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Abstract

Background. Early postoperative pain may help identify patients whose functional recovery after unilateral biportal endoscopic
lumbar interbody fusion (ULIF) is falling behind, but the most informative pain measure is uncertain. We compared four early pain
measures and then examined the association, candidate threshold, and incremental information of the best-performing measure
for failure to achieve the 1-year Oswestry Disability Index (ODI) minimum clinically important difference (MCID).

Methods. We retrospectively screened 282 surgery-system records of possible ULIF procedures performed from January 2023
through December 2024. After procedure confirmation and hierarchical eligibility review, 234 patients were clinically eligible; 189
had complete required pain and ODI data and formed the 3-month landmark cohort. Back- and leg-pain numerical rating scale
(NRS) scores at 2 weeks and 3 months were compared using receiver operating characteristic analysis. The measure with the
highest apparent area under the curve (AUC) was then examined with Firth logistic regression and restricted cubic splines. Fixed
post-selection models underwent 1,000-sample conditional bootstrap validation, while a separate 10,000-sample bootstrap
repeated marker and threshold selection.

Results. Of the 189 patients, 77 (40.7%) did not achieve the ODI MCID. Three-month leg pain had the highest apparent AUC (0.891;
95% Cl, 0.850-0.933) and was selected in 9,999 of 10,000 marker-selection bootstraps. The probability of MCID non-achievement
rose with higher leg-pain scores and followed an apparently nonlinear pattern. The selection-aware corrected AUC for the
continuous score was 0.891, and the corrected balanced accuracy of the NRS > 3 rule was 0.791. In the fixed post-selection
models, concurrent 3-month ODI had a corrected AUC of 0.973. Adding the leg-pain spline increased corrected AUC by 0.0125 but
moved the calibration slope farther from 1.

Conclusions. Three-month leg pain separated ODI-MCID achievers from non-achievers better than the other three early pain
measures, although it added little beyond concurrent 3-month ODI. An NRS score of 3 or higher may be useful as a signal for closer
reassessment, but not as a stand-alone prediction or treatment rule. External transportability remains unknown.

BACKGROUND

Degenerative lumbar disease is a major cause of disability, and lumbar fusion is increasingly performed as populations age and
minimally invasive techniques become more widely available(1-3). Unilateral biportal endoscopic lumbar interbody fusion (ULIF)
combines endoscopic decompression with interbody reconstruction and has shown favorable short-term clinical and radiographic
results in selected patients(4-8). Even after technically successful surgery, however, the pace of recovery varies considerably
between patients.

This variation is not fully captured by radiographs. Patient-reported outcomes therefore remain central to postoperative follow-up.
The Oswestry Disability Index (ODI), first described by Fairbank et al. and later standardized for clinical and research use, is widely
used to quantify disability related to low back disorders (9, 10). Our institution uses a validated simplified Chinese version(11).
Interpreting ODI change through the minimum clinically important difference (MCID) can help distinguish improvement that is likely
to be meaningful to patients(12, 13). Previous studies have examined factors associated with failure to achieve the ODI MCID after
minimally invasive lumbar surgery(14), but a simple marker available during routine early follow-up would be clinically useful.

DiSilvestro et al. reported that pain measured 6—12 weeks after minimally invasive transforaminal lumbar interbody fusion was
associated with 1-year ODI recovery(15). This finding raised a practical question for ULIF: does back pain or leg pain, and at which
early follow-up visit, provide the clearest signal of later functional recovery? Because the procedure and assessment schedule
differ from those in the earlier study, direct external validation of its threshold was not appropriate.

Recovery may also be shaped by age, comorbidity, functional dependence, and baseline disability (16—24). We therefore retained
age, sex, BMI, and baseline ODI as routine clinical adjustment variables. The database also contained the four comorbidity
domains used in the conventional mFI-5 together with a preoperative Barthel Index. Because the original ACS-NSQIP functional-
status item was unavailable, we used these variables to construct a study-specific flve-domain burden rather than labeling it a
validated mFI-5.
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The analysis was designed in two stages. First, we compared back- and leg-pain NRS scores at 2 weeks and 3 months. We then
carried forward the measure with the highest discrimination to examine its continuous association with 1-year ODI-MCID non-
achievement, explore a candidate integer threshold, and test whether it added information beyond a concurrent 3-month ODI
landmark measure.

METHODS
Study Design and Cohort Construction

This single-center retrospective cohort used a 3-month landmark design and was reported according to STROBE(25). A surgery-
system search identified 282 records as possible ULIF procedures performed between January 1, 2023, and December 31, 2024.
Clinical data were reviewed through February 24, 2026. Eight records were not ULIF procedures, leaving 274 confirmed ULIF
procedures for eligibility review.

Clinical exclusions were applied hierarchically so that each patient was counted once: non-degenerative indication (n=7), previous
lumbar surgery (n=12), and multilevel surgery (n=21). This left 234 clinically eligible patients. Follow-up exclusions were then
assigned according to the earliest required assessment that was missing: 2-week NRS (n=14), 3-month NRS and/or ODI (n=15),
and 1-year NRS and/or ODI (n=16). The final complete-case cohort comprised 189 patients.

Postoperative assessments were assigned to prespecified windows: days 7—28 for the 2-week visit, days 60-120 for the 3-month
landmark, and days 330-420 for the 1-year outcome. If more than one assessment fell within a window, the record closest to
postoperative day 14, 90, or 365 was used; when two records were equally close, the earlier record was selected. Visit assignment
was based on source-database dates. Exact postoperative days were not retained in the locked analytic dataset and therefore
could not be independently rechecked from that file.

Surgical Procedure and Perioperative Variables

ULIF was performed under general anesthesia using separate endoscopic viewing and working portals through small paramedian
incisions. Endoscopic decompression and discectomy were followed by endplate preparation, interbody cage insertion, and
pedicle-screw fixation. The analytic dataset included age, sex, height, weight, body mass index (BMI), index level, American Society
of Anesthesiologists class, operative time, estimated blood loss, and hospital length of stay. BMI was recalculated as weight in
kilograms divided by height in meters squared and categorized as <25.0, 25.0—29.9, or =30.0 kg/m?.

Patient-Reported Outcomes and Primary Endpoint

Back and leg pain were recorded separately on an 11-point NRS from 0 (no pain) to 10 (worst possible pain). All 189 patients had
scores at baseline, 2 weeks, 3 months, and 1 year; no NRS values were imputed. Disability was assessed using the validated
Simplified Chinese version of the Oswestry Disability Index (ODI), which has been previously translated and validated in Chinese-
speaking populations(11). The ODI was originally developed by Fairbank and colleagues and has subsequently been widely used
for assessing disability related to lumbar spinal disorders(9, 10). ODI totals were stored on a 0—100 scale, with higher values
indicating greater disability. Item-level responses were not available in the locked dataset, so handling of unanswered sections and
denominator adjustment could not be independently checked. ODI improvement was calculated as preoperative ODI minus 1-year
ODL. Failure to achieve the MCID was defined as improvement <12.8 points(13). Because this threshold came from the literature
rather than local validation, sensitivity analyses used thresholds of 10 and 15 points and also examined 1-year ODI continuously.

Failure to achieve the literature-derived ODI improvement threshold was the event in all binary models. Analyses were restricted to
patients with pain and ODI data at the 3-month landmark and at 1 year. The results therefore apply to patients who remained under
observation at 3 months and are not preoperative risk estimates.

Five-Domain Comorbidity and Functional-Dependence Burden
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A five-domain deficit burden was constructed from diabetes mellitus, chronic obstructive pulmonary disease, congestive heart
failure, treated hypertension, and preoperative functional dependence. These domains correspond to the conventional mFI-5(20,
24), but we did not treat the resulting measure as a validated mFI-5 because the original ACS-NSQIP functional-status category
was unavailable. Functional status was assessed with the preoperative Barthel Index (26); a score <60 contributed one point as a
study-defined indicator of substantial dependence in basic activities of daily living, and a score =60 contributed zero points. The
other four domains each contributed one point, yielding a total of 0—5. Higher burden was defined as =2 deficits, consistent with
thresholds commonly used in lumbar-fusion studies of the mFI-5(24).

Statistical Analysis

Continuous variables are summarized as mean * standard deviation or median [interquartile range], and categorical variables as
number (percentage). For Table 1, absolute standardized differences for continuous variables were calculated from group means
using the square root of the average group variances, even when medians and quartiles were displayed. Binary differences used
level-specific proportions and pooled Bernoulli variance. BMI and index-level categories were assessed separately. Table 2 is
descriptive because the groups were defined by 1-year ODI change. Apparent AUCs for the four pain measures were compared
with paired DeLong tests, with Holm adjustment across all six pairwise comparisons(27) (Supplementary Table S4).

Receiver operating characteristic curves were generated for back and leg pain at 2 weeks and 3 months. The measure with the
highest AUC was carried forward. Integer cutoffs within that measure were assessed with the Youden index, with ties resolved in
favor of the lower cutoff (28). Because both the marker and threshold were selected from the study data, these analyses were
considered exploratory.

The best-performing measure, 3-month leg-pain NRS, was modeled continuously using Firth bias-reduced logistic regression(29)
and a four-knot restricted cubic spline (30). Knots at 0, 2, 3, and 6 were chosen after inspection of the discrete score distribution
and then fixed. A sensitivity model used the empirical 10th, 50th, and 90th percentiles (1, 2, and 5). Models adjusted for age, sex,
BMI, higher five-domain deficit burden, and baseline ODI; these variables were selected on clinical grounds and from prior literature
rather than univariable P values(15, 18-24). Ordinary maximum-likelihood likelihood-ratio tests were used only to describe
functional form. Effect estimates and conditional internal validation came from the Firth models. Marginal probabilities were
standardized over the observed covariate distribution. Delta-method confidence intervals used the Firth covariance matrix, were
constrained to 0-1, and did not include uncertainty from marker or spline selection.

We compared six fixed 3-month landmark models: the clinical benchmark (age, sex, BMI, higher five-domain deficit burden, and
baseline ODI); the benchmark plus the leg-pain spline; the benchmark plus NRS =3; the benchmark plus 3-month ODI; the
benchmark plus 3-month ODI and NRS =3; and the benchmark plus 3-month ODI and the leg-pain spline. Each model was refitted in
1,000 patient-level bootstrap samples using Firth estimation to estimate model-fitting optimism(31). The selected marker, knot
locations, and NRS =3 threshold remained fixed. These estimates therefore represent conditional internal validation of the fixed
post-selection models rather than validation of the complete data-driven analysis pipeline. Calibration intercept and slope were
estimated by Firth logistic recalibration of model-predicted log odds. Changes in AUC, Brier score, and calibration slope after
adding leg pain to the 3-month ODI model were calculated within the same resamples. All fits converged.

A separate 10,000-sample bootstrap repeated the unadjusted marker-and-threshold selection procedure. In each sample, all four
AUCs were recalculated, the best-performing marker was selected, and the integer Youden cutoff was re-estimated. Marker-level
AUC ties followed the fixed order used in the analysis code: 2-week leg pain, 2-week back pain, 3-month leg pain, and 3-month back
pain. Ties between Youden-optimal integer cutoffs favored the lower cutoff. The continuous marker and thresholded rule were
evaluated separately. Corrected values were obtained by subtracting the mean difference between bootstrap-sample performance
and performance when the bootstrap-selected choice was applied to the original sample. This procedure repeated marker and
threshold selection only; spline knots and multivariable models were not reselected. Fixed random seeds were used for both
bootstrap procedures to ensure reproducibility.

Sensitivity analyses used ODI-MCID thresholds of 10, 12.8, and 15 points, a baseline-adjusted continuous 1-year ODI outcome, and
a three-knot spline. Concurrent 3-month ODI was treated as a same-domain landmark benchmark rather than as a biologically
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independent predictor.

Potential effect modification was examined in a separate ordinary logistic model containing higher five-domain deficit burden,
linear 3-month leg pain, and their interaction. This exploratory model was not adjusted for the full benchmark set. We did not
calculate subgroup AUCs or perform decision-curve analysis.

No formal sample-size calculation was performed because the study used all clinically eligible patients with complete required
follow-up measurements. The same 189 complete cases were used for the main analyses, without imputation. Model complexity
was limited because 77 patients experienced the primary event.

RESULTS
Cohort Selection and Characteristics

The surgery-system search returned 282 records of possible ULIF procedures. Eight were not ULIF procedures, leaving 274
confirmed procedures. Clinical review then excluded 7 patients with a non-degenerative indication, 12 with previous lumbar
surgery, and 21 who underwent multilevel surgery. Among the remaining 234 clinically eligible patients, 14 lacked the required 2-
week NRS assessment, 15 lacked the 3-month NRS and/or ODI assessment, and 16 lacked the 1-year NRS and/or ODI
assessment. The final complete-case cohort included 189 patients: 77 did not achieve the ODI MCID and 112 did (Fig. 1).

Figure 1.

The median age was 65.0 years [IQR, 58.0-69.0], 108 patients (57.1%) were women, and median BMI was 26.0 kg/m?[IQR, 23.8—
28.0]. Thirty patients (15.9%) met the study-defined functional-dependence criterion, and 39 (20.6%) had at least two deficits
(Table 1).

Patient-Reported Outcome Trajectories

Baseline ODI was nearly identical in non-achievers and achievers (51.8 + 5.9 vs 52.5 + 7.4). The groups separated during follow-up:
ODI at 2 weeks was 46.6 + 6.5 versus 38.5+ 10.7, at 3 months 48.3 £ 6.3 versus 33.0 £ 10.3, and at 1 year 47.9 + 6.7 versus 27.5
8.1. Mean 1-year improvement was 3.9 + 3.3 in non-achievers and 25.1 + 8.7 in achievers (Table 2 and Supplementary Figure S1).
These trajectories are descriptive because group membership was defined by ODI improvement.

At 3 months, mean leg-pain NRS was 3.9 + 1.7 in non-achievers and 1.5 + 1.1 in achievers. Mean back-pain NRS was 4.5+ 1.9 and
2.3+ 1.6, respectively (Fig. 2).

Comparison and Selection of Early Pain Measures

Three-month leg pain had the highest discrimination of the four postoperative pain measures, with an apparent AUC of 0.891 (95%
Cl, 0.850-0.933). This exceeded the 3-month back-pain AUC by 0.076 (Holm-adjusted P = 0.002), with larger differences from both
2-week measures (Holm-adjusted P < 0.001) (Table 3A and Fig. 3). Three-month leg pain was selected in 9,999 of 10,000 bootstrap
samples.

Candidate Threshold and Association Shape

NRS = 3 was the most frequently selected integer cutoff. In the original cohort, sensitivity was 0.753, specificity 0.848, and
balanced accuracy 0.801. After correction for marker and threshold selection, these values were 0.742, 0.840, and 0.791; corrected
Youden J was 0.582 (Table 3B). Conditional on selecting 3-month leg pain, the cutoff was =2 in 20.36% of bootstrap samples, = 3
in 79.55%, and = 4 in 0.09% (Supplementary Table S2). The corrected AUC of the continuous score was 0.891.

For the adjusted model containing the fixed NRS = 3 indicator, conditional internal validation gave an optimism-corrected AUC of
0.829, a Brier score of 0.155, and a calibration slope of 0.937 (Table 4A). Because the threshold was held fixed during this
bootstrap, these estimates do not include all threshold-selection uncertainty. The adjusted-model AUC (0.829), continuous-score
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AUC (0.891), and binary-rule balanced accuracy (0.791) describe different analyses and should not be compared as if they were
the same performance measure.

The probability of ODI-MCID non-achievement rose with increasing 3-month leg-pain NRS, and the spline suggested that the
association was nonlinear. In a descriptive likelihood-ratio comparison, the four-knot spline differed from a linear term (x2=11.49, 2
df; P =0.003). Standardized event probabilities were close to zero at NRS 0 and were 41.7%, 60.7%, 74.3%, and 88.3% at scores of
2,3, 4, and 5, respectively (Fig. 4 and Supplementary Table S3). All 27 patients with NRS = 5 were non-achievers, making estimates
at the upper end of the scale imprecise. Adding the leg-pain spline to the clinical benchmark increased the conditionally corrected
AUC from 0.556 to 0.910 (Table 4A).

Figure 4.

The interaction between 3-month leg pain and higher five-domain deficit burden was not clearly supported (OR, 0.87; 95% Cl, 0.36-
2.08; P = 0.753), although the estimate was imprecise (Supplementary Table S1).

Incremental Information and Sensitivity Analyses

Concurrent 3-month ODI was the strongest landmark measure in the fixed post-selection models, with a conditionally corrected
AUC of 0.973, Brier score of 0.055, and calibration slope of 0.835. Adding NRS = 3 changed AUC by 0.0022 and Brier score by
-0.0087, while calibration slope changed by -0.032. Adding the leg-pain spline changed AUC by 0.0125 and Brier score by -0.0135,
with a-0.096 change in calibration slope. The added discrimination from leg pain was therefore small, and calibration did not
improve (Table 4B).

Results were similar in the main sensitivity analyses. The four-knot model had a conditionally corrected AUC of 0.910, compared
with 0.907 for the three-knot spline. Using ODI-MCID thresholds of 10, 12.8, and 15 points gave apparent AUCs of 0.900, 0.928, and
0.924, respectively; each model differed from the benchmark in descriptive likelihood-ratio testing (P < 0.001) (Supplementary
Table S1). These estimates remain conditional on the fixed post-selection modeling choices and do not establish performance in
an external cohort.

When 1-year ODI was analyzed continuously, the benchmark model explained 13.7% of the variance and the model including the
leg-pain spline explained 37.1% (partial F =22.40, 3 and 180 df; P <0.001). This supported an association that was not dependent
on dichotomizing the ODI outcome at the MCID threshold.

Thirty patients met the Barthel Index < 60 definition of functional dependence. Five-domain deficit scores were 0 in 82 patients, 1 in
68,2in27,3in11,and 4 in 1; 39 patients had at least two deficits.

DISCUSSION
Principal Findings

Of the four early pain measures, 3-month leg pain separated ODI-MCID achievers from non-achievers most clearly. The association
also appeared nonlinear, with risk rising more sharply across the middle of the NRS range. NRS = 3 emerged most often as the
candidate cutoff, but reducing the continuous score to a binary rule lost information. Importantly, concurrent 3-month ODI
remained much more informative than leg pain, and adding leg pain produced only a modest gain in discrimination.

Comparison With Previous Research

Our findings point in the same direction as those of DiSilvestro et al. [15], who linked pain measured 6—12 weeks after minimally
invasive transforaminal lumbar interbody fusion with 1-year ODI recovery. The weaker results at 2 weeks are clinically plausible:
pain at that stage may still be dominated by the operation itself, limited activity, and short-term analgesic use. By 3 months,
persistent leg pain is more likely to represent residual or recurrent radicular symptoms or a recovery course that has stalled. Back
pain is less specific because it may arise from the surgical approach, paraspinal tissues, adjacent structures, or the underlying
degenerative condition. These explanations remain tentative. Differences in procedure and timing also mean that our findings
should not be presented as an external validation of the earlier threshold.

Page 6/18



Clinical Interpretation

A leg-pain NRS score of 3 or higher at the 3-month visit may be a useful reason to look more closely at the patient's recovery rather
than a treatment threshold in itself. The reassessment might focus on residual or recurrent radicular symptoms, neurological
findings, rehabilitation progress, and whether imaging or specialist review is warranted. The interaction analysis did not provide a
reliable basis for different cutoffs across deficit-burden groups. When a complete functional questionnaire is available, concurrent
3-month ODI remains more informative for subsequent ODI-MCID achievement.

The apparently high discrimination of the 3-month ODI model should also be interpreted in context. The landmark measure and the
outcome come from the same disability scale, and baseline ODI was included in the model, so construct overlap and mathematical
coupling are unavoidable. Calibration slopes of roughly 0.74-0.83 also show that predictions remained too extreme. In addition,
the AUCs of 0.829, 0.910, and 0.985 are conditional internal-validation estimates for fixed post-selection models, not estimates
from an independently validated model. Prospective multicenter data are needed before these models can be used for individual
clinical decisions.

Strengths and Limitations

This study has several strengths. Rather than starting with a single preferred pain measure, we directly compared back and leg
pain at two early follow-up visits. We then examined the best-performing measure as a continuous score, as a candidate binary
cutoff, and in adjusted landmark models. The analysis also addressed nonlinearity and separation, used multiplicity-adjusted
paired AUC comparisons and paired bootstrap resampling, and repeated the main findings across alternative ODI-MCID thresholds
and spline specifications.

The limitations are also important. This was a retrospective single-center study, and case ascertainment depended on the
procedure names and codes used in the surgery-system search. Forty-five of 234 clinically eligible patients (19.2%) were excluded
because required follow-up data were incomplete, which may have introduced complete-case selection bias. Exact postoperative
days and item-level ODI responses were not retained in the locked analytic dataset, so visit assignment and unanswered-section
scoring could not be independently rechecked from that file. Marker, threshold, and spline choices were data driven, while the
multivariable bootstrap held those choices fixed. The 3-month ODI benchmark is affected by construct overlap and mathematical
coupling. High NRS scores were uncommon, the Barthel-based functional-dependence proxy and = 2-deficit threshold are not
validated frailty definitions, and the interaction model was minimally adjusted with limited power. No external cohort was available.
Finally, numerical reproduction of the analysis does not verify source-record accuracy, eligibility decisions, or transportability.

CONCLUSIONS

Among four early postoperative pain measures after ULIF, 3-month leg pain provided the clearest separation between patients who
did and did not achieve the 1-year ODI MCID. Higher scores were associated with poorer functional recovery, and NRS = 3 may be a
practical signal for closer reassessment. Its added information beyond concurrent 3-month ODI was small, so the cutoff should
not be used alone to predict outcome or guide treatment. External validation is needed before applying these findings to individual
patients.
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Tables

Table 1. Baseline and perioperative characteristics of the analytic cohort.
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Variable Overall ODI-MCID non- ODI-MCID Absolute standardized
(n=189) achievement (n=77) achievement (n=112) difference
Age, years 88.8][58.0, 65.0 [57.0, 70.0] 64.0 [58.0, 69.0] 0.002
Female sex 108 (57.1%) 43 (55.8%) 65 (58.0%) 0.044
BMI, kg/m? 26.0 [23.8, 26.1[23.4,28.0] 25.8[23.9,27.7] 0.087
28.0]
BMI category, kg/m?
<25 78 (41.3%) 31 (40.3%) 47 (42.0%) 0.035
25-29.9 88 (46.6%) 34 (44.2%) 54 (48.2%) 0.081
>30 23(12.2%) 12 (15.6%) 11 (9.8%) 0.174
Higher five-domain deficit 39 (20.6%) 23 (29.9%) 16 (14.3%) 0.383
burden (=2 deficits)
Diabetes mellitus 38 (20.1%) 22 (28.6%) 16 (14.3%) 0.354
Hypertension 66 (34.9%) 34 (44.2%) 32 (28.6%) 0.328
COPD 6 (3.2%) 2(2.6%) 4 (3.6%) 0.056
Congestive heart failure 19 (10.1%) 11 (14.3%) 8 (7.1%) 0.232
Functional dependence 30 (15.9%) 14 (18.2%) 16 (14.3%) 0.106
(Barthel Index <60)
ASA class %.8][2.0, 2.0[2.0,2.0] 2.0[2.0,2.0] 0.102
Length of stay, days XOOO[]S.O, 7.0[5.0, 10.0] 7.0[6.0,10.0] 0.076
Operative time, h 2.8][4.3, 5.0[4.4,5.9] 5.1[4.3,6.0] 0.045
Estimated blood loss, mL 188][50, 100 [50, 100] 100 [50, 100] 0.028
Index level
L2/3 4(2.1%) 0 (0.0%) 4 (3.6%) 0.272
L3/4 15 (7.9%) 4 (5.2%) 11 (9.8%) 0.176
L4/5 159 (84.1%) 69 (89.6%) 90 (80.4%) 0.261
L5/S1 11 (5.8%) 4 (5.2%) 7 (6.2%) 0.045

Values are median [interquartile range] or n (%). Continuous standardized differences used group means and pooled variances;
binary differences used level-specific proportions and pooled Bernoulli variances. BMI and index-level categories were assessed
separately. Values were descriptive and not used for covariate selection. Functional dependence was defined as preoperative
Barthel Index <60. The five-domain deficit burden combined this variable with diabetes mellitus, COPD, congestive heart failure,
and treated hypertension; higher burden was defined as =2 deficits. This study-defined burden is not a validated mFI-5 score.
COPD, chronic obstructive pulmonary disease; ASA, American Society of Anesthesiologists.

Table 2. Patient-reported outcome trajectories in the analytic cohort.
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Outcome
NRS back
pain

NRS back
pain

NRS back
pain

NRS back
pain

NRS back
pain

NRS leg pain
NRS leg pain
NRS leg pain
NRS leg pain
NRS leg pain

0Dl
0Dl
0Dl
oDl
0Dl

Time point
Preoperative

2 weeks

3 months

1 year
Improvement at 1
year
Preoperative

2 weeks

3 months

1 year

Improvement at 1
year

Preoperative
2 weeks

3 months

1 year

Improvement at 1
year

Overall
(n=189)

5624

28+1.5

3.2+20

22+19

3.3+26

54+24
29+15
25+1.8
1.8+1.9
3.6+26

52.2+6.9

41.8+10.0
39.2+11.7
35.8+12.6
16.4+12.5

ODI-MCID non-achievement
(n=77)

5723

3.3+1.6

45+1.9

3.8+1.8

1.8+19

5624
3.3+1.6
3.9+1.7
3.3+1.8
24+20

51.8+5.9
46.6 £ 6.5
48.3+6.3
479+6.7
3.9+33

ODI-MCID achievement
(n=112)

55+25

25+1.4

5325
26+1.4
1.5+1.1
0.8+1.0
4.5+2.6

52.5+7.4
38.5+10.7
33.0+10.3
27.5+8.1
25.1+87

Values are presented as mean + standard deviation for descriptive purposes. Back- and leg-pain NRS values were available at all
four time points for all 189 patients; no NRS values were imputed.

The table is descriptive. Outcome groups were defined by 1-year ODI improvement; repeated time-specific P values were therefore

removed to avoid circular and multiplicity-heavy inference.

Improvement is defined as the preoperative score minus the 1-year score; positive values indicate improvement. ODI, Oswestry
Disability Index; NRS, numerical rating scale.

Table 3A. Apparent ROC performance and post hoc marker-selection frequency in the analytic cohort.
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Early AUC 95% Observed Sensitivity Specificity PPV NPV Accuracy Youden Marker

pain Cl threshold J selected

measure in 10,000
marker-
and-
threshold
selection
bootstraps

2-week 0.594 0.516- =2 100.0% 27.7% 48.7% 100.0% 57.1% 0.277 0 (0.00%)

leg-pain 0.673

NRS

2-week 0.632 0.556- =2 100.0% 27.7% 48.7% 100.0% 57.1% 0.277 0 (0.00%)

back- 0.708

pain

NRS

3-month  0.891 0.850- =3 75.3% 84.8% 77.3% 83.3% 81.0% 0.601 9,999

leg-pain 0.933 (99.99%)

NRS

3-month  0.816 0.758- =4 71.4% 75.9% 67.1% 79.4% 74.1% 0.473 1(0.01%)

back- 0.874

pain

NRS

AUC confidence intervals were calculated using the DeLong method. Integer thresholds maximized the Youden index; when
thresholds were tied, the smaller integer threshold was selected. Threshold positivity was defined as predicting 1-year ODI-MCID
non-achievement.

Marker selection frequencies are from 10,000 ordinary patient-level bootstrap samples repeating the marker-and-threshold
selection workflow, in which all four AUCs and the maximum-Youden integer threshold were reselected.

The 3-month leg-pain AUC exceeded the 3-month back-pain AUC by 0.076 (Holm-adjusted P=0.002) and both 2-week measures by
larger margins (Holm-adjusted P<0.001). Supplementary Table S4 reports all six paired comparisons. PPV, positive predictive
value; NPV, negative predictive value.

Table 3B. Selection-aware performance of the selected continuous marker and its thresholded binary rule.

Metric Apparent Mean optimism  Corrected
Selected continuous marker AUC 0.8915 0.0001 0.8914
Thresholded-rule sensitivity 0.753 0.012 0.742
Thresholded-rule specificity 0.848 0.008 0.840
Thresholded-rule balanced accuracy  0.8007 0.0096 0.7911
Thresholded-rule PPV 0.773 0.008 0.765
Thresholded-rule NPV 0.833 0.007 0.826
Thresholded-rule accuracy 0.810 0.009 0.800
Thresholded-rule Youden J 0.601 0.019 0.582

The continuous-marker AUC and thresholded-rule metrics are distinct. For a binary rule, the corresponding two-point ROC AUC is
numerically equal to balanced accuracy=(sensitivity+specificity)/2; balanced accuracy is reported in the table to avoid confusion
with the continuous-marker AUC. Corrected estimates equal apparent performance minus mean bootstrap-training-to-original-
sample-test optimism. The selected-marker AUC optimism was only 0.0001 because 3-month leg pain was selected in 9,999 of
10,000 bootstrap samples.
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Table 4A. Conditional bootstrap performance of six fixed post-selection 3-month landmark models.

Landmark model Apparent Corrected Corrected Corrected Corrected Successful

AUC AUC Brier calibration calibration bootstraps
intercept slope

Clinical benchmark 0.611 0.556 0.246 -0.121 0.675 1000/1000

Benchmark + leg-pain  0.928 0.910 0.126 0.026 0.893 1000/1000

RCS

Benchmark + leg-pain  0.851 0.829 0.155 -0.019 0.937 1000/1000

NRS =3

Benchmark + 3- 0.980 0.973 0.055 0.001 0.835 1000/1000

month ODI

Benchmark + 3- 0.982 0.975 0.047 0.009 0.803 1000/1000

month ODI + NRS =3

Benchmark + 3- 0.993 0.985 0.042 -0.032 0.739 1000/1000

month ODI + leg-pain

RCS

The event was failure to achieve the 1-year ODI MCID. All models used Firth logistic regression. The benchmark included age, sex,
BMI, higher five-domain deficit burden, and baseline ODI. Three-month leg pain was selected after comparing four candidate
markers; RCS denotes its fixed four-knot restricted cubic spline.

Corrected values used the same 1,000 patient-level bootstrap samples and are conditional on the selected marker, fixed knot
locations, and fixed data-derived NRS =3 threshold.

AUC, area under the receiver operating characteristic curve; BMI, body mass index; ODI, Oswestry Disability Index; NRS, numerical
rating scale; RCS, restricted cubic spline. These are internal-validation estimates and do not establish transportability.

Table 4B. Conditional paired bootstrap incremental performance beyond the fixed 3-month ODI landmark model.

Added fixed leg-pain Conditional corrected Conditional corrected Conditional corrected Acalibration
term AAUC ABrier slope

NRS =3 0.0022 -0.0087 -0.032

Four-knot RCS 0.0125 -0.0135 -0.096

Differences are full minus the 3-month-ODI model and use the same fixed-model resamples. Positive AAUC and negative ABrier
favor the added term. Paired corrected differences were calculated within shared bootstrap resamples and therefore do not
necessarily equal the arithmetic difference between separately summarized corrected estimates in Table 4A. Estimates are
conditional on the fixed post-selection marker, threshold, and spline choices.

Figures
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Records identified by surgery-system search
as possible ULIF procedures —
n=282

Excluded for clinical ineligibility: n = 40
Confirmed ULIF procedures Non-degenerative disease: n =7
n=274 ? Previous lumbar surgery: n = 12

Multilevel surgery: n =21
Excluded because of incomplete required follow-up data: n = 45
Clinically eligible cohort Missing 2-week NRS: n = 14
n=234 ? Missing 3-month NRS and/or ODI: n = 15
Missing 1-year NRS and/or ODL: n= 16

Patients included in the final complete-case analysis
n=189

Excluded before confirmation of ULIF:
Non-ULIF procedures: n= 8

Figure 1

Flow diagram of patient selection. A total of 282 records identified by the surgery-system search as possible ULIF procedures were
screened. After exclusion of non-ULIF procedures and clinically ineligible cases, 234 patients constituted the clinically eligible
cohort. A further 45 patients were excluded because of incomplete required follow-up data, leaving 189 patients in the final
complete-case analytic cohort. ULIF, unilateral biportal endoscopic lumbar interbody fusion; NRS, numerical rating scale; ODI,
Oswestry Disability Index.
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Figure 2

Distribution of 3-month leg-pain NRS scores according to 1-year ODI-MCID status. Individual points represent patients. Boxes
indicate the interquartile range, center lines indicate the median, and whiskers extend to 1.5 times the interquartile range. The ODI-
MCID achievement and non-achievement groups comprised 112 and 77 patients, respectively. ODI, Oswestry Disability Index;
MCID, minimum clinically important difference; NRS, numerical rating scale.
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Figure 3

ROC curves of four early postoperative pain measures for 1-year ODI-MCID non-achievement. Stepwise receiver operating
characteristic curves are shown for 2-week leg-pain NRS, 2-week back-pain NRS, 3-month leg-pain NRS, and 3-month back-pain
NRS. The corresponding areas under the curve were 0.594, 0.632, 0.891, and 0.816, respectively. The diagonal dashed line
represents discrimination no better than chance. AUC, area under the curve; ODI, Oswestry Disability Index; MCID, minimum
clinically important difference; NRS, numerical rating scale.
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Observed probability

Probability of ODI-MCID non-achievement
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Figure 4

Association of 3-month leg-pain NRS with 1-year ODI-MCID non-achievement and calibration of the selected-marker model. (A)
Standardized marginal probabilities of 1-year ODI-MCID non-achievement across 3-month leg-pain NRS scores estimated using the
four-knot restricted cubic spline model. The solid line represents model-based probabilities, the shaded area represents 95%
confidence intervals, and open circles indicate observed event rates at each integer NRS score. (B) Calibration of the selected-
marker model across apparent risk quintiles. Points represent observed event probabilities within each quintile, vertical error bars
indicate Wilson 95% confidence intervals, and the dashed diagonal line represents ideal calibration. The optimism-corrected
calibration slope was 0.893. ODI, Oswestry Disability Index; MCID, minimum clinically important difference; NRS, numerical rating
scale.
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