
easy to perform, and radiation-free technique for measuring
body composition based on the relationship between total
body impedance and total body water.'® Tatrogenic cortical
bone perforation is detected by measuring impedance
changes when the instrument traverses the boundary be-
tween two different media—namely, cortical bone and soft
tissue.

Considering the advantages of BIA and MINS, the
present study had the following aims: to design a portable,
inexpensive, stable, easy to use, and radiation-free navi-
gation system for the accurate placement of pedicle screws
based on these techniques; to validate the utility of the
system in enhancing pedicle screw placement in an
animal model.

MATERIALS AND METHODS

Integrated Pedicle Finder Design

A 169-mm-long hollow cylinder shell with an external
diameter of 3 mm and an internal diameter of 2 mm was
fabricated by high-precision computer-controlled machin-
ing, and the design of the navigator tip was developed with
a tilt angle of 30°. The shell was complemented by a high-
intensity electrode for measuring bioelectric impedance (BI).
A small amount of polyether ether ketone film was evenly
spread over the electrode as a 50-pm insulator layer. The
total length of the navigator was 269 mm (Figure 1).
The miniaturized integrated framework was mounted inside
the pedicle instrument to enable intraoperative monitoring
of angle changes in real-time.

Building a Visualization Interface

Data collected by the built-in electrode and sensors were
wirelessly transmitted via Bluetooth to a personal computer.
Data pertaining to the BI of body tissue and angle in-
formation of the pedicle instrument were viewed on the
computer using software that was designed in-house
(Figure 2).

Animal Experiments

This study was approved by the institutional Animal Ex-
perimental Ethics Committee (No. 2020102202). Healthy
male Wuzhishan minipigs (n = 12) of similar age (4-
6 months) and weight (10-12.5 kg) were used in this ex-
periment and randomized to the MINS-BIA or free-hand
(FH) group. All pigs underwent CT scans before surgery,
and the screw trajectory was selected based on 3D-re-
constructed images. All surgical procedures were performed
by the same spine surgeon.

After general anesthesia, an incision was made over the
mid-lumbar region, and then the spinous process, lamina,
and articular processes were exposed. Screws were im-
planted into bilateral pedicles using the portable navigator

L2

Figure 1. A much more detailed model of the pedicle finder. L1: hollow cylinder shell length; L2: total length; ®1: internal diameter; ®2: external

diameter.
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Figure 2. Composition of the MINS-BIA navigator. (A) A integrated
hardware framework based on MINS. (B) The conductive electrode
was built into the tip of the pedicle navigator. (C) Assembled device
combine with integrated hard ware and conductive electrode. (D) A

visualization interface.

in the MINS-BIA group and an FH technique in the FH
group. The screw trajectory and BI values were measured
and recorded during the surgery. The minipigs underwent
another CT scan after they were sacrificed. Pedicle screw
trajectory and angulation were measured in the 3D-re-
constructed images, and cortical bone breaches were ana-
lyzed in the axial and sagittal planes.

Pedicle screw placement consists of three significant
steps: identifying the optimal entry point (positioning),
correctly inserting the screw (orientation), and measuring
vertebral cortical integrity (qualitative evaluation). First, a
zero or reference orientation was set for the MINS: one line
was along the ventrodorsal axis of the spinous process, and
the other was perpendicular to the supraspinous ligament.
For positioning, 3D CT image reconstruction was per-
formed to obtain detailed stereoscopic images of spinal
anatomy that aided the preoperative determination of the

Figure 4. Pre-operative planning of screw
trajectory. (A) A planned tilt angle of 20.1° in
the sagittal view of preoperative CT. (B) A
planned tilt angle of 31.3° in the axial view
of preoperative CT. (C) The real-time angle of
pedicle navigator was captured by MINS and
then visualized on computer inter-

face. M
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Figure 3. Identifying the optimal entry point. The start site of screw
trajectories was depicted in the axial (A) and sagittal views (B), re-
spectively. (C) The optimal entry point of pedicle screw was identifying

on 3D rendered spinal anatomy.

entry point. Preoperative 2D images were first examined to
identify the desired screw trajectory in the sagittal and axial
planes at the surgical level (Figure 3A and 3B), and then
switched to a 3D-rendered view of the spine to preset the
entry point of the pedicle screw (Figure 3C) at the
intersection of the two planes. The planned entry point
was intraoperatively selected by the surgeon and
corresponding anatomic structures were identified. For the
orientation in the MINS-BIA group, the pedicle finder was
first oriented along the craniocaudal axis of the spine to set
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Figure 5. Measurement of deviation angle. The red line represented
real screw trajectory, while blue line represented planned screw tra-
jectory. The accuracy of the placement of pedicle screw was evaluated

by measuring the angle between the two lines. [flictr]

the IMU to zero before screw channel preparation and then
placed at the predetermined entry point. The orientation of
the pedicle finder was slowly adjusted on the screen until it
aligned with the planned sagittal and axial tilts (Figure 4).
As the instrument was inserted, actual IMU readings of the
tilt angles in the sagittal and axial planes were continually
registered. To mitigate the risk of cortical perforation
because of screw insertion, a Kirschner wire was used in
place of a screw and inserted into the pedicle in this
experiment. Qualitative evaluation detected the presence/
absence of pedicle breach. The essential technique used in
the study to facilitate screw placement was real-time
monitoring of BI using an electrode mounted on the tip of
the pedicle finder.

Pedicle Screw Evaluation

Pedicle screw placement was determined according to the
modified Gertzbein—Robbins grading system from the sag-
ittal and axial planes of 3D-reconstructed CT images.'®
Based on previous reports and authors’ clinical experience,
grades 1 and 2 were considered acceptable screw place-
ments. The correspondence between the planned screw
trajectory and actual screw placement was investigated.
Briefly, the planes were oriented in the axial and sagittal
views of preoperative CT images to display the planned
screw trajectory. The actual trajectory of the implanted
pedicle screws was determined by the multiplanar refor-
mation mode of 3D reconstruction of postoperative CT
images.!” Another radiologist blinded to the study mea-
sured and compared the offsets between planned and actual
tilt angles of the screw trajectories in the axial and sagittal
planes (Figure 5).

BIA
The detection efficiency was assessed by an investigator
unfamiliar with the study in a blinded fashion. The
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Results of Cortical Bone Breaches

Detected by Different Methods

MINS-BIA Group | FH Group
Detected by instrument 14 25
Detected by CT 15 31
Sensitivity” 93.3% 80.6%
Specificity* 96.8% 93.5%
Positive predictive value* 82.3% 83.3%
Negative predictive value® 98.9% 92.3%

CT indicates computed tomography; FH, free-hand; MINS-BIA, micro-inertial
navigation system and bioelectrical impedance analysis.

“Probability of detection if there is a breach.
*Probability of no-detection if there is no breach.
*Probability of a breach if detection occurred.

SProbability of no breach if no detection occurred.

preliminary experiment in a porcine model showed that the
baseline BI of soft tissue, cancellous bone, and cortical bone
ranged from 2500 to 3300, 4500 to 5500, and > 5500 Q,
respectively. In this study, an impedance equal to the
baseline value for soft tissue was defined as cortical bone
perforation, that is, the pedicle instrument ruptured the
cortex as the probe was inserted into the vertebral body.
The accuracy of BIA and the FH technique in detecting an
impending breach were evaluated by calculation of relevant
parameters.'®

Statistical Analysis

Measurement data are expressed as mean + standard devi-
ation, and numerical data are expressed as a percentage.
The y* test (Fisher exact probability method) and an in-
dependent sample ¢ test were used for statistical analyses.
All tests of significance were two-sided, with an alpha of
0.05. Data were analyzed using SPSS v25.0 software (IBM,
Armonk, NY).

Offsets of Screw Trajectory

MINS-BIA Group | FH Group P
Minipig, n 12 12 —
Total screw, n 108 108 —
Lateral angle* 4.5° +2.8° 7.0° £ 5.1° | <0.01"
Cephalad angle* 4.8° + 3.3° 7.7°+4.7° | <0.01°

FH indicates free-hand; MINS-BIA, micro-inertial navigation system and bi-
oelectrical impedance analysis.

“The data were expressed as mean + standard deviation, P < 0.05.
Tilt angle in the axial view.

*Tilt angle in the sagittal view.
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RESULTS

A total of 216 screws were placed in 12 minipigs (108
screws per group). There were 15 pedicle breaches in the
navigator group and 31 in the FH group; the detection rates
of these breaches were 14 of 15 (93.3%) and 25 of 31
(80.6%), respectively, with a statistically significant differ-
ence between groups (P < 0.01) (Table 1).

The average distance between the planned entry point in
the preoperative CT and the actual entry point in the
postoperative CT was 2 mm. The mean offsets between
the planned and postoperatively measured tilt angles of
the screw trajectory were 4.5° £ 5.5° in the axial plane and
4.8° + 3.3° in the sagittal plane with the navigator system
and 7.0° £ 5.1° and 7.7° £ 4.7°, respectively, with the FH
technique; the differences between the two groups were
statistically significant (P < 0.01) (Table 2).

The sensitivity and specificity of pedicle navigation to
detect an impending breach were 93.3% and 96.8%, re-
spectively; the negative and positive predictive values
were 98.9% and 82.3%, respectively. With the FH tech-
nique, the sensitivity and specificity were 80.6% and
93.5%, respectively, and the negative and positive pre-
dictive values were 92.3% and 83.3%, respectively
(Table 1).

DISCUSSION

With the development of endoscopic instruments and ad-
vances in surgical techniques, spinal surgery has changed
from the traditional open approach to minimally invasive
and precise procedures. The safety and accuracy of pedicle
screw implantation are critical in spinal surgery.'”*® This
study reports a novel and portable pedicle navigator based
on MINS and BIA techniques to facilitate pedicle screw
placement in a porcine spine model.

In performing a 3D-positioning procedure, there were
still 2-mm errors of the entry point between the ex-
perimental result and preoperative planning. It was clin-
ically acceptable because the breach rate may not have
increased as a result of a 2-mm malpositioning of the entry
point. Similar results were reported in a cadaver study that
used intraoperative 3D/2D visualization of the spine to
select the entry point of the pedicle screw.?! Visualizing
the 3D reconstruction of the spine surface and underlying
pedicle and vertebral body in the 2D view may give the
surgeon more confidence in the screw placement. How-
ever, other studies using an unvarying entry point and
sagittal orientation at all levels for thoracic pedicle screw
placement have achieved ideal clinical results, demon-
strating that it is feasible and safe to implant pedicle
screws according to programmed operating steps.?*>?
The above-mentioned method cannot be used in patients
with severe spinal deformity because pedicle rotation
and wedging often occur in these cases. It was unreliable
to place screws at the same entry point. In such
situations, CT image reconstruction can be used to es-
tablish individualized entry points for pedicle screws, thus

1176  www.spinejournal.com

increasing the accuracy of screw placement and decreasing
the risk of screw malpositioning.”**

The planned screw trajectory was more closely
matched under MINS guidance than with the FH techni-
que in both planes. Data from MINS can be used to ob-
tain the attitude and position of the navigator in real-
time, and tilt angles were generated algorithmically in a
3D coordinate system. The theoretical orientation pre-
cision was <1°%%?7 which is significantly superior to
those attained in the present study. The continuous force
exerted by the navigator finder during screw channel
preparation enabled vertebral body rotation with find-
er,”® whereas the initial state with no vertebral rotation
was still used as the reference frame for the guided system.
It is undeniable that mechanisms of this kind may well
contribute to a non-negligible deviation of the tilt angle.
In addition, movement of the reference frame as a result
of breathing motions or muscle traction can also give
inaccurate information. As a result, the accuracy and
stability of attitude and position obtained by IMU can be
adversely affected. Nonetheless, it is still clinically ac-
ceptable to perform a screw trajectory deviation within
5°.2° Conversely, the FH technique relies on surgeons’
eye-hand movements and does not provide objective data
to monitor the real-time screw trajectory, which results in
a significantly greater angular displacement than the
MINS technique. Similar results have been reported in
other studies. A technique similar to the present study was
used by Jost et al*'; their method involved IMU-assisted
implantation of pedicle screws in combination with in-
traoperative multidimensional visualization and revealed
a median offset of 3°. The vertebral rotation of cadaveric
specimen was not easy to occur because of its greater
weight, whereas spine vertebrae of a lighter minipig was
more likely to rotate by continuous loading force. Other
techniques like virtual guidance and augmented reality-
navigation is also used for assisting pedicle screw in-
sertion.””?® A cutoff value of <S5° offset between the
planned and actual screw trajectories has been pro-
posed®’; in cases of the exact positioning procedure, the
pedicle breach rate during screw placement depended on
the tilt deviation of screw trajectory.

The overall detection rate of cortical perforation in the
MINS-BIA group was higher than in the FH group. The
BIA technique will be helpful for promptly detecting
pedicle breach, and thereby the surgeons can adjust the
navigator direction to decrease neurovascular injuries. It is
worth noting that the positive predictive value in the
MINS-BIA group was slightly lower than that of the FH
group, which suggested that the predictive ability of a
positive detection by BIA technique was not superior to
the pedicle feeler probe. After the analysis of postoperative
CT images, the results showed that the BIA technique was
unable to distinguish cortical perforation of the vertebral
body or pedicle breach, resulting in an elevated false-
positive rate. Of course, the navigator finder may be
positioned more deeply to identify the types of screw
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perforation in their future study. Unlike intraoperative
neuromonitoring using an electromyographic stimulation
probe that a pedicle breach can only be confirmed when
the nerve root has been acutely stimulated or dam-
aged,>'?? BIA provides real-time data on impedance
changes, enabling the surgeon to monitor the integrity of
the cortical bone and detect cortical bone penetration even
when there is no neurologic injury. If this penetration
occurs, pedicle drilling should be immediately paused and
the forward direction adjusted to reduce the risk of neu-
rovascular complications. This can compensate for the
disadvantages of the traditional method of percutaneous
pedicle screw fixation, which does not permit the intra-
operative use of a general probe.*>>** Another randomized
trial using an electrical pedicle finder to distinguish bone
from soft tissue showed that radiation exposure was re-
duced by 24.5% compared to a standard drilling probe
while maintaining 95.9% accuracy.®® A similar efficacy in
detecting perforations by BIA has also been reported
in vitro,?*~>* although the same tissue can have different
BI values in vitro and in vivo.

In theory, higher biomechanical stability can be more
readily achieved with a larger and longer pedicle screw
based on an ideal screw trajectory.>”*® After a pedicle wall
breach, the biomechanical stability of internal fixation will
be poor in terms of maximal insertional torque, screw
loosening force, axial pullout strength and construct stiff-
ness.*!*

Limitations and Directions for Future Research
Although the results obtained with the MINS-BIA-based
portable pedicle instrument are encouraging, present study
had several limitations. First, the accuracy of the MINS-
based technique mainly depends on whether the device has
been set to zero before using the pedicle navigator; if this is
not done correctly, other electromagnetic instruments and
equipment may be affected. Therefore, a hardware/software
tool for magnetic compensation is needed to minimize
magnetic interference. Additionally, rotation of the spine
caused by the loading force of an instrument can alter the
initial zero setting, which can be partially compensated by
establishing the anatomic relationship between adjacent
bony landmarks. Finally, because of variations in bone
impedance attributable to environmental and biological
factors,*>** an animal study may not accurately represent
the impedance quality of human bone, especially for pa-
tients with osteoporosis; therefore, the clinical applicability
of the MINS-BIA-based portable navigator for pedicle
screw placement requires validation in a clinical setting.

CONCLUSION

In combination with a 3D CT reconstruction, MINS-BIA
assisted implantation of pedicle screw is safe and technically
feasible. The animal experiment suggests that this novel
pedicle finder could be beneficial for improving or main-
taining accuracy while reducing overall radiation exposure,

Spine

but with no need to change conventional workflow for
pedicle screw placement.

> Key Points

Q It is still clinically challenging that the pedicle
screw malpositioning rate in very difficult spinal
surgery ranges from 11.2% to 33%.

U The planned screw trajectory was more closely
matched under micro inertial navigation system
than with the free-hand technique in both axial
and sagittal planes.

U The overall detection rate of vertebral cortical
perforation by bioelectric impedance analysis was
higher than free-hand technique.

O An animal experiment of twelve minipigs sug-
gested the pedicle finder could be beneficial for
improving or maintaining accuracy while reducing
overall radiation exposure.
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