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INTRODUCTION

Cervical screw instrumentation has been widely utilized in
the treatment of cervical spinal diseases for the promising great
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Objective: Robot-assisted (RA) techniques have been widely investigated in thoracolumbar
spine surgery. However, the application of RA methods on cervical spine surgery is rare due
to the complex morphology of cervical vertebrae and catastrophic complications. Thus, the
feasibility and safety of RA cervical screw placement remain controversial. This study aims
to evaluate the feasibility and safety of RA screw placement on cervical spine surgery.
Methods: A comprehensive search on PubMed, Cochrane Library, Embase Database, Web
of Science, Chinese National Knowledge Databases, and Wanfang Database was performed
to select potential eligible studies. Randomized controlled trials (RCTs), comparative co-
hort studies, and case series reporting the accuracy of cervical screw placement were includ-
ed. The Cochrane risk of bias criteria and Newcastle-Ottawa Scale criteria were utilized to
rate the risk of bias of the included literatures. The primary outcome was the rate of cervical
screw placement accuracy with robotic guidance; subgroup analyses based on the screw
type and insertion segments were also performed.

Results: One RCT, 3 comparative cohort studies, and 3 case series consisting of 160 patients
and 719 cervical screws were included in this meta-analysis. The combined outcomes indi-
cated that the rates of optimal and clinically acceptable cervical screw placement accuracy
under robotic guidance were 88.0% (95% confidence interval [CI], 84.1%-91.4%; p = 0.073;
I* = 47.941%) and 98.4% (95% CI, 96.8%-99.5%; p =0.167; I* = 35.954%). The subgroup
analyses showed that the rate of optimal pedicle screw placement accuracy was 88.2% (95%
CI, 83.1%-92.6%; p = 0.057; I = 53.305%); the rates of optimal screw placement accura-
cy on Cl, C2, and subaxial segments were 96.2% (95% CI, 80.5%-100.0%; p = 0.167; I* =
44.134X%), 89.7% (95% CI, 80.6%-96.6%; p =0.370; I* = 0.000X%), and 82.6% (95%
CI, 70.9%-91.9%; p =0.057; I* = 65.127X%; ), respectively.

Conclusion: RA techniques were associated with high rates of optimal and clinically accept-
able screw positions. RA cervical screw placement is accurate, safe, and feasible in cervical
spine surgery with promising clinical potential.

Keywords: Robot, Cervical vertebrae, Accuracy, Spinal surgery, Meta-analysis

properties in the biomechanical stabilization, pullout strength,
and protection of spinal cord and nerve roots."* However, the
cervical region, an anatomically complex area, is adjacent to
several vital structures, which are vulnerable to catastrophic
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complications from the malposition of cervical screws, includ-
ing the neurological damage and vertebral artery injury.> More-
over, the anatomical morphology of cervical vertebrae is com-
plicated by alterations due to the cervical fractures and congen-
ital malformation, increasing the difficulty of cervical screw in-
sertions.*” Correspondingly, surgeons require years to gain suf-
ficient experience to safely complete cervical screw instrumen-
tation. Therefore, the demands for safety and accuracy of cervi-
cal screw placement drive advance in robot-assisted (RA) tech-
niques on cervical spine surgery.

RA techniques have been widely and deeply investigated in
thoracolumbar spine surgery, indicating promising clinical and
radiographic outcomes.®® However, studies on the application
of RA methods in cervical spine surgery are still limited. In 2016,
Tian" initially assessed the feasibility of TINAVI robot (TINA-
VI Medical Technologies, Beijing, China) for the posterior C1-2
transarticular screw placement in a case report, and concluded
that the robotic guidance had a remarkable clinical potential in
cervical spine surgery. Asuzu et al.'! performed a percutaneous
screw fixation of a hangman’s fracture under the guidance of
the Mazor X robot (Mazor Robotics Ltd., Caesarea, Israel), and
achieved accurate screw insertions with satisfactory fracture re-
ductions. In another case report conducted by Farah et al.," 1
patient underwent C1-2 posterior percutaneous fixation using
Cirq robot (Brainlab AG, Munich, Germany). Finally, all 4 screws
were safely placed and rated as acceptable. In the 2020, Fan et
al.”® conducted the first randomized controlled trial (RCT) com-
paring TINAVI RA techniques with conventional freehand (FH)
methods in terms of the accuracy of cervical screw placement.
They found that the RA techniques showed superiority to FH
methods in accuracy and clinical outcomes in cervical spine
surgery. This finding is consistent with the conclusions obtained
from the comparative studies performed by Su et al.,'* Lyu et
al,,”” and Zhan et al."* However, the rates of cervical screw place-
ment accuracy with RA methods varied widely ranging from
66.7% to 91.4% in the published literatures of comparative stud-
ies and case series.” " In addition, the application of RA system
on cervical spine surgery is still in its early developmental stage,
and whether the RA techniques are safe and accurate in cervi-
cal screw placement remains controversial.

Thus, this single-arm meta-analysis aims to demonstrate the
safety and accuracy of cervical screw placement using the RA
methods, which might provide references for surgeons in the
selection of insertion methods and revolutionization of spinal
surgeries, following improvement of RA techniques.
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MATERIALS AND METHODS

1. Search Strategy

This research was performed in line with PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses).”
The eligible studies were systematically searched from PubMed,
Cochrane Library, Embase Database, Web of Science, Chinese
National Knowledge Databases, and Wanfang Database with-
out language restriction up to October 23, 2022. The following
terms were searched in PubMed, Cochrane Library, Embase
Database, and Web of Science: (“Cervical Vertebrae” [MeSH]
or “Cervical Vertebra” or “Cervical Spines” or “Cervical Spine”)
and (“Robotics” [MeSH] or robot or robotic). The keywords in-
cluding “ji qi ren” and “jing zhui” were used in Chinese Nation-
al Knowledge Databases, and Wanfang Database. The search
strategy is shown in Supplementary Table 1. The inclusion of
studies was determined by 2 reviewers, who independently screen-
ed the titles, abstracts, and full-text articles. Meanwhile, the ref-
erence lists and other relative studies were manually reviewed
to identify additional worthy literature. Any disagreement was
resolved by a third investigator.

2. Eligibility Criteria

The potentially relevant literatures were identified in accor-
dance with the PICOS (Population, Intervention, Comparison,
Outcomes, and Study) principle. The criterion of comparison
was excluded due to the single-arm of this meta-analysis. (1)
Population: The study population consisted of patients diagnosed
with surgical indications in cervical spine. Studies involving ca-
davers or animals were excluded. (2) Intervention: RA techniques
for cervical screw placement were performed in the single-arm
or multi-arm studies. (3) Outcomes: Studies reporting the pri-
mary outcome, that is, the rate of cervical screw placement ac-
curacy with robotic guidance, were eligible. Meanwhile, the sub-
group analyses based on the screw type and insertion segments
were performed. The assessment of screw position included the
Gertzbin-Robbins,” Rampersaud,” and Ravi® criteria. The screw
completely within the trajectory, without cortex breach, was re-
garded as an optimal position; the screw breaching the cortex
by <2 mm was considered clinically acceptable; the screw brea-
ching the cortex by >2 mm indicated malposition. (4) Study
design: RCTs, comparative cohort studies, and case series were
included, whereas case reports, reviews, and conference reports
were excluded in this study.
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3. Data Extraction

The data were extracted by 2 pairs of independent reviewers
from the qualified researches, and the controversies were settled
by a third reviewer. The parameters, including the accuracy of
screw insertion, the first author, the year of publication, study
design, area, age, sex, body mass index (BMI), robot type, sam-
ple size, and number of screws were obtained to study the char-

acteristics.

4. Qualitative Analyses

The methodological quality of included RCT was evaluated
using the Cochrane risk of bias criteria.** In addition, the New-
castle-Ottawa Scale (NOS) criterion® was used to rate the risk
of bias in the selected comparative cohort studies and case se-
ries. For the comparative cohort studies, quality assessment was
performed in respect to patient selection, comparability, and
outcomes with the total score of 9, and the scores more than 6
represent high quality. For the case series, the comparability ques-
tions from NOS criteria were removed, and the scores range from
0 to 7; the final scores more than 4 represent high quality. The
qualitative analyses were independently conducted by 2 review-
ers, and disagreements were resolved through discussion to reach

consensus.

A4

5. Statistical Analyses

The statistical analyses were performed using STATA 15.1
(StataCorp LLC, College Station, TX, USA). The pooled rate
and its 95% confidence interval (CI) of summarized cervical
screw placement accuracy was estimated by performing a me-
ta-analysis of proportions using the cases with RA techniques
in each study. Simultaneously, the pooled results of estimated
blood loss during surgery and operation time were also calcu-
lated. The I* at a significance level of p < 0.05 was utilized to eval-
uate the statistical heterogeneity, and the sensitivity and sub-
group analyses were conducted to determine the source of het-
erogeneity. A p-value of <0.05 was regarded statistically signifi-

cant.

RESULTS

1. Literature Search

The process of literature selection for inclusion in this research
is shown in Fig. 1. In the preliminary search from all databases,
740 studies were inspected. Moreover, 12 additional articles were
identified through the reference lists and other relative studies.
After duplicate elimination, 527 articles underwent title and
abstract assessment, maintaining 16 studies for full-text screen-

740 Records identified through |
database searching

12 Additional records identified
through other sources

Identification

‘ 527 Records after duplicates removed ‘

A

527 Records screened

511 Records excluded after title

% .
‘ and abstract screening

Screening

A

9 Full-text articles excluded,

16 Full-text articles assessed for
eligibility

with reasons
3 Case reports
6 No data on outcomes of

\

Eligibility

A4

interest

7 Studies included in
quantitative synthesis

A4

‘ Included ‘ ‘

7 Studies included in quantitative
synthesis (meta-analysis)

Fig. 1. Flow diagram of the study selection.
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14-16

ing. Finally, 1 RCT,” 3 comparative cohort studies,'*'¢ and 3 case

series!” "’

were included in our meta-analysis.
2. Characteristics of the Selected Studies

The baseline characteristics of the included studies are pre-
sented in Table 1. All 7 articles including 160 patients and 719
screws were newly published from 2020 to 2022. Among the
included studies, 1 study was performed in Texas (the United
States),'® Marseille, (France),"” Beijing (China),” Nanjing (Chi-
na),” and Guangdong (China)."* The 2 remaining studies were
conducted in Shanghai (China)."*"* The Mazor X Stealth/Med-
tronic'® and Cirq/Brainlab" were used in one study, and the Ti-
Robot/TINAVI"*'*" was reported in 5 studies.

3. Results of Qualitative Analyses

The quality of the RCT evaluated by Cochrane risk of bias
criteria was moderate due to the high risk of blinding of partici-
pants and the personal and outcome assessment. Moreover, the
6 remaining studies were regarded as high quality, with 3 com-
parative cohort studies scored higher than 7, and 3 case series
scored higher than 4, according to NOS criteria. The results of
risk of bias for the selected studies are shown in Supplementary
Tables 2, 3.

4. Outcomes of the Meta-Analysis
1) Accuracy of screw placement on cervical spine

A total of 719 cervical screws were placed in the 160 patients
undergoing cervical spinal intervention with RA techniques.
All the 7 studies" " provided data on the optimal screw posi-
tion that cervical screw was completely within the pedicle. The
combined outcomes indicated that the rate of accuracy of cervi-
cal screw placement in RA methods was 88.0% (95% CI, 84.1%-
91.4%; p<0.001; 1=47.941%) (Fig. 2).

Seven studies'*

provided data on the clinically acceptable
screw position that pedicle cortical breach was less than 2 mm.
The combined results presented that the rate of clinically accept-
able screw position with RA techniques was 97.8% (95% CI,
95.2%-99.5%; p<0.001; I*’=63.713%) (Supplementary Fig. 1).
Considering the significant heterogeneity (I’ = 63.713%, p=0.011),
sensitivity analysis was performed. After the sequential removal
of the included researches, the result indicated that the study of
Farah et al.” led to the heterogeneity. After the exclusion of the
study, the combined outcomes based on the remaining 6 stud-
ies™*'%181% showed that the rate of clinically acceptable screw po-
sition was 98.4% (95% CI, 96.8%-99.5%; p < 0.001; I* = 35.954%)

(Fig. 3).
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Table 1. Characteristics of included studies

No. of Screws

Lateral Odon-

Pedicle

Total

. No. of
BMI (kg/m?) Robot type —

Sex, male:
female

Period Age (yr)

Area

Study
design

Study

toid
17

mass
83

186 86

61

TiRobot/TINAVI

43/18 23.65+£4.10

49 (34.5-57.5)

August 2015-

RCT  Beijing, China

Fan et al.,’* 2020

August 2018

49 49

8

TiRobot/TINAVI

60.5+£5.93 5/3 23.60£3.49

April 2018-

Shanghai,

Retro

Lyu et al.,”” 2020
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Fig. 2. Forest plot showing that the rate of optimal accuracy of cervical screw placement in robot-assisted methods was 88.0%
(95% CI, 84.1%-91.4%; I*=47.941%; p=0.073). ES, effect size; CI, confidence interval.

Study Events Total
Fan 2020 184 186
Lyu 2020 48 49
Kisinde 2022 88 88
Li 2022 148 151
Su 2022 175 180
Zhan 2022 41 44

Overall ("2 = 35.954%, p = 0.167)

%

ES (95% Cl) Weight

-+ 0.989 (0.962,0.999)  23.23
]

——4- 0.980 (0.891, 0.999) 9.58
1
1

1
—# 1.000 (0.959, 1.000) 14.80

—% 0.980(0.943,0.996)  20.76
0

— 0.972(0.936,0.991)  22.84

'

i
———— 0.932(0.813,0.986)  8.79

O 0.984 (0.968, 0.995) 100.00

Fig. 3. Forest plot showing that the rate of clinically acceptable accuracy of cervical screw placement in robot-assisted methods
was 98.4% (95% CI, 96.8%-99.5%; I*=35.954%; p=0.167). ES, effect size; CI, confidence interval.

2) Subgroup analyses of pedicle screw placement on cervical spine

A total of 597 cervical pedicle screws were used in patients
with RA techniques. The study of Fan et al.” with 86 pedicle
screws was excluded due to the absence of illustration on the
number of patients undergoing pedicle screws. Therefore, the

https://doi.org/10.14245/ns.2244952.476

combined outcomes based on the 6 studies'* "

with 99 patients
and 511 screws showed that with RA techniques, the rate of op-
timal pedicle screw position was 88.2% (95% CI, 83.1%-92.6%;
p<0.001; *=53.305%) (Fig. 4).

For the clinically acceptable pedicle screw position, the com-
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Fig. 4. Forest plot showing that the rate of optimal accuracy of cervical pedicle screw placement in robot-assisted methods was
88.2% (95% CI, 83.1%-92.6%; I*=53.305%; p = 0.057). ES, effect size; CI, confidence interval.

bined outcomes based on the 6 studies'"” showed that the rate
of clinically acceptable screw position was 97.4% (95% CI, 93.6%—
99.7%; p < 0.001; I* = 66.955%) (Supplementary Fig. 2). The het-
erogeneity was significantly high (I’ = 66.955%, p = 0.010), which
resulted from the study of Farah et al.”” detected using sensitivi-
ty analysis. Finally, the combined outcomes based on the remain-

ing 5 studies'*'¢1%"

with 92 patients and 490 screws indicated
that the rate of clinically acceptable pedicle screw position was
98.4% (95% CI, 96.1%-99.8%; p < 0.001; I*=42.156%) (Supple-

mentary Fig. 3).

3) Subgroup analyses of accuracy of screw placement on C1

segment

Three studies'®'”" provided data on the screw position on C1
segment. The combined outcomes indicated that the rate of op-
timal screw position on C1 segment was 96.2% (95% CI, 80.5%—
100.0%; p < 0.001; I*=44.134%) (Supplementary Fig. 4), and the
rate of clinically acceptable screw position with RA techniques
was 100.0% (95% CI, 98.0%-100.0%; p < 0.001; I*= 0.000%) (Sup-
plementary Fig. 5).

4) Subgroup analyses of accuracy of screw placement on C2
segment

Three studies'®'®"” provided data on the screw position on C2
segment. The combined results showed that the rate of optimal

334 www.e-neurospine.org

screw position on C2 segment was 89.7% (95% CI, 80.6%-96.6%;
p<0.001; I*’=0.000%) (Supplementary Fig. 6), and the rate of
clinically acceptable screw position with RA techniques was
97.1% (95% CI, 90.4%-100.0%; p <0.001; I*=0.000%) (Supple-
mentary Fig. 7).

5) Subgroup analyses of accuracy of screw placement on subaxial

cervical segments

Three studies'”" provided data on the screw position on sub-
axial cervical segments. The combined results showed that the
rate of optimal screw position on subaxial cervical segments
was 82.6% (95% CI, 70.9%-91.9%; p < 0.001; I*= 65.127%) (Sup-
plementary Fig. 8), and the rate of clinically acceptable screw
position with RA techniques was 96.4% (95% CI, 84.5%—100.0%;
p<0.001; I’=83.735%) (Supplementary Fig. 9).

DISCUSSION

The application of RA techniques in the cervical spine sur-
gery remains relatively nascent compared with that in thoraco-
lumbar regions, because the surgery on cervical spine, especial-
ly the upper cervical spine, is almost the most complex and risky
spinal surgery with steep learning curve.'” Recently, RA tech-
niques have been increasingly utilized in cervical spine surgery,
showing promising accuracy of screw insertion. In the RCT per-

https://doi.org/10.14245/ns.2244952.476
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formed by Fan et al.,”* 87.6% of the 186 cervical screws in RA
groups were graded as optimal position, whereas this propor-
tion in FH group was only 60.8% in 204 cervical screws. Su et
al." prospectively enrolled 58 patients and 374 cervical pedicle
screws in RA and FH cohorts, respectively, and demonstrated
that the rate of optimal accuracy of screw insertion was remark-
ably higher in the RA group (90.6%) than that in the FH group
(71.1%). In the 2 retrospective cohort studies, the accuracies of
cervical screw placement were 84.1%-91.8% and 49.2%-73.2%
in RA and FH groups, respectively.">'* Our meta-analysis dem-
onstrated that the rates of optimal and clinically acceptable screw
positions in RA techniques were 88.0% and 98.4%, respectively.
Moreover, cervical pedicle screw placement has been widely
used due to the biomechanically satisfactory fixation and pull-
out strength. Thus, the subgroup analysis based on the cervical
pedicle screws were also performed. We found that for pedicle
screws, the rates of optimal and clinically acceptable screw po-
sitions with RA methods were 88.2% and 97.4%, respectively,
showing promising insertion accuracy. The combined outcomes
indicate that the RA techniques are feasible and safe in cervical
screw placement, as explained in the follow statements. First,
robotic system can identify the ideal entry point and trajectory
for accurate screw insertion based on the 3-dimensional (3D)
computed tomography (CT) reconstructions.” In the trajectory
view, the RA techniques were reported to deviate screws from
preoperative planning by 1.32+ 1.17 mm in the axial plane and
by 1.27+1.00 mm in the sagittal plane with low rate of cortical
breaches."® However, for the conventional FH methods, the en-
try point and trajectory are assessed through x-ray fluoroscopy,
and the accuracy of screw insertion depends heavily on the sur-
gical experience and skills of surgeons. Moreover, cervical frac-
tures and congenital malformation in patients increase the op-
erative difficulty in FH methods. Thus, the RA technique can
reduce human error and the rate of malposition. In addition,
the robotic system is associated with high stability on the accu-
rate insertion. Surgeons might experience fatigue due to the long
surgical time and complex operation in traditional FH proce-
dures, thereby increasing the likelihood of malposition. By con-
trast, RA methods have reliable reproducibility and fatigue re-
sistance, further improving the safety and accuracy in cervical
spine surgery.

Computer-assisted navigation (CAN) techniques have also
been applied as an alternative selection to improve the insertion
accuracy. Chachan et al.” prospectively included 241 cervical
screws under the O-arm based CAN, and found that 92.95% of
the screws caused no pedicle breach. Moreover, none of the

https://doi.org/10.14245/ns.2244952.476

screws resulted in neurovascular injury, showing promising

clinical outcomes. Meanwhile, Gan et al.? 1%

and Zhang et a
drew similar outcomes that 22.9% and 29.7% of the cervical
screws with CAN breached the pedicles but without intraoper-
ative or postoperative complication caused by malposition. How-
ever, in the study of Farber et al.,”* CAN cohort did not present
remarkably improved rate (64.0%) of accuracy in transpedicu-
lar screw placement compared with the direct visualization group
(88.0%) in the subaxial cervical pedicle screw insertion. Our
meta-analysis showed that the accurate rate of cervical screw
placement with RA techniques was 88.0%, which was higher
than the results of insertion accuracy with CAN reached by Gan
et al.”® (77.1%), Zhang et al.*® (70.3%), and Farber et al.”’ (64.0%).
With CAN techniques, the position of screw during insertion
procedures can be tracked real time. However, the entry point
and trajectory are ultimately determined by surgeons, requiring
rich surgical experience and professional judgment based on
the 3D imaging.”’ In addition, the attention of surgeon is easily
distracted from screw insertion when focusing on the naviga-
tion screen. Thus, remarkable hand-eye coordination is required
with CAN methods.*’ Meanwhile, the surgeons should main-
tain stable arm as much as possible during the operation because
the cervical segments are not rigidly connected to the navigation
recognition frame; thus, they are prone to errors due to relative
motion."” By contrast, the entry point and trajectory were auto-
matically identified in RA methods, which required short learn-
ing curves for surgeons.”> Moreover, the arm of the robotic sys-
tem can operate in a real-time dynamic compensation mode,
thereby reducing error-prone movements and improving inser-
tion accuracy.

The anatomical morphologies of atlas, axis, and subaxial cer-
vical vertebrae varied largely, probably resulting in outcome bias
on the accurate rate of cervical screw placement. Therefore, the
subgroup analyses on cervical segments of C1, C2, and subaxial
cervical vertebrae were conducted to determine the influence
of cervical levels on the accuracy of screw insertion. The cur-
rent study has demonstrated that the rates of optimal screw po-
sitions on Cl, C2, and subaxial cervical segments with RA tech-
niques were 96.2%, 89.7%, and 82.6%, respectively, which were
broadly consistent with previous studies. In the study of Li et
al.,” the rates of optimal pedicle position on C1 and C2 with
RA techniques were 97.06% and 91.67%, respectively, whereas
the rate of subaxial levels was 88.3%, and the lowest rate of ac-
curacy was 71.4% on C4. Mao et al.** performed RA cervical
screw placements on C2-C7 segments in 4 cadaver specimens.
They found that the rate of breach on C2 was 16.6%, whereas
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the breach distributions on C3-C7 were 71.4%, 66.6%, 50.0%,
33.3%, and 25.0%. Moreover, they further analyzed the anatom-
ical metrics, demonstrating that the mean pedicle height was
largest in C2, and the pedicle width of C2 was larger than those
of C3 and C4. Thus, the accuracy of screw placement on C2 was
higher than that on subaxial segments. Furthermore, the mean
width of C1 lateral mass was 13.7 mm, as reported by Lin et al.*;
it was larger than that of C2 lateral mass (9.9 mm), which was
measured by Ji et al.,” presenting larger safe zones for screw in-
sertion in the atlas. Moreover, the limitation of pedicle screw
utilization on C2 was the pedicle width with the average lengths
of 5.50 and 3.97 mm at the middle and lower parts; whereas the
limitation of pedicle screw utilization on C1 was the posterior
vertebral groove height with the average length of 4.9 mm.***
Furthermore, a study by Huang et al.”” further revealed that a
3.5- or 4.0-mm-diameter screw can be safely inserted into the
C1 pedicle with the posterior vertebral groove height less than
4.0 mm, when the C1 pedicle has a medullary canal. Therefore,
the rate of cervical screw placement on C1 level might be high-
er than that on C2 segment.

Robotic systems in cervical spine surgery also showed prom-
ising clinical outcomes compared with FH methods, including
less blood loss during surgery and shorter length of hospital stay
after surgery.">'® Menger et al.*® reported that the application of
RA methods on spine surgery was cost-effective with less revi-
sion surgery and low infection rate. In the current study, we have
found that the combined blood loss during surgery was 197.67
mL, and the combined operation time was 268.88 minutes with
RA methods. In addition, RA methods were associated with re-
markably less radiation time and radiation dose to patients and
surgeons than conventional FH methods."*'® In the conventional
FH cervical surgery to guarantee insertion accuracy, the fluo-
roscopies were repeatedly performed to adjust the screw devia-
tion. RA methods mainly required preoperative planning with
3D CT scans and postoperative verification with a fluoroscopy
in a fast speed. Lieberman et al.” reported that the RA methods
might reduce 40% to 70% intraoperative radiation exposure for
patients, surgeons, and operating-room personnel compared
with the FH methods. Regarding the clinical outcomes under
robotic guidance, further studies are required to assess the utili-
ty in the future work.

There are potential risks of RA cervical instrumentation. The
drift and deviation are very important risk in all cervical poste-
rior instrumentation surgery. The drift and deviation of cervi-
cal screws from preplanned entry point and trajectory due to
pressure of soft tissues and irregular bony surfaces might cause
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insertion errors, which increase the risk of neurological and vas-
cular complications.”> Meanwhile, the cervical spine easily bends,
and 3 levels away from the reference tracker were the risk fac-
tors for malposition in not only RA pedicle screw placement
but also CAN method. Moreover, the imaging software in the
robotic systems should be updated and enhanced for better im-
age registration and reduction of the draft from tidal volume
during mechanical ventilation.* The slight deviation causing
no complications in thoracolumbar insertion might contribute
to fatal consequences in cervical instrumentation, the avoidance
of which demands elevated technical innovation. Besides, ac-
cording to a study by Zhang et al.,* among 163 patients and
780 screws, severe obesity (BMI>30 kg/m?), osteoporosis, and
segments 3 levels away from the tracker were the risk factors for
malposition in RA pedicle screw placement. Furthermore, the
penetration level of robotic systems is still relatively low due to
the expensive robotic equipment for hospitals and high medical
expenses for patients. In addition, serious complications such
as neurovascular injury and cerebrospinal fluid leakage due to
the screw fixations might result in catastrophic consequences.
In the current research, 6 of the included 7 studies reported the
complications due to RA screw malposition, but no serious com-
plications were observed in the 6 literatures."*" Thus, the meta-
analysis on the complications was not performed.

The challenges, including the technical difficulties, fiscal in-
vestment, learning curves, and minor improvements in clinical
outcomes, would inevitably arise in the penetration and popu-
larity of a new technology.*> With modification and revolution
of skills and techniques, the RA techniques not only expand the
approaches to cervical surgery, but also redefine the concept of
cervical surgery.* For instance, RA methods conform to the
minimal invasion and rapid rehabilitation surgery concept. Pa-
tients suffering from the displaced atlas fractures could receive
the minimally invasive percutaneous lag screw insertion with
RA methods for rapid rehabilitation, instead of the traditional
medical interventions of external reduction with skull traction
and immobilization with a Halo-vest. Furthermore, the real-time
remote surgery can be implemented based on fifth generation

1.* assessed

wireless system (5G) and RA techniques. Tian et a
the efficacy and feasibility of 5G telerobotic spinal surgery on
12 patients with spinal disorders, concluding that 5G remote
RA surgery is accurate and reliable with safety. In the assistance
with 5G remote RA application, patients requiring cervical sur-
gery in emergency can nearby receive remote intervention from
surgeons with excellent skills and rich experience, and patients

in remote rural areas can receive spinal surgery conducted by
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experts worldwide. At present, the robotic systems only work as
assistive tools for accurate insertion, but the spinal robots might
transform as a major or an independent surgical operator with
the development of robotic technology in the future.

Several potential weaknesses of this meta-analysis exist. First,
the current single-arm meta-analysis has only demonstrated
the safety and accuracy of RA cervical screw placement without
the conventional FH methods as control group. Only a few stud-
ies compared RA and FH methods in terms of the clinical and
radiographic outcomes because the robotic guidance on cervi-
cal spine is still a new clinical and applied technique. Thus, the
meta-analysis comparing the 2 methods cannot be performed.
Nevertheless, this research presented the safety and feasibility
of RA cervical screw and provided references for surgeons and
technologists. Second, 5 studies were conducted in China. How-
ever, the 5 studies were performed in 4 different areas with large
geographical distances, which might not bias the combined out-
comes of this study in terms of the publication areas. Third, the
clinical outcomes, including the blood loss during surgery and
operation time, might be biased due to surgical segments, the
number of inserted screws, and the number of surgical levels.
Thus, the meta-analyses on these clinical results were not per-
formed. Fourth, only 7 studies with 160 patients and 719 cervi-
cal screws were included. More RCTs and prospective cohort
studies with large samples were urgently required for high levels
of evidence to support this recommendation.

CONCLUSION

RA techniques were associated with high rates of optimal
and clinically acceptable screw positions. RA cervical screw place-
ment is accurate, safe, and feasible in cervical spine surgery with
promising clinical potential.
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Supplementary Table 1. Search strategy for each database

Database Search strategy

PubMed #1 “Cervical Vertebrae’[MeSH Terms]| OR “Cervical Vertebra’[All Fields] OR “Cervical
Spines”[All Fields] OR “Cervical Spine”[All Fields]
#2 “Robotics’[MeSH Terms] OR “robot”[All Fields] OR “robotic”[All Fields]
#3 #1 AND #2

Embase Database #1 “Cervical Vertebrae’[MeSH Terms] OR “Cervical Vertebra’[All Fields] OR “Cervical
Spines”[All Fields] OR “Cervical Spine”[All Fields]
#2 “Robotics”’[MeSH Terms] OR “robot”[All Fields] OR “robotic”[All Fields]
#3 #1 AND #2

Cochrane library #1 “Cervical Vertebrae”’[MeSH Terms] OR “Cervical Vertebra”[All Fields] OR “Cervical
Spines”[All Fields] OR “Cervical Spine”[All Fields]
#2 “Robotics”[MeSH Terms] OR “robot”[All Fields] OR “robotic”’[All Fields]
#3 #1 AND #2

Web of Science #1 “Cervical Vertebrae’[MeSH Terms] OR “Cervical Vertebra”[All Fields] OR “Cervical
Spines”[All Fields] OR “Cervical Spine”[All Fields]
#2 “Robotics’[MeSH Terms] OR “robot”[All Fields] OR “robotic”[All Fields]
#3 #1 AND #2

Chinese National Knowledge Databases #1 “ji qi ren” [TS]
#2 “jing zhui” [TS]
#3 #1 AND #2

Wanfang Database #1 “ji qi ren” [TS]
#2 “jing zhui” [TS]
#3 #1 AND #2
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Supplementary Table 2. Risk of bias assessment of the randomized controlled trial study

Random Blinding of Blinding of

Allocati . I let Selecti .
RCT sequence ocation participants and outcome assess- neomprete cecve Other bias
. concealment outcome data reporting
generation personnel ment
Fan et al.”? 2020 Low risk Low risk High risk High risk Low risk Unclear risk Low risk

https://doi.org/10.14245/ns.2244952.476 WWWw.e-neurospine.org



Zhou LP, et al.

Robotics in Cervical Spine Surgery

Supplementary Table 3. Risk of bias assessment of the included nonrandomized controlled trials

Study Selection Comparability Outcome Total

Lyu et al,,”” 2020 * %k k * * %k . 8. 8.8.8.8.8 4
Farah et al.,'” 2021 * - % %k % % %k k
Kisinde et al.,'* 2022 %k k - * %k %k %k Kk k
Lietal,” 2022 * % - * %k * % % % %k k

Su et al., 2022 * % % * % * %k % 1 0. 80.8.8.6 8.8 4
Zhan et al.,'® 2022 * * * * * %k . 8. 2.8.6.8.8 4
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%

Study Events  Total ES (95% CI) Weight
i
1

Fan 2020 184 186 -+ 0.989 (0.962, 0.999) 18.88
)

Lyu 2020 48 49 ——=% 0.980 (0.891, 0.999) 11.58
|
1

Farah 2021 17 21 g ! 0.810 (0.581, 0.946) 6.87
1
1

Kisinde 2022 88 88 —L# 1.000 (0.959, 1.000) 15.07
:

Li 2022 148 151 —4 0.980 (0.943, 0.996) 17.93
|
1

Su 2022 175 180 —OI- 0.972 (0.936, 0.991) 18.74
1
1

Zhan 2022 41 44 —— 0.932(0.813, 0.986) 10.93
1

Overall ("2 =63.713%, p = 0.011) @ 0.978 (0.952, 0.995) 100.00
1
1
I
1
|

f T T m |
-5 0 b 1 1.5

Supplementary Fig. 1. Forest plot showing that the rate of clinically acceptable accuracy of cervical screw placement before sen-
sitivity analysis in robot-assisted methods was 97.8% (95% CI, 95.2%-99.5%; I*=63.713%). ES, effect size; CI, confidence interval.
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%

Study Events  Total ES (95% CI) Weight
|
1
Lyu 2020 48 49 —# 0.980 (0.891, 0.999) 15.61
|
Farah 2021 17 21 -+ 0810 (0.581, 0.946) 9.98
|
1
Kisinde 2022 88 88 - 1.000 (0.959, 1.000) 19.30
|
1
Li 2022 148 151 —¢ 0.980(0.943, 0.996) 22.056
|
Su 2022 175 180 —<+ 0.972 (0.936, 0.991) 22.79
|
1
Zhan 2022 20 22 - 0.909 (0.708, 0.989) 10.27
1
Overall ("2 =66.955%, p = 0.010) @ 0.974 (0.936, 0.997) 100.00
1
1
1
1
|
1
I T I I T
-5 0 5 1 1.5

Supplementary Fig. 2. Forest plot showing that the rate of clinically acceptable accuracy of cervical pedicle screw placement be-
fore sensitivity analysis in robot-assisted methods was 97.4% (95% CI, 93.6%-99.7%; I* = 66.955%). ES, effect size; CI, confidence
interval.
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%

Study Events  Total ES (95% CI) Weight
|
1
Lyu 2020 48 49 — 0.980 (0.891, 0.999) 14.31
1
|
!
Kisinde 2022 88 88 —+ 1.000 (0.959, 1.000) 20.85
1
|
Li 2022 148 151 -= 0.980 (0.943, 0.996) 27.50
|
1
Su 2022 175 180 —* 0.972(0.936, 0.991) 29.63
|
1
Zhan 2022 20 22 —+—— 0.909(0.708, 0.989) 7.71
1
Overall (12 =42.156%, p = 0.140) 0 0.984 (0.961, 0.998) 100.00
1
1
1
1
1
1
|
T T T T T
-5 0 5 1 1.5

Supplementary Fig. 3. Forest plot showing that the rate of clinically acceptable accuracy of cervical pedicle screw placement in
robot-assisted methods was 98.4% (95% CI, 96.1%-99.8%; 1>=42.156%). ES, effect size; CI, confidence interval.
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%

Study Events Total ES (95% CI) Weight
1
|
1

Farah 2021 2 2 ~—# 1.000 (0.158, 1.000) 8.73
1
|
1

Li 2022 34 35 —#— 0.971 (0.851, 0.999) 49.91
1
‘

Zhan 2022 18 22 * | 0.818 (0.597, 0.948) 41.36
1
1

Overall (142 = 44.134%, p = 0.167) <> 0.962 (0.805, 1.000) 100.00

[ T T T T
-5 0 5 1 1.5

Supplementary Fig. 4. Forest plot showing that the rate of optimal accuracy of cervical screw placement on C1 segment in ro-
bot-assisted methods was 96.2% (95% CI, 80.5%-100.0%; I*=44.134%). ES, effect size; CI, confidence interval.
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%

Study Events Total ES (95% CI) Weight
1
:
1

Farah 2021 2 2 # 1.000 (0.158, 1.000) 4.13
1
:

Li 2022 35 35 ——+ 1.000 (0.900, 1.000) 58.68
1
1
:

Zhan 2022 21 22 —————————+— 0.955(0.772, 0.999) 37.19
1
1

Overall (I"2 =0.000%, p = 0.397) q 1.000 (0.980, 1.000) 100.00
1
1
1
1
1
1
1
:

f T T f T
5 0 5 1 1.5

Supplementary Fig. 5. Forest plot showing that the rate of clinically acceptable accuracy of cervical screw placement on C1 seg-
ment in robot-assisted methods was 100.0% (95% CI, 98.0%-100.0%; I*=0.000%). ES, effect size; CI, confidence interval.
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%
Study Events Total ES (95% CI) Weight
1
|
1
Kisinde 2022 6 8 : 0.750 (0.349, 0.968) 12.06
1
i
1
Li 2022 36 39 ——+— 0.923(0.791,0984)  56.03
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Supplementary Fig. 6. Forest plot showing that the rate of optimal accuracy of cervical screw placement on C2 segment in ro-
bot-assisted methods was 89.7% (95% CI, 80.6%-96.6%; I>= 0.000%). ES, effect size; CI, confidence interval.
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Supplementary Fig. 7. Forest plot showing that the rate of clinically acceptable accuracy of cervical screw placement on C2 seg-
ment in robot-assisted methods was 97.1% (95% CI, 90.4%-100.0%; I*=0.000%). ES, effect size; CI, confidence interval.
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Supplementary Fig. 8. Forest plot showing that the rate of optimal accuracy of cervical screw placement on subaxial cervical
segments in robot-assisted methods was 82.6% (95% CI, 70.9%-91.9%; I*=65.127%). ES, effect size; CI, confidence interval.
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Study Events Total ES (95% CI) Weight
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Supplementary Fig. 9. Forest plot showing that the rate of clinically acceptable accuracy of cervical screw placement on subaxial
cervical segments in robot-assisted methods was 96.4% (95% CI, 84.5%-100.0%; I* = 83.735%).
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