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Association of robot-assisted techniques with the
accuracy rates of pedicle screw placement:
A network pooling analysis
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Summary

Background Traditional paired meta-analyses have yielded inconsistent results for the safety and effectiveness of
robotic-assisted pedicle screw placement due to the high heterogeneity within studies. This study evaluated the clini-
cal effectiveness and safety of robotic-assisted pedicle screw placement.
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Methods The Embase, PubMed, and Cochrane Library databases were searched with no language limitations from ;0501491

inception to Jan 4, 2022. Odds ratio (OR), mean difference (MD), and 95% confidence interval (CI) were used to
report results. The main outcomes were accuracy of pedicle screw placement, proximal facet joint violation, and
complications. The study protocol was published in PROSPERO (CRD42022301417).

Findings 26 trials including 2046 participants evaluating robotic-assisted pedicle screw placement were included in
this study. Our pooled results showed that Renaissance (OR 2.86; [95% CI 1.79 to 4.57]) and TiRobot (OR 3.10; [95%
CI 2.19 to 4.40]) yielded higher rates of perfect pedicle screw insertion (Grades A) than the conventional freehand
technique. Renaissance (OR 2.82;[95% CI 1.51 to 5.25]) and TiRobot (OR 4.58; [95% CI 2.65 to 7.89]) yielded higher
rates of clinically acceptable pedicle screw insertion (Grades A+B). However, ROSA, SpineAssist, and Orthobot were
not associated with higher perfect pedicle screw insertion and clinically acceptable pedicle screw insertion rates.
Robot-assisted techniques were associated with low rates of proximal facet joint violation (OR 0.18; [95% CI o.10 to
0.32]; I”:9.55%) and overall complications (OR 0.38; [95% CI 0.23 to 0.63]; I*:27.05%). Moreover, robot-assisted tech-
niques were associated with lower radiation doses (MD —14.38; [95% CI —25.62 to —3.13]; [*:100.00%).

Interpretation Our findings suggest that only Renaissance and TiRobot systems are associated with high accuracy
rates of pedicle screw placement. Robotic-assisted techniques hold great promise in spinal surgery due to their safety
and effectiveness.
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Introduction placement is critical to avoid damage to adjacent neural

The pedicle screw technique represents a major break-
through in spinal surgery, widely used for spinal stabili-
sation in posterior lumbar fusion. Accurate screw
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structures and blood vessels due to their proximity to
the spinal canal and surrounding blood vessels." Tradi-
tional internal fixation procedures, using freehand tools,
were based on anatomical landmarks and intraoperative
fluoroscopic images that require an experienced sur-
geon to ensure the accurate placement of the screw.” It
is widely acknowledged that in lumbar spine revision
surgery, the normal anatomical structure is often dis-
rupted due to previous operations, further increasing
risks during surgery.’ In such cases, complications
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Research in context

Evidence before this study

Accurate screw placement is critical to avoid damage to
adjacent neural structures and blood vessels due to
their proximity to the spinal canal and surrounding
blood vessels. PubMed, Embase, and Cochrane Library
databases were searched without language restrictions
from inception to Jan 4, 2022 using terms “spine”,
“robotics” and related. Prior meta-analyses that com-
pared the robotic-assisted pedicle screw insertion tech-
nique with the conventional technique yielded
inconsistent conclusions given the heterogeneity
among the included studies.

Added value of this study

Results of our study suggest that Renaissance and TiRo-
bot systems are associated with high accuracy rates of
pedicle screw placement. Robotic-assisted techniques
hold great promise in spinal surgery given their safety
and effectiveness.

Implications of all the available evidence

Our findings substantiate that robotic-assisted techni-
ques have huge prospects for clinical application to
assist doctors in placing pedicle screws safely and effec-
tively. This work will provide support for the further
development of robotic-assisted techniques.

related to pedicle screw placement are not
uncommon.*> Moreover, in recent years, a computer-
aided system has been developed to significantly
improve the accuracy of screw placement.”” Robotic
system represent a new technology with high inherent
precision and stability.®

The first spinal robot was approved by the US FDA
in 2004.7 Since then, continuous innovation in surgical
robotics has driven the development of modern spine
surgery.’” With the advent of new robotic navigation
technologies, robotic surgery has experienced signifi-
cant expansion in recent years due to its high precision
and stability.” SpineAssist is a spine-mounted robot
that improves screw positioning accuracy and reduces
intraoperative radiation exposure.”” The Renaissance®
is the Mazor’s second-generation spine robot, replacing
the SpineAssist in 2011. Although the two robots are
similar in platform installation and robotic arms, the
Renaissance robot has improved software and hardware,
with upgraded image recognition algorithms.”"> Impor-
tantly, ROSA utilises a robotic arm and navigation cam-
era, allowing real-time adjustment of the robot
trajectories.”* TiRobot is the first orthopaedic surgical
robot developed in China, possessing a robotic arm with
tracking capabilites and has an integrated

intraoperative 3D navigation system.”'® Finally, Orth-
bot is a novel spinal robotic system with automatic dril-
ling power that has been introduced recently.”

A growing body of research has demonstrated
that the robotic-assisted technique has higher accu-
racy rates than the conventional freehand tech-
nique.»"7*° Two prospective, randomized controlled
trials (RCTs) have shown that robotic-assisted pedicle
fixation is as accurate as the freehand technique.*"**
In contrast, Ringel et al. reported that the accuracy
of the conventional freehand technique was superior
to the robotic-assisted technique.** The robotic-
assisted pedicle screw insertion technique has been
compared with the conventional technique in meta-
analyses yielding inconsistent conclusions.>*"®
Although significant heterogeneity was present
within the results, the source of the heterogeneity
was not explored in most studies. We hypothesized
that the pooled estimates in these studies were inac-
curate due to the large range of robotic-assisted sys-
tems used. Accordingly, the present study sought to
compare the accuracy of different robotic systems
during pedicle screw placement.

Methods

Search strategy and selection criteria

The Cochrane and PROSPERO databases were inde-
pendently searched by two reviewers (F.L.W. and Q.
Y.G.) to avoid duplicates. The Embase, PubMed, and
Cochrane Library databases were searched with no
language limitations from inception to Jan 4, 2022.
The search strategy is provided in detail in Supple-
mentary Table 1. After the preliminary screening of
titles or abstracts, two independent reviewers (F.L.W.
and Q.Y.G.) evaluated related publications. The study
protocol was published in PROSPERO
(CRD42022301417). The studies were screened
according to the PICOS criteria. The selection crite-
ria are provided in detail in Supplementary Table 2.

Data extraction and outcomes

Two independent reviewers (F.L.W. and Q.Y.G.
extracted data from the included articles, including
characteristics of investigators, type of study, surgical
methods, pedicle screws, characteristics of participants,
robot type, indications and main outcomes. Disagree-
ments between the two investigators were resolved by
discussing with a third investigator (W. H.). The pri-
mary outcomes were accuracy of pedicle-screw place-
ment assessed by the Gertzbin-Robbin Classification,
proximal joint facet violation, and complications. The
secondary outcomes were operative time, radiation
time, and radiation dose.
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Quality and risk-of-bias assessment

The Cochrane Collaboration’s tool for assessing the risk
of bias** was used by two reviewers (F.-L.W. and Q.-Y.
G.) to independently evaluate the included RCTs for
potential bias. The detailed information on the tool for
assessing the risk of bias is provided in Supplementary
Table 3. The overall risk of bias was divided into “high
risk,” “low risk,” or “unclear risk”. The Newcastle-
Ottawa Quality Assessment Scale (NOS)** was used to
evaluate the quality of the included cohort studies (Sup-
plementary Table 4). A high-quality study was associ-
ated with a NOS score > 6. Disagreements between the
two investigators were resolved by discussing with a
third investigator (W. H.).

Data analysis

First, a random-effects model was used for pairwise
analysis to pool odds ratio (OR) and 95% confidence
interval (CI) for categorical data. A P-value <o.05 was
statistically significant. The heterogeneity statistic y*
was used to assess heterogeneity among studies.”® We
found significant heterogeneity among studies for the
accuracy of pedicle screw placement (y*> 50). Accord-
ingly, we performed network meta-analyses in software
STATA using a frequentist consistency model to com-
pare the accuracy of pedicle screw placement of differ-
ent robotic systems. It is well-established that good
consistency is the key to reliable results, characterized
by consistency between direct (meta-analysis results)
and indirect results (network meta-analysis results).
Moreover, the indirect results were compared with the
pairwise direct results to analyze the source of inconsis-
tency.”” Network meta-analysis results were presented
as ladder diagrams. At the same time, each intervention
was internally ranked, and the surface under the cumu-
lative ranking curve (SUCRA) probability was drawn.
The accuracy rates of the interventions were ranked by
comparing the SUCRA values, which range from 0% to
100%. A higher SUCRA value corresponded to a higher
ranking and higher accuracy rates in each comparison.
Continuous data were analyzed using the pooled mean
difference (MD). Network meta-analysis was not con-
ducted for the secondary outcomes due to the small
number of reported studies. Moreover, subgroup analy-
sis was conducted to explore the source of heterogene-
ity. Egger’s test was performed to evaluate for
publication bias. All data were analyzed by STATA 16.0
(Stata Corp, College Station, TX, USA).

Ethics statement

Ethical approval for this study is not applicable as the
data used were collected from previously published
research in the literature. All the included studies in
this study had received ethical approval prior to data col-
lection.
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Role of the funding source

The funding body had no role in the design of the study,
data collection, analysis, interpretation or in writing the
manuscript. All authors had full access to all the data in
the study, and accept responsibility to submit for publi-
cation.

Results

A systematic review and qualitative assessment

The flow diagram in Figure 1 shows the patient selection
process, with inclusion and exclusion criteria. 2046 partic-
ipants (male: 46.22%; female: 53.78%) were included
from 26 trials, 5" 41017 719:222:28.29 740,41 conducted in
China mn = ), 311:1619:3638 40,41 Germany
(n = 7), 71822393237 the United States of America
(n = 3),”*"3 Switzerland (n = 3),°°>% South Korea
(n=3)"*"** and France (n = 1)."* The robotic systems used
for pedice screw placement included SpineAssist
(n = 10),>"215:2228:20.3032,35 Renaissance
(n =17),>">721333457 TiR70bot (n = 7)y16yf9,36v33*40v41 ROSA
(n = 1),"* and Orthbot (n = 1)." Five studies were found to
have a low risk for randomization sequence
generation''®*"3#3° and four did not provide this
information.""**3°39 Seven studies showed a low risk in
concealing allocation,'">'®*343%39 with two not providing
this information.”>** Due to the nature of intervention, it
was not possible to blind participants and therapists in any
study. In seven of the included studies, outcome assessers
were not blinded to the group allocation,3"223¢:39
Only one study showed a high risk in incomplete outcome
data and selective outcome reporting.’*® A summary of the
risk of bias assessment of the RCTs is displayed in Supple-
mentary Figs. 1 and 2. The risks of bias of the included
cohort studies are displayed in Supplementary Table 5.
The characteristics of the included studies are shown in
Supplementary Table 6.

Primary outcomes

Perfect pedicle screw insertion (grades A). 23 studies
(1949 participants, 9319 pedicle screws) compared the
differences in perfect pedicle screw insertion
(Figure ZA).3,5,8,11774,16,17719.21,22,28,29,30,32,34736,38740,41
The pooled estimates (Figure 2B) showed that Renais-
sance (OR, 2.86; [95% CI, 1.79 to 4.57]) and TiRobot
(OR, 3.10; [95% CI, 2.19 to 4.40]) were associated with
higher rates of perfect pedicle screw insertion than con-
ventional freehand technique in the consistency model.
Moreover, Renaissance (OR, 2.38; [95% CI, 1.37 to 4.13))
and TiRobot (OR, 2.58; [95% CI, 1.64 to 4.07]) were
associated with higher rates of perfect pedicle screw
insertion than SpineAssist in the consistency model.
However, ROSA (OR, 2.10; [95% CI, 0.45 to 9.77]),
SpineAssist (OR, 1.20; [95% CI, 0.90 to 1.61]) and
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Figure 1. Literature search and screening process.

Orthobot (OR, 2.73; [95% CI, 0.61 to 12.27]) were not
associated with higher rates of perfect pedicle screw
insertion. Figure 3 shows the direct (Supplementary
Figs. 3—7) and indirect results of comparing differ-
ent interventions. The direct results were consistent
with the corresponding indirect results regarding
significance and tendency. TiRobot (SUCRA: 77.4)
was associated with higher rates of perfect pedicle
screw insertion, followed by Renaissance (SUCRA:
71.5), Orthbot (SUCRA: 64.7), ROSA (SUCRA: 53.3),
SpineAssist (SUCRA: 25.6) and Free-hand (SUCRA:
7.4) (Figure 4A). Subgroup analysis showed that the
robot system type affected perfect pedicle screw
insertion results (Supplementary Figure 8).

Clinically acceptable pedicle screw insertion (grades A
+B). 23 studies (1949 participants, 9319 pedicle screws)
compared the differences in clinically acceptable pedicle
screw  insertion rates  (Figure 2A)35%TT40
17719:21,22,28,29,30,32.34 73638749 Ag shown in Figure 2B,
Renaissance (OR, 2.82; [95% CI, 1.51 to 5.25]) and TiRo-
bot (OR, 4.58; [95% CI, 2.65 to 7.89]) were associated
with higher rates of clinically acceptable pedicle screw
insertion than conventional freehand technique in the
consistency model. Moreover, Renaissance (OR, 2.55;
[95% CI, 1.25 to 5.19]) and TiRobot (OR, 4.14; [95% CI,
2.17 t0 77.89]) were associated with higher rates of clini-
cally acceptable pedicle screw insertion than SpineAs-
sist in the consistency model. However, ROSA (OR,
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A ROSA

Renaissance
(976)

Orthbot
(32)

Free-Hand
(4873)

SpineAssist TiRobot
(1668) (1734)
Perfect pedicle screw insertion [l Comparison Clinically acceptable pedicle screw
TiRobot 0.24 0.67 0.62 0.43 0.22
(0.13,0.46) (0.06,7.06) (0.27,1.40) (0.02,11.91) (0.13,0.38)
2.58 2.75 2.55 1.78 0.90
(1.64,4.07) (0.27,28.14) (1.25,5.19) (0.07,48.00) (0.64,1.28)
1.48 0.57 0.93 0.65 033
(0.31,7.18) (0.12,2.75) (0.09,10.01) (0.01,35.39) (0.03,3.27)
1.09 0.42 0.73 0.70 0.35
(0.61,1.95) (0.24,0.73) (0.15,3.67) (0.02,19.61) (0.19,0.66)
1.14 0.44 0.77 1.05 0.51
(0.24,5.33) (0.10,2.04) (0.09,6.61) (0.22,5.06) (0.02,13.43)
3.10 1.20 2.10 2.86 2.73
(2.19,4.40) (0.90,1.61) (0.45,9.77) (1.79,4.57) (0.61,12.27)

Figure 2. Network plots of comparisons for perfect pedicle screw insertion and clinically acceptable pedicle (A) based network
meta-analyses. Each circular node represents a type of treatment. The circle size is proportional to the total number of pedicle
screws. The width of lines is proportional to the number of studies performing head-to-head comparisons in the same study. Perfect
pedicle screw insertion and clinically acceptable pedicle profiles (B) based network meta-analyses in the consistency model. Each
cell profile contains the pooled Odds ratio (OR) and 95% confidence interval (Cl); significant results are in bold.

3.04; [95% CI, 0.31 to 30.31]), SpineAssist (OR, rL.I1;
[95% CI, 0.78 to 1.56]) and Orthobot (OR, 1.97; [95%
CI, 0.07 to 52.11]) were not associated with higher rates
of clinically acceptable pedicle screw insertion than con-
ventional freehand technique in the consistency model.
Figure 3 shows the direct (Supplementary Figs. 9—13)
and indirect results of comparing different interven-
tions. The direct results were consistent with the corre-
sponding indirect results in significance and tendency.
TiRobot (SUCRA: 83.9) was associated with a high clini-
cally acceptable pedicle screw insertion rate, followed by
Renaissance (SUCRA: 63.6), ROSA (SUCRA: 61.7),
Orthbot (SUCRA: 48.4), SpineAssist (SUCRA: 26.1)

www.thelancet.com Vol 48 Month , 2022

and Free-hand (SUCRA: 16.2) (Figure 4A). The cluster
analysis results based on perfect pedicle screw insertion
and clinically acceptable pedicle screw insertion are
shown in Figure 4B. Subgroup analysis showed that the
robot systems type, images, and operation affect clini-
cally acceptable pedicle screw insertion (Supplementary
Figure 14).

Proximal facet joint violation. Seven studies (799 par-
ticipants, 2574 pedicle screws) compared the differences
in proximal facet joint violation >'®:"34373%4° The
pooled analysis showed that robot-assisted techniques
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Groups  No of studies Odds Ratio
Ipatients (95%Cl)
Free-Hand as control
Orthbot 1/82
Renaissance 51777 —
_D_
——
_D_
ROSA 1/86 =
—_—0
SpineAssist 9/3379 -
—_
-
Eal
TiRobot 7/3995 ——
—_
[
_D—
Q 9% & © ® N

Direct Network meta-
results analysis results

-
- O

Perfect pedicle screw insertion
Clinically acceptable pedicle screw

Odds Ratio p value _Heterogeneity
(95%Cl) 12 (%) H2
2.73(0.70 to 10.67) 0.15 NA NA
2.73 (0.61 to 12.27) - - -
1.97 (0.08 to 49.85) 0.68 NA NA
1.97 (0.07 to 52.11) - - -
2.59 (1.34 10 5.02)* 0.00 70.88 3.43
2.86 (1.79 to 4.57) - - -
2.95 (1.84 to 4.73)* 0.00 0 1
2.82 (1.51 to 5.25) - - -
2.10 (0.52 to 8.52) 0.30 NA NA
2.10 (0.45 to 9.77) - - .
3.04 (0.33 to 28.44) 0.33 NA NA
3.04 (0.31 to 30.31) . - -
1.20 (0.94 to 1.55) 0.12 4256 1.74
1.20 (0.90 to 1.61) - . .
1.11 (0.75 to 1.64) 0.61 41.97 1.72
1.11 (0.78 to 1.56) - . .
3.12 (2.51 to 3.88)" 0.00 0.00 1.00
3.10 (2.19 to 4.40) - - .
4.68 (2.91 to 7.55)* 0.00 0.00 1.00

4.58 (2.65 to 7.89) - - .

Figure 3. Forest plots depicting the direct and indirect results of perfect pedicle screw insertion and clinically acceptable pedicle

profiles.
*Values in brackets are 95% confidence interval (Cl).

were associated with low proximal facet joint violation
rates (OR, 0.18; [95% CI, o.10 to 0.32]; Figure 5A).
Egger’s test (P = 0.3974) revealed no significant publica-
tion bias. Less than 10% heterogeneity was found in
studies reporting proximal facet joint violation
(Figure 5A). A pairwise meta-analysis was performed,
given the small number of studies and the low heteroge-

neity.

Overall complications. 11 studies (932 patients) com-
pared the differences in overall
complications>®217:19-21:22:32:3335 The pooled analysis
showed that robot-assisted techniques were associated
with low overall complications rates (OR, 0.38; [95% CI,
0.23 to 0.63]; Figure 5B). Egger’s test (P = 0.1310)
revealed no significant publication bias in overall

complications. Less than 30% heterogeneity was found
in studies reporting overall complications (Figure 5B). A
pairwise meta-analysis was performed, given the small
number of studies and the low heterogeneity. Then we
conducted a sensitivity analysis including only studies
of high quality. Sensitivity analysis showed that the
results were stable (Supplementary Figure 15). Four
studies (568 participants, 2544 pedicle screws) com-
pared the differences in screw misplacement
rate.'®'®3235 The subgroup analysis (Supplementary
Figure 16) showed no difference in screw misplace-
ment rate between SpineAssist and the conventional
freehand technique (OR, 0.63; [95% CI, o0.30 to
1.32]). Moreover, TiRobot (OR, 0.24; [95% CI, o.12 to
0.45]) was associated with lower rates of screw mis-
placement rate than the conventional freehand tech-
nique.

www.thelancet.com Vol 48 Month , 2022
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Figure 4. Ranking curves (A) indicate the probabilities of perfect pedicle screw insertion and clinically acceptable pedicle. Clustered
ranking plot (B) of different interventions for perfect pedicle screw insertion and clinically acceptable pedicle.

Secondary outcomes

Radiation exposure time. 11 studies (1136 partici-
pants) compared the differences in radiation expo-
sure  time'410:28:29:3034353840  The  pooled
analysis showed no difference in radiation exposure
time between robotic-assisted techniques and the
conventional freehand technique (MD, 2.45 [95%
CI, -10.61 to 15.51]; Figure OG6A). Egger's test

www.thelancet.com Vol 48 Month , 2022

(P = 0.4917) revealed no significant publication bias.
Significant heterogeneity (>90%) was found in stud-
ies reporting on radiation exposure time
(Figure GA). The contour-enhanced funnel plot (Sup-
plementary Figure 17) showed significant publication
bias. Subgroup analysis showed that ROSA (MD,
49.80; [95% CI, 44.55 to 55.05]) and TiRobot (MD,
10.96; [95% CI, 4.27 to 17.65]) robot-assisted techni-
ques were associated with more radiation exposure
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A Robot-assistedFree-Hand Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Kim 2016 0 130 1 139 = 0.36[ 0.01, 8.82] 3.26
Hyun 2017 0 74 13 69 = 0.03[ 0.00, 0.59] 4.14
Archavlis 2018 3 113 8 136 —I—'— 0.45[ 0.12, 1.74] 16.70
Han 2019 0 532 12 572 = 0.04[ 0.00, 0.73] 4.7
Mao 2019 4 230 18 260 —.— 0.25[ 0.08, 0.75] 23.85
Zhang 2019 4 46 26 24 —l— 0.08[ 0.03, 0.26] 21.65
Zhang 2021 5 73 20 62 —— 0.21] 0.08, 0.60] 26.22
Overall <o 0.18[ 0.10, 0.32]
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Test of 6, = 6;: Q(6) = 6.54, p=0.37
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1256 132 14 2
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with 95% CI (%)

B Robot-assistedFree-Hand
Study Yes No Yes No
Kantelhardt 2011 24 142 85 95
Ringel 2012 1 29 30
Zahrawi 2014 1 51 70
Schatlo 2014 1 54 38
Cannestra 2014 1 50 47
Keric 2016 21 320 15 106
Kim 2016 0 37 40
Solomiichuk 2017 5 30 26
Fan 2019 1 60 59
Chen 2020 1 30 64
Zhang 2021 6 33 10 32
Overall

Heterogeneity: ©° = 0.16, I = 27.05%, H> = 1.37

Test of 6, = 6;: Q(10) = 12.42, p=0.26

Testof 6=0:z=-3.77, p = 0.00

Random-effects REML model

0.19[ 0.11, 0.32] 28.07
3.10[ 0.12, 79.23] 2.26
411 0.16, 102.86] 2.29
0.35[ 0.03, 4.02] 3.84
—_— 0.23[ 0.03, 2.18] 4.51

- 0.46[ 023, 093] 22.65
: 0.36[ 0.01, 9.11] 2.28
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— 0.14[ 0.02, 1.18] 4.89
: 1.07[ 0.09, 12.23] 3.83
—m— 0.58[ 0.19, 1.79] 13.36

& 0.38[ 0.23, 0.63]

1164 174 4 64

Figure 5. Pooled analysis of proximal facet joint violation (A) and overall complications (B) during the comparison between the
robot-assisted technique versus the conventional freehand technique.

time than the conventional freehand technique (Sup-  dose.'®%2939:3435:4474¢ The pooled analysis showed

plementary Figure 18).

that robotic-assisted techniques were associated with
lower radiation doses than the conventional freehand
technique (MD, -14.38; [95% CI, -25.62 to -3.13];

Radiation dosage. Nine studies (1028 participants)  Figure 6B). Egger’s test (P = 0.0002) revealed signifi-
radiation  cant publication bias. Significant heterogeneity

compared the differences

in
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A Robot-assisted Free-Hand Mean Diff. Weight
Study N Mean SD N Mean SD with 95% Cl (%)
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Figure 6. Pooled analysis of radiation exposure time (A) and radiation dose (B) during the comparison between the robot-assisted
technique versus the conventional freehand technique.
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(> 90%) was found in studies reporting radiation doses
(Figure GB). The contour-enhanced funnel plot (Supple-
mentary Figure 19) showed significant publication bias.
Subgroup analysis showed that Renaissance (MD, -0.14;
[95% CI, -0.19 to -0.09]) and TiRobot (MD, -28.89;
[95% CI, -45.86 to -11.91]) robot-assisted techniques
were associated with higher radiation doses than the
conventional freehand technique (Supplementary
Figure 20).

Operative time. 17 studies (1429 participants) com-
pared the differences in operative
time,3®111214:10,17,19,:21,28:32,34736,3874° The pooled analy-
sis showed that robot-assisted techniques were associ-
ated with longer operative time than the conventional
freehand technique (MD, 13.77; [95% CI, 0.14 to 27.39];
Supplementary Figure 21). Egger’s test (P = 0.0002)
revealed significant publication bias in operative time.
Significant heterogeneity was found in studies reporting
operative time (Supplementary Figure 21). The contour-
enhanced funnel plot (Supplementary Figure 22)
showed significant publication bias. The subgroup anal-
ysis showed that the ROSA (MD, 74.00; [95% CI, 51.81
to 96.19]) robot-assisted technique was associated with
longer operative time than the conventional freehand
technique (Supplementary Figure 23). Two studies (92
participants, 661 pedicle screws) compared the differen-
ces in per pedicle screw time.>*3° The pooled estimates
(Supplementary Figure 24) showed no difference in
pedicle screw time between robotic-assisted techniques
and the conventional freehand technique (MD, -1.20;
[95% CI, -3.17 to 0.77]). However, these results should
be interpreted with caution, given that few studies have
reported pedicle screw time.

Discussion

Pedicle screw fixation is widely used to treat different
spinal diseases such as unstable spinal fractures, degen-
erative spinal diseases, spinal deformities and
tumors.>*4* Its most common complication is screw
dislocation,*® reported with an incidence of 3—55%.%
Indeed, the accuracy of pedicle screw placement is criti-
cal for the success of the surgery.' In recent years,
robot-assisted technology has developed rapidly and is
increasingly being used in spinal surgery to improve
the accuracy of screw placement.* Although some
meta-analyses have analysed the accuracy of robotic-
assisted pedicle screw fixation, no emphasis was placed
on the different robotic systems used, resulting in
inconsistent results and significant heterogeneity
within studies.>®'**> Accordingly, we conducted this
network meta-analysis to compare the accuracy of differ-
ent robotic systems for pedicle screw placement. A total
of 26 trials, including 2046 participants, were included
in this study. We found that only the Renaissance and

TiRobot systems had higher accuracy rates of pedicle
screw placement than the traditional freehand tech-
nique. Moreover, robot-assisted techniques were associ-
ated with low rates of proximal facet joint violation and
overall complications.

Accurate pedicle screw placement is a challenge
faced by many spine surgeons. With the rapid develop-
ment of robotics, robotic-assisted technology has been
introduced into spine surgery, yielding promising
results.*° Its minimal invasiveness and precision dur-
ing screw placement are key factors that appeal to spine
surgeons and patients.>* The current study showed that
Renaissance and TiRobot systems had higher accuracy
rates (Grades A or Grades A+B) for pedicle screws place-
ment. In contrast, the other systems exhibited similar
accuracy rates to the traditional freehand technique.
Gao et al. performed a meta-analysis based on 6 RCTs
and a subgroup analysis based on whether the study
was randomized or not.* Ultimately, they found no sig-
nificant difference in pedicle screw placement accuracy
between the robotic-assisted and the traditional free-
hand technique.’ In contrast, an increasing body of evi-
dence suggests that robot-assisted techniques exhibit
higher accuracy than the traditional freehand
technique.®'**#5 Unfortunately, no emphasis was placed
on the robotic system used, resulting in highly heteroge-
neous results and unreliable conclusions. Importantly,
the present study evaluated whether robotic systems
were more effective for pedicle screws and identified dif-
ferences between systems. In addition, an educated
guess is that screw dislocation rates are higher in
patients with spinal metastases and infectious disease.
In a subgroup analysis for metastatic spinal disease,
robotic assistance only improved the rate of perfect pedi-
cle screw insertion by 40% (Supplementary Figure 25).
And the clinically acceptable pedicle screw insertion
rate was not significantly different from freehand tech-
niques (Supplementary Figure 26). It is possible that
metastatic spinal disease is associated with osteolysis,
which could potentially affect the automatic identifica-
tion accuracy of surgical assist systems based on cortical
bone contours.*

It is well-established that safety and efficacy are
equally important for any emerging technology, provid-
ing surgeons with a comprehensive understanding of
its strengths and limitations.*” In the present study,
robotic-assisted techniques were associated with low
proximal facet joint violation rates. Egger’s test was
used to test for publication bias. A pairwise meta-analy-
sis was performed, given the small number of studies
and the low heterogeneity. The findings of this study
were consistent with the literature.">*>4> In addition,
we found that robotic-assisted techniques were associ-
ated with low overall complications rates, consistent
with the previous studies.”®"®*"3 This discrepancy can
be attributed to a certain extent to the fact that tradi-
tional freehand techniques depend primarily on the
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skill and experience of the surgeon. Furthermore,
robotic-assisted techniques enable surgeons to select
the optimal trajectory for pedicle screws, facilitating
facet joint avoidance.* Results of our comprehensive
evaluation suggest that this robotic-assisted approach is
safe.

Current evidence suggests that surgeons are often at
risk of intraoperative radiation exposure during spine
surgery, which can be deleterious.** Our study found
no difference in radiation exposure time between robot-
assisted and conventional freehand techniques. More-
over, the subgroup analysis showed that ROSA and TiR-
obot robot-assisted techniques were associated with
longer radiation exposure than the conventional free-
hand technique. Interestingly, these findings were not
consistent with the literature.””* Indeed, it is highly
conceivable that this discrepancy may be attributed to
the more significant number of updated trials included
in this meta-analysis. Moreover, the robotic system
relied on intraoperative X-ray 3D scanning images for
planning, while the freehand group did not require 3D
scanning before pedicle screw placement.’® Nonethe-
less, the radiation exposure dose in the robot-assisted
group was lower than in the freehand group, consistent
with the literature.>'®*> One potential reason for this
inconsistency between radiation exposure time and radi-
ation dose is that doctors and other staff often keep a
safe distance to avoid radiation during intraoperative 3D
scanning. Our study showed that robot-assisted techni-
ques were associated with longer operative time than
the conventional freehand technique, consistent with
the previous studies."”'**° This finding may be due to
the learning curve and the need for navigational imag-
ing during the intraoperative preparation phase.®*°

Several robotic systems like CIRQ® (Brainlab Ger-
many),*° Excelsius GPS® (Globus Medical),’® Mazor X
(Mazor Robotics Ltd., Caesarea, Israel),” and Curexo®
(Curvis-spine, South Korea)®* were not included in our
study due to no suitable controlled studies. It has been
reported that the lightweight and table-mounted aspects
of the new CIRQ® arm are intended to be more ergo-
nomic and less disruptive to operative workflow relative
to larger robotic units. In an initial trial of CIRQ® in a
small number of patients, 97.1% of screws did not
require intraoperative revision.”> The Excelsius GPS sys-
tem has the functions of intraoperative real-time imag-
ing and automatic compensation of patient motion.>
Vardiman et al. reported that only 1.5% (9/600) were
repositioned intraoperatively.”* Moreover, Mazor X®
allows the robot to perform a volumetric assessment of
the working environment to self-detect its position and
provide intraoperative collision avoidance.” Khan et al.
reported 98.7% accuracy for direct insertion into the
pedicle and a < 2 mm breach of a single screw.”
Finally, Curexo® is a robot-assisted spine surgery sys-
tem that uses a C-arm-based navigation system.”” Kim
et al. reported that accuracy rates for pedicle screws

www.thelancet.com Vol 48 Month , 2022

placement were less accurate than in other studies on
human patients (Grades A+B: 80.4%),°* which may be
attributed to the fact that the robot is still at a develop-
mental stage.

To the best of our knowledge, this is the first network
meta-analysis to compare the accuracy rates of different
robotic systems for pedicle screw placement. Impor-
tantly, we innovatively compared the indirect results
(network meta-analysis results) with the pairwise direct
results (meta-analysis results) to explore the source of
heterogeneity. However, there were some inevitable
limitations in our study. First, not all of the included
studies were RCTs; nonetheless, the quality of the
cohort trials was assessed as moderate. Some robotic
systems were evaluated with only one trial,""'* resulting
in less robust conclusions. Besides, due to the signifi-
cant cost and time required to adopt these systems, it is
difficult to directly compare the screw placement accu-
racy among these systems. Accordingly, network meta-
analysis can be a practical analytical approach in such
circumstances.’® Furthermore, for secondary outcomes,
we should interpret them with caution due to the high
risk of publication bias. It is probably due to that studies
that examined the initial experience and learning curves
were included in the meta-analysis, which may have
contributed to unreliable results. In addition, some
robotic systems were evaluated with only one trial
resulting in less robust conclusions. Moreover, the
expertise of surgeons may be a potential source of het-
erogeneity. Accordingly, large-scale RCTs using robot-
assisted techniques are needed to improve our knowl-
edge of this new technology.

This network meta-analysis substantiate the accuracy
of Renaissance and TiRobot systems for accurate pedi-
cle screw placement. In addition, robotic-assisted tech-
niques were associated with less proximal facet joint
violation and radiation exposure than freehand techni-
ques but featured longer operative times. Our findings
demonstrate that robots have huge prospects for clinical
application to assist doctors place pedicle screws safely
and effectively.
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