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Objective: To compare the superior-level facet joint violations (FJV) between robot-assisted (RA) percutaneous
pedicle screw placement and conventional open fluoroscopic-guided (FG) pedicle screw placement in a prospective
cohort study.

Methods: This was a prospective cohort study without randomization. One-hundred patients scheduled to undergo RA
(n = 50) or FG (n = 50) transforaminal lumbar interbody fusion were included from February 2016 to May 2018. The
grade of FJV, the distance between pedicle screws and the corresponding proximal facet joint, and intra-pedicle accu-
racy of the top screw were evaluated based on postoperative CT scan. Patient demographics, perioperative outcomes,
and radiation exposure were recorded and compared. Perioperative outcomes include surgical time, intraoperative
blood loss, postoperative length of stay, conversion, and revision surgeries.

Results: Of the 100 screws in the RA group, 4 violated the proximal facet joint, while 26 of 100 in the FG group had
FJV (P = 0.000). In the RA group, 3 and 1 screws were classified as grade 1 and 2, respectively. Of the 26 FJV screws
in the FG group, 17 screws were scored as grade 1, 6 screws were grade 2, and 3 screws were grade 3. Significantly
more severe FJV were noted in the FG group than in the RA group (P = 0.000). There was a statistically significant differ-
ence between RA and FG for overall violation grade (0.05 vs 0.38, P = 0.000). The average distance of pedicle screws
from facet joints in the RA group (4.16 4+ 2.60 mm) was larger than that in the FG group (1.92 + 1.55 mm; P = 0.000).
For intra-pedicle accuracy, the rate of perfect screw position was greater in the RA group than in the FG group (85% vs
71%; P = 0.017). No statistically significant difference was found between the clinically acceptable screws between
groups (P = 0.279). The radiation dose was higher in the FG group (30.3 £ 11.3 vs 65.3 £ 28.3 pSv; P = 0.000). The
operative time in the RA group was significantly longer (184.7 4+ 54.3 vs 117.8 + 36.9 min; P = 0.000).

Conclusions: Compared to the open FG technique, minimally invasive RA spine surgery was associated with fewer
proximal facet joint violations, larger facet to screw distance, and higher intra-pedicle accuracy.
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Introduction

he transforaminal lumbar interbody fusion (TLIF) is

successful in treating lumbar spinal diseases' . Free-
hand placement of pedicle screws remains the most widely
used method in the TLIF procedure, with significant risk of
adjacent tissue damage and complications®. However, the
unique anatomy of the lumbar spine poses a significant chal-
lenge for inserting pedicle screws accurately. The rate of inaccu-
racy of the freehand technique for thoracolumbar pedicle screw
placement is nearly 10% according to a systematic review". Even
with fluoroscopic assistance, there is still high risk of screw mal-
position, which may compromise the stiffness of the screw-rod
construct.

Facet join violation (FJV) is defined as a screw within
1 mm of the facet joint®. One concern regarding the TLIF
procedure is the risk of FJV at the superior motion segment.
In the past, surgeons usually focused on the accuracy of ped-
icle screw placement but ignored the superior-segment FJV.
The incidence of FJV ranges from 9.5% to 32.0% of screws,
according to previous studies®”. Therefore, FJV by pedicle
screws is not a rare adverse event in instrumented lumbar
fusion surgery. Facet joints are responsible for load-bearing
during spinal movements'’. Damage to the facet joint during
placement of pedicle screws can contribute to increased
stress at the adjacent level and possibly lead to adjacent seg-
ment disease, requiring additional treatment' %, FJV was
also independently associated with a higher reoperation rate
and diminished improvement in quality of life'’.

The techniques, equipment, and practices of spinal sur-
gery have improved over the last two decades'®. The introduc-
tion of robots into TLIF surgery could minimize some potential
problems of freehand manipulation found in conventional
TLIF. For minimally invasive TLIF surgeries with limited expo-
sure, the guidance of robots has shown superiority compared
with conventional methods. Use of navigation-guided robots in
spinal procedures allows surgeons to visualize and navigate
complex anatomic structures while applying a minimal invasive
approach. There are several orthopaedic surgical robots that
have been reported to be suitable for pedicle screw fixation,
including the TiRobot, ROSA, SpineAssist, and Renaissance.
Some studies have compared the robot-assisted (RA) technique
with the conventional technique, mainly focused on the intra-
pedicle accuracy of pedicle screws and radiation exposure'”°.
While some studies have compared the presence of FJV, to the
best of our knowledge, no study has mentioned a specific FJV
degree of these two techniques. The TiRobot system is the first
orthopaedic surgical robot researched and developed in China,
with completely independent intellectual property. It can be
used in spinal surgery and traumatic orthopaedic surgery”' ~*.
This robotic technique is a practical clinical application of
computer-assisted minimally invasive spine surgery (CAMISS),
which achieves better clinical outcomes with the advantages of
less invasion, less injury, and better recovery, and has also
became the gold standard for spine surgery””. During the cur-
rent study, the TiRobot system was used to assist pedicle screw
placement in the TLIF procedure.

FJV or RA vs FG PEDICLE SCREWS

The aim of this prospective cohort study was to
compare RA percutaneous pedicle screw placement with
conventional open fluoroscopy-guided (FG) pedicle screw
placement. Three major outcomes were evaluated: (i) the inci-
dence and degree of superior-level FJV; (ii) the distance
between each pedicle screw and corresponding proximal facet
joint; and (iii) the intra-pedicle accuracy of proximal screws
according to the Gertzbein and Robbins scale.

Materials and Methods

Patient Selection

Patients were selected using the following inclusion criteria:
() lumbar degenerative disease (L;-S;) resulting in radiculo-
pathy; (ii) ineffective results with conservative treatment for no
less than 6 months. Exclusion criteria were as follows:
(i) presence of scoliosis greater than 30°; (ii) previously diag-
nosed osteomalacia or severe osteoporosis; (iii) history of spinal
tumors or tuberculosis; and (iv) spinal infection.

Study Design
This prospective non-randomized cohort study recruited
patients scheduled to undergo TLIF between February 2016
and May 2018. The hospital’s Institutional Review Board
approved this study. Informed consent was provided by all
participants.

Sample size estimation was based on the difference in
the incidence of FJV. To detect a 20% difference between
groups with alpha 0.05 and beta 0.2, 47 patients in each group
were required. To avoid possible dropout or conversion, we
prospectively recruited 50 patients in each group.

Robot-assisted (RA) or fluoroscopy-guided (FG) treatment
was chosen by patients, after the details of these two methods were
explained by the surgeon. All TLIF procedures were performed by
two surgeons, who were blinded to the purpose of this study.
Every surgeon completed 25 surgeries in each group. The RA
group comprised patients (n = 50) treated under robotic minimal
invasive surgery. The FG group comprised patients (n = 50)
treated using conventional open fluoroscopy guided freehand
procedure. (Fig. 1).

Surgical Technique

Robot-assisted TLIF procedures were performed using the
TiRobot system (TINAVI Medical Technologies, Beijing,
China)?®. The patient tracker was percutaneously anchored
at the spinal process. Intraoperative 3D fluoroscopic images
were acquired using the C-arm scanner (ARCADIS Orbic
3D C-arm, Siemens Medical Solutions, Erlangen, Germany)
and then transferred to the robotic workstation. After plan-
ning of pedicle screws through the TiRobot workstation by
surgeons, the robotic arm was instructed to move to the cho-
sen trajectory. Then, guiding pins and pedicle screws were
successively inserted through the cannula at the distal end of
the robotic arm (Fig. 2). Decompression and placement of
interbody devices were performed subsequently.
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120 patients assessed for eligibility

20 excluded:

100 included

50 robot-assisted %rouﬂ 50 ﬂuoroscogic—guided %rouﬁ

50 completed surgery 50 completed surgery

50 analyzed 50 analyzed
Fig. 1 Flowchart of enrolled patients, including enrolment, assigned
interventions, and analysis of the study participants.

Conventional open FG pedicle screw placement was
performed through a midline incision. Pedicle screws were
inserted by freehand under fluoroscopic guidance and verifi-
cation’. Decompression and interbody fusion procedures
were performed subsequently.

Outcome Measures

Facet Join Violation Incidence and Grade

Postoperative CT scans were performed to evaluate the pedi-
cle screw position. All screws were evaluated by axial images,
including the coronal and sagittal reconstructions. Two cranial
screws of each patient were evaluated and compared. The accu-
racy of pedicle screw placement was independently reviewed by
one spine surgeon and one radiologist, who were blind to the
allocation and purpose of this study. In case of disagreement in
categorical grading, a third senior surgeon was involved for
adjudication.

The grade of FJV was evaluated according to the
modified method of Babu et al.*’: Grade 0, no violation;
Grade 1, pedicle screw and/or head within 1 mm of the
abutting facet joint, without clear joint violation; Grade
2, pedicle screw within the facet joint; and Grade 3, pedicle
screw traveling within the articular surface of the
facet. (Fig. 3).

The incidence and mean grade of FJV were compared.
The mean grade of FJV was calculated by accumulation of
each screw grade. The measurement of the distance between
each pedicle screw and corresponding proximal facet joint
was conducted according to the method previously reported
by Kim et al.'’. The distance was determined as the mean of
two measurements.

Intra-Pedicle Accuracy (Pedicle Screw Position)

For intra-pedicle accuracy, pedicle screws were assessed
according to the Gertzbein and Robbins scale”’. Grade A:
excellent screw position, no cortex perforation; Grade B: ped-
icle cortical breach <2 mm; Grade C: 2 mm < pedicle cortical

FJV or RA vs FG PEDICLE SCREWS
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Fig. 2 One procedure of the robot-assisted surgery. Guiding pins were
inserted through the cannula at the distal end of the robotic arm.

breach <4 mm; Grade D: 4 mm < pedicle cortical breach
<6 mm; Grade E: pedicle cortical breach >6 mm.

Perioperative Outcomes

Surgical time (from skin to skin), intraoperative blood loss,
postoperative length of stay, conversion and revision surger-
ies were noted and evaluated. Patient characteristics such as
age, gender, and BMI were also recorded.

Radiation Exposure

The cumulative radiation time (seconds) of each patient was
recorded from the direct output of the C-arm. Digital dosim-
eters were worn on the outside of the surgeon’s trunk protec-
tor to assess the radiation exposure to medical staff.

Statistical Analysis

The y*-test and Fisher exact test (gender, FJV incidence, con-
version or revision, and rate of perfect and acceptable screw
position) or Student t-test (age, body mass index, operative
time, blood loss, radiation exposure, length of stay, mean
grade, and distance between screw and facet joint) or the
Mann-Whitney U-test (FJV grade) were used to evaluate
between-group differences. Statistical analysis was conducted
using SPSS (version 24.0; SPSS, Chicago, IL, USA). The level
of statistical significance was set as P-value <0.05.

Results

Patient Demographics

There was no statistically significant difference in age, gender,
and body mass index between groups. The distribution of the
cranial screw level was similar between the groups (P = 0.640).
(Table 1).

Facet Join Violation Incidence and Grade
Cranial FJV occurred in 4 top-level screws in the RA group,
significantly less (22.0%) than 26 top-level screws implanted
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Fig. 3 CT scans demonstrating the grade of facet joint
violation: (A) Grade O, no violation; (B) Grade 1, pedicle
screw and/or head within 1 mm of the abutting facet joint,
without clear joint violation; (C) Grade 2, pedicle screw
within the facet joint; and (D) Grade 3, pedicle screw
traveling within the articular surface of the facet.

in the FG group (P = 0.000). In the RA group, 3 and 1 screws
were classified as grade 1 and 2, respectively. Of the 26 FJV
screws in the FG group, 17 screws were scored as grade 1, 6
screws were grade 2, and 3 screws were grade 3. Significantly
more severe FJV were noted in the FG group than in the RA
group (P = 0.000). There was a statistically significant differ-
ence between RA and FG for overall violation grade (0.05 vs
0.38, P = 0.000). The mean facet to screw distance of the RA

FJV or RA vs FG PEDICLE SCREWS

group was significantly larger (2.17 times) than that of the FG
group (4.16 £2.60 mm vs 192 £ 1.55mm, P = 0.000)
(Table 2).

Intra-Pedicle Accuracy

Of the 100 cranial screws placed in the RA group, 85 were
grade A, and 13 and 2 screws were classified as grade B
and C, respectively. Of the 100 superior-level screws in the
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TABLE 1 Patient demographics and perioperative factors
between groups

Robot-assisted Fluoroscopic-
Variable group guided group  P-value
Number of patients 50 50 -
Age (years) 546 +11.1 55.6 +£12.8 0.683
Female, n (%) 33 (66%) 29 (58%) 0.410
Body mass index (kg/m?) 25.6 £3.9 253 +£3.1 0.706
Cranial screws level 0.640
Lo 1 3
Ls 3 5
La 31 28
Ls 15 14
Operative time (min) 184.7 £54.3 117.8+36.9 0.000
Intraoperative blood 171.6 +£123.1 362.0 +£ 356.8 0.001
loss (mL)
Postoperative length 51+1.0 56+26 0.157
of stay (days)
Conversion or revision 0 1 1.000
Radiation time (s) 85.3 £ 27.8 75.4 £ 33.0 0.109
Radiation dose (pSv) 30.3 +11.3 65.3 + 28.3 0.000

FG group, 71 screws were grade A, 23 screws were grade B,
4 screws were grade C, and 2 screws were grade E. The rate of
perfect screw position (grade A) was greater (14.0%) in the
RA group than in the FG group (85.0% vs 71.0%; P = 0.017).
A total of 98 screws in the RA group and 94 screws in FG
group were clinically acceptable screws (group A and B). No
statistically significant difference was found between the clini-
cally acceptable screws between groups (P = 0.279) (Table 3).

Perioperative Outcomes

The operative time in the RA group was significantly longer
(1.57 times) (184.7 4= 54.3 vs 117.8 & 36.9 min; P = 0.000).
The blood loss of the FG group was significantly higher (2.11
times) than that of the RA group (171.6 &+ 123.1 mL s
362.0 £ 356.8 mL, P = 0.001). The postoperative length of
stay was shorter in the RA (5.1 & 1.0 days) than in the FG
group (5.6 £ 2.6 days), but the difference was not significant

TABLE 2 Superior-level facet joint violation of robot-assisted

and fluoroscopic-guided pedicle screw placement

Robot-assisted Fluoroscopic-

Variable group guided group P-value
Cranial screws 100 100
FJV incidence 4 26 0.000
FJV grade 0.000
Grade O 96 74 -
Grade 1 3 17
Grade 2 1 6
Grade 3 0 3 -
Mean Grade 0.05 0.38 0.000
Distance between 4.16 + 2.60 1.92 + 1.55 0.000

pedicle screw and
facet joint (mm)

FJV, facet joint violations

FJV or RA vs FG PEDICLE SCREWS

TABLE 3 Intra-pedicle accuracy of cranial pedicle screws

Robot-assisted Fluoroscopic-

Screw grade group guided group P-value
A 85 71 0.017
B 13 23 -

A+B 98 94 0.279
C 2 4 -

D 0 0

E 0 2

(P = 0.157). No RA screws required intraoperative conver-
sion to the FG or revision. One revision was required in the
FG group for persistent postoperative radicular pain due to
misplaced pedicle screws (Grade E). (Table 1).

Radiation Exposure

The radiation time was longer in the RA (85.3 £ 27.8 s) than
in the FG group (75.4 &£ 33.0 s), but this difference was not
statistically significant (P = 0.109). The radiation dose was sig-
nificantly higher (2.16 times) in the FG group (30.3 &= 11.3 vs
65.3 + 28.3 puSv; P = 0.000). (Table 1).

Discussion

n the current study, we mainly examined the superior-level

FJV of RA and FG pedicle screw implantation in TLIF pro-
cedure, with a prospective design. The main finding of this
study is that the minimally invasive RA technique was better
than the open FG technique in terms of proximal FJV grade
and intra-pedicle accuracy. We also demonstrated that the
distance of pedicle screws from the proximal facet joints in the
RA group was significantly greater than that in the FG group.
It is the first report to compare the specific FJV degree between
the RA and FG techniques.

The primary benefit of the RA application is to control
the implant placement at a precise, pre-planned, ideal screw
trajectory using a minimally invasive approach, helping to
prevent screws from cortical breach of the pedicle and proxi-
mal FJV. The current study found that the incidence and
grade of proximal FJV for percutaneous robotic pedicle screw
insertion was lower than the rate for fluoroscopy-assisted pro-
cedures. This difference can be explained by the mechanism of
intraoperative robotic guidance. Fluoroscopy-based freehand
screw insertion involves surgeons’ hand-eye coordination, while
the robotic system mechanically guides the surgeons to the pre-
planned trajectory. In addition, the soft tissue resistance of per-
cutaneous guide pin insertion via robotic arm was less than that
of the freehand technique. In this study, FJV was more com-
mon at the L5 level for both techniques. A possible explanation
is that the lateral iliac crest interfered with the medial-lateral
trajectory during placement of the pedicle screw at L5°.

The incidence of FJV in association with the RA tech-
nique has been reported in previous studies. Hyun et al.'®
conducted a prospective randomized study to compare the
RA technique with the FG technique in a minimally invasive
spine surgery. No proximal FJV occurred in the RA group,
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and the average distance from the proximal facets was larger
in the RA group than in the FG group. Kim et al'” also
assessed the proximal FJV between these two groups. They
found that the proximal FJV was significantly different
between the robotic and freehand groups, with less FJV and
larger facet to screw distance in the robotic group. In a finite
element analysis, Kim et al?® showed the biomechanical
advantages of RA pedicle screw insertion in terms of allevia-
tion of stress concentration at proximal adjacent segments
after fusion surgery, compared with pedicle screw insertion
using the freehand technique. Considering our results of less
incidence of FJV and larger screw to facet distance of the
robotic procedure, the RA spine surgery might have an advan-
tage in reducing the stress at the adjacent segment. The rate
of proximal FJV in our RA group was higher than in the
abovementioned articles. This finding was due to the surgeons
being concerned mainly with avoiding cortical violation, and not
enough attention being paid to the facet joints. As FJV may be a
factor in the development of adjacent segment disease, there is
growing focus on the impact of the top screw on adjacent seg-
ment disease®! >, We considered that avoidance of FJV is a
higher requirement than achieving intra-pedicle accuracy.

According to the report of Babu et al’, percutaneous
pedicle screw insertion is associated with a higher incidence
of higher grade facet joint violation compared to the tradi-
tional open approach. In contrast, we found that percutane-
ous RA pedicle screw placement had fewer proximal FJV
and lower FJV grade compared to the open freechand tech-
nique. Our higher accuracy verified the advantage of medical
robots, which could promote the development of minimal
invasive surgery.

In our study, the RA group had significantly higher
intra-pedicle accuracy. The higher accuracy achieved in the
RA cohort was consistent with some previous studies.
Lieberman et al’' demonstrated that the RA pedicle screw
placement had fewer screw placement deviations and fewer
cortical breaches than the freechand group. Kantelhardt et al.*>
showed that the use of robotic guidance significantly increased
the accuracy of screw positioning. Hyun et al.'® also suggested
a higher precision rate when using the robotic guidance. Roser
et al.'> demonstrated that the use of robotics in spinal surgery
greatly increased accuracy compared with conventional FG
procedures. The study by Pechlivanis et al.’> demonstrated a
rate of 98.5% clinically acceptable screws in their series of
133 percutaneous robotic-guided screws.

The total radiation time in the FG group was lower
than in the RA group. This could be attributed to additional

FJV or RA vs FG PEDICLE SCREWS

3D scans of the robotic system for intraoperative planning.
However, this extended radiation time would not increase
the radiation dose to the medical staff because they left the
operating room during the 3D scans. Thus, the radiation
dose in the RA group was lower than in the FG group. Some
other studies also reported a reduction of radiation exposure
for the RA spine surgery' "%,

The longer surgical duration of the RA group could be
attributed to more intraoperative preparation work needed for
the robot system. Longer surgical time has also been noted in
other robot systems for spine surgery'”'*?". In the FG group,
the intraoperative blood loss was significantly higher than in
the RA group. This was because the percutaneous minimal
invasive technique used in the RA group, while patients in the
FG group underwent an open dissection.

No revision occurred in the RA group, but one revi-
sion was needed in the FG group. Computer assistance in
the form of robotic guidance or navigation has the potential
to reduce the incidence of postoperative revisions of pedicle
screws, according to a meta-analysis®®. After 2-year follow
up, Park et al.’” found that there was no statistic difference
for revision between RA and FG techniques.

This study had some inherent limitations. These results
were radiological and perioperative clinical outcomes from a
cohort study. To assess the difference in outcomes between
groups, randomized controlled trials and long-term follow
up were warranted. Furthermore, the minimally invasive RA
procedure and the open FG procedure were compared in this
study. A study to investigate the FJV of RA and FG mini-
mally invasive TLIF is needed in the future. Finally, the
number of patients included in this study was relatively
small. Further studies involving more centers and partici-
pants are needed.

Conclusions

Minimally invasive RA pedicle screw placement was associ-
ated with fewer proximal FJV, lower FJV grade, larger dis-
tance of pedicle screws from the proximal facet joints, and
higher intra-pedicle accuracy, compared to the conventional
open fluoroscopic-guided technique. RA pedicle screw inser-
tion in a minimally invasive spinal surgery can ensure accu-
racy and safety.
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