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Aims

The aim of this study was to systematically compare the safety and accuracy of robot-assisted
(RA) technique with conventional freehand with/without fluoroscopy-assisted (CT) pedicle
screw insertion for spine disease.

Methods

A systematic search was performed on PubMed, EMBASE, the Cochrane Library, MEDLINE,
China National Knowledge Infrastructure (CNKI), and WANFANG for randomized controlled
trials (RCTs) that investigated the safety and accuracy of RA compared with conventional
freehand with/without fluoroscopy-assisted pedicle screw insertion for spine disease from
2012 to 2019. This meta-analysis used Mantel-Haenszel or inverse variance method with
mixed-effects model for heterogeneity, calculating the odds ratio (OR), mean difference
(MD), standardized mean difference (SMD), and 95% confidence intervals (Cls). The results
of heterogeneity, subgroup analysis, and risk of bias were analyzed.

Results

Ten RCTs with 713 patients and 3,331 pedicle screws were included. Compared with CT,
the accuracy rate of RA was superior in Grade A with statistical significance and Grade A + B
without statistical significance. Compared with CT, the operating time of RA was longer. The
difference between RA and CT was statistically significant in radiation dose. Proximal facet
joint violation occurred less in RA than in CT. The postoperative Oswestry Disability Index
(ODI) of RA was smaller than that of CT, and there were some interesting outcomes in our
subgroup analysis.

Conclusion

RA technique could be viewed as an accurate and safe pedicle screw implantation method
compared to CT. A robotic system equipped with optical intraoperative navigation is superi-
or to CT in accuracy. RA pedicle screw insertion can improve accuracy and maintain stability
for some challenging areas.
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Article focus conventional freehand  with/without
Robot-assisted (RA) surgical technique is fluoroscopy-assisted (CT) pedicle screw
applied increasingly in the field of spine insertion for spine disease.

surgery, but the evidence for its effective-
ness is not solid enough.

The aim of this study was to system-
atically compare the safety and
accuracy of RA  technique with

Key messages
The RA technique could be viewed as an
accurate and safe pedicle screw implanta-
tion method compared to CT.
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A robotic system equipped with optical intraoperative
navigation is superior to CT in accuracy.

RA pedicle screw insertion can improve accuracy and
maintain stability for some challenging areas.

Strengths and limitations

Ten randomized controlled trials (RCTs) with similar
inclusion and exclusion criteria and scrupulous
patient selection were collected on the same topic of
research without language restrictions.

Subgroup analyses comparing different types of
robots and different operative levels were performed.
All of the included RCTs failed to report the compar-
ison of costs and reimbursement.

Introduction

Pedicle screw insertion is one of the most commonly used
methods in spinal surgery. Due to the complex anatom-
ical structure of the spine, the instability of human hands,
and the long operating time,’ the difficulty and risk of
conventional spine surgery remain high.

In recent decades, robotic surgery has been a flour-
ishing technique in the field of surgery. Many kinds of
robots have been developed, such as Mazor robotics
(SpineAssist robot and Renaissance), Robotic Surgical
Assistant (ROSA), and 'TiRobot' orthopaedic robot
(Tinavi Robot). During the development of spinal surgery
robots, many studies have been published evaluating
the accuracy and safety of spine robotic screw inser-
tion surgery. Some studies supported robots as more
accurate and safer technologies. Khan et al> and Stull et
al® concluded that robotic spine surgery can be associ-
ated with a safer and more accurate surgical procedure.
Staartjes et al* concluded that postoperative revisions for
screw malposition occurred less in robotic spine surgery,
but there was still other research suggesting that more
studies were needed to determine which was better:
robot-assisted (RA) or conventional freehand with/
without fluoroscopy-assisted technique (CT). Ghasem et
al® and Joseph et al® suggested that radiation exposure,
length of stay, operating time, and real-time cost-efficacy
of robotic spine surgery remained unclear. Other studies
suggested that application range, application depth,
and real-time cost-efficacy of robotic surgery technique
should be further studied and analyzed.”? Addition-
ally, after scrupulous deliberation we found that some
published meta-analyses have their own shortcomings.
The latest meta-analysis comparing RA technique and
freehand pedicle screw implantation purely based on
randomized controlled trials (RCTs) was performed by Li
et al.’® We hold the opinion that the results of radiation
time and dose in their outcomes were developed from
inappropriate data and comparative method.

Considering this, the debate between RA and CT tech-
niques still continues. We performed this meta-analysis
to systematically compare safety and accuracy of RA with

CT pedicle screw insertion for spine disease. In this meta-
analysis, we compared the data more rigorously based
on more RCTs and applied subgroup analyses comparing
different types of robots and different operative levels.

Methods

Search methods and eligibility criteria. RCTs with-
out language restrictions were identified. A system-
atic search was performed on PubMed, EMBASE, the
Cochrane Library, MEDLINE, China National Knowledge
Infrastructure (CNKI), and WANFANG for RCTs, which in-
vestigated RA with CT pedicle screw insertion for spine
disease from 2012 to 2019. The following keywords were
applied to the search: "robot-assisted"; "conventional
freehand"; "pedicle screw insertion"; "spine"; and "ran-
domized controlled trial".

Published trials were systematically inspected

according to the following criteria: recruiting adult
patients who underwent RA with CT pedicle screw inser-
tion for spine disease; reporting at least one outcome
of interest; and a postoperative follow-up period of at
least one year. Trials were excluded if interventions were
different from the previous description, or if original data
were lost after confirmation with the corresponding
author.
Data extraction and statistical analyses. Two researchers
(WL and GL) independently extracted the data, includ-
ing the information of trials, inclusion criteria, partici-
pant characteristics, outcomes of interest, and duration
of follow-up period. The outcomes in this meta-analysis
include: the accuracy of screw insertion evaluated by
Gertzbein—Robbins Grade A criteria; the accuracy of
screw insertion evaluated by Gertzbein—Robbins Grade
A + B criteria; operating time; radiation dose; radiation
time; proximal facet joint violation; intraoperative blood
loss; postoperative visual analogue scale (VAS)—back and
postoperative VAS—leg; postoperative stay; and postop-
erative Oswestry Disability Index (ODI). The outcomes in
subgroup analysis include: the screw insertion accuracy
of the SpineAssist-assisted (SRA), Renaissance-assisted
(RRA), and Tinavi robot-assisted (TRA) groups evaluated
by Gertzbein—Robbins Grade A criteria; the screw inser-
tion accuracy of the SRA, RRA, and TRA groups evaluat-
ed by Gertzbein—Robbins Grade A + B criteria; operating
time of the TRA and RRA groups; the screw insertion ac-
curacy of operative thoracolumbar level and operative
lumbar level evaluated by Gertzbein—Robbins Grade A
criteria; and the screw insertion accuracy of operative
thoracolumbar level and operative lumbar level evaluat-
ed by Gertzbein—Robbins Grade A + B criteria.

The continuous outcomes are presented as mean
difference (MD) and 95% confidence interval (Cl), and
odds ratio (OR) and 95% Cls are presented for dichoto-
mous outcomes. Standardized mean difference (SMD) is
presented for the same type of continuous outcomes with
different units. The chi-squared test and I*> during each
analysis were utilized and evaluated for heterogeneity.
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If the p-value was 0.05 or less, statistical heterogeneity
existed. In this situation, a random-effects model was
utilized. We used RevMan software (v. 5.3; Copenhagen:
The Nordic Cochrane Centre, The Cochrane Collabo-
ration, London, UK) to perform all analyses. Statistical
significance was considered when p < 0.05.

Search methods and data collection. The data were ab-
stracted from included RCTs, and included the following
classifications: attributions of participants, the number
of participants, and the loss to follow-up; study attribu-
tions; interventions; outcomes and subgroup analysis
outcomes; ORs, MD, and SMD; and 95% CI.

Assessment of risk of bias. The risk of bias in the includ-
ed RCTs was evaluated by The Cochrane Collaboration’s
tool. The classifications of bias were based on seven items:
random sequence generation (selection bias); allocation
concealment (selection bias); blinding of participants
and personnel (performance bias); blinding of outcome
assessment (detection bias); incomplete outcome data
(attrition bias); selective reporting (reporting bias); and
other bias. The results were compared afterwards.

Results

RCT selection and characteristics. A total of 161 RCTs with
potential eligibility were retrieved. Of these, 18 RCTs were
removed for duplication, and 123 RCTs were excluded on
the titles/abstracts. Of the remaining 20 RCTs , ten were
excluded after full-text screening due to ineligible com-
parison, data duplication, and the absence of relevant
reported outcomes. At the final stage, ten RCTs that met
the eligibility criteria were included in this meta-analysis
(Figure 1).

The characteristics of the included trials are shown in
Table I. In all included RCTs, the sample size of patients
who needed pedicle screw insertion were mustered
ranging from 40 to 234 patients. Explicit inclusion/exclu-
sion criteria were exhibited in all of the included RCTs.
Four studies investigated the safety and effectiveness of
TRA minimally invasive pedicle screw insertion compared
with fluoroscopy-assisted pedicle screw insertion.”™ In
addition, the Mazor robot-assisted (MRA) minimally inva-
sive pedicle screw insertion was employed compared
with conventional open freehand pedicle screw inser-
tion in three studies,”™'” and fluoroscopy-assisted pedicle
screw insertion in three other studies.’®?° The operative
data, clinical outcomes, and postoperative recovery were
anatomized in at least one year of follow-up.

Risk of bias. The risk of bias in the included trials was eval-
uated by The Cochrane Collaboration’s tool. All the trials
affirmed randomization, but three trials did not describe
the approach of random sequence generations.! %20
Six studies'> 1518 reported allocation concealment. All
of these studies included trials that failed to report the
blinding of personnel and participants, which were evalu-
ated to high risk of bias. Seven trials"'-'#1171° reported the
blinding of outcome assessment. Incomplete outcome
data (attrition bias) and selective reporting (reporting

Total identified records with
potential eligibility
(n=161)

Duplicates removed (n=18)

Records screened after the
duplicates were removed
(n=143)

Learning curve (n=5)
Guidance (n=6)

Case report (n=8)
Prospective study (n=15)
Retrospective study (n=17)
Letter and answer (n=2)
Records excluded (n=61)
Others (n=9)

Full-text articles assessed
for eligibility
(n=20)

Unbefitting controls (n=7)
Data reduplication (n=2)
Improper statistical results (n=1)

Studies included in
meta-analysis
(n=10)

Fig. 1

Flowchart showing the selection process of randomized controlled trials
(RCTs) for meta-analysis.

bias) were evaluated to high risk in the trial by Roser et
al.?® The risk of bias detail for included trials is presented
in Figure 2.

Meta-analysis results. Compared with CT, the accura-
cy rate of RA was superior according to the Gertzbein—
Robbins Grade A (RA group: 90.73%; CT group: 84.37%;
OR: 2.45; 95% Cl: 1.29 to 4.65; p = 0.006, Z test; I* =
77%). The accuracy rate of RA was better than CT with-
out statistical significance (RA group: 95.50%; CT group:
92.69%; OR: 2.61; 95% CI: 0.95 to 7.23; p = 0.060, Z
test; I = 64%) (Figure 3). The difference in radiation
dose between RA and CT was statistically significant
(SMD: -1.30; 95% ClI: -2.01 to -0.60; p < 0.001, Z test;
I = 97%). Radiation time was not statistically significant
between RA and CT (MD: -2.80; 95% Cl: -27.81 to 22.21;
p = 0.830, Z test; 1> = 98%). The operating time of RA
was longer than that of CT (MD: 9.11; 95% Cl: 3.69 to
14.53; p = 0.001, Z test; I* = 39%). Proximal facet joint
violation of RA occurred less than for CT (OR: 0.05; 95%
Cl: 0.01 to 0.28; p < 0.001, Z test; I = 0%). No significant
differences were found between RA and CT in intraoper-
ative blood loss (MD: -51.47; 95% CI: -112.51 to 9.57; p
= 0.100, Z test; I = 90%), postoperative VAS-back (MD:
-0.15; 95% Cl: -0.34 to 0.04; p = 0.120, Z test; I* = 36%),
postoperative VAS-leg (MD: -0.06, 95% Cl: -0.20 to 0.09;
p = 0.430, Z test; I*> = 0%), and postoperative stay (MD:
-0.36; 95% Cl: -1.03 to 0.31; p = 0.300, Z test; I* = 62%).
The postoperative ODI of RA was smaller than that of CT

VOL. 9, NO. 10, OCTOBER 2020



W. LI, G. LI, W. CHEN, L. CONG

656

*9Jeds anbojeue [BNSIA ‘SYA Xapu| Aljigesiqg A13samsQ ‘|0 ‘@]qejieae Jou ‘y/N ‘dnoib [eyuswadxa ‘dx3 ‘dnolb jo13uod 3D Quawade|d mauds Jo Adeindde Ysy

‘uonJIasuUl MaIds

$50| poojq (oD (ze (son) (61/¥20) appipad pajsisse-Adodsolonyy/uonaasul
‘130 ‘SVA ‘awn aaesado 4sy auids Jequinjodeioy | Sz/8L 905 sy v'or 3% Ma1ds 3Ipad pajsisse-1oqol iaeul| n8L0Z NX
*UOI}ASUI MAIDS
rv)  (rown (6'11) (L1/€D) a|p1pad paisisse-Adodsolonyy/uonsasul
awin dAnesado 4y auids Jequin’ L1/€T (04 §'SS (084 oy Ma13s 3Ipad pajsisse-10qol Iaeul | «910C uell
*UOIASUI MBIDS
uolje|olA julof 3906} |ewixold 9'8) #oL) (S°6) (X743} do1pad pueyaaly [BUOIIUSAUOD/UOIIIISUL
‘1d0 ‘SVA ‘awn saesado 4sy 1S 011 Ly/Le 099 ¥'s9 LS9 8L mauds 3pIpad pajsisse-aduessieusy 91810C W)
*UOIJASUI MAIDS
Aeys aanesadoysod (V/N) (V/N) (0€/0€) 3d1pad paysisse-Adodsosonyy/uoriiasul
‘awn uonelpes 4y 1S 011 T4 43 049 0'89 (V/N) §29 09 Ma1ds 3Ipad pajsisse-isissyaulds .7L0T [9bury
*UOIIASUI MBIDS
awn L/81) 9d1pad pasisse-Adodsosonyy/uoriiasul
uonelpes ‘9sop uonelpel ‘4sy LSO} L1 V/N V/N V/N V/N 8¢ Ma1ds 3Ipad pajsisse-isissyaulds 0z€10C 1350y
*UOIJISUI MAIDS
(9°8) (6'11) (€oL) (0z/02) 321pad pueyda.) [EUONRUIAUOD/UOIIBSUL
awi 2AReIRdo Yy 1S 01 6L/l L'v9 ¥'¥9 99 oy Maus 3Ipad pajsisse-aduessieusy 4S10Z Wiy
uole|olA
juiol 3908y jewixoid ‘Aeys *UOoI}Jasul MaIDS
aAesadoysod ‘|40 ‘SYA ‘@sop (6'8) (1'e) (s'9) (0g/0¢€) 3ipad pajsisse-Adodsosonyy/uoniasul
uonelpel ‘awi} aAlesado sy auids JequinT /L/SY 899 599 /99 09 Mauds 3dipad pajsisse-aduessieudy 212107 UnAy
uolje|olA Julof 3906}
Jewixoud ‘Aeys annesadoisod *UOIASUI MBIDS
‘ss0| poojq ‘awin pue asop Fen) (€11) (rew) (6LL/SLL) 3ipad pajsisse-Adodsosonyy/uoniasul
uonelpel ‘own aAnelado 4sy auids sequinjoseioy geL/LeL L'9s 9vS ¥'sS 1474 Ma12s 3Ipad pajsisse-10qol Iaeul | 26L0C UeH
*UOI}ASUI MAIDS
] ((GX9) o) (Sv) (92/%2) 3Ipad pueysaly [BUOIUSAUOD/UORISSUI
poo|q ‘IJ0 ‘SYA ‘@wn aAnesado LS 03 €7 €T/LT 0'69 049 0'89 0S Mmaus 3Ipad pajsisse-aduessieusy s1£10Z N4
Keys *UOI}IASUI MBIDS
aAnesadoysod ‘sso| poo|q ‘@sop (6'9) (ov/ov) dd1pad paysisse-Adodsosonyy/uoriasul
uoneipes ‘awy aanesado Ygy s101 1 Sz/SS (€0 629 (S°9) 949 £'19 08 Mmauds ap1pad pajsisse-joqou Iaeul | 16107 Buaq
wm dx3z 11e43A0
awonngo 1943] 3Anes2dO u (as) u‘Gp/dx3) Q1/dx3) leraL
‘(3jew /3jeway)xag sif ‘abe W azis ajdweg uonuUIAINU|

"S|ewy papn|oul 3y} JO sonsHaIRIRYD ° el

BONE & JOINT RESEARCH



THE SAFETY AND ACCURACY OF ROBOT-ASSISTED PEDICLE SCREW INTERNAL FIXATION FOR SPINE DISEASE 657

Random sequence generation (selection bias)

Blinding of participants and personnel (performance bias)
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Roser 2013

Tian 2016
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Xu 2018

Fig. 2

Risk of bias summary showing details of the risk of bias in each of the included trials. Red colour indicates high risk, yellow indicates unclear risk, and green

colour indicates low risk.

(MD: -2.22; 95% Cl: -3.83 to -0.61; p = 0.007, Z test; I* =
3%) (Figure 4).

Subgroup analysis results. In this meta-analysis, sub-
group analyses based on different types and generations
of robots (SRA vs freehand, RRA vs freehand, and TRA vs
freehand) were performed. In subgroup analyses, the ac-
curacy rate of SRA was better than CT without statistical
significancein the Grade A (SRAgroup: 58.26%; CT group:
55.73%; OR: 0.79; 95% CI: 0.50 to 1.24; p = 0.300, Z test;
I? = 0%) and Grade A + B criteria (SRA group: 71.56%;
CT group: 69.27%; OR: 0.88; 95% Cl: 0.55 to 1.38; p =
0.570, Z test; I = 0%). The accuracy rate of RRA was bet-
ter than CT without statistical significance in the Grade A
(RRA group: 95.38%; CT group: 92.86%; OR: 1.59; 95%
Cl: 0.86 to 2.97; p = 0.140, Z test; I*> = 0%) and Grade
A + B criteria (RRA group: 99.73%; CT group: 98.98%;
OR: 2.38; 95% Cl: 0.46 to 12.30; p = 0.300, Z test; I* =
0%). The accuracy rate of the TRA group was better than

CT with statistical significance in Grade A (TRA group:
96.28%; CT group: 86.54%; OR: 4.11; 95% Cl: 2.81 to
6.00; p < 0.001, Z test; I* = 27%) and Grade A + B criteria
(TRA group: 99.28%; CT group: 94.72%; OR: 6.53; 95%
Cl: 3.17 to 13.45; p < 0.001, Z test; 1> = 0%) (Figure 5).
The operating time of the TRA group was longer than CT
(MD: 8.83; 95% Cl: 0.45 to 17.20; p = 0.040, Z test; I” =
35%), while the difference between the operating times
of the RRA and CT groups was not statistically significant
(MD: 12.29; 95% Cl: -5.04 to 29.62; p = 0.160, Z test; I?
= 57%) (Figure 6). Subgroup analysis based on operative
level (operative thoracolumbar level and operative lum-
bar level) was also performed. Compared with CT, the
accuracy rate of RA was superior according to the Grade
A (RA group: 95.79%; CT group: 84.93%; OR: 4.45; 95%
Cl: 2.00 t0 9.93; p < 0.001, Z test; I* = 45%) and Grade A
+ B criteria (RA group: 98.91%; CT group: 93.01%; OR:
5.41; 95% Cl: 0.97 to 30.05; p = 0.050, Z test; I* = 47%)
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Robot-assisted Conventional

dy or S Even Total Even I _Weigh
Accuracy Grade A

Feng 2019 199 202 206 225 10.4%
Han 2019 507 532 503 584 15.6%
Hyun 2017 127 130 133 140  9.5%
Kim 2015 76 80 73 80 10.2%
Kim 2018 148 158 158 172 13.1%
Ringel 2012 56 146 68 152 15.6%
Roser 2013 71 72 39 40 4.0%
Tian 2016 99 102 81 88  9.5%
Xu 2018 127 132 78 106  12.1%
Subtotal (95% CI) 1554 1587 100.0%
Total events 1410 1339

Heterogeneity: Tau? = 0.63; Chi? = 34.38, df = 8 (P < 0.0001); I?=77%
Test for overall effect: Z =2.73 (P = 0.006)

Accuracy Grade A+B

Feng 2019 202 202 224 225 7.2%
Han 2019 525 532 546 584 21.9%
Hyun 2017 130 130 138 140 7.8%
Kim 2015 80 80 79 80 7.2%
Kim 2018 157 158 171 172 8.8%
Ringel 2012 85 146 93 152 24.2%
Roser 2013 71 72 40 40 7.2%
Tian 2016 102 102 87 88 7.2%
Xu 2018 132 132 93 106 8.6%
Subtotal (95% CI) 1554 1587 100.0%
Total events 1484 1471

Heterogeneity: Tau? = 1.06; Chi? = 21.94, df = 8 (P = 0.005); I> = 64%
Test for overall effect: Z = 1.85 (P = 0.06)
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Odds Ratio Odds Ratio
M-H. Random, 95% CI M-H, Random, 95% Cl
6.12[1.78, 21.00] -
3.27[2.05, 5.20] =
2.23[0.56, 8.81] N
1.82[0.51, 6.49] e
1.31[0.57, 3.04] N
0.77 [0.48, 1.22] ==
1.82[0.11, 29.91]
2.85[0.71, 11.38] T =
9.12[3.38, 24.60] -
2.45[1.29, 4.65] -
2.71[0.11, 66.80] -
5.22[2.31, 11.79] L
4.71[0.22, 99.06] -
3.04[0.12, 75.69]
0.92[0.086, 14.80]
0.88 [0.56, 1.40] B
0.59 [0.02, 14.78] =
3.51[0.14, 87.37]
38.26 [2.25, 651.65] — =
2.61 [0.95, 7.23] g
0.01 0.1 1 10 100
Conventional Robot-assisted

Fig. 3

Pooled results of the robot-assisted group and the conventional freehand with/without fluoroscopy-assisted group. The results are shown as follows: Grade A
accuracy and Grade A + B accuracy. Cl, confidence interval; M-H, Mantel-Haenszel.

when the operative level was the thoracolumbar level.
However, the difference in accuracy rates of the Grade A
(RA group: 86.19%; CT group: 83.90%; OR: 1.77; 95%
Cl: 0.91 to 3.45; p = 0.090, Z test; I = 62%) and Grade A
+ B criteria (RA group: 92.42%; CT group: 92.42%; OR:
0.98; 95% Cl: 0.63 to 1.52; p = 0.940, Z test; I = 0%) was
not statistically significant between RA and CT when the
operative level was the lumbar level. (Figure 7)

Discussion

This meta-analysis included ten RCTs that compared
RA with CT pedicle screw insertion for spine disease,
including 713 patients (361 in RA group and 352 in CT
group) and 3,331 pedicle screws (1,656 in RA group and
1,675 in CT group). It revealed that RA technique had a
better accuracy rate than CT group utilizing Gertzbein—
Robbins Grade A criteria with statistical significance and
Gertzbein—Robbins Grade A + B criteria. We also found
some interesting outcomes in the subgroup analyses;
there were no significant differences between the MRA
group and CT group in the Grade A or Grade A + B criteria
accuracy rate, meanwhile the TRA group was still supe-
rior to the CT group in accuracy rate. The reasons for

those outcomes may be the differences of preoperative
preparation and image-forming method between two
kinds of robots, position changing of the patient, and
real-time navigation monitoring. The preoperative prepa-
ration and image-forming method of Mazor robot was
a CT scan of the object region, which was uploaded to
the proprietary software before surgery, and the optimal
screw dimensions and positioning relative to the patient’s
anatomy were established by the preoperative CT scan
in 3D views. However, the position of the patient was
supine during the preoperative CT scan and the patient
was prone during the operation, which may cause the
planned trajectory - according to the preoperative CT -
to not reach 100% fit to the actuality. If there is an error
between the 3D reconstruction image and the actual
anatomical position due to the change of body position,
the screw placement may fail. As for the Tinavi Robot
system equipped with optical intraoperative navigation,
surgeons could drill through the guiding tube into the
pedicle either percutaneously or via an open approach
under real-time navigation monitoring. In addition, as
the Tinavi Robot system has the function of intraoperative
fine-tuning, if the screw position verified by fluoroscopy
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Robot-assisted Conventional Mean Difference Mean Difference
Study or Mean SD Total Mean SD Total Weight V, Fixed, 95% CI IV, Fixed, 95% Cl
Operative Time
Feng 2019 111.6 33 40 1146 264 40 17.1% -3.00[-16.10, 10.10] T
Fu 2017 99.7 20.1 24 1016 31.7 26 13.8% -1.90[-16.50, 12.70] /I
Han 2019 1495 508 115 138 486 119 18.1% 11.50[-1.25, 24.25] =
Hyun 2017 2085 66.7 30 2085 625 30 27% 0.00[-32.71, 32.71] - 1
Kim 2015 217.75 339 20 195 469 20 46% 2275[-2.61,48.11] T
Kim 2018 220.1 559 37 189.8 45.1 41 5.7% 30.30[7.61, 52.99] -
Tian 2016 138.9 46.6 23 1182 406 17 4.0% 20.70 [-6.41, 47.81] T
Xu 2018 1381 175 24 1257 136 19 34.0% 1240(3.10,21.70] b
Subtotal (95% Cl) 313 312 100.0%  9.11[3.69, 14.53] *
Heterogeneity: Chiz = 11.55, df = 7 (P = 0.12); I2 = 39%
Test for overall effect: Z = 3.30 (P = 0.0010)
Postoperative ODI
Fu 2017 24 12 24 23 10 26  6.8% 1.00 [-5.15, 7.15] T
Hyun 2017 17 71 30 166 79 30 17.9% -4.90[-8.70,-1.10] l
Kim 2018 202 159 37 218 137 41 5.9% -1.60 [-8.22, 5.02] T
Xu 2018 19.5 2 24 214 39 19  69.4% -1.90[-3.83, 0.03] | ]
Subtotal (95% Cl) 115 116 100.0% -2.22[-3.83, -0.61] {
Heterogeneity: Chi? = 3.10, df = 3 (P = 0.38); 2= 3%
Test for overall effect: Z = 2.71 (P = 0.007)
Postoperative VAS - back
Fu 2017 19 07 24 2 11 26 13.5% -0.10 [-0.61,0.41]
Hyun 2017 25 16 30 36 19 30 44% -1.10[-1.99,-0.21]
Kim 2018 32 29 37 35 23 4 2.5% -0.30 [-1.47, 0.87]
Xu 2018 16 04 24 17 03 19 79.5% -0.10 [-0.31, 0.11] | |
Subtotal (95% CI) 115 116 100.0%  -0.15[-0.34, 0.04]
Heterogeneity: Chiz = 4.71, df = 3 (P = 0.19); I2 = 36%
Test for overall effect: Z = 1.57 (P = 0.12)
Postoperative VAS - leg
Fu 2017 1.1 0.4 24 11 03 26 51.9% 0.00 [-0.20, 0.20] N
Hyun 2017 23 29 30 29 3 30 0.9% -0.60 [-2.09, 0.89]
Kim 2018 26 31 37 31 341 4 1.1%  -0.50[-1.88, 0.88]
Xu 2018 16 04 24 17 03 19  46.1% -0.10[-0.31,0.11] |
Subtotal (95% CI) 115 116 100.0%  -0.06 [-0.20, 0.09]
Heterogeneity: Chi? = 1.39, df = 3 (P = 0.71); = 0%
Test for overall effect: Z = 0.78 (P = 0.43)
-100 -50 0 50 100
Conventional Robot-assisted
Robot: isted G i Mean Difference Mean Difference
o m. 95% C
Intraoperative Blood Loss
Feng 2019 254.75 115.34 40 356.25 141 40 23.1% -101.50 [-157.95,-4505)
Fu 2017 207.9 59.8 24 2975 8041 26 25.7% -89.60[-128.59, -50.61] —
Han 2019 186 2553 115 217 1743 119 231% -31.00 [-87.20, 25.20] e
Xu 2018 2141 36.7 24 2064 203 19 28.1% 7.70 [-9.59, 24.99] I
Subtotal (95% CI) 203 204 100.0%  -51.47 [-112.51,9.57] e ——

Heterogeneity: Tau? = 3374.71; Chi? = 29.99, df = 3 (P < 0.00001); I* = 90%
Test for overall effect: Z = 1.65 (P = 0.10)

Postoperative Stay

Feng 2019 5.7 1.42 40 585 1.33 40 40.4% -0.15[-0.75, 0.45] L
Han 2019 4.82 15 115 4.95 14 119 50.6% -0.13[-0.50, 0.24] [ ]
Hyun 2017 6.8 21 30 9.4 54 30 9.0% -2.60 [-4.67, -0.53] 7
Subtotal (95% CI) 185 189 100.0% -0.36 [-1.03, 0.31]

Heterogeneity: Tau? = 0.20; Chiz = 5.31, df = 2 (P = 0.07); I? = 62%
Test for overall effect: Z = 1.05 (P = 0.30)

Radiation Time

Han 2019 815 386 532 715 442 584 499% 10.00 [5.14, 14.86] =
Roser 2013 1598 86 72 315 114 40 50.1%  -1552[-19.57,-1147] =
Subtotal (95% CI) 604 624 100.0%  -2.80 [-27.81,22.21] ——

Heterogeneity: Tau? = 320.42; Chi? = 62.49, df = 1 (P < 0.00001); I* = 98%
Test for overall effect: Z = 0.22 (P = 0.83)

-100 -50 0 50 100

Conventional Robot-assisted
Robot-assisted C i Std. Mean Difference Std. Mean Difference
i o
Radiation dose
Feng 2019 38.87 11.94 202 4745 1575 225 25.5% -0.61[-0.80, -0.41] .
Han 2019 217 115 532 705 42 584 25.8% -1.55[-1.69, -1.42] =
Hyun 2017 055 019 130 122 035 140 247% -2.35[-2.66, -2.04] =
Roser 2013 11.03 108 72 189 117 40 24.0% -0.70 [-1.10, -0.30] -
Subtotal (95% Cl) 936 989 100.0% -1.30 [-2.01, -0.60] <&
Heterogeneity: Tau? = 0.49; Chi? = 114.33, df = 3 (P < 0.00001); I = 97%
Test for overall effect: Z = 3.65 (P = 0.0003)

-10 5 0 5 10

Robot-assisted Conventional
Robot: i C i 0Odds Ratio Odds Ratio

__Study or r Events Total Events Total Weight M-H. Fixed, 95% Cl M-H, Fixed, 95% CI
Proximal facet joint violation

Han 2019 0 115 12 119 46.1% 0.04 [0.00, 0.64] A —

Hyun 2017 0 130 1 140 54% 0.36 [0.01, 8.82]

Kim 2018 0 158 13 172 485% 0.04[0.00,063] +— @——

Subtotal (95% CI) 403 431 100.0% 0.05[0.01, 0.28]

Total events 0 26

Heterogeneity: Chi? = 1.45, df = 2 (P = 0.48); 2= 0%

Test for overall effect: Z = 3.47 (P = 0.0005)

001 01 1 10 100
Robot-assisted  Conventional

Fig. 4

Pooled results of the robot-assisted group and the conventional freehand with/without fluoroscopy-assisted group. The results are shown as follows: radiation
dose, radiation time, operating time, proximal facet joint violation, intraoperative blood loss, postoperative visual analogue scale (VAS)-back, postoperative
VAS-leg, postoperative stay, and postoperative Oswestry Disability Index (ODI). Cl, confidence interval; IV, inverse variance; M-H, Mantel-Haenszel.
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Robot-assisted Conventional Odds Ratio Odds Ratio
M-H, Fixed, 95% Cl M-H, Fixed, 95% Cl

Study or Subgroup Events Total Events Total Weight

SpineAssist accuracy Grade A

Ringel 2012 56 146 68 152 98.3%
Roser 2013 71 72 39 40 1.7%
Subtotal (95% CI) 218 192 100.0%
Total events 127 107

Heterogeneity: Chi? = 0.35, df = 1 (P = 0.55); I? = 0%
Test for overall effect: Z = 1.03 (P = 0.30)

SpineAssist accuracy Grade A+B

Ringel 2012 85 146 93 152 97.3%
Roser 2013 71 72 40 40 2.7%
Subtotal (95% CI) 218 192 100.0%
Total events 156 133

Heterogeneity: Chi? = 0.06, df =1 (P = 0.81); I?=0%
Test for overall effect: Z = 0.57 (P = 0.57)

Renaissance accuracy Grade A

Hyun 2017 127 130 133 140 18.3%
Kim 2015 76 80 73 80 22.6%
Kim 2018 148 158 158 172 59.2%
Subtotal (95% CI) 368 392 100.0%
Total events 351 364

Heterogeneity: Chi? = 0.48, df = 2 (P = 0.79); I?= 0%
Test for overall effect: Z = 1.47 (P = 0.14)

Renaissance accuracy Grade A+B

Hyun 2017 130 130 138 140 25.0%
Kim 2015 80 80 79 80 24.1%
Kim 2018 157 158 171 172 50.9%
Subtotal (95% CI) 368 392 100.0%
Total events 367 388

Heterogeneity: Chi? = 0.67, df =2 (P = 0.72); I? = 0%
Test for overall effect: Z = 1.03 (P = 0.30)

Tinavi accuracy Grade A

Feng 2019 199 202 206 225 9.3%
Han 2019 507 532 503 584 721%
Tian 2016 99 102 81 88 8.2%
Xu 2018 127 132 78 106 10.5%
Subtotal (95% Cl) 968 1003 100.0%
Total events 932 868

Heterogeneity: Chi? = 4.08, df = 3 (P = 0.25); I?=27%
Test for overall effect: Z = 7.30 (P < 0.00001)

Tinavi accuracy Grade A+B

Feng 2019 202 202 224 225 6.4%
Han 2019 525 532 546 584 83.3%
Tian 2016 102 102 87 88 5.5%
Xu 2018 132 132 93 106  4.7%
Subtotal (95% Cl) 968 1003 100.0%
Total events 961 950

Heterogeneity: Chi? = 2.22, df = 3 (P = 0.53); I = 0%
Test for overall effect: Z = 5.09 (P < 0.00001)

0.77 [0.48, 1.22] I

1.82[0.11, 29.91]
0.79 [0.50, 1.24]

0.88 [0.56, 1.40]

0.59[0.02, 14.78]
0.88 [0.55, 1.38] ‘
2.23[0.56, 8.81] ——
1.82[0.51, 6.49] I

1.311[0.57, 3.04] ﬁ
1.59 [0.86, 2.97]

4.71[0.22, 99.06] =
3.04 [0.12, 75.69] =

0.92[0.06, 14.80] :
2.38 [0.46, 12.30]

6.12[1.78, 21.00] T
3.27 [2.05, 5.20] . N
2.85[0.71, 11.38] T
9.12[3.38, 24.60] —
4.112.81, 6.00] <&

2.71[0.11, 66.80]
5.22[2.31, 11.79] ——
3.51[0.14, 87.37]
38.26 [2.25, 651.65] —_—
6.53 [3.17, 13.45] -
0.01 0.1 1 10 100

Conventional Robot-assisted

Fig. 5

Pooled results of the subgroup analysis (SpineAssist-assisted group, Renaissance-assisted group, Tinavi robot-assisted group, and conventional freehand with/
without fluoroscopy-assisted group). The results are shown as follows: Grade A accuracy and Grade A + B accuracy. Cl, confidence interval; M-H, Mantel—

Haenszel.

is not satisfactory, the path should be positioned again
after fine tuning of the robot, or positioning image acqui-
sition should be restarted.?’ Numerically speaking, the
accuracy of the RRA group was much better than that of
the SRA group, but there were no statistical differences

of accuracy between the experimental group and the
control group of different generations. With the accumu-
lation and development of surgical experience and skills,
CT surgery technology and surgical equipment are also
constantly upgraded to overcome the difficult learning
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Robot-assisted Conventional

Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV. Random, 95% Cl 1V. Random, 95% ClI
Renaissance operative time
Fu 2017 99.7 20.1 24 1016 317 26 34.2% -1.90[-16.50, 12.70]
Hyun 2017 208.5 66.7 30 208.5 62.5 30 17.3% 0.00[-32.71, 32.71]
Kim 2015 217.75 33.9 20 195 46.9 20 23.0% 22.75[-2.61, 48.11] T =
Kim 2018 220.1 55.9 37 189.8 45.1 41  255% 30.30 [7.61, 52.99] - =
Subtotal (95% CI) 111 117 100.0% 12.29 [-5.04, 29.62] —~—
Heterogeneity: Tau? = 172.84; Chi? = 6.94, df = 3 (P = 0.07); I? = 57%
Test for overall effect: Z = 1.39 (P = 0.16)
Tinavi operative time
Feng 2019 111.6 33 40 1146 264 40 26.2% -3.00[-16.10, 10.10] ]
Han 2019 1495 50.8 115 138 486 119 27.1% 11.50[-1.25, 24.25] T =
Tian 2016 138.9 46.6 23 118.2 40.6 17 8.4% 20.70[-6.41, 47.81] -
Xu 2018 138.1 175 24 125.7 13.6 19 38.3% 12.40 [3.10, 21.70] ——
Subtotal (95% ClI) 202 195 100.0% 8.83 [0.45, 17.20] N
Heterogeneity: Tau? = 25.15; Chi? = 4.60, df = 3 (P = 0.20); I = 35%
Test for overall effect: Z = 2.07 (P = 0.04)
-50 -25 0 25 50
Robot-assisted Conventional
Fig. 6

Pooled results of the subgroup analysis (operating time of renaissance-assisted group, Tinavi robot-assisted group, and conventional freehand with/without

fluoroscopy-assisted group). Cl, confidence interval; IV, inverse variance.

curve.???> We suspected that this may be the reason why
the surgical accuracy of the non-robot group was also
improved.

However, the above-mentioned outcomes in this
paper do not mean that Tirobot is more advanced than
Mazor robot in accuracy of pedicle screw insertion in a
real sense. We suspected that the superiority of accuracy
in the TRA group could be misleading, since the accu-
racies of the control group in Renaissance studies are
generally better than those in Tinavi studies according
to the Grade A (control group’s accuracy in Renaissance
studies: 92.9%; control group’s accuracy in Tinavi studies:
86.5%) and Grade A + B criteria (control group’s accuracy
in Renaissance studies: 99.0%; control group’s accuracy
in Tinavi studies: 94.7%). In order to find out which kind
of robot is more accurate, it is necessary to conduct a
direct comparison of different types of robots with high-
quality and large sample sizes. At present, there is no
such RCT for horizontal comparison of multiple kinds
of robots. So, there are no data to support which kind
of robot is more accurate. With the further upgrading
of robot technology, the new generation of robots are
equipped with intraoperative navigation technology,
such as MazorX, ROSA, and Tinavi. Many studies have
mentioned that accuracy has been further improved due
to the emergence of optical intraoperative navigation
robotic technology.?¢* We performed a brief overview
of the current spinal surgery robots shown in Table II,
and some research suggests that the MazorX will have
a stronger registration software and be equipped with
intraoperative navigation technology at the same time,
which makes us look forward to a brighter performance
from the new generation of Mazor. However there are
still some vision-blind areas of optical navigation. In

some areas, the mechanical arm cannot be detected by
infrared ray since the distance from tracker frame to NDI
Polari is too far to maintain image quality and too close
to maintain operator's range, so the appropriate distance
between those two still needs to be adjusted according
to the performer's ability. Additionally, sometimes a
proximal facet joint with steep angles may cause the slip-
ping of screw insertion, leading to proximal facet joint
violation. At present, we suspect that accuracy of screw
insertion is relatively better in robot systems equipped
with infrared intraoperative navigation; nevertheless,
more independent high-quality RCTs with comparison
between different types of robots are still needed as the
basis for this further research.

There was no statistically significant difference in
accuracy between the RA group and CT group when the
pedicle screws were inserted on lumbar spine alone. One
reason is that the diameter of the pedicles in the lumbar
spine is greater and risk of vital structure damage is
reduced.’® In addition, the surgeon becomes more expe-
rienced and the imaging-assisted technique is upgraded
continuously, which may be the other two reasons for the
substantial improvementin accuracy of CT. But compared
with CT, the accuracy rate of RA was better according to
the Grade A and Grade A + B criteria when the opera-
tive level was the thoracolumbar level. This is because
the thoracic pedicles are relatively thin, which means the
technical requirements of freehand pedicle screw inser-
tion are relatively high.*' Misplacement rates of freehand
with/without fluoroscopy-assisted pedicle screw still
remain high in the thoracic spine.3? The learning curve for
the thoracic pedicle screw insertion is also steeper, and it
takes a long time for the surgeon to learn and master. The
surgeon is required to maintain a consistently high level
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Robot-assisted

r I Even Total Even
Thoracolumbar accuracy Grade A
Han 2019 507 532 503
Roser 2013 71 72 39
Xu 2018 127 132 78
Subtotal (95% CI) 736
Total events 705 620

Conventional

W. LI, G. LI, W. CHEN, L. CONG

Odds Ratio
Total Weight M-H, Random, 959
584 58.3% 3.27 [2.05, 5.20]
40 7.4% 1.82[0.11, 29.91]
106 34.4% 9.12 [3.38, 24.60]

730 100.0% 4.45 [2.00, 9.93]

Heterogeneity: Tau? = 0.23; Chi? = 3.67, df =2 (P = 0.16); I* = 45%

Test for overall effect: Z =

3.65 (P = 0.0003)

Thoracolumbar accuracy Grade A+B

Han 2019

Roser 2013

Xu 2018

Subtotal (95% CI)
Total events

525 532 546

71 72 40

132 132 93
736

728 679

584 56.8% 5.22[2.31,11.79]

40 19.7% 0.59[0.02, 14.78]
106 23.4% 38.26 [2.25, 651.65]
730 100.0% 5.41 [0.97, 30.05]

Heterogeneity: Tau? = 1.17; Chi? = 3.80, df =2 (P = 0.15); I? = 47%
Test for overall effect: Z = 1.93 (P = 0.05)

Lumbar accuracy Grade A

Feng 2019

Hyun 2017

Kim 2015

Kim 2018

Ringel 2012

Tian 2016
Subtotal (95% ClI)
Total events

199 202 206
127 130 133
76 80 73
148 158 158
56 146 68
99 102 81
818
705 719

225 14.6% 6.12[1.78, 21.00]
140 13.0% 2.23[0.56, 8.81]
80 14.1% 1.82[0.51, 6.49]
172 19.9% 1.31[0.57, 3.04]
152  25.6% 0.77[0.48, 1.22]
88 12.9% 2.85[0.71, 11.38]

857 100.0% 1.77 [0.91, 3.45]

Heterogeneity: Tau? = 0.39; Chi? = 13.17, df = 5 (P = 0.02); I> = 62%
Test for overall effect: Z = 1.69 (P = 0.09)

Lumbar accuracy Grade
Feng 2019
Hyun 2017
Kim 2015
Kim 2018
Ringel 2012
Xu 2018
Subtotal (95% CI)
Total events

A+B
202 202 224
130 130 138
80 80 79
157 158 171
85 146 93
102 102 87
818
756 792

225 1.9% 2.71[0.11, 66.80]
140 2.1% 4.71[0.22, 99.06]
80  1.9% 3.04 [0.12, 75.69]
172 25% 0.92 [0.06, 14.80]
152 89.8% 0.88 [0.56, 1.40]
88  1.9% 3.51 [0.14, 87.37]

857 100.0% 0.98 [0.63, 1.52]

Heterogeneity: Tau? = 0.00; Chi? = 2.70, df =5 (P = 0.75); 1= 0%

Test for overall effect: Z =

0.08 (P = 0.94)

Fig. 7

Odds Ratio
M-H, Random, 95% Cl

.

—

e
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DY

| 0.1 1 ' '

0.01 10 100
Conventional Robot-assisted

Pooled results of the subgroup analysis (operative level thoracolumbar group, operative level lumbar group, and conventional freehand with/without
fluoroscopy-assisted group). The results are shown as follows: Grade A accuracy and Grade A + B accuracy. Cl, confidence interval; M-H, Mantel-Haenszel.

Table I1. Overview of current commonly used spinal robotics.

Name

Production place

Certification

Application

Mazor robotics
(SpineAssist/Renaissance)
Robotic Surgical Assistant
(ROSA)

TiRobot orthopaedic robot
(Tinavi Robot)

Israel

France

China

CE (CONFORMITE EUROPEENNE);

FDA (Food and Drug Administration)
CE (CONFORMITE EUROPEENNE);

FDA (Food and Drug Administration)
CFDA

(China Food and Drug Administration)

Assisting pedicle screw insertion
Assisting pedicle screw insertion

Assisting surgeries of limbs, pelvis, and all spinal
segments

of performance and mental concentration during long-
time and challenging operations. In our opinion, using
robots is more advantageous for this difficult pedicle

screw insertion surgery. Using robots for pedicle screw
insertion can not only improve accuracy, but may also
maintain stability. We also found that the operating time
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Fig. 8

Funnel plot of robot-assisted versus conventional freehand with/without fluoroscopy-assisted technique. OR, odds ratio.

of the TRA group was longer than that of the CT group.
While the difference between the MRA group and CT
was not statistically significant for operating time, we
suspect the reason that the operating time of the TRA
group was longer than CT is that more intraoperative
planning is needed when employing the TiRobot system.
The problem existed when we applicated TiRobot
system in practice. When more than three segments of
the lumbar vertebra or more than five segments of the
thoracic vertebra were involved in the operation, multiple
instances of intraoperative planning are required. Intra-
operative planning increases the duration of surgery,
and an increased duration of surgery means an increased
risk. Strictly speaking, the current spine robotic devices
on the market which are composed of optical navigation
and robotic arms are not really robots. In the future, a lot
of work should be done to further improve the robotic
devices; our research is also focused on how to combine
preoperative planning and intraoperative planning to
reduce intraoperative planning time and autonomous
learning of robots. In the future, surgical robots will be
combined with artificial intelligence. These will then be
able to not only achieve minimally invasive surgery (MIS)
and navigation guidance, but also independently analyze
the patients’ characteristics and carry out preoperative
planning and intraoperative operations autonomously.

In our study, the difference between the RA group and
CT group had no statistical significance in both postoper-
ative VAS—back and postoperative VAS—leg, but postop-
erative ODI of the RA group was smaller. Degree of pain
and results of treatment were scored by VAS, which is by
far the most frequently used assessment instrument. A
preponderance of evidence®** demonstrated that the
ODI had been exploited to evaluate pain-related disability
in people with various kinds of lower back pain. A few
different versions have been exploited since 1980, when
the first version was published. Version 2.0 is now recom-
mended for general use. The ODI covers one item on pain
and nine items on activities of daily living (personal care,
lifting, walking, sitting, standing, sleeping, sex life, social
life, and travelling).’®*° In our opinion, RA technique
supported execution of MIS thus reducing intraopera-
tive injury and improving postoperative recovery of the
patient. We considered this was primarily why the post-
operative ODI of RA was statistically smaller compared
with CT.

The first systematic review and meta-analysis to inves-
tigate the difference of accuracy between RA and conven-
tional freehand pedicle screw insertion was published in
2016 by Liu et al,*' whose included studies comprised
both RCTs and cohort studies, leading to less powerful
results. Gao et al*? first published a meta-analysis and
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systematic review to compare RA and freehand with/
without fluoroscopy-assisted pedicle screw implantation
purely based on several RCTs conducted in 2018. Due
to the lack of sufficient pertinent RCTs, the statistically
pooled results of RA and conventional freehand pedicle
screw insertion in the treatment of spinal diseases were
not comprehensive in these two reviews. Before our
study, the study by Gao et al*? reported that compared
with conventional freehand with/without fluoroscopy-
assisted pedicle screw insertion, a smaller intraopera-
tive radiation dose was significantly associated with RA
surgery. The study by Li et al'® reported that RA pedicle
screw insertion was associated with significantly less
intraoperative radiation exposure time and a lower intra-
operative radiation dose. We think that these two results
were based on an incorrect comparison method. In the
study by Gao et al,*? they used the RCTs conducted by
Hyun et al'® and Roser et al?® to compare radiation dose.
However, the original data of the former and latter
studies were C-arm-registered fluoroscopy exposure per
screw and total radiation exposure for robotic-assisted
surgeries, respectively. The same applies to the study
by Li et al,’ in which the authors used radiation time of
C-arm fluoroscopy with each screw' and that of C-arm
fluoroscopy with full operation® to compare for radia-
tion dose and radiation time. We attempted to contact
the authors, but unfortunately the original data were not
available. We arrived at the conclusion that the credibility
of the meta-analysis by Gao et al*? on radiation dose, and
the meta-analysis by Li et al'® on radiation dose and radi-
ation time, were questionable.

Radiation exposure was most likely dependent on
the type of robot and variability of surgeon.*** The
radiation dose may be dramatically increased through
optical intraoperation navigation technique compared
with conventional open freehand pedicle screw inser-
tion.**® Although the surgical team have utilized many
approaches of radiation protection to decrease the high
exposure risk (e.g. whole-body apron, thyroid shield,
safe distance, or shield room), the patient was still very
exposed.“*! In this meta-analysis, the difference in radia-
tion dose between RA and CT was statistically significant
(p < 0.001, Z test; I = 97%). Due to differences in evalu-
ation method, environment, measuring equipment, and
robot types in each included RCT comparing the radia-
tion dose between the two intervention methods, qual-
itative conclusions have been drawn showing that the
radiation dose in robotic surgery was lower than that in
conventional freehand with/without fluoroscopy-assisted
pedicle screw insertion. However the range of each result
varied greatly in numerical value, and some results even
differed by orders of magnitude. We think the reason for
this outcome may be the application of optical naviga-
tion. Because of Mazor's working theory, the combina-
tion of preoperative CT and intraoperative imaging can
greatly reduce the radiation exposure of the medical
team and patients, while the optical navigation robot

system conducts intraoperative guidance with the aid of
optical navigation, which still needs further research on
the radiation exposure of the medical team and patients.
Furthermore, Kaminski et al*® demonstrated that radiation
dose imparted to patients not only depended on oper-
ating time, surgical technique, and acquisition protocol
but also on the patient’s body mass index (BMI). After
the different units in radiation dose were removed by
employing SMD, the difference in radiation dose between
RA and CT was statistically significant (p < 0.001, Z test; I
=97%). Nevertheless, due to its significant heterogeneity,
this conclusion still lacked clinical significance. The differ-
ence in radiation time between the RA and CT groups
also showed no clinical significance (p = 0.830, Z test; I?
= 98%). More independent high-quality RCTs using suffi-
ciently large sample sizes with radiation time and dose
are needed.

The aim of this study was to systematically compare
safety and accuracy of RA with CT pedicle screw insertion
for spine disease. Many published studies have performed
the comparison of RA with CT pedicle screw insertion for
spine disease. However, most of these were based on
non-RCTs. Our statistical efficiency is superior to these
studies. The studies of Liu et al,* Gao et al,*? and Li et
al'® are meta-analyses on this subject; the former was the
first published study based on RCTs and cohort studies,
and the latter two were based on pure RCTs. As the same
type of meta-analysis, our study contained more RCTs
with different types and generations of robotics, and
performed many refined subgroup analyses based on
types of robots, generations of Mazor robot, and opera-
tive levels. Furthermore, we corrected the methods they
used to extract data and perform comparisons. After the
data from ten high-quality included trials were pooled,
the results suggested that the RA group had a superior
accuracy rate utilizing both Gertzbein—Robbins Grade
A criteria and Gertzbein—Robbins Grade A + B criteria,
smaller postoperative ODI, and less proximal facet joint
violation. In the subgroup analysis, the results suggested
that robot equipped with optical intraoperative naviga-
tion was more accurate in pedicle screw insertion. The
advantage of this meta-analysis was that the RCTs were
collected on the same topic of research. In each included
RCT, the patients were selected discreetly and the inclu-
sion and exclusion criteria of patients were similar in
each trial included in this meta-analysis, which ensured
our statistical efficacy. Scrupulous patient selection is
essential to acquiring a good clinical result. Pooling
RCTs that have high methodological qualities can imply
a lower risk of bias. By considering all included trials
without language restrictions, this meta-analysis avoided
outcomes distorted by language bias. But there were
still several limitations in this meta-analysis. We could
not collect all the negative conclusions that existed in
any unpublished studies, which may lead to an overes-
timation of the authentic effectiveness of interventions.
But the publication bias could be seen as not statistically
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significant through funnel plot generated via RevMan
5.3 (Copenhagen: The Nordic Cochrane Centre, The
Cochrane Collaboration) (Figure 8). Besides, all of the
included trials failed to report the comparison of costs
and reimbursement. As is well known, medical problems
are not only a scientific issue but also constitute a social
problem. Malham and Wells-Quinn®? suggested that
the cost of a robotic arm equipped with intraoperative
navigation requires additional data to justify its expense.
Although robotic surgery technology will be at its peak
one day, its expenses can only be accepted by a limited
number people. That situation will also be the opposite
of the original intention of this technology, which is to
serve the general public. So far, the question of robot
operation costs and reimbursement is still pending in
China.

All in all, so far robotics offers a tool to improve the
skills of surgeons, who must have the ability and expe-
rience to perform CT pedicle screw insertion. However,
we do not recommend the use of robots to complete
MIS for surgeons who have no experience in CT pedicle
screw insertion. The experience of conventional free-
hand pedicle screw insertion will improve the surgeons'
understanding of the core of this surgical procedure and
anatomical structure from useless rote memorization to
substantial cognition. The CT pedicle screw insertion
technique can improve the surgical skills and proficiency
of the surgeon, making a more perfect combination of
the surgeon and the robot in robotic surgery, which
allows surgeons to better understand the advantages
of robotic surgery. In addition, robotic surgery tech-
nology is still in its infancy at the present stage. Our
study concluded that the accuracy of robotic screw inser-
tion was improved, but there is still a long way to go in
achieving authentically robot-intelligent MIS. While the
design and application of robots have further improved,
changing surgical methods is also one of the methods by
which surgeons may improve the level of MIS. Further
improvement of robots, continuous emergence of large
data sample size RCT comparing different kinds of robots,
and further comparison of costs and reimbursement are
the problems that need further study. Robotic surgery
might change the models and future trends of surgery:
spinal surgery robots and even surgical robots could
be combined with artificial intelligence in the future.
Through deep learning, the current RA pedicle screw
insertion could be transformed into robotic automatic
pedicle screw insertion. At that point, a robot will be
able to perform the surgery under the supervision of a
qualified operator. Alternatively, by making full use of the
advantages of big data, it is possible to achieve remotely
operated robotic surgery in the future, which will further
promote the rational use of medical resources and the
reform of surgical techniques.

In conclusion, the outcomes of this meta-analysis
suggest that the RA technique could be viewed as accu-
rate and safe pedicle screw implantation compared to

CT. The results of the subgroup analyses showed that a
robot system equipped with optical intraoperative navi-
gation was more accurate in pedicle screw insertion than
CT. Using robots for pedicle screw insertion can improve
accuracy and maintain stability for some challenging
areas such as the thoracic vertebra. At present, there are
no published RCTs reporting the cost-effectiveness anal-
yses. More independent high-quality RCTs using suffi-
ciently large sample sizes with radiation time, radiation
dose, and cost-effectiveness analyses are needed. More
comparisons between different types of robots should
also be conducted.
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