Supplementary Material
Online Resource 1. Supplementary Tables 2–13. Baseline characteristics before and after propensity score weighting, and outcome summaries, for degenerative, elderly, obese, and multilevel subgroups. All tables correspond to analyses described in the Methods section of the main manuscript.
Table 2: Degenerative Cohort Baseline Characteristics Before Weighting

	
	Freehand
	Nav
	Robotic
	SMD N-F
	SMD R-F
	SMD R-N
	Max |SMD|

	N
	50
	51
	160
	
	
	
	

	Age
	66.67 ± 11.77
	63.69 ± 12.17
	63.66 ± 12.30
	-0.25
	-0.25
	0.00
	0.25

	BMI
	29.09 ± 5.15
	30.49 ± 5.78
	29.92 ± 5.02
	0.26
	0.16
	-0.10
	0.26

	Male
	22 (44.00%)
	20 (39.22%)
	58 (36.25%)
	-0.10
	-0.16
	-0.06
	0.16

	Smoker
	22 (44.00%)
	24 (47.06%)
	55 (34.38%)
	0.06
	-0.20
	-0.26
	0.26

	Levels
	2.42 ± 1.40
	2.06 ± 1.46
	1.37 ± 0.69
	-0.25
	-0.95
	-0.60
	0.95

	Index Procedure
	32 (65.31%)
	26 (50.98%)
	117 (73.12%)
	-0.29
	0.17
	0.47
	0.47

	MIS
	0 (0.00%)
	6 (11.76%)
	137 (85.62%)
	0.52
	3.45
	2.19
	3.45

	Cage
	6 (13.04%)
	20 (40.00%)
	56 (35.00%)
	0.64
	0.53
	-0.10
	0.64

	HTN
	32 (64.00%)
	27 (52.94%)
	52 (32.50%)
	-0.23
	-0.66
	-0.42
	0.66

	IHD
	12 (24.00%)
	7 (13.73%)
	12 (7.50%)
	-0.26
	-0.47
	-0.20
	0.47

	DM
	9 (18.00%)
	1 (1.96%)
	9 (5.62%)
	-0.56
	-0.39
	0.19
	0.56

	COPD
	2 (4.00%)
	7 (13.73%)
	2 (1.25%)
	0.35
	-0.17
	-0.49
	0.49

	Osteoporosis
	3 (6.00%)
	4 (7.84%)
	8 (5.00%)
	0.07
	-0.04
	-0.12
	0.12

	Upper Instrumented Level

	T11
	4 (8.00%)
	4 (7.84%)
	0 (0.00%)
	-0.01
	-0.42
	-0.41
	0.42

	T12
	2 (4.00%)
	0 (0.00%)
	0 (0.00%)
	-0.29
	-0.29
	0.00
	0.29

	L1
	3 (6.00%)
	0 (0.00%)
	2 (1.27%)
	-0.36
	-0.26
	0.16
	0.36

	L2
	12 (24.00%)
	11 (21.57%)
	6 (3.80%)
	-0.06
	-0.61
	-0.55
	0.61

	L3
	8 (16.00%)
	13 (25.49%)
	29 (18.35%)
	0.24
	0.06
	-0.17
	0.24

	L4
	20 (40.00%)
	17 (33.33%)
	80 (50.63%)
	-0.14
	0.21
	0.36
	0.36

	L5
	1 (2.00%)
	6 (11.76%)
	41 (25.95%)
	0.39
	0.74
	0.37
	0.74



N – Sample size, SMD – Standardised mean difference, BMI – Body Mass Index, HTN – Hypertension, IHD – Ischaemic Heart Disease, DM – Diabetes Mellitus, COPD – Chronic Obstructive Pulmonary Disease, R – Robotic, N – Navigated, F – Freehand, Imbalanced covariates (SMD>0.2) shown in bold.


Table 3: Degenerative Cohort Baseline Characteristics After Weighting
	
	Freehand
	Nav
	Robotic
	SMD N-F
	SMD R-F
	SMD R-N
	Max |SMD|

	ESS
	40.4
	28.8
	104.4
	
	
	
	

	Age
	65.55 ± 11.92
	63.78 ± 12.27
	63.98 ± 10.84
	-0.15
	-0.14
	0.02
	0.15

	BMI
	29.89 ± 5.15
	30.17 ± 6.11
	30.39 ± 5.65
	0.05
	0.09
	0.04
	0.09

	Male
	33.81 (39.44%)
	40.41 (39.93%)
	28.82 (38.90%)
	0.01
	-0.01
	-0.02
	0.02

	Smoker
	38.41 (44.81%)
	42.35 (41.84%)
	23.49 (31.71%)
	-0.06
	-0.27
	-0.21
	0.27

	Levels
	2.20 ± 1.30
	2.04 ± 1.44
	1.61 ± 0.74
	-0.11
	-0.56
	-0.38
	0.56

	Index Procedure
	51.12 (61.01%)
	57.71 (57.02%)
	45.73 (61.73%)
	-0.08
	0.01
	0.10
	0.10

	MIS
	0.00 (0.00%)
	17.14 (16.93%)
	27.14 (36.64%)
	0.64
	1.08
	0.46
	1.08

	Cage
	14.92 (18.89%)
	32.22 (32.76%)
	19.20 (25.91%)
	0.32
	0.17
	-0.15
	0.32

	HTN
	52.73 (61.52%)
	51.99 (51.37%)
	34.85 (47.05%)
	-0.21
	-0.29
	-0.09
	0.29

	IHD
	16.77 (19.56%)
	13.86 (13.70%)
	7.89 (10.65%)
	-0.16
	-0.25
	-0.09
	0.25

	DM
	8.22 (9.59%)
	3.06 (3.03%)
	4.10 (5.53%)
	-0.27
	-0.15
	0.12
	0.27

	COPD
	4.50 (5.25%)
	8.47 (8.37%)
	1.90 (2.57%)
	0.12
	-0.14
	-0.26
	0.26

	Osteoporosis
	5.74 (6.69%)
	6.75 (6.67%)
	2.55 (3.44%)
	0.00
	-0.15
	-0.15
	0.15

	Upper Instrumented Level

	T11
	6.51 (7.59%)
	8.17 (8.08%)
	0.00 (0.00%)
	0.02
	-0.41
	-0.42
	0.42

	T12
	1.88 (2.19%)
	0.00 (0.00%)
	0.00 (0.00%)
	-0.21
	-0.21
	0.00
	0.21

	L1
	4.57 (5.33%)
	0.00 (0.00%)
	1.18 (1.60%)
	-0.34
	-0.20
	0.18
	0.34

	L2
	16.39 (19.12%)
	20.99 (20.74%)
	5.57 (7.55%)
	0.04
	-0.35
	-0.39
	0.39

	L3
	13.22 (15.42%)
	23.55 (23.27%)
	18.88 (25.59%)
	0.20
	0.25
	0.05
	0.25

	L4
	40.55 (47.31%)
	36.23 (35.80%)
	39.04 (52.94%)
	-0.24
	0.11
	0.35
	0.35

	L5
	2.61 (3.04%)
	12.26 (12.12%)
	9.08 (12.32%)
	0.35
	0.35
	0.01
	0.35


ESS – Estimated sample size,

Table 4: Summary of Degenerative Outcomes

	Outcome
	Freehand
	Navigated
	RA
	Unadjusted p
	Adjusted RA vs Freehand
	Adjusted RA vs Nav

	Operating time
	189.5 ± 75.5
	232.0 ± 83.0
	145.5 ± 41.3
	<0.001
	-29.0 min (95% CI -52.8 to -5.1)
	-61.4 min (95% CI -83.8 to -39.0)

	Estimated blood loss
	640.2 ± 778.3
	520.3 ± 370.6
	119.6 ± 92.8
	<0.001
	-368.1 mL (95% CI -604.1 to -132.0)
	-250.0 mL (95% CI -350.3 to -149.7)

	Length of stay
	12.53 ± 14.52
	14.25 ± 24.68
	4.14 ± 2.91
	<0.001
	0.50x (95% CI 0.33 to 0.76)
	0.44x (95% CI 0.29 to 0.67)

	Any complication ≤6 months
	23/50 (46.0%)
	22/51 (43.1%)
	18/160 (11.3%)
	<0.001
	OR 0.14 (95% CI 0.05 to 0.42)
	OR 0.21 (95% CI 0.09 to 0.51)

	Any medical complication
	14/50 (28.0%)
	13/51 (25.5%)
	5/160 (3.1%)
	<0.001
	OR 0.041 (95% CI 0.0097 to 0.170)
	OR 0.098 (95% CI 0.022 to 0.434)

	Dural tear
	10/50 (20.0%)
	13/51 (25.5%)
	6/160 (3.8%)
	<0.001
	OR 0.20 (95% CI 0.05 to 0.83)
	OR 0.14 (95% CI 0.048 to 0.426)

	Symptomatic screw malposition
	1/50 (2.0%)
	0/51 (0.0%)
	2/160 (1.3%)
	0.55
	Not modelled (rare events)
	Not modelled (rare events)

	Wound Infection 
	2/50 (4.0%)
	4/51 (7.8%)
	3/160 (1.9%)
	0.111
	Not modelled (rare events)
	Not modelled (rare events)

	Revision ≤6 months
	5/41 (12.2%)
	3/45 (6.7%)
	7/151 (4.6%)
	
	Unadjusted HR 0.54 (95% CI 0.13 to 2.23)
	Unadjusted HR 0.73 (95%CI 0.19 - 2.82)


Table 5: Elderly (≥70 years) Cohort Baseline Characteristics Before Weighting

	
	Freehand
	Nav
	Robotic
	SMD N-F
	SMD R-F
	SMD R-N
	Max |SMD|

	N
	28
	24
	60
	
	
	
	

	Age
	75.47 ± 3.25
	76.52 ± 4.79
	76.40 ± 4.19
	0.26
	0.25
	-0.03
	0.26

	BMI
	28.16 ± 3.58
	26.70 ± 5.17
	29.23 ± 5.08
	-0.33
	0.24
	0.49
	0.49

	Male
	13 (46.43%)
	7 (29.17%)
	16 (26.67%)
	-0.36
	-0.42
	-0.06
	0.42

	Smoker
	10 (35.71%)
	13 (54.17%)
	18 (30.00%)
	0.38
	-0.12
	-0.5
	0.5

	Levels
	2.86 ± 1.60
	2.54 ± 1.44
	1.45 ± 0.74
	-0.21
	-1.13
	-0.95
	1.13

	Index Procedure
	18 (66.67%)
	16 (66.67%)
	45 (75.00%)
	0.00
	0.18
	0.18
	0.18

	Trauma
	3 (10.71%)
	8 (33.33%)
	0 (0.00%)
	0.57
	-0.49
	-1.0
	1.00

	MIS
	1 (3.57%)
	4 (16.67%)
	51 (85.00%)
	0.44
	2.86
	1.87
	2.86

	Cage
	0 (0.00%)
	3 (13.04%)
	4 (6.67%)
	0.55
	0.38
	-0.22
	0.55

	HTN
	17 (60.71%)
	20 (83.33%)
	27 (45.00%)
	0.52
	-0.32
	-0.87
	0.87

	IHD
	11 (39.29%)
	5 (20.83%)
	7 (11.67%)
	-0.41
	-0.67
	-0.25
	0.67

	DM
	7 (25.00%)
	3 (12.50%)
	2 (3.33%)
	-0.32
	-0.65
	-0.34
	0.65

	COPD
	3 (10.71%)
	4 (16.67%)
	2 (3.33%)
	0.17
	-0.29
	-0.46
	0.46

	Osteoporosis
	2 (7.14%)
	3 (12.50%)
	4 (6.67%)
	0.18
	-0.02
	-0.2
	0.2

	Upper Instrumented Level

	T11
	5 (17.86%)
	5 (20.83%)
	0 (0.00%)
	0.08
	-0.66
	-0.73
	0.73

	T12
	3 (10.71%)
	2 (8.33%)
	0 (0.00%)
	-0.08
	-0.49
	-0.43
	0.49

	L1
	3 (10.71%)
	2 (8.33%)
	1 (1.67%)
	-0.08
	-0.38
	-0.31
	0.38

	L2
	5 (17.86%)
	3 (12.50%)
	4 (6.67%)
	-0.15
	-0.35
	-0.2
	0.35

	L3
	6 (21.43%)
	6 (25.00%)
	18 (30.00%)
	0.08
	0.2
	0.11
	0.2

	L4
	6 (21.43%)
	5 (20.83%)
	28 (46.67%)
	-0.01
	0.55
	0.57
	0.57

	L5
	0 (0.00%)
	1 (4.17%)
	9 (15.00%)
	0.29
	0.59
	0.37
	0.59




Table 6: Elderly (≥70 years) Cohort Baseline Characteristics After Weighting

	
	Freehand
	Nav
	Robotic
	SMD N-F
	SMD R-F
	SMD R-N
	Max |SMD|

	ESS
	25.1
	18.3
	49.2
	
	
	
	

	Age
	75.62 ± 3.18
	76.12 ± 4.53
	76.27 ± 4.17
	0.13
	0.18
	0.03
	0.18

	BMI
	28.36 ± 3.56
	28.12 ± 6.00
	28.83 ± 4.97
	-0.05
	0.11
	0.13
	0.13

	Male
	8.91 (40.37%)
	6.88 (32.52%)
	18.00 (26.17%)
	-0.16
	-0.3
	-0.14
	0.30

	Smoker
	8.46 (38.34%)
	9.96 (47.07%)
	20.91 (30.41%)
	0.18
	-0.17
	-0.35
	0.35

	Levels
	2.62 ± 1.45
	2.56 ± 1.77
	1.52 ± 0.74
	-0.03
	-0.95
	-0.77
	0.95

	Index Procedure
	13.78 (65.34%)
	13.01 (61.47%)
	50.22 (73.03%)
	-0.08
	0.17
	0.25
	0.25

	Trauma
	3.20 (14.51%)
	4.26 (20.15%)
	0.00 (0.00%)
	0.15
	-0.58
	-0.71
	0.71

	MIS
	1.13 (5.11%)
	2.28 (10.76%)
	48.41 (70.40%)
	0.21
	1.82
	1.53
	1.82

	Cage
	0.00 (0.00%)
	1.79 (9.41%)
	3.91 (5.69%)
	0.46
	0.35
	-0.14
	0.46

	HTN
	14.63 (66.28%)
	17.45 (82.45%)
	34.70 (50.46%)
	0.38
	-0.33
	-0.72
	0.72

	IHD
	7.43 (33.66%)
	5.62 (26.56%)
	7.94 (11.54%)
	-0.16
	-0.55
	-0.39
	0.55

	DM
	4.25 (19.26%)
	2.83 (13.40%)
	2.06 (2.99%)
	-0.16
	-0.54
	-0.39
	0.54

	COPD
	2.71 (12.26%)
	2.46 (11.63%)
	2.59 (3.77%)
	-0.02
	-0.32
	-0.3
	0.32

	Osteoporosis
	1.98 (8.98%)
	1.56 (7.39%)
	3.76 (5.47%)
	-0.06
	-0.14
	-0.08
	0.14

	Upper Instrumented Level

	T11
	3.82 (17.29%)
	4.28 (20.21%)
	0.00 (0.00%)
	0.07
	-0.65
	-0.71
	0.71

	T12
	2.16 (9.79%)
	1.26 (5.98%)
	0.00 (0.00%)
	-0.14
	-0.47
	-0.36
	0.47

	L1
	1.81 (8.18%)
	0.99 (4.68%)
	0.94 (1.37%)
	-0.14
	-0.32
	-0.19
	0.32

	L2
	3.41 (15.44%)
	2.91 (13.76%)
	5.18 (7.53%)
	-0.05
	-0.25
	-0.2
	0.25

	L3
	5.45 (24.69%)
	5.91 (27.93%)
	24.55 (35.70%)
	0.07
	0.24
	0.17
	0.24

	L4
	5.43 (24.60%)
	4.95 (23.42%)
	28.85 (41.96%)
	-0.03
	0.37
	0.4
	0.4

	L5
	0.00 (0.00%)
	0.85 (4.03%)
	9.24 (13.44%)
	0.29
	0.56
	0.34
	0.56


Table 7: Summary of Elderly Outcomes

	Outcome
	Freehand
	Navigated
	RA
	Unadjusted p
	Adjusted RA vs Freehand
	Adjusted RA vs Nav

	Operating time
	190.9 ± 85.8
	201.3 ± 84.2
	142.6 ± 35.1
	<0.001
	-0.22 min (95% CI -28.4 to 28.0)
	-29.2 min (95% CI -63.7 to 5.33)

	Estimated blood loss
	614.4 ± 574.0
	404.1 ± 266.9
	143.0 ± 87.9
	<0.001
	-260.0 mL (95% CI -407.1 to -112.9)
	-214.6 mL (95% CI -309.3 to -119.8)

	Length of stay 
	16.0 ± 17.1
	19.2 ± 35.0
	4.87 ± 3.06
	<0.001
	0.25x (95% CI 0.15 to 0.43)
	0.23x (95% CI 0.11 to 0.51)

	Any complication ≤6 months
	15/28 (53.6%)
	13/24 (54.2%)
	8/52 (15.4%)
	<0.001
	OR 0.01 (95% CI 1.27×10^-3 to 0.15)
	OR 0.01 (95% CI 5.39×10^-3 to 0.11)

	Any medical complication
	10/28 (35.7%)
	8/24 (33.3%)
	4/60 (6.7%)
	<0.001
	OR 0.06 (95% CI 0.01 to 0.32)
	OR 0.14 (95% CI 0.03 to 0.57)

	Dural tear
	8/28 (28.6%)
	5/24 (20.8%)
	3/60 (5.0%)
	0.004
	Not modelled
	Not modelled

	Screw malposition

	1/28 (3.6%)
	0/24 (0.0%)
	0/60 (0.0%)
	0.464
	Not modelled 
	Not modelled

	Wound Infection 
	1/28 (3.6%)
	1/24 (4.2%)
	2/60 (3.3%)
	1.000
	Not modelled (rare events)
	Not modelled (rare events)

	Revision ≤6 months
	3/28 (10.7%)
	2/24 (8.3%)
	3/60 (5.0%)
	
	Unadjusted HR 0.40 (95% CI 0.11 to 3.34)
	Unadjusted HR 0.67 (95%CI 0.11 - 4.00)


Table 8: Obese Cohorts Baseline Characteristics Before Weighting

	
	Freehand
	Nav
	Robotic
	SMD N-F
	SMD R-F
	SMD R-N
	Max |SMD|

	N
	29
	38
	73
	
	
	
	

	Age
	60.21 ± 14.07
	57.14 ± 13.53
	63.60 ± 10.72
	-0.22
	0.27
	0.53
	0.53

	BMI
	33.18 ± 3.49
	35.82 ± 5.76
	34.16 ± 3.59
	0.56
	0.28
	-0.35
	0.56

	Male
	14 (48.28%)
	18 (47.37%)
	26 (35.62%)
	-0.02
	-0.26
	-0.24
	0.26

	Smoker
	14 (48.28%)
	16 (42.11%)
	23 (31.51%)
	-0.12
	-0.35
	-0.22
	0.35

	Levels
	2.59 ± 1.27
	2.37 ± 1.51
	1.33 ± 0.57
	-0.16
	-1.27
	-0.91
	1.27

	Index Procedure
	22 (78.57%)
	22 (57.89%)
	49 (67.12%)
	-0.46
	-0.26
	0.19
	0.46

	Trauma
	8 (27.59%)
	12 (31.58%)
	0 (0.00%)
	0.09
	-0.87
	-0.96
	0.96

	MIS
	2 (6.90%)
	8 (21.05%)
	60 (82.19%)
	0.42
	2.32
	1.55
	2.32

	Cage
	3 (11.54%)
	10 (27.78%)
	27 (36.99%)
	0.42
	0.62
	0.2
	0.62

	HTN
	16 (55.17%)
	17 (44.74%)
	27 (36.99%)
	-0.21
	-0.37
	-0.16
	0.37

	IHD
	7 (24.14%)
	3 (7.89%)
	8 (10.96%)
	-0.45
	-0.35
	0.11
	0.45

	DM
	2 (6.90%)
	2 (5.26%)
	7 (9.59%)
	-0.07
	0.1
	0.17
	0.17

	COPD
	3 (10.34%)
	2 (5.26%)
	0 (0.00%)
	-0.19
	-0.48
	-0.33
	0.48

	Osteoporosis
	1 (3.45%)
	4 (10.53%)
	2 (2.74%)
	0.28
	-0.04
	-0.32
	0.32

	Upper Instrumented Level

	T11
	5 (17.24%)
	5 (13.16%)
	0 (0.00%)
	-0.11
	-0.65
	-0.55
	0.65

	T12
	1 (3.45%)
	5 (13.16%)
	0 (0.00%)
	0.36
	-0.27
	-0.55
	0.55

	L1
	2 (6.90%)
	2 (5.26%)
	0 (0.00%)
	-0.07
	-0.38
	-0.33
	0.38

	L2
	7 (24.14%)
	7 (18.42%)
	3 (4.17%)
	-0.14
	-0.6
	-0.46
	0.6

	L3
	5 (17.24%)
	10 (26.32%)
	14 (19.44%)
	0.22
	0.06
	-0.16
	0.22

	L4
	9 (31.03%)
	5 (13.16%)
	41 (56.94%)
	-0.44
	0.54
	1.03
	1.03

	L5
	0 (0.00%)
	4 (10.53%)
	14 (19.44%)
	0.49
	0.69
	0.25
	0.69




Table 9: Obese Cohorts Baseline Characteristics After Weighting

	
	Freehand
	Nav
	Robotic
	SMD N-F
	SMD R-F
	SMD R-N
	Max |SMD|

	ESS
	19.2
	24.8
	40.1
	
	
	
	

	Age
	60.28 ± 12.73
	64.03 ± 15.52
	63.52 ± 9.95
	0.26
	0.28
	-0.04
	0.28

	BMI
	34.31 ± 4.06
	35.04 ± 5.82
	34.24 ± 3.63
	0.15
	-0.02
	-0.17
	0.17

	Male
	8.31 (38.19%)
	11.71 (28.37%)
	27.39 (35.58%)
	-0.21
	-0.05
	0.16
	0.21

	Smoker
	9.06 (41.61%)
	12.29 (29.79%)
	21.18 (27.51%)
	-0.25
	-0.3
	-0.05
	0.3

	Levels
	2.28 ± 1.23
	1.94 ± 1.39
	1.52 ± 0.72
	-0.26
	-0.75
	-0.37
	0.75

	Index Procedure
	13.47 (64.90%)
	30.42 (73.71%)
	46.18 (60.00%)
	0.19
	-0.1
	-0.29
	0.29

	Trauma
	4.96 (22.80%)
	7.35 (17.82%)
	0.00 (0.00%)
	-0.12
	-0.77
	-0.66
	0.77

	MIS
	2.19 (10.04%)
	9.74 (23.59%)
	48.87 (63.49%)
	0.37
	1.33
	0.88
	1.33

	Cage
	2.91 (15.17%)
	10.72 (26.99%)
	22.52 (29.26%)
	0.29
	0.34
	0.05
	0.34

	HTN
	10.35 (47.53%)
	26.26 (63.64%)
	34.27 (44.52%)
	0.33
	-0.06
	-0.39
	0.39

	IHD
	4.14 (19.02%)
	2.58 (6.26%)
	8.86 (11.50%)
	-0.39
	-0.21
	0.18
	0.39

	DM
	1.44 (6.64%)
	1.25 (3.03%)
	5.82 (7.56%)
	-0.17
	0.04
	0.2
	0.2

	COPD
	1.18 (5.42%)
	1.23 (2.98%)
	0.00 (0.00%)
	-0.12
	-0.34
	-0.25
	0.34

	Osteoporosis
	1.01 (4.65%)
	2.76 (6.70%)
	1.66 (2.15%)
	0.09
	-0.14
	-0.22
	0.22

	Upper Instrumented Level

	T11
	2.82 (12.98%)
	2.99 (7.26%)
	0.00 (0.00%)
	-0.19
	-0.55
	-0.4
	0.55

	T12
	0.60 (2.77%)
	2.55 (6.19%)
	0.00 (0.00%)
	0.17
	-0.24
	-0.36
	0.36

	L1
	0.99 (4.55%)
	1.95 (4.73%)
	0.00 (0.00%)
	0.01
	-0.31
	-0.32
	0.32

	L2
	5.24 (24.06%)
	6.55 (15.86%)
	4.05 (5.32%)
	-0.21
	-0.55
	-0.35
	0.55

	L3
	3.79 (17.39%)
	6.34 (15.37%)
	20.03 (26.28%)
	-0.05
	0.22
	0.27
	0.27

	L4
	8.32 (38.24%)
	18.36 (44.49%)
	40.38 (52.98%)
	0.13
	0.3
	0.17
	0.3

	L5
	0.00 (0.00%)
	2.52 (6.10%)
	11.75 (15.42%)
	0.36
	0.6
	0.3
	0.6


Table 10: Summary of Obese Outcomes

	Outcome
	Freehand
	Navigated
	RA
	Unadjusted p
	Adjusted RA vs Freehand
	Adjusted RA vs Nav

	Operating time
	189.8 ± 65.8

	220.5 ± 79.8
	155.8 ± 44.1
	<0.001
	−4.39min, 95% CI −34.1 to 25.30
	−45.0min, 95% CI −70.3 to -19.77

	Estimated blood loss
	764.4 ± 962.4
	475.9 ± 374.6
	124.3 ± 93.6
	<0.001
	−288.8 mL, 95%CI -522.9 to -54.7
	−173.5 mL, 95%CI -300.9 to -46.0

	Length of stay 
	11.9 ± 15.1
	9.8 ± 8.3
	4.19 ± 3.1
	<0.001
	0.56x (95% CI 0.35–0.89)
	0.49x (95% CI 0.36–0.66)

	Any complication ≤6 months
	12/29 (41.4%)
	20/38 (52.6%)
	8/73 (11.0%)
	<0.001
	OR 0.26, (95% CI 0.08 to 0.88) 
	OR 0.16, (95% CI 0.06 to 0.44) 

	Any medical complication
	8/29 (27.6%)
	12/38 (31.6%)
	3/73 (4.1%)
	<0.001
	OR 0.09 (95% CI 0.02–0.42) 
	OR 0.11, (95%CI 0.03–0.49) 

	Dural tear
	3/29 (10.3%)
	10/38 (26.3%)
	2/73 (2.7%)
	<0.001
	OR 0.48, (95% CI 0.08–2.95)
	OR 0.13, (95% CI 0.03–0.58) 

	Screw malposition

	0/29 (0.0%)
	0/38 (0.0%)
	1/73 (1.4%)
	1.000
	Not modelled 
	Not modelled

	Wound Infection 
	2/29 (6.9%)
	6/36 (16.7%)
	2/60 (3.3%)
	1.000
	Not modelled (rare events)
	Not modelled (rare events)

	Revision ≤6 months
	2/28 (7.1%)
	6/36 (16.7%)
	3/73 (4.1%)
	
	Unadjusted HR 0.60, (95%CI 0.10 – 3.57)
	Unadjusted HR 0.22, 95%CI 0.05 – 0.86


Table 11: Multilevel Cohorts Baseline Characteristics Before Weighting

	
	Freehand
	Nav
	Robotic
	SMD N-F
	SMD R-F
	SMD R-N
	Max |SMD|

	N
	68
	78
	47
	
	
	
	

	Age
	55.61 ± 19.50
	56.97 ± 17.95
	66.04 ± 11.14
	0.07
	0.66
	0.61
	0.66

	BMI
	28.10 ± 4.94
	28.68 ± 7.06
	30.12 ± 4.84
	0.1
	0.41
	0.24
	0.41

	Male
	38 (55.88%)
	34 (43.59%)
	21 (44.68%)
	-0.25
	-0.23
	0.02
	0.25

	Smoker
	26 (38.24%)
	37 (47.44%)
	13 (27.66%)
	0.19
	-0.23
	-0.42
	0.42

	Levels
	2.81 ± 1.11
	2.83 ± 1.18
	2.30 ± 0.58
	0.02
	-0.57
	-0.58
	0.58

	Index Procedure
	53 (79.10%)
	65 (83.33%)
	28 (59.57%)
	0.11
	-0.43
	-0.55
	0.55

	Trauma
	33 (48.53%)
	52 (66.67%)
	0 (0.00%)
	0.37
	-1.37
	-2.0
	2.0

	MIS
	9 (13.24%)
	27 (34.62%)
	36 (76.60%)
	0.52
	1.65
	0.93
	1.65

	Cage
	3 (6.00%)
	9 (12.50%)
	7 (14.89%)
	0.23
	0.29
	0.07
	0.29

	HTN
	24 (35.29%)
	32 (41.03%)
	19 (40.43%)
	0.12
	0.11
	-0.01
	0.12

	IHD
	10 (14.71%)
	9 (11.54%)
	2 (4.26%)
	-0.09
	-0.36
	-0.27
	0.36

	DM
	6 (8.82%)
	5 (6.41%)
	5 (10.64%)
	-0.09
	0.06
	0.15
	0.15

	COPD
	4 (5.88%)
	3 (3.85%)
	0 (0.00%)
	-0.09
	-0.35
	-0.28
	0.35

	Osteoporosis
	2 (2.94%)
	9 (11.54%)
	2 (4.26%)
	0.34
	0.07
	-0.27
	0.34

	Upper Instrumented Level

	T11
	11 (16.18%)
	15 (19.23%)
	0 (0.00%)
	0.08
	-0.62
	-0.69
	0.69

	T12
	10 (14.71%)
	15 (19.23%)
	0 (0.00%)
	0.12
	-0.59
	-0.69
	0.69

	L1
	6 (8.82%)
	10 (12.82%)
	1 (2.13%)
	0.13
	-0.3
	-0.42
	0.42

	L2
	19 (27.94%)
	15 (19.23%)
	6 (12.77%)
	-0.21
	-0.38
	-0.18
	0.38

	L3
	14 (20.59%)
	19 (24.36%)
	22 (46.81%)
	0.09
	0.58
	0.48
	0.58

	L4
	8 (11.76%)
	4 (5.13%)
	18 (38.30%)
	-0.24
	0.64
	0.88
	0.88

	L5
	N/A





Table 12: Multilevel Cohorts Baseline Characteristics After Weighting

	
	Freehand
	Nav
	Robotic
	SMD N-F
	SMD R-F
	SMD R-N
	Max |SMD|

	ESS
	58.5
	52.9
	35.5
	
	
	
	

	Age
	56.28 ± 18.98
	55.85 ± 17.93
	65.83 ± 10.90
	-0.02
	0.62
	0.67
	0.67

	BMI
	28.68 ± 5.41
	28.18 ± 6.46
	29.58 ± 4.97
	-0.08
	0.17
	0.24
	0.24

	Male
	36.72 (50.19%)
	45.48 (48.16%)
	10.18 (40.06%)
	-0.04
	-0.2
	-0.16
	0.2

	Smoker
	27.79 (37.98%)
	38.79 (41.07%)
	7.18 (28.29%)
	0.06
	-0.21
	-0.27
	0.27

	Levels
	2.76 ± 1.06
	2.72 ± 1.10
	2.31 ± 0.58
	-0.04
	-0.54
	-0.47
	0.54

	Index Procedure
	56.55 (79.26%)
	74.21 (78.58%)
	15.58 (61.33%)
	-0.02
	-0.4
	-0.38
	0.4

	Trauma
	38.96 (53.25%)
	48.18 (51.02%)
	0.00 (0.00%)
	-0.04
	-1.51
	-1.44
	1.51

	MIS
	15.25 (20.85%)
	25.08 (26.56%)
	15.00 (59.06%)
	0.13
	0.85
	0.7
	0.85

	Cage
	4.20 (8.12%)
	11.39 (12.87%)
	3.69 (14.55%)
	0.16
	0.2
	0.05
	0.2

	HTN
	26.08 (35.65%)
	32.45 (34.36%)
	12.32 (48.50%)
	-0.03
	0.26
	0.29
	0.29

	IHD
	8.61 (11.76%)
	10.25 (10.86%)
	1.44 (5.67%)
	-0.03
	-0.22
	-0.19
	0.22

	DM
	4.72 (6.45%)
	4.92 (5.21%)
	2.65 (10.44%)
	-0.05
	0.14
	0.2
	0.2

	COPD
	4.15 (5.67%)
	4.37 (4.63%)
	0.00 (0.00%)
	-0.05
	-0.35
	-0.31
	0.35

	Osteoporosis
	3.55 (4.85%)
	6.66 (7.05%)
	0.72 (2.85%)
	0.09
	-0.1
	-0.19
	0.19

	Upper Instrumented Level

	T11
	13.20 (18.04%)
	14.69 (15.56%)
	0.00 (0.00%)
	-0.07
	-0.66
	-0.61
	0.66

	T12
	11.02 (15.07%)
	13.09 (13.86%)
	0.00 (0.00%)
	-0.03
	-0.6
	-0.57
	0.6

	L1
	6.40 (8.75%)
	9.35 (9.90%)
	0.50 (1.98%)
	0.04
	-0.3
	-0.34
	0.34

	L2
	17.78 (24.30%)
	21.71 (22.99%)
	4.12 (16.22%)
	-0.03
	-0.2
	-0.17
	0.2

	L3
	16.35 (22.34%)
	21.25 (22.50%)
	11.80 (46.47%)
	0.0
	0.53
	0.52
	0.53

	L4
	8.42 (11.50%)
	14.35 (15.20%)
	8.97 (35.33%)
	0.11
	0.59
	0.48
	0.59

	L5
	N/A


Table 13: Summary of Multilevel Outcomes

	Outcome
	Freehand
	Navigated
	RA
	Unadjusted p
	Adjusted RA vs Freehand
	Adjusted RA vs Nav

	Operating time
	173.2 ± 70.5 
	190.7 ± 76.2
	160.4 ± 43.1
	0.023
	-31.2min, 95%CI -57.3 to -5.1
	-49.5min, 95%CI -72.3 to -26.9

	Estimated blood loss
	567.4 ± 680.9
	393.7 ± 336.7
	156.2 ± 97.0
	<0.001
	-398.4mL, 95%CI -585.5 to -211.2
	-270.2 mL, 95%CI -394.8 to -145.5

	Length of stay 
	11.9 ± 15.9
	10.8 ± 20.7
	4.6 ± 3.0
	<0.001
	0.31x (95% CI 0.20–0.49
	0.45x (95% CI 0.31–0.64)

	Any complication ≤6 months
	25/68 (36.8%)
	29/78 (37.2%)
	9/47 (19.1%)
	0.076
	OR 0.28, 95%CI 0.06 to 1.27
	OR 0.29, 95%CI 0.07 to 1.13 

	Any medical complication
	19/68 (27.9%)
	22/78 (28.2%)
	2/47 (4.3%)
	<0.001
	OR 0.14, 95%CI 0.01–1.60
	OR 0.16, 95%CI 0.02–1.71

	Dural tear
	7/68 (10.3%)
	8/78 (10.3%)
	2/47 (4.3%)
	0.447
	Not modelled
	Not modelled

	Screw malposition

	1/68 (1.5%)
	0/78 (0.0%)
	1/47 (2.1%)
	0.516
	Not modelled
	Not modelled

	Wound Infection 
	3/68 (6.9%)
	10/78 (18.4%)
	2/47 (2.7%)
	0.122
	OR 0.35 (95% CI 0.02 to 6.84); p = 0.486
	OR 0.30 (95% CI 0.02 to 4.19); p = 0.374

	Revision ≤6 months
	6/59 (10.2%)
	10/70 (14.3%)
	4/43 (9.3%)
	
	HR 0.96, 95%CI 0.27 to 3.48 (unadjusted)
	HR 0.63, 95%CI 0.20 to 2.00 (unadjusted)



