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1. Detailed surgical technique
All procedures were performed by the same senior spine surgery team. Patients underwent general anesthesia and were positioned prone on a radiolucent operating table. Both groups followed the same operative indication, decompression and fusion intent, implant strategy, perioperative management, postoperative rehabilitation, and follow-up pathway. The decompression and interbody fusion were performed through ipsilateral viewing and working portals, followed by bilateral percutaneous pedicle screw and rod fixation.
Fluoro-UBE-TLIF group. Under C-arm fluoroscopic guidance, four skin incisions were localized at the lateral borders of the target-level pedicles. Four percutaneous guidewires for pedicle screw placement were then inserted under repeated anteroposterior and lateral fluoroscopic confirmation. The biportal endoscopic viewing and working portals were established on the side selected for decompression and interbody fusion. After soft-tissue dissection, the ipsilateral target lamina and facet joint were exposed. Laminectomy, facetectomy, flavectomy, neural decompression, discectomy, and endplate preparation were performed under direct endoscopic visualization. Autologous bone graft and the interbody cage were inserted into the prepared disc space. Percutaneous pedicle screws were placed along the prepositioned guidewires, and two precontoured rods were inserted and secured bilaterally. Final anteroposterior and lateral fluoroscopy verified the positions of the guidewires or screws, rods, and cage.
Nav-UBE-TLIF group. The patient position, biportal approach, decompression extent, disc preparation, grafting, cage implantation, pedicle screw/rod construct, and final fluoroscopic verification followed the same overall surgical sequence. The principal difference was that guidewire placement and spatial orientation during portal localization, bony decompression, disc-space preparation, cage insertion, and percutaneous fixation were supported by the two-dimensional fluoroscopy-registered optical navigation system. Neural decompression remained under direct endoscopic visualization throughout the procedure. The complete system configuration, registration sequence, and navigated operative workflow are described below and illustrated in Figs. 2 and 3.
2. Navigation system and registration workflow
The navigation group used the ZETNa optical surgical navigation system (BOSSCOME, China), which applies two-dimensional fluoroscopy-based registration. The system setup is shown in Fig. 2. The navigation workstation and image-processing console were integrated with the operative monitor, endoscopic imaging system, light source, and radiofrequency system (Fig. 2A). The C-arm image-acquisition unit was equipped with a C-arm tracker and tracker support arm (Fig. 2B). An optical positioning camera mounted on a camera stand detected the patient reference tracker and the markers attached to navigated instruments (Fig. 2C). Navigated and standard instruments included optical reference frames, tracked percutaneous tools, dilators, reamers, curettes, and cage inserters (Fig. 2D). Standard anteroposterior and lateral C-arm images were acquired for registration and spatial guidance (Fig. 2E). The intraoperative arrangement of the iliac-crest reference tracker and a tracked instrument is shown in Fig. 2F.
After prone positioning and sterile preparation, a specialized patient reference tracker was attached to the iliac crest and maintained within the field of the optical camera. Standard anteroposterior and lateral C-arm fluoroscopic images were obtained with the registration target visible. These images were automatically transferred to the navigation workstation and registered to create the virtual two-dimensional tracking space. Optical markers were then attached to the percutaneous and endoscopic instruments used during the procedure, allowing their positions and trajectories to be displayed on the registered fluoroscopic images.
Percutaneous guidewire placement is illustrated in Fig. 3A–F. The pedicle entry point and trajectory were planned on the navigation screen using the registered anteroposterior and lateral views, and guidewire progression through the pedicle was monitored in real time (Fig. 3A–D). Figure 3E shows the operative field after placement of the guidewires with the iliac-crest tracker in position. Standard anteroposterior and lateral fluoroscopy was then used to confirm final guidewire position (Fig. 3F).
Portal establishment and bony decompression are illustrated in Fig. 3G–J. After the viewing and working portals were established, an optical marker was attached to an endoscopic instrument so that the instrument tip could be tracked during decompression (Fig. 3G). Under direct endoscopic visualization, navigation assisted identification of the facet joint (Fig. 3H) and, in isthmic cases, the pars or spondylolysis defect (Fig. 3I). Laminotomy and flavectomy were then performed to access the interlaminar space while the instrument location was displayed on the navigation screen (Fig. 3J).
Discectomy, endplate preparation, and interbody fusion are illustrated in Fig. 3K. After exposure of the disc space, discectomy and endplate preparation were performed under endoscopic visualization with navigational monitoring of instrument position. The tracked cage inserter was used to plan and monitor cage trajectory and insertion depth. During final percutaneous fixation, the screw towers and screwdrivers were optically tracked; the screws were inserted along the prepositioned guidewires while entry points and trajectories were monitored on the registered views. The rods were inserted and secured bilaterally, followed by final fluoroscopic confirmation.
Navigation setup and registration time were included in total operative time. The anteroposterior and lateral images used for registration were included in the total fluoroscopic shot count.
3. Data collection and outcome definitions
Data sources included electronic medical records, operative and anesthesia records, imaging archives, and outpatient follow-up records. Baseline variables included age, sex, body mass index, comorbidities, smoking status, alcohol use, osteoporosis, spondylolisthesis subtype, Meyerding grade, operative level, symptom duration, and preoperative patient-reported outcome measures.
The primary outcome was total operative time, defined as the interval from surgical localization after sterile preparation to final wound dressing. Component times comprised navigation setup and registration when applicable, portal establishment, percutaneous guidewire or pedicle screw instrumentation, endoscopic decompression and disc-space preparation, and interbody bone grafting with cage insertion. Secondary perioperative outcomes included intraoperative blood loss, postoperative drainage volume, length of hospital stay, total and step-specific fluoroscopic shots, and calculated fluoroscopic output.
Fluoroscopic shots were recorded for the principal fluoroscopy-dependent phases, including percutaneous guidewire or screw placement and interbody cage insertion, and were summed as the total intraoperative fluoroscopic count. Estimated fluoroscopic output was calculated by multiplying total fluoroscopic shots by the C-arm single-shot output.
Back and leg pain were evaluated using 0–10 visual analog scales. Disability was assessed with the Oswestry Disability Index (0–100%), and health-related quality of life with the EQ-5D-5L index. VAS and ODI were recorded preoperatively, at discharge, and at 1, 3, 6, and 12 months; EQ-5D-5L was recorded preoperatively and at 1, 3, 6, and 12 months. Patient satisfaction at 12 months was evaluated using the modified MacNab criteria and categorized as excellent, good, fair, or poor.
4. Radiographic assessment and grading definitions
Radiographic outcomes were evaluated using standing radiographs, flexion-extension radiographs, computed tomography, and magnetic resonance imaging as appropriate. Slip percentage and intervertebral height were measured on lateral radiographs. Slip correction rate was calculated as (preoperative slip percentage − postoperative slip percentage)/preoperative slip percentage ×100%. Intervertebral height was assessed preoperatively, immediately postoperatively, and at 12 months.
Postoperative CT was used to assess pedicle screw accuracy, superior facet joint violation, cage subsidence, cage migration, and fusion status. Pedicle screw accuracy was graded per screw using the Mobbs–Raley classification: grade 0, complete cortical containment; grade 1, thread breach ≤2 mm; grade 2, breach >2 mm without neurological compromise; and grade 3, pedicle fracture or an associated neurovascular or neurological complication. Superior facet preservation was graded per screw using the Badu classification: grade 0, no facet contact; grade 1, lateral facet contact without joint entry; grade 2, joint entry <1 mm; and grade 3, joint entry ≥1 mm.
Interbody fusion at 12 months was graded using the Bridwell classification. Grades I and II were defined as successful fusion, whereas grades III and IV represented uncertain fusion or nonunion. Radiographic suspected nonunion alone was not classified as a complication unless accompanied by persistent or recurrent symptoms attributable to the index level, implant-related failure, or additional treatment. Slip percentage, intervertebral height, correction rate, fusion, cage findings, and complications were analyzed at the patient level; screw and facet grades were analyzed at the screw level.
5. Detailed complication definitions
Intraoperative and postoperative complications were recorded through 12 months. Intraoperative complications included dural tear, nerve-root injury, major bleeding, major vessel or visceral injury, and other adverse events occurring during surgery. Postoperative and late complications included postoperative radiculitis, infection, symptomatic epidural hematoma, neurological deterioration, symptomatic pseudarthrosis, clinically relevant cage migration or subsidence, internal fixation irritation or failure, adjacent-segment disease, and reoperation.
Symptomatic pseudarthrosis was defined as Bridwell grade III or IV fusion status accompanied by persistent or recurrent symptoms attributable to the index level, implant-related failure, or the need for additional treatment. For the overall complication rate, each patient was counted once even when more than one related event was present; individual complication categories were not necessarily mutually exclusive.
6. Interobserver reliability methods
Radiographic measurements and categorical grades were assessed independently by two observers who were blinded to clinical outcomes. Disagreements were resolved by consensus after the independent assessments. Cohen's kappa coefficient with a 95% confidence interval was used for categorical outcomes, including Mobbs–Raley screw grade, Badu facet violation grade, Bridwell fusion grade, cage subsidence, and cage migration. Intraclass correlation coefficients with 95% confidence intervals were calculated using a two-way random-effects absolute-agreement model for continuous measurements, including slip percentage, intervertebral height, and slip correction rate. Reliability estimates are reported in Supplementary Table 6.
7. Statistical analysis and adjusted timepoint contrasts
Continuous-variable distributions were assessed using the Shapiro–Wilk test together with visual inspection of histograms and quantile-quantile plots. Continuous variables were reported as mean±standard deviation and categorical variables as n (%). Baseline characteristics were summarized by group, and standardized mean differences were used to describe balance; values >0.10 were considered potentially meaningful. Normally distributed continuous variables were compared with independent-samples or Welch t tests, nonnormally distributed variables with Mann–Whitney U tests, and categorical variables with chi-square or Fisher exact tests, as appropriate.
The primary analysis compared total operative time between groups. Multivariable linear regression adjusted the primary and key continuous secondary outcomes for age, sex, body mass index, spondylolisthesis subtype, Meyerding grade, operative level, smoking, osteoporosis, and symptom duration. Effect estimates were expressed for Nav-UBE-TLIF minus Fluoro-UBE-TLIF with 95% confidence intervals. Screw-level grade 0 outcomes were analyzed using logistic generalized estimating equations with an exchangeable working correlation structure to account for four screws clustered within each patient. Fusion and complications retained patient-level denominators.
Each PROM was modeled separately using a linear mixed-effects model. Fixed effects comprised guidance group, categorical postoperative time, the group-by-time interaction, the corresponding baseline score, age, sex, body mass index, spondylolisthesis subtype, Meyerding grade, operative level, smoking, osteoporosis, and symptom duration; a patient-level random intercept accounted for repeated observations. Estimated marginal means were used to obtain Nav-minus-Fluoro contrasts at every postoperative time point. Raw p values were adjusted within each PROM using the Holm procedure. The adjusted 12-month contrasts were used for the principal clinical interpretation, while earlier contrasts assisted interpretation of longitudinal interactions. Analyses were performed using IBM SPSS Statistics version 26.0 and R; all tests were two-sided.
8. MCID threshold selection
MCID thresholds were selected from external validation studies rather than estimated from this cohort. Copay et al. reported improvement thresholds of 1.2 points for VAS back pain, 1.6 points for VAS leg pain, and 12.8 points for ODI in lumbar spine surgery patients using anchor- and distribution-based approaches. Yakdan et al. reported an anchor-based EQ-5D-5L improvement threshold of 0.22 after full-endoscopic lumbar surgery for degenerative disease. These thresholds were used to contextualize the magnitude of adjusted 12-month between-group differences and were not treated as formal equivalence or noninferiority margins. Differences in population, baseline severity, follow-up interval, external anchor, outcome responsiveness, and estimation method can produce different MCID values.
9. MCID responder analysis
For the exploratory patient-level analysis, 12-month improvement was calculated as baseline minus 12-month score for VAS back pain, VAS leg pain, and ODI, and as 12-month minus baseline score for EQ-5D-5L. A patient was classified as a responder when improvement met or exceeded the selected literature-derived threshold.
Responder results were summarized as n/N (%) for each group. Between-group measures included the Nav-minus-Fluoro risk difference with a Newcombe–Wilson 95% confidence interval, the Nav/Fluoro risk ratio with a 95% confidence interval, and a two-sided Fisher exact p value. Adjusted logistic models were not emphasized when complete or near-complete response produced separation and unstable multivariable estimation. This post hoc responder analysis supplemented rather than replaced the continuous adjusted contrasts. All included patients had complete scheduled PROM observations through 12 months.
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Supplementary Table 1. Linear mixed-effects model omnibus tests
	Outcome
	Group effect p-value
	Time effect p-value
	Group-by-time interaction p-value

	VAS back pain
	0.119
	<0.001
	<0.001

	VAS leg pain
	0.535
	<0.001
	0.073

	ODI
	0.140
	<0.001
	0.003

	EQ-5D-5L
	0.254
	<0.001
	0.031


Models included group, categorical postoperative time, group-by-time interaction, the corresponding baseline value, age, sex, BMI, spondylolisthesis subtype, Meyerding grade, operative level, smoking, osteoporosis, and symptom duration, with a patient random intercept. P values are Satterthwaite-approximated fixed-effect tests.


Supplementary Table 2. Adjusted between-group contrasts at each postoperative time point
	Outcome
	Time
	Adjusted difference (95% CI)
	Raw p-value
	Holm-adjusted p-value

	VAS back pain
	Discharge
	-0.79 (-1.11 to -0.46)
	<0.001
	<0.001

	
	1 month
	-0.01 (-0.34 to 0.31)
	0.935
	1.000

	
	3 months
	-0.03 (-0.35 to 0.29)
	0.862
	1.000

	
	6 months
	-0.15 (-0.47 to 0.17)
	0.362
	1.000

	
	12 months
	0.03 (-0.29 to 0.35)
	0.845
	1.000

	VAS leg pain
	Discharge
	-0.43 (-0.81 to -0.04)
	0.030
	0.152

	
	1 month
	-0.00 (-0.39 to 0.38)
	0.995
	1.000

	
	3 months
	0.09 (-0.30 to 0.47)
	0.647
	1.000

	
	6 months
	-0.02 (-0.40 to 0.37)
	0.933
	1.000

	
	12 months
	-0.12 (-0.51 to 0.26)
	0.531
	1.000

	ODI
	Discharge
	1.10 (-1.16 to 3.35)
	0.339
	0.678

	
	1 month
	-0.57 (-2.83 to 1.69)
	0.619
	0.678

	
	3 months
	-1.66 (-3.92 to 0.60)
	0.148
	0.445

	
	6 months
	-2.78 (-5.04 to -0.53)
	0.016
	0.079

	
	12 months
	-2.69 (-4.95 to -0.44)
	0.020
	0.079

	EQ-5D-5L
	1 month
	0.01 (-0.02 to 0.04)
	0.461
	0.566

	
	3 months
	-0.03 (-0.06 to 0.00)
	0.071
	0.284

	
	6 months
	-0.02 (-0.05 to 0.01)
	0.114
	0.343

	
	12 months
	-0.02 (-0.05 to 0.01)
	0.283
	0.566


Differences are Nav-UBE-TLIF minus Fluoro-UBE-TLIF. Negative VAS/ODI differences and positive EQ-5D-5L differences favor navigation. Holm adjustment was applied within each PROM across postoperative timepoint contrasts; 12 months was the principal clinical interpretation.


Supplementary Table 3. Published MCID Thresholds and Clinical Interpretation of Adjusted 12-Month Between-Group Differences
	Outcome
	Selected MCID threshold
	Direction of clinically important improvement
	Reference
	MCID derivation method
	Adjusted 12-month between-group difference
	95% CI
	Magnitude relative to MCID benchmark
	Clinical interpretation

	VAS back pain
	1.2 points
	Decrease
	Copay et al., 2008 
	Anchor- and distribution-based methods
	0.03
	-0.29 to 0.35
	Below the selected MCID benchmark
	The adjusted between-group difference was smaller than the selected literature-derived MCID benchmark and did not indicate a clear clinically important advantage at 12 months.

	VAS leg pain
	1.6 points
	Decrease
	Copay et al., 2008 
	Anchor- and distribution-based methods
	-0.12
	-0.51 to 0.26
	Below the selected MCID benchmark
	The adjusted between-group difference was smaller than the selected literature-derived MCID benchmark and did not indicate a clear clinically important advantage at 12 months.

	[bookmark: _GoBack]ODI
	12.8 points
	Decrease
	Copay et al., 2008 
	Anchor- and distribution-based methods
	-2.69
	-4.95 to -0.44
	Below the selected MCID benchmark
	The adjusted between-group difference was smaller than the selected literature-derived MCID benchmark and did not indicate a clear clinically important advantage at 12 months.

	EQ-5D-5L
	0.22 index units
	Increase
	Yakdan et al., 2025 
	Anchor-based ROC analysis using ODI improvement
	-0.02
	-0.05 to 0.01
	Below the selected MCID benchmark
	The adjusted between-group difference was smaller than the selected literature-derived MCID benchmark and did not indicate a clear clinically important advantage at 12 months.


Copay AG, Glassman SD, Subach BR, et al. Minimum clinically important difference in lumbar spine surgery patients: a choice of methods using the Oswestry Disability Index, Medical Outcomes Study questionnaire Short Form 36, and pain scales. Spine J. 2008;8:968–974. DOI: 10.1016/j.spinee.2007.11.006; PMID: 18201937. This lumbar surgery cohort used anchor- and distribution-based approaches and directly supports the selected VAS back, VAS leg, and ODI thresholds, although thresholds remain sensitive to case mix, baseline severity, follow-up, and method.
Yakdan S, Joseph K, Ruiz-Cardozo MA, et al. Clinically significant improvement in health-related quality of life (EQ-5D-5L) after endoscopic spine surgery. Eur Spine J. 2025;34:5789–5798. DOI: 10.1007/s00586-025-09306-w; PMID: 40853454. The study included adults undergoing full-endoscopic surgery for lumbar degenerative disease and derived a 0.22 EQ-5D-5L threshold using an ODI-based anchor and receiver-operating-characteristic analysis. This EQ-5D-5L-specific threshold is relevant to endoscopic lumbar surgery but was not validated specifically for UBE-TLIF; it was therefore used as an external interpretive benchmark rather than a formal margin.


Supplementary Table 4. Achievement of Literature-Derived MCID Thresholds at 12 Months
	Outcome
	MCID threshold
	Reference
	Fluoro-UBE-TLIF responders n/N (%)
	Nav-UBE-TLIF responders n/N (%)
	Risk difference (95% CI)
	Risk ratio (95% CI)
	Fisher exact p-value

	VAS back
	1.2
	Copay et al., 2008 
	66/66 (100.0%)
	33/33 (100.0%)
	0.0 (-10.4 to 5.5)
	1.00 (0.95 to 1.04)
	1.000

	VAS leg
	1.6
	Copay et al., 2008 
	65/66 (98.5%)
	33/33 (100.0%)
	1.5 (-10.2 to 8.1)
	1.02 (0.95 to 1.06)
	1.000

	ODI
	12.8
	Copay et al., 2008 
	65/66 (98.5%)
	33/33 (100.0%)
	1.5 (-10.2 to 8.1)
	1.02 (0.95 to 1.06)
	1.000

	EQ-5D-5L
	0.22
	Yakdan et al., 2025
	58/66 (87.9%)
	29/33 (87.9%)
	0.0 (-21.1 to 17.3)
	1.00 (0.86 to 1.17)
	1.000


Notes: Improvement was baseline minus 12-month score for VAS and ODI and 12-month minus baseline for EQ-5D-5L. Risk differences are Nav minus Fluoro; risk ratios are Nav/Fluoro. Adjusted logistic models were not emphasized because near-universal response for pain and disability outcomes resulted in complete or near-complete separation and limited stable multivariable estimation.


Supplementary Table 5. Generalized estimating equation analysis of per-screw radiographic outcomes
	Outcome
	Fluoro-UBE-TLIF
	Nav-UBE-TLIF
	Odds ratio (95% CI)
	p-value

	Mobbs-Raley grade 0
	237/264 (89.8%)
	122/132 (92.4%)
	1.39 (0.68 to 2.83)
	0.365

	Badu grade 0
	252/264 (95.5%)
	130/132 (98.5%)
	3.10 (0.71 to 13.40)
	0.131


Notes: Outcomes were analyzed at the screw level. Odds ratios are expressed for Nav-UBE-TLIF versus Fluoro-UBE-TLIF and were estimated using generalized estimating equations with an exchangeable correlation structure to account for clustering of screws within patients.

Supplementary Table 6. Interobserver reliability analysis for radiographic assessments
	Radiographic measurement
	Reliability statistic
	Estimate (95% CI)
	Interpretation

	Slip percentage
	ICC
	0.91 (0.86 to 0.95)
	Excellent

	Intervertebral height
	ICC
	0.88 (0.82 to 0.93)
	Good to excellent

	Slip correction rate
	ICC
	0.90 (0.84 to 0.94)
	Good to excellent

	Mobbs-Raley screw grade
	Cohen's kappa
	0.86 (0.79 to 0.93)
	Almost perfect

	Badu facet violation grade
	Cohen's kappa
	0.82 (0.74 to 0.90)
	Almost perfect

	Bridwell fusion grade
	Cohen's kappa
	0.80 (0.70 to 0.89)
	Substantial to almost perfect

	Cage subsidence
	Cohen's kappa
	0.84 (0.72 to 0.95)
	Almost perfect

	Cage migration
	Cohen's kappa
	0.90 (0.78 to 1.00)
	Almost perfect


Note: CI, confidence interval; ICC, intraclass correlation coefficient. Interobserver reliability was assessed using the intraclass correlation coefficient (ICC) for continuous measurements and Cohen’s kappa coefficient for categorical variables. ICCs were calculated using a two-way random-effects absolute-agreement model. ICC values were interpreted as poor (<0.50), moderate (0.50–0.75), good (0.75–0.90), and excellent (>0.90) reliability. Cohen’s kappa values were interpreted as poor (<0.00), slight (0.00–0.20), fair (0.21–0.40), moderate (0.41–0.60), substantial (0.61–0.80), and almost perfect (0.81–1.00) agreement. Values are presented with 95% confidence intervals where applicable.
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