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Supplemental Table 1. Features of Included Studies

Study Population . Quality
Pedicle screws .
Study Type Treatme Age (mean, Body mass index per case Pedicle screws | Assessme
Reference Study (remove Languag nt Robot Patients (n) median*, (SD), [ Sex (female (%)) | (mean, median* mean (SD) (total) nt (non-
Type column for e (versus Type [range]) (SD)) kg/m2 RCT)
final version) control)
Treatme | Contr | Treatme | Contr | Treatme | Contr | Treatme | Contr | Treatme | Contr | Treatme | Contr
nt ol nt ol nt ol nt ol nt ol nt ol NOS
Robot-
Cannestra, trt1=robot, assisted | Unidentife
20144 Retro trt2=th English [ (RBA) d 51 51 5.5 5.3 9
Du et al., 60.1 232 5.5
202073 Retro robot vs o-arm | English RBA Tinavi 136 166 |58.6(9.9)] (10.3) | 62(46) |80 (48)[22.5(4.3)| (3.9) | 5.6(1.5) | (1.3) 760 908 8
trt 1 = robotic,
trt2 =ct Renaissan
Fanetal., navigation, trt 3 ce Mazor 63.9 11.7
20187 Retro = drill guide English RBA Robotics 83 109 |61.6(9.1)] (8.4) | 48(58) |65 (60) 122 2.5 2.7 9
SpineAssis
Fan, et al., trt1=robot, t Mazor 65.1 24.8
2017° Retro trt2=oarm English RBA Robotics 39 51 60.6 (7.9)] (8.0) | 20(51) [31(61)]22.9(4.7)] (3.5) 176 234 9
Feng et al., trt1=robot, 67.55 67.88 27 24.94 25.55
2019° RCT trt2=FH English RBA TiRobot 40 40 (6.5) (7.34) | 28 (70) | (67.5) (4.52) (3.46) 202 225
Han et al., trt1=robot, 54.6 56.1 24.9
20191 RCT trt2=FH English RBA TiRobot 115 119 (12.4) (13.4) | 60(52) [61(51)]25.7(4.1)] (2.9) 532 584
trt1=robot, Renaissan
Hyun et trt2=convention ce Mazor 66.8 25.8
al., 20174 RCT al fluoroscopy | English RBA Robotics 30 30 [66.5(@8.1)| (8.9) | 21(70) |22(73)]24.7(2.6)] (3.3) 4.3 4.7 130 140
trt1=robot
Kantelhard assist, SpineAssis
tetal., trt2=convention t Mazor 62.8[24- | 63.4
2011° Retro al fluoroscopy | English RBA Robotics 55 57 86] [16-85]] 30(55) |30 (53) 27.1 26.6 250 286 9
trt1=robot
assist, Renaissan 72.3% 68%*
Keric et trt2=convention ce Mazor (11.1) |(11.23)
al., 2016%° Retro al fluoroscopy | English RBA Robotics 66 24 [38-87] [[31-84]] 30 (45) |11 (46) 41 121 9
Khan et al., trt1=rba, MAZOR 59.3 58.1 24 32.1
2019%! Retro trt2=ctnav English RBA X 50 49 (11.7) (10.5) | 31(62) | (48.9) |30.7(5.1)]| (5.9) 190 165 8
Kim et al., trt1=mazor MAZOR 64.4 64.7 28.7
201576 RCT robot, trt2=FH | English RBA X 20 20 (11.9) (8.6) 9(45) |12(60)[253 (2.9 | (10.2) 80 80
trt1=robot, Renaissan
Kim et al., trt2=convention ce Mazor 65.4 66.0
201678 RCT al fh English RBA Robotics 37 41 (10.4) (8.6) 18 (50) [19 (45) 25.9 25.3 158 172
Renaissan
Kim et al., trt1=robot, ce Mazor 65.4 66.0
2018 RCT trt2=th English RBA Robotics 37 41 (10.4) (8.6) 18 (49) [19 (45 25.9 25.3
trt1=robot
assist,
Laudato et trt2=convention MAZOR
al, 2014% | Retro al fluoroscopy | English RBA X 11 48 64 314 9
Laudato et radiological MAZOR
al., 2018%° Retro study, trt 1 = | English RBA X 11 25 65 63 64 191 9




robotic
assistance, trt 2

=o-arm, trt 3 =
freehand
Lieberman trial, SpineAssis
etal., trt1=robot, t Mazor
201232 Cadaver trt2=FH English RBA Robotics 10 2 197 37
Lonjon et | Prospectiv | trt1=robot, ROSA 63.4 27.3
al.,, 201536 e trt2=FH English RBA MedTech 10 10 (634D | (1D 6(60) | 6(60) [27.8(4.0)]| (5.6) 40 50
Mao, et al., trt1=robot, MAZOR 59.5 59.6
202037 Retro trt2=oarm English RBA X 39 46 (12.4) 1 (13.7) [ 25(64) |31(67) 318 347
trt1=robot
assist, SpineAssis
Molligaj et trt2=convention t Mazor 58.3 54.4 4.47 6.21
al,, 2017%° Retro al fluoroscopy | English RBA Robotics 98 71 (12.8) ] (17.0) [ 48(49) |35(49) (2.18) [ (2.87) 439 441
SpineAssis
Ringel et trt]=spineassist t Mazor
al.,, 20124 RCT __ |robot, trt2=FH | English RBA Robotics 30 30 68* 67* 16 (53) [18(60) 26* 28% 146 152
SpineAssis
Roser et | Prospectiv| trtl=robot, t Mazor
al., 201347 e trt2=nav English RBA Robotics 18 9 72 36
Retro study,
trt1=robot, SpineAssis
Schatlo et tr2=fluoroscop t Mazor 52%[27- | 58* 28.0 4.9
al.,, 2014% Retro y English RBA Robotics 55 40 83] [23-82]] 29 (52.7) [28(70)|24.73.7)| (6.1) | 43(2.3) [ (24) 241 163
Schizas et | Prospectiv| Trtl = robot, Unidentife
al., 2012%° e trt2 = freechand | English RBA d 11 23 64 64
Solomiichu trt1=robot, SpineAssis
ketal., trt2=convention t Mazor 63.7 62.2 6.1
2017%7 Retro al English RBA Robotics 35 35 (10.6) | (11.1) [ 14 (40) |12 (34) 5521 [ @23) 192 214
trt1=robot,
Tian et al., trt2=fluoroscop
20177 RCT y English RBA TiRobot 23 17 102 88
Zahrawi, trt1=robot, Unidentife
20147 Retro trt2=fh English RBA d 52 70 5.8 6 253 383
Boon Tow
etal, Prospectiv | trtl=o_arm, 60 62
20153 e trt2=FH English [ O-Arm 19 19 (11.25) [(18.07)| 13(68) [ 6(32) 76 76
trt1=0-arm
navigation,
trt2=convention
al open-TLIF
Chen, et under C-arm 52.67 51.71
al., 2019° Retro fluoroscopy English [ O-Arm 21 24 (10.18) | (6.82) 9(43) |13(54) 84 96
Houten et trt1=oarm,
al., 201213 Retro trt2=FH English [ O-Arm 52 42 205 141
Jin et al., trtl1=oarm, 14.8[11- | 15.3
2016'7 Retro trt2=FH English [ O-Arm 13 19 22] [12-27]] 8(62) [10(53) 92 121
Jing, et al., trt 1=o0-arm, 54.80 53.04 24.73 24.08
201918 Retro trt2=frechand [ English | O-Arm 35 25 (17.63) [(18.66)| 18(51) [12(48)] (3.27) [ (4.85) 191 150
Knafo et trtl=oarm, 64.3[27- 63.9
al., 2018% Retro trt2=carm English [ O-Arm 123 75 88] [26-87]] 65(53) [43(57) 663 324




Liu et al., Case- trt]1=o--arm, 14.0
20163 control trt2=FH English [ O-Arm 46 92 156 (3.4)] (2.2) | 34(74) [64(70) 344 712
Liu et al., trtl=oarm,
20173 Retro trt2=FH Chinese [ O-Arm 18 23 122 136
Liu, Wang,
etal., Prospectiv trt1=oarm, 41.6 432
20173 e trt2=carm English [ O-Arm 30 23 (17.9) | (14.2) | 11 37) | 8(35) 208 156
Ohba et al., trtl=oarm, 58.8 23.5
20164 Retro trt2=FH English [ O-Arm 19 9 67 (14.1) | (22.1) | 10(53) | 2(22) |21.8(6.7)] (3.9) 122 72
trt 1=o0-arm,
Peng, et trt2=convention 55.61 56.59
al., 2019% Retro al English [ O-Arm 18 22 9.29) | (7.13) | 13(72) [17(77) 72 88
Sclafani et trt1=o-arm,
al., 201132 Retro trt2=c-arm English [ O-Arm 4 6 22 24
Shin et al., trtl=oarm, 57.7139- | 59.4
20123 Retro trt2=FH English [ O-Arm 24 45 76] [33-72]] 14 (58) |24 (53) 106 204
trt1=o-arm,
Shin et al., trt2+convention 55.3[28- | 57.5
2015% RCT al fluoroscopy | English | O-Arm 20 20 75] [30-72]] 9 (45) | 8 (40) 124 138
Silbermann
etal., Compariso| trtl=o-arm,
2011%¢ n trt2=FH English [ O-Arm 37 30 64.41 60.1 16 (43) [15(50) 187 150
Tabaraee
etal., trt1=oarm,
201338 Cadaver trt2=carm English [ O-Arm 4 4 80 80
trt1=0-arm,
Tajsic et trt2=convention 50 18- [58[19-
al., 2018>° Retro al English [ O-Arm 27 93 84] 80] 29 (50) |43 (46) 162 504
trt1=0-arm
Urbanski navigation,
etal., trt2=convention 20 [11- |24 712-
2018% Retro al frechand English [ O-Arm 27 22 45] 48] 22 (81) |19 (86) 451 384
Verma et trt1=oarm, 27.67* 28.9*
al., 2016% Retro trt2=carm English [ O-Arm 278 309 [6-63] | [4-711 | 62(22) [76(25) 1720 2173
trt1=0-arm
navigation,
Wang, et trt2=convention 72.15 72.57
al., 2019% Retro al frechand English [ O-Arm 20 21 (5.58) | (6.41) [ 11(55) | 9(43) 160 168
Yang, et trt 1=o0-arm, 49.3
al., 20208 Retro trt2=freechand | English | O-Arm 36 36 [48.709.7)| (11.2) | 11(31) |13 (36) 180 172
Zhang et | Prospectiv| trtl=o_arm, 54.6 55.6 253
al., 20197! e trt2=FH English [ O-Arm 50 50 (11.1) | (12.8) | 33(66) [29(58)]25.6(3.9)| (3.1) 100 100
trt1=0-arm
navigation,
Zhao, et trt2=convention 14.8
al., 20187 Retro al frechand English [ O-Arm 27 27 14.2 (2.3)] (2.1) 19 (70) |18 (67) 484 478
Compariso | trt1=computer-
n using assisted, 3DCT
Amiotet | pro-and |[trt2=convention navigatio 50.7 473
al., 2000! | Retro data al English n 50 100 (13.7) | (12.7) 5.28 5.44 294 544




trtl=computer

aided CT, 3DCT
Arand et | Prospectiv | trt2=convention navigatio
al., 20012 e al German n 72 86
Compariso
Gruetzner | nusing trt1=3D 3DCT
etal., pro- and imaging, navigatio 46.7 [20- 26.6
2004!° | Retro data trt2=CT English n 24 27 76] 40.6 1042) [6(22) 127734 3.7 114 112
comparison,
trt1=3D, 3DCT
Han et al., trt2=convention navigatio
2010'2 RCT al English n 22 20 92 84
3DCT
Huang et | Compariso navigatio
al., 200977 n Chinese n 21 21 [24-64] total 13 (31) total 104 98
trt]1=3D FN, 3DCT
Ishikawa et trt2=convention navigatio 59.9
al., 2010%° Retro al English n 32 30 ]59309.8)[ (18.3) | 12(38) [14(47) 150 126
trt1=3d
navigation, 3DCT
Ito et al., trt2=convention navigatio 57129- [58[51-
2007'¢ Retro al English n 5 5 70] 67] 4(80) |5(100) 25 27
Compariso | trtl=computer
n using assisted, 3DCT
Kotaniet | pro- and |trt2=convention navigatio
al., 2003% | Retro data al English n 17 180 |42[6-83] | N/A 10(59) [ N/A 78 669
trtl=computeer
assisted, 3DCT
Kotani et trt2=convention navigatio 16 [6-
al., 2007 Retro al English n 20 25 13[6-18]| 18] 37 (82) total 57 81
3DCT
Kotani et navigatio
al, 2014%* | Retro English n 32 29 416 222
trtl=computer
assisted, 3DCT
Laine et trt2=convention navigatio 54 (16) |53 (14)
al., 2000%7 RCT al English n 41 50 [22-82] [[22-77] 5.3 5.5 219 277
trt]=iso-C-arm
3D, 3DCT
Lekovic et trt2=fluoroscop navigatio
al., 2007°! Retro y English n 12 25 94 183
3DCT
Lee et al., [Compariso| trt1=CT-3D, navigatio
200730 n trt2=fluoro English n 9 19 45 63
trt1=CT-baseed 3DCT
Liu et al., | Compariso | nav, trt2=x-ray navigatio
20053 n fluoro English n 155 133
3DCT
Liu et al., | Prospectiv | trt1=3D-C-arm, navigatio 40.6 [16- | 48 [21-
2010% e trt2=CT English n 29 29 88] 72] 8(28) 11034 140 159




Nakashima trt1=3D, 3DCT
etal., trt2=convention navigatio 63.2 [52-
20094 Retro al English n 84] 17 (25) 150 150
Nottmeier 3DCT
etal., trt1=3D, navigatio
20094 Retro trt2=0/Carm | English n 140 80 637 314
Rajasekara 3DCT 15.4
netal, trt1=Iso-C, navigatio 19.6 (9.3) | (4.3)
20074 RCT trt2=FH English n 17 16 [10-52] [[11-19]] 11(65) [12(75) 242 236
trtl=computeer
-assisted nav, 3DCT
Richter et | Prospectiv | trt2=convention navigatio 58.4[30- [ 54.5
al., 20054 e al English n 32 20 76] [29-69] 167 93
3DCT 15.1
Sakai et trt1=Ct nav, navigatio 1453.1) (1.7
al., 20084 Retro trt2=FH English n 20 20 [5-20] |[15-22][ 18(90) |14 (70) 264 214
trt1=CT-based, 3DCT
Schnake et trt2=convention navigatio
al., 2004°! Retro al German n 56 41 [16-80] total 42 (49) total 211 113
trtl=computer-
assisted CAOS, 3DCT
Seller et | Prospectiv | trt2=convention navigatio
al., 20053 e al German n 16 36 24
trt1=iso-C 3d
nav, trt2=CT- 3DCT
Tian et al., | Compariso| based nav/C- navigatio
20062 n arm Chinese n 187 145
3DCT
Tian et al., trt1=iso-c 3D, navigatio
201390 Cadaver trt2=CT English n 8 8 Adult cadavers 80 80
Tormenti 3DCT
etal., trt1=XLIF, navigatio 60 [48- |61 [48-
20108 Retro trt2=PLIF English n 69] 81] 164 211
trt1=3D fluoro,
Wood & trt2=CT 3DCT
Mannion, |Compariso| merged w/ navigatio 53 [28- [53[22-
201167 n fluoro English n 43 24 76] 78] 21(49) [16(67) 186 110
3DCT
Yuetal., trt1=3d nav, navigatio
2008%° RCT trt2=traditional | Chinese n 401
CT
Fuetal., trt1=CTnav, navigatio
2007° Retro trt2=fuoro English n 11 13 76 74
trtl=nav, 2DCT
Merloz et | Clinical [trt2=convention navigatio 30.8[17- | 38.6
al.,, 200738 trial al English n 26 26 64] [18-67]] 12(46) | 8(31) 140 138

Table 1.




Abbreviations utilized: RCT = Randomized controlled trial. Trl = Treatment 1. Tr2 = Treatment 2. Retro = Retrospective study. Studies were
included for analysis if they reported total number of screws or patients. All superscripted references are in reference to supplemental references
below.



Supplemental References:

1.

10.

11.

12.

Amiot LP, Lang K, Putzier M, Zippel H, Labelle H. Comparative results between conventional and computer-assisted pedicle screw
installation in the thoracic, lumbar, and sacral spine. Spine (Phila Pa 1976). 2000;25(5):606-614. doi:10.1097/00007632-200003010-
00012

Arand M, Hartwig E, Hebold D, Kinzl L, Gebhard F. [Precision analysis of navigation-assisted implanted thoracic and lumbar pedicled

screws. A prospective clinical study]. Unfallchirurg. 2001;104(11):1076-1081. doi:10.1007/s001130170023

Boon Tow BP, Yue WM, Srivastava A, et al. Does navigation improve accuracy of placement of pedicle screws in single-level lumbar
degenerative spondylolisthesis? : a comparison between free-hand and three-dimensional o-arm navigation techniques. J Spinal Disord
Tech.2015;28(8):E472-477. doi:10.1097/BSD.0b013e3182a9435¢

Cannestra AF. Significant decreased radiation exposure in percutaneous adult degenerative spinal instrumentation with robotic guidance.
The Spine Journal. 2014;14(11):S171. doi:10.1016/j.spinee.2014.08.412

Chen H-Y, Xiao X-Y, Chen C-W, et al. Results of using robotic-assisted navigational system in pedicle screw placement. PLoS One.
2019;14(8):e0220851. doi:10.1371/journal .pone.0220851

Fan Y, Du J, Zhang J, et al. Comparison of accuracy of pedicle screw insertion among 4 guided technologies in spine surgery. Med Sci
Monit. 2017;23:5960-5968. doi:10.12659/MSM.905713

Fan Y, Peng Du J, Liu JJ, Zhang JN, Liu SC, Hao DJ. Radiological and clinical differences among three assisted technologies in pedicle
screw fixation of adult degenerative scoliosis. Sci Rep. 2018;8(1):890. doi:10.1038/s41598-017-19054-7

Feng S, Tian W, Sun Y, Liu Y, Wei Y. Effect of robot-assisted surgery on lumbar pedicle screw internal fixation in patients with
osteoporosis. World Neurosurg.2019;125:¢1057-e1062. doi:10.1016/j.wneu.2019.01.243

Fu T-S, Wong C-B, Tsai T-T, Liang Y-C, Chen L-H, Chen W-J. Pedicle screw insertion: computed tomography versus fluoroscopic
image guidance. Int Orthop. 2008;32(4):517-521. doi:10.1007/s00264-007-0358-1

Griitzner PA, Beutler T, Wendl K, von Recum J, Wentzensen A, Nolte L-P. [Intraoperative three-dimensional navigation for pedicle
screw placement]. Chirurg. 2004;75(10):967-975. doi: 10.1007/s00104-004-0944-3

Han X, Tian W, Liu Y, et al. Safety and accuracy of robot-assisted versus fluoroscopy-assisted pedicle screw insertion in thoracolumbar
spinal surgery: a prospective randomized controlled trial. J Neurosurg Spine. February 2019:1-8. doi:10.3171/2018.10.SPINE18487
Han W, Gao Z, Wang J, et al. Pedicle screw placement in the thoracic spine: a comparison study of computer-assisted navigation and
conventional techniques. Orthopedics. 2010;33(8). doi:10.3928/01477447-20100625-14



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Houten JK, Nasser R, Baxi N. Clinical assessment of percutaneous lumbar pedicle screw placement using theO-arm multidimensional
surgical imaging system. Neurosurgery.2012;70(4):990-995. doi:10.1227/NEU.0b013e318237a829

Hyun S-J, Kim K-J, Jahng T-A, Kim H-J. Minimally invasive robotic versus open fluoroscopic-guided spinal instrumented fusions: a
randomized controlled trial. Spine (Phila Pa 1976).2017;42(6):353-358. doi:10.1097/BRS.0000000000001778

Ishikawa Y, Kanemura T, Yoshida G, Ito Z, Muramoto A, Ohno S. Clinical accuracy of three-dimensional fluoroscopy-based computer-
assisted cervical pedicle screw placement: a retrospective comparative study of conventional versus computer-assisted cervical pedicle
screw placement. J Neurosurg Spine. 2010;13(5):606-611. doi:10.3171/2010.5.SPINE09993

Ito H, Neo M, Yoshida M, Fujibayashi S, Yoshitomi H, Nakamura T. Efficacy of computer-assisted pedicle screw insertion for cervical
instability in RA patients. Rheumatol Int. 2007;27(6):567-574. doi:10.1007/s00296-006-0256-7

Jin M, Liu Z, Liu X, et al. Does intraoperative navigation improve the accuracy of pedicle screw placement in the apical region of
dystrophic scoliosis secondary to neurofibromatosis type I: comparison between O-arm navigation and free-hand technique. Eur Spine J.
2016;25(6):1729-1737. doi:10.1007/s00586-015-4012-0

Jing L, Wang Z, Sun Z, Zhang H, Wang J, Wang G. Accuracy of pedicle screw placement in the thoracic and lumbosacral spines using
O-arm-based navigation versus conventional freehand technique. Chin Neurosurg J.2019;5:6. doi:10.1186/s41016-019-0154-y
Kantelhardt SR, Martinez R, Baerwinkel S, Burger R, Giese A, Rohde V. Perioperative course and accuracy of screw positioning in
conventional, open robotic-guided and percutaneous robotic-guided, pedicle screw placement. Eur Spine J. 2011;20(6):860-868.
doi:10.1007/s00586-011-1729-2

Keric N, Eum DJ, Afghanyar F, et al. Evaluation of surgical strategy of conventional vs. percutaneous robot-assisted spinal trans-
pedicular instrumentation in spondylodiscitis. J Robot Surg.2017;11(1):17-25. doi:10.1007/s11701-016-0597-5

Khan A, Meyers JE, Yavorek S, et al. Comparing next-generation robotic technology with 3-dimensional computed tomography
navigation technology for the insertion of posterior pedicle screws. World Neurosurg. 2019;123:e474-e481.
doi:10.1016/j.wneu.2018.11.190

Kim H-J, Kang K-T, Chun H-J, et al. Comparative study of 1-year clinical and radiological outcomes using robot-assisted pedicle screw
fixation and freehand technique in posterior lumbar interbody fusion: A prospective, randomized controlled trial. Int J Med Robot.
2018;14(4):e1917. doi:10.1002/rcs.1917

Knafo S, Mireau E, Bennis S, Baussart B, Aldea S, Gaillard S. Operative and perioperative durations in o-arm vs c-arm fluoroscopy for
lumbar instrumentation. Oper Neurosurg (Hagerstown). 2018;14(3):273-278. doi:10.1093/ons/opx142



24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Kotani T, Akazawa T, Sakuma T, et al. Accuracy of pedicle screw placement in scoliosis surgery: a comparison between conventional
computed tomography-based and o-arm-based navigation techniques. Asian Spine J.2014;8(3):331-338. doi:10.4184/asj.2014.8.3.331
Kotani Y, Abumi K, Ito M, Minami A. Improved accuracy of computer-assisted cervical pedicle screw insertion. J Neurosurg. 2003;99(3
Suppl):257-263. doi:10.3171/spi.2003.99.3.0257

Kotani Y, Abumi K, Ito M, et al. Accuracy analysis of pedicle screw placement in posterior scoliosis surgery: comparison between
conventional fluoroscopic and computer-assisted technique. Spine (Phila Pa 1976).2007;32(14):1543-1550.
doi:10.1097/BRS.0b013e318068661¢

Laine T, Lund T, Ylikoski M, Lohikoski J, Schlenzka D. Accuracy of pedicle screw insertion with and without computer assistance: a
randomised controlled clinical study in 100 consecutive patients. Eur Spine J. 2000;9(3):235-240. doi:10.1007/s005860000146
EUROSPINE 2014 Lyon, France, October 1-3. Eur Spine J. 2014;23(5):469-496. doi:10.1007/s00586-014-3515-4

Laudato PA, Pierzchala K, Schizas C. Pedicle screw insertion accuracy using o-arm, robotic guidance, or freehand technique: a
comparative study. Spine (Phila Pa 1976).2018;43(6):E373-E378. doi:10.1097/BRS.0000000000002449

Lee GYF, Massicotte EM, Rampersaud YR. Clinical accuracy of cervicothoracic pedicle screw placement: a comparison of the “open”
lamino-foraminotomy and computer-assisted techniques. J Spinal Disord Tech. 2007;20(1):25-32.
doi:10.1097/01.bsd.0000211239.21835.ad

Lekovic GP, Potts EA, Karahalios DG, Hall G. A comparison of two techniques in image-guided thoracic pedicle screw placement: a
retrospective study of 37 patients and 277 pedicle screws. J Neurosurg Spine. 2007;7(4):393-398. doi:10.3171/SPI-07/10/393
Lieberman IH, Hardenbrook MA, Wang JC, Guyer RD. Assessment of pedicle screw placement accuracy, procedure time, and radiation
exposure using a miniature robotic guidance system. J Spinal Disord Tech.2012;25(5):241-248. doi:10.1097/BSD.0b013e318218a5ef
Liu Y-J, Tian W, Liu B, et al. Comparison of the clinical accuracy of cervical (C2-c7) pedicle screw insertion assisted by fluoroscopy,
computed tomography-based navigation, and intraoperative three-dimensional C-arm navigation. Chin Med J (Engl).2010;123(21):2995-
2998.

Liu H, Chen W, Liu T, Meng B, Yang H. Accuracy of pedicle screw placement based on preoperative computed tomography versus
intraoperative data set acquisition for spinal navigation system. Journal of Orthopaedic Surgery.2017;25(2):230949901771890.
doi:10.1177/2309499017718901

Liu'Y, Tian W, Liu B, et al. [Accuracy of CT-based navigation of pedicle screws implantation in the cervical spine compared with X-ray
fluoroscopy technique]. Zhonghua Wai Ke Za Zhi. 2005;43(20):1328-1330.



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Lonjon N, Chan-Seng E, Costalat V, Bonnafoux B, Vassal M, Boetto J. Robot-assisted spine surgery: feasibility study through a
prospective case-matched analysis. Eur Spine J. 2016;25(3):947-955. doi:10.1007/s00586-015-3758-8

Mao G, Gigliotti MJ, Myers D, Yu A, Whiting D. Single-surgeon direct comparison of o-arm neuronavigation versus mazor x robotic-
guided posterior spinal instrumentation. World Neurosurgery. 2020;137:e278-e285. doi:10.1016/j.wneu.2020.01.175

Merloz P, Troccaz J, Vouaillat H, et al. Fluoroscopy-based navigation system in spine surgery. Proc Inst Mech Eng H.2007;221(7):813-
820. doi:10.1243/09544119JEIM268

Molliqgaj G, Schatlo B, Alaid A, et al. Accuracy of robot-guided versus freehand fluoroscopy-assisted pedicle screw insertion in
thoracolumbar spinal surgery. Neurosurg Focus.2017;42(5):E14. doi:10.3171/2017 .3 . FOCUS179

Nakashima H, Sato K, Ando T, Inoh H, Nakamura H. Comparison of the percutaneous screw placement precision of isocentric C-arm 3-
dimensional fluoroscopy-navigated pedicle screw implantation and conventional fluoroscopy method with minimally invasive surgery. J
Spinal Disord Tech. 2009;22(7):468-472. doi:10.1097/BSD.0b013e31819877c8

Nottmeier EW, Seemer W, Young PM. Placement of thoracolumbar pedicle screws using three-dimensional image guidance: experience
in a large patient cohort. J Neurosurg Spine. 2009;10(1):33-39. doi:10.3171/2008.10.SPI08383

Ohba T, Ebata S, Fujita K, Sato H, Haro H. Percutaneous pedicle screw placements: accuracy and rates of cranial facet joint violation
using conventional fluoroscopy compared with intraoperative three-dimensional computed tomography computer navigation. Eur Spine
J.2016;25(6):1775-1780. doi:10.1007/s00586-016-4489-1

Peng Y-N, Tsai L-C, Hsu H-C, Kao C-H. Accuracy of robot-assisted versus conventional freehand pedicle screw placement in spine
surgery: a systematic review and meta-analysis of randomized controlled trials. Ann Transl Med. 2020;8(13):824. doi:10.21037/atm-20-
1106

Rajasekaran S, Vidyadhara S, Ramesh P, Shetty AP. Randomized clinical study to compare the accuracy of navigated and non-navigated
thoracic pedicle screws in deformity correction surgeries. Spine (Phila Pa 1976). 2007;32(2):E56-64.
doi:10.1097/01.brs.0000252094.64857 .ab

Richter M, Cakir B, Schmidt R. Cervical pedicle screws: conventional versus computer-assisted placement of cannulated screws. Spine
(Phila Pa 1976).2005;30(20):2280-2287. doi:10.1097/01 .brs.0000182275.31425 .cd

Ringel F, Stiier C, Reinke A, et al. Accuracy of robot-assisted placement of lumbar and sacral pedicle screws: a prospective randomized
comparison to conventional freehand screw implantation. Spine (Phila Pa 1976).2012;37(8):E496-501.
doi:10.1097/BRS.0b013e31824b7767



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Roser F, Tatagiba M, Maier G. Spinal robotics: current applications and future perspectives. Neurosurgery.2013;72 Suppl 1:12-18.
doi:10.1227/NEU.0b013e318270d02c

Sakai Y, Matsuyama Y, Nakamura H, et al. Segmental pedicle screwing for idiopathic scoliosis using computer-assisted surgery. J Spinal
Disord Tech. 2008;21(3):181-186. doi:10.1097/BSD.0b013e318074d388

Schatlo B, Molligaj G, Cuvinciuc V, Kotowski M, Schaller K, Tessitore E. Safety and accuracy of robot-assisted versus fluoroscopy-
guided pedicle screw insertion for degenerative diseases of the lumbar spine: a matched cohort comparison. J Neurosurg Spine.
2014;20(6):636-643. doi:10.3171/2014.3.SPINE13714

Schizas C, Thein E, Kwiatkowski B, Kulik G. Pedicle screw insertion: robotic assistance versus conventional C-arm fluoroscopy. Acta
Orthop Belg.?2012;78(2):240-245.

Schnake KJ, Konig B, Berth U, et al. [Accuracy of CT-based navitation of pedicle screws in the thoracic spine compared with
conventional technique]. Unfallchirurg. 2004;107(2):104-112. doi:10.1007/s00113-003-0720-8

Sclafani JA, Regev GJ, Webb J, Garfin SR, Kim CW. Use of a quantitative pedicle screw accuracy system to assess new technology:
Initial studies on O-arm navigation and its effect on the learning curve of percutaneous pedicle screw insertion. SAS J. 2011;5(3):57-62.
doi:10.1016/j.esas.2011.04.001

Seller K, Wild A, Urselmann L, Krauspe R. [Prospective screw misplacement analysis after conventional and navigated pedicle screw
implantation]. Biomed Tech (Berl). 2005;50(9):287-292. doi:10.1515/BMT.2005.043

Shin M-H, Hur J-W, Ryu K-S, Park C-K. Prospective comparison study between the fluoroscopy-guided and navigation coupled with o-
arm-guided pedicle screw placement in the thoracic and lumbosacral spines. J Spinal Disord Tech. 2015;28(6):E347-351.
doi:10.1097/BSD.0b013e31829047a7

Shin M-H, Ryu K-S, Park C-K. Accuracy and safety in pedicle screw placement in the thoracic and lumbar spines : comparison study
between conventional c-arm fluoroscopy and navigation coupled with o-arm® guided methods. J Korean Neurosurg Soc.
2012;52(3):204-209. doi:10.3340/jkns.2012.52.3.204

Silbermann J, Riese F, Allam Y, Reichert T, Koeppert H, Gutberlet M. Computer tomography assessment of pedicle screw placement in
lumbar and sacral spine: comparison between free-hand and O-arm based navigation techniques. Eur Spine J.2011;20(6):875-881.
doi:10.1007/s00586-010-1683-4

Solomiichuk V, Fleischhammer J, Molliqaj G, et al. Robotic versus fluoroscopy-guided pedicle screw insertion for metastatic spinal
disease: a matched-cohort comparison. Neurosurg Focus. 2017;42(5):E13. doi:10.3171/2017.3. FOCUS1710



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Tabaraee E, Gibson AG, Karahalios DG, Potts EA, Mobasser J-P, Burch S. Intraoperative cone beam-computed tomography with
navigation (O-arm) versus conventional fluoroscopy (C-arm): a cadaveric study comparing accuracy, efficiency, and safety for spinal
instrumentation. Spine (Phila Pa 1976).2013;38(22):1953-1958. doi:10.1097/BRS.0b013e3182a51d1e

Tajsic T, Patel K, Farmer R, Mannion RJ, Trivedi RA. Spinal navigation for minimally invasive thoracic and lumbosacral spine fixation:
implications for radiation exposure, operative time, and accuracy of pedicle screw placement. Eur Spine J. 2018;27(8):1918-1924.
doi:10.1007/s00586-018-5587-z

Tian W, Liu Y, Zheng S, Lv Y. Accuracy of lower cervical pedicle screw placement with assistance of distinct navigation systems: a
human cadaveric study. Eur Spine J.2013;22(1):148-155. doi:10.1007/s00586-012-2494-6

Tian W, Han X, Liu B, et al. A robot-assisted surgical system using a force-image control method for pedicle screw insertion. PLoS One.
2014;9(1):e86346. doi: 10.1371/journal .pone.0086346

Tian W, Liu Y, Liu B, et al. [Clinical contrast of cervical pedicle screw fixation assisted by C-arm fluoroscopy or 3D navigation system].
Zhonghua Wai Ke Za Zhi. 2006;44(20):1399-1402.

Tormenti MJ, Maserati MB, Bonfield CM, Okonkwo DO, Kanter AS. Complications and radiographic correction in adult scoliosis
following combined transpsoas extreme lateral interbody fusion and posterior pedicle screw instrumentation. Neurosurg Focus.
2010;28(3):E7. doi:10.3171/2010.1 FOCUS09263

Urbanski W, Jurasz W, Wolanczyk M, et al. Increased radiation but no benefits in pedicle screw accuracy with navigation versus a
freehand technique in scoliosis surgery. Clin Orthop Relat Res. 2018;476(5):1020-1027. doi:10.1007/s11999.0000000000000204

Verma SK, Singh PK, Agrawal D, et al. O-arm with navigation versus C-arm: a review of screw placement over 3 years at a major
trauma center. Br J Neurosurg. 2016;30(6):658-661. doi:10.1080/02688697.2016.1206179

Wang Y, Chen K, Chen H, et al. Comparison between free-hand and O-arm-based navigated posterior lumbar interbody fusion in elderly
cohorts with three-level lumbar degenerative disease. Int Orthop.2019;43(2):351-357. doi:10.1007/s00264-018-4005-9

Wood M, Mannion R. A comparison of CT-based navigation techniques for minimally invasive lumbar pedicle screw placement. J Spinal
Disord Tech.2011;24(1):E1-5. doi:10.1097/BSD.0b013e3181d534b8

Yang P, Chen K, Zhang K, Sun J, Yang H, Mao H. Percutaneous short-segment pedicle instrumentation assisted with O-arm navigation
in the treatment of thoracolumbar burst fractures. Journal of Orthopaedic Translation. 2020;21:1-7. doi:10.1016/j.j0t.2019.11.002

Yu X, Xu L, Bi L. [Spinal navigation with intra-operative 3D-imaging modality in lumbar pedicle screw fixation]. Zhonghua Yi Xue Za
Zhi. 2008;88(27):1905-1908.



70.

71.

72.

73.

74.

75.

76.

77.

78.

Zahrawi F. Comparative analysis of robotic-guided pedicle screw placement accuracy and freehand controls in percutaneous adult
degenerative spinal instrumentation. The Spine Journal. 2014;14(11):S63. doi:10.1016/j.spinee.2014.08.164

Zhang Q, Xu Y-F, Tian W, et al. Comparison of superior-level facet joint violations between robot-assisted percutaneous pedicle screw
placement and conventional open fluoroscopic-guided pedicle screw placement. Orthop Surg. 2019;11(5):850-856. doi:10.1111/0s.12534
Zhao Q, Zhang H, Hao D, Guo H, Wang B, He B. Complications of percutaneous pedicle screw fixation in treating thoracolumbar and
lumbar fracture. Medicine (Baltimore).2018;97(29):e11560. doi:10.1097/MD.000000000001 1560

Du J, Gao L, Huang D, et al. Radiological and clinical differences between tinavi orthopedic robot and o-arm navigation system in
thoracolumbar screw implantation for reconstruction of spinal stability. Med Sci Monit. 2020;26:¢924770. doi:10.12659/MSM.924770
Xu P, Ge P, Zhang RJ, et al. Effect of robot assisted pedicle screw fixation in the treatment of thoracolumbar fracture. Orthop Surg.
2018;39(6):687—690.

Tian W, Fan M, Liu Yajun. Pedicle Screw Insertion in Spine: A Randomized Controlled Study for Robot-Assisted Spinal Surgery. EPiC
Series in Health Sciences. 2017; 1:23-27

Kim HJ, Lee SH, Chang BS, et al. Monitoring the Quality of Robot-Assisted Pedicle Screw Fixation in the Lumbar Spine by Using a
Cumulative Summation Test. Spine. 2015;40(2):87-94. doi: 10.1097/BRS.0000000000000680

Huang Y, Kong R, Fang SY, Yu DW, Li SM, Zhang B, et al. Comparison study between C-arm X-ray and 3D-CT in guiding
thoracolumbar pedicle screw fixation. Shandong Med J. 2009;49:5-7.

Kim H-J, Jung W-I, Chang B-S, Lee C-K, Kang K-T, Yeom JS. A prospective, randomized, controlled trial of robot-assisted vs freehand
pedicle screw fixation in spine surgery. Int J Med Robot. 2017;13(3). doi:10.1002/rcs.1779



Supplemental Table 2

Random . Blinding of | Blinding of .
Allocation . Selective
sequence participants outcome Incomplete .
A . concealment reporting | Other
uthor, year generation (selection and personnel | assessment | outcome data (reporting | bias
(selection . (performance | (detection | (attrition bias) poring
bias) bias) bias) bias) bias)
Feng et al., 20198 Low Low High Low Low Low Low
Han et al., 2019"! Low Low High Low Low Low Low
Hyun et al., 20174 Low Low High Unclear Low Low Low
Kim et al., 20157 Low Low High Low Low Low Low
Kim et al., 201778 Low Low High Low Low Low Low
Kim et al., 2018% Low Low High Low Low Low Low
Lieberman et al., 201232 Low Low High Low Low Low Low
Ringel et al., 20124 Unclear Unclear High Low Low Low Low
Roser et al., 2013 Unclear Unclear High Unclear Low Low Low
Tian et al., 20177 Low Low High Low Low Low Low
Shin et al., 20153 Low Low High Low Low Low Low
Laine et al., 2000% Low Unclear High Low Low Low Low
Rajasekaran et al., 20074 Low Unclear High Unclear Low Low Low
Yu et al., 2008%° Unclear Unclear High Low Low Low Low

*Superscript indicates references from Supplemental References accompanying Supplemental

Table 1.
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