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Abstract BACKGROUND: Accurate pedicle screw placement is a challenge with reported misplacement
rates of 10% and higher. A handheld navigation device (HND) may provide accuracy equal to
CT-based navigation (CT-Nav) but without the cost and complexity.

OBJECTIVE: To study the accuracy of a handheld navigation device for pedicle screw placement.
STUDY DESIGN: This prospective cross-sectional study with consistently applied reference
standard enrolled 20 patients undergoing 92 pedicle screw placements.

PATIENTS: Patients who underwent pedicle screw placement between May 2022 and September
2022.

OUTCOME MEASURES: Pedicle screw placement accuracy per Gertzbein—Robbins.
METHODS: Once the screw pilot hole was established, the proposed trajectory of the HND was
compared with that proposed by CT-Nav. Postoperatively, screw accuracy was graded according to
Gertzbein—Robbins by a blinded radiologist based on CT scans. Accuracy was compared between
the two systems and published control for fluoroscopy assisted and CT-Nav placement using
Bayesian posterior distribution.

RESULTS: The trajectory proposed by the HND and CT-Nav were in agreement in 98.9% (95%
Exact CI; 94.09%—99.97%). The HND accuracy was 98.9% with 91 screws rated “A” and 1 rated
“C”.

Non-inferiority to fluoroscopic placement was achieved because the one-sided normal-approxi-
mation 95% CI Lower Bound (LB) of 95.3% is greater than the Performance Goal (PG) of 83.4%.
Post-hoc analysis demonstrated that the probability of superiority of the HND relative to the
historical accuracy rate of 91.5% for fluoroscopy assisted procedures is >0.999 and that the HND’s
accuracy rate is within 4.5% of CT-Nav of 95.5% is >0.999.

No adverse events or intra-operative complications associated with HND were observed. There

was 1 (1.1%) intra-operative repositioning and no re-operations for any reason.
CONCLUSIONS: The accuracy rate of the HND was 98.9%, and the proposed trajectory matched
with CT-Nav in 98.9% of the time. This is superior to the historical published accuracy rate for
fluoroscopy-assisted procedures and equivalent to the historical published accuracy rate for
CT-Nav.
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Introduction

Pedicle screw placement has been widely used to recon-
struct local stability in spine surgery [l—4]. However,
conventional free-hand pedicle screw placement with fluo-
roscopic assistance is prone to pedicle violation. Although
there is a low morbidity of clinically relevant complica-
tions, a misplaced screw can result in neurovascular dam-
age, dural tearing, or visceral involvement because of the
anatomical proximity of the vertebral pedicles to associated
neurovascular structures [2,3,5—13]. Further, fluoroscopic
guidance often requires the user to take multiple iterative
intraoperative images to achieve accurate placement adding
time to a procedure and increasing radiation exposure to the
patient, surgeon, and staff [11].

Therefore, a variety of techniques have been introduced
to assist screw insertion and to reduce the prevalence of
pedicle violation. Despite the availability of intraoperative
3D imaging/CT-based image guided navigation systems
(CT-Nav) or associated robotic-assisted systems that
have demonstrated accuracy improvements, pedicle screw
placement with fluoroscopic assistance is still the technique
used most widely as it is practical and cost-effective
[1,2,4,14,15]. The use of CT-Nav is limited by its complex-
ity, operational inefficiency and high acquisition and main-
tenance costs.[16]

A navigation system that leverages limited use of stan-
dard C-arm X-rays, offers similar accuracy to CT-Nav and
mitigates the associated limitations that could be of value to
spine surgeons and their patients. A proprietary software
that runs on a handheld iOS-based (Apple®) device has
been developed which has the potential to achieve these
objectives (Bolt® Navigation System, Circinus Medical
Technology) (Fig. 1). The purpose of the clinical investiga-
tion was to assess the accuracy of this handheld navigation
device (HND).

Methods

The data for this study is from the first phase of the
study: “Handheld iOS-based spinal navigation versus O-
arm image guided navigation in the placement of thoraco-
lumbar pedicle screws.” The study was performed follow-
ing GCP, including approval by the local research ethics
committee and registered at the Dutch trial register main-
tained by the Central Committee on Research involving
human subject (CCMO) under NL74268.058.20. Written
informed consent was obtained from the patients.

Study monitoring was performed by the Tapas Group
(Laren, The Netherlands) and statistical analysis by
Biomedical Statistical Consulting (Wynnewood, USA).

Study design

This prospective agreement study was designed to vali-
date the pedicle screw placement accuracy of the HND
intraoperatively by comparing the trajectory established by
the HND in making the screw pilot hole to the trajectory
proposed by CT-Nav (Medtronic, O-arm-StealthStation) for
each screw. Postoperatively, a Gertzbein—Robbins classifi-
cation was assigned to each screw by an independent radiol-
ogist based on a CT scan (O-arm) performed immediately
after all implants were placed. The HND accuracy was then
compared to historical published data of CT-Nav and fluo-
roscopy assisted placement. It was determined that, assum-
ing a 92.0% success rate for the investigational device, a
sample size of 100 screws was required.

Participants

This prospective agreement study included patients who
were treated with thoraco-lumbar pedicle screw between
May 2022 and September 2022 at the Departments of Neu-
rosurgery of Haaglanden Medical Center (The Hague, The
Netherlands). Patients older than 18 with the following indi-
cations for thoraco-lumbo-sacral pedicle screw placement
for single or multilevel fusions (T12 to S1) were eligible
for the study: degenerative spondylolisthesis with stenosis,
spondylolytic spondylolisthesis, degenerative disc disease,
and failed back surgery syndrome. Trauma, infection, and
tumor cases were not eligible. Patients undergoing cortical
trajectory screw fixation were excluded.

Study device

The HND is an iOS (Apple”) device with only the pro-
prietary navigation app (software) on it. The device’s
built-in camera is used to capture images of the surgical
levels to be operated on from standard pre-op CT/MRI
(axial) imaging and a perioperative lateral X-ray. The unit
is then placed into a sterile drape and entered into the sur-
gical field where it is placed in a case that allows it to be
precisely attached to any surgical instrument. Using the
touchscreen the surgeon plans the ideal mediolateral posi-
tion of the screw on the axial image and the sagittal posi-
tion on the lateral X-ray. The system uses trigonometry to
turn these two orthogonal angles into a three-dimensional
construct of the planned angle. The system’s gyroscope
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A. Planning using touch screen

B. Connecting to surgical instrument

C. Navigation during pedicle placement procedure

>1°and <3°

Fig. 1. Use of the HND system.

then communicates real-time navigation to the surgeon
based on their plan (Fig. 1).

Intervention and outcomes

Surgeries were performed by either of two surgeons
working at Haaglanden Medical Center. Both surgeons in
this study were experienced with other guidance techni-
ques, including fluoroscopy and CT-Nav, and were able to
begin utilizing the HND system after a short training with
cadavers and demonstration models. Posterior surgery was
performed with the patient in the prone position. Spinal
stabilization was provided based on local protocols, and
the surgical procedure was performed by certified and

experienced neurosurgeons. There were no study specific
requirements with regard to type and brand of intervertebral
body cages, pedicle screws and other implants used for
spinal stabilization (Fig. 2).

Based on pre-operative diagnostic axial lumbar MR/CT
and perioperative true-lateral X-ray, the ideal position of
the entry point and trajectory for each pedicle screw was
determined with the HND. During surgery, the holder for
the HND was connected to the CT-Nav pedicle probe. This
combined instrument was used to make the pilot hole for
the screw according to the planning and trajectory provided
by the HND.

The HND was attached to the CT-Nav probe in a manner
that blocked the CT-Nav navigation marker array rendering



4 M.P. Arts et al. / The Spine Journal 00 (2024) 1—7

Fig. 2. HND combined with CT-Nav guided navigation system set-up for
study purposes.

it non-functional ensuring that only the HND was used to
make the pilot hole. The HND was then rotated out of
the way allowing CT-Nav to provide its telemetry. This
allowed the HND trajectory to be confirmed and compared
to CT-Nav prior to pedicle screw placement.

If CT-Nav verified that the trajectory as established by
the HND was inside the pedicle, it was defined as
“acceptable,” and the screw was placed via the HND. If the
screw according to CT-Nav was not inside the pedicle, it
was defined as “unacceptable.” In the latter case, CT-Nav
overruled the position as established by the HND, the
pedicle screw was inserted by CT-Nav guidance, and a
misplacement assigned to the HND.

A CT/O-arm run was performed on all patients at the end
of the surgical procedure. Based on these images, a radiolo-
gist, blinded to whether the screw was placed based on the
HND or CT-Nav, rated the position of the pedicle screw
according to the Gertzbein—Robbins classification, in
which Grade A and Grade B were determined as “clinically
acceptable.”

Statistics

Descriptive statistics were used, including mean, stan-
dard deviation, median, minimum, and maximum values
for continuous variables and counts and percentages for cat-
egorical variables.

The trajectory presented by the HND was compared
intraoperatively with that indicated by CT-Nav. The exact
binominal 95% confidence interval was calculated for the
agreement estimate.

The accuracy of the screws placed with the HND was
determined by a blinded radiologist according to the Gertz-
bein—Robbins classification based on CT scans performed
immediately post-operatively. A Gertzbein—Robbins clas-
sification of A or B was considered acceptable. The success
rate and a one-sided normal-approximation 95% CI LB was
calculated.

The primary data source for the historical published data
of fluoroscopy assisted guided placement of thoracolumbar
pedicle screws is the “Accuracy of Current Techniques for
Placement of Pedicle Screws in the Spine: A Comprehen-
sive Systematic Review and Meta-Analysis,” Perdomo
—Pantoja et al. [9] This meta-analysis published in 2019
looked at 5,378 patients and 51,161 pedicle screws placed
by a variety of techniques. Based on this meta-analysis, the
accuracy rate for fluoroscopy assisted pedicle screw place-
ment is 91.5% (95% CI, 88.4%—93.8%) and the accuracy
for CT-Nav is 95.5% (95% CI, 94.2%—96.5%.)

A non-inferiority margin of 5% has been deemed accept-
able. This means that the lower bound of the 95% CI for the
HND accuracy must exceed 83.5%. This equals the lower
bound of the 95% CI for fluoroscopy assisted techniques
minus the 5% non-inferiority margin. The performance
goal was determined by subtracting the non-inferiority mar-
gin from the reference rate. Therefore, the performance
goal is 83.4%.

The primary effectiveness hypothesis was tested using a
normal approximation z-test at a one-sided type 1 error rate
of «=0.05. Additionally, the lower bound (LB) of a normal
approximation one-sided 95% confidence interval is
provided. This lower bound is interpreted as the lowest
accuracy rate of the HND that is consistent with the sample
data.

Additional (post-hoc) analyses aim to determine the dif-
ference in accuracy probabilities between the HND, fluoros-
copy assisted placement, and CT-Nav guided navigation.
The Bayesian posterior distributions of the screw placement
accuracy rates of the HND, fluoroscopy assisted and CT-
Nav were calculated.

Source of funding

The study was sponsored by Circinus Medical Technol-
ogy, LLC, the HND manufacturer. The sponsor provided
the HNDs, paid for the electronic data capture system and
data entry. The sponsor performed monitoring, source data
verification and statistical analysis.

Results

Participants characteristics

Ninety-two pedicle screw placements in 20 patients were
enrolled in the study after informed consent was obtained.
All patients had complete follow-up with both radiographic
evaluation immediately post pedicle screw placement and
clinical evaluation at 3 months.
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The study group included 14 women (70%) and 6 men
(30%), with a mean age of 62.4 years (range, 49 to 82
years). Thirty-six screws (39%) were in patients with
degenerative spondylolisthesis, thirty screws (33%) in
patients with spondylolytic spondylolisthesis, fourteen
screws (15%) in patients with degenerative disc disease,
eight screws (9%) in failed back surgery syndrome patients
and 4 (4%) for other indication (Table 1).

Primary outcomes

The protocol provided for a fully paired comparison
between the screw trajectory shown by the HND to that of
CT-Nav. The HND trajectory matched the CT-Nav trajec-
tory in 91 of the 92 screws, resulting in an agreement of
98.9% (95% Exact CI; 94.09%—99.97%). In the one case
(L3 left) that CT-Nav did not confirm the HND trajectory,
based on his clinical judgement, the surgeon chose not to
follow the CT-Nav guidance but to place the pedicle screw
per the HND trajectory. The surgeon suspected that the ref-
erence frame (marker) of the CT-Nav system had moved
intra-operatively. The radiologists assigned a Gertzbein
—Robbins grade A confirming that the HND trajectory was
correct.

The prospective effectiveness hypothesis of the study is
that the accuracy success rate (percentage of pedicle screws
rated as clinically acceptable) for the HND is higher than
the performance goal of 83.4%. In the study 91 of the 92
pedicle screws inserted (98.9%) were placed accurately.

Table 1
Demographics and operative data*®

Characteristic Patients Pedicle screws
(n=20) (n=92)
Age (years) 62.4+10.5
BMI (kg/m?) 27.6+5.1
Sex
Female 14 (70%)
Male 6 (30%)
Diagnosis
Degenerative disc disease 3 (15%) 14 (15%)
Degenerative spondylolisthesis 7 (35%) 36 (39%)
Isthmic spondylolisthesis 7 (35%) 30 (33%)
Failed back surgery syndrome 2 (10%) 8 (9%
Other (foraminal stenosis) 1 (5%) 4 (4%)
Vertebral level
L2 2 (2.2%)
L3 16 (17.4%)
L4 30 (32.6%)
L5 32 (34.8%)
S1 12 (13.0%)
Surgery
Blood loss (ml) 427.54295.8
Blood loss per screw (ml) 93.54+66.7
Duration surgery (min) 104.8+48.8
Duration surgery per screw (min) 22.618.6
Hospital stay (days) 2.4+0.9

* The values are given as the count with the percentage in parenthe-
ses or the mean4standard deviation.

Intra-operatively there was 1 (1.1%) pedicle screw reposi-
tioning for a Gertzbein—Robbins grade C screw. The screw
mispositioning was caused by the surgeon not using the
planned entry point, the surgeon rated the trajectory (vec-
tor) provided by the HND as correct for the planned entry
point. It should be noted that CT-Nav confirmed the HND
in this case. The one-sided normal-approximation 95% CI
LB is 95.3%. Because this lower bound is greater than the
PG of 83.4%, the primary endpoint has been established.
The normal approximation and exact p-value testing of the
primary endpoint based on the 83.4% PG are statistically
significant at p=<.0001. Therefore, it can be concluded
that the accuracy rate of the HND is non-inferior to the
historical published accuracy rate for fluoroscopy assisted
procedures.

Secondary outcomes

Given that the accuracy success rate for the HND of
98.9% is higher than the performance goal of 83.4%
(p=<.0001) an additional set of post-hoc analyses were per-
formed to provide additional information about the data col-
lected within the clinical trial. These analyses aim to
compare the success probabilities of the HND to fluoros-
copy assisted and CT-Nav guided literature-based historical
accuracy rates. The primary source, identified through a
systematic literature search, is the Meta-Analysis published
by Perdomo—Pantoja [9] (Table 2).

The probability that the HND accuracy rate is within 5%
of CT-Nav accuracy is >0.999 (Table 3). The Posterior
Probability of superiority of the HND relative to fluoros-
copy assisted accuracy is > 0.999. The probability the dif-
ference is >5.0% in favor of the HND is 0.992 (Table 4).

Because the HND provides a trajectory (vector) relative
to an entry point on the pedicle and gravity, the ability of
the surgeon to use the entry point selected on the HND is
important. The used entry point matched exactly the
selected entry point in 87 (94.6%) of the cases, in 4 (4.3%)
of the cases approximately and in 1 (1.1%) case it was off.
In the latter case, the screw was graded as Gertzbein—Rob-
bins C, all other screws were Gertzbein—Robbins A. The

Table 2

Posterior probability accuracy rates
Device Accuracy rate
HND 98.9% (91/92)
Fluoroscopy assisted 91.5%
CT-Nav guided 95.5%

Table 3

HND accuracy compared to CT-Nav guided accuracy
Accuracy delta Probability
+/-5.0% >0.999
+/-4.5% >0.999
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Table 4
HND accuracy compared to fluoroscopy assisted accuracy
Accuracy delta Posterior probability
-0.075 >0.999
-0.050 >0.999
-0.025 >0.999
0.000 >0.999
0.025 >0.999
0.050 0.992
0.075 0.926

misplaced screw was the only intra-operative repositioning.
No re-operation was required.

There were 5 intra-operatively complications, one intra-
operative repositioning (1.1%) and 4 dural tears (4.3%). All
dural tears occurred prior to pedicle screw placement and in
subjects with all pedicle screws graded as Gertzbein—Rob-
bins A. Therefore, the dural tears are considered unrelated
to pedicle screw placement. The repositioned screw was for
a pedicle screw graded Gertzbein—Robbins C and did not
result in a dural tear or nerve root injury.

Four patients each experienced one adverse events dur-
ing the first 30 days post-operative (2 constipations and 2
cage migrations). None of them were related to the pedicle
screw placement procedure.

Discussion

The present study is the first study with a new handheld
navigation device for the placement of thoracolumbar pedi-
cle screws. In this study the accuracy of the device is
98.9%, non-inferior to published historical accuracy rate
for CT-Nav and superior to published historical accuracy
rate for fluoroscopy assisted placement.

Currently, most pedicle screw are placed with fluoro-
scopic assistance, a technique that has significant draw-
backs, including radiation exposure to patients, surgeons,
and other OR staff and sub-optimal accuracy. The HND
provides superior accuracy compared to pedicle screw
placed with fluoroscopic assistance, without the need for
repetitive fluoroscopic imaging.

Several CT-Nav systems have been developed with dem-
onstrated ability to efficiently increase screw placement
accuracy. Unfortunately, these systems have not seen wide-
spread adoption as they are complex systems, require fixa-
tion of a reference frame, expose the patient and the staff to
radiation, are unable to compensate for positional changes,
rely on reference frame stability throughout the procedure
and are expensive in terms of capital investment, ongoing
maintenance and navigated surgical instruments and
markers. In addition, not every operating room can accom-
modate the large footprint of a CT-Nav. The HND provides
non-inferior accuracy compared to CT-Nav without the lim-
itations inherent to CT-Nav.

The sample size of 92 pedicle screw placements is not a
limitation of this analysis. Instead, the ability to show such

strong results based on the 92 screw trials attests to the
strength of the observed data. The sample size was deter-
mined by a power calculation for non-inferiority to fluoros-
copy assisted placement. It assumed a one-sided type 1
error of @=0.05 and was determined that the statistical
power to reject the null hypothesis using a normal approxi-
mation z-test equals 82.1%, with a sample size of 100
screws assuming a 92.0% success rate for the HND.

The present study has the limitation that it was per-
formed by two surgeons working at one institution. There-
fore, a large (at least 528 pedicle screws) multi-center,
multi-surgeon RCT is underway comparing the HND to
CT-Nav to explore if these results can be extrapolated to
the broader surgical community. However, two cadaveric
studies with the HND device demonstrated minimal vari-
ability between users. A study that included thirteen sur-
geons with minimal training on the system demonstrated an
average Gertzbein—Robbins score of 1.29 (A=1, B=2, etc.)
with a mean deviation from midline placement of 0.66 mm
and a standard deviation of 1.52 mm [17]. “A second study
of 58 screw placements by three surgeons (one experienced
user, one with familiarity of the system and one who had
never used the system before) demonstrated an actual vs.
planned placement accuracy of 1.59° and no statistical dif-
ference in accuracy between the users” (P. West, personal
communication, November 14, 2023).

The study was a prospective agreement study and com-
pared the accuracy rate to historical data. While this
allows us to compare the HND accuracy with a large
amount of real-world data, the study was not randomized.
To compensate for this, the study also included a fully
paired evaluation of the trajectory, allowing a direct com-
parison between the HND trajectory and the CT-Nav
trajectory for the same pedicle screw. This evaluation
demonstrated that both trajectory matches almost per-
fectly. The only mismatch was a failure of the CT-Nav
system which was recognized by the surgeon and ascribed
to movement of the system’s reference frame. This poten-
tial source of inaccuracy does not exist with the HND.
The second phase of the study will randomize HND versus
CT-Nav providing for a direct comparison.

A non-inferiority margin (delta) of 5% has been deemed
acceptable. The non-inferiority margin is the largest
reduction in the success rate allowable under the hypothesis
of clinical noninferiority. There are many approaches to
selecting appropriate delta values in noninferiority trials
approaches to selecting the delta include those relying
entirely on clinical criteria and those seeking a non-inferior-
ity margin with good statistical properties for the decision
rule. The approach chosen in the present study accom-
plishes both goals. One reasonable approach is to set the
delta such that the test intervention preserves a certain frac-
tion of the efficacy of the control, and this is the approach
we took since it also results in good statistical properties for
the statistical decision rule. Reasonable fractions may range
from 0.80 to 0.95.
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In conclusion, the HND was shown to have an accuracy
of 98.9%, non-inferior to published historical CT-Nav accu-
racy rate and superior to published historical fluoroscopy
assisted accuracy rate. This study provides a new option for
pedicle screw navigation in the thoracolumbar spine at a
lower cost but with the same accuracy as CT-Nav. A large
ongoing multi-center RCT comparing the HND to CT-Nav
will further validate the HND’s efficacy.
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