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Methods: To address potential confounding arising from the non-randomized, preference-based allocation, propensity scores were estimated using logistic regression modeling the probability of undergoing laparoscopic sleeve gastrectomy as a function of baseline covariates, including age, sex, baseline body mass index (BMI), baseline weight and height, presence of type 2 diabetes mellitus, hypertension, osteoarthritis, obstructive sleep apnea, smoking status, and alcohol use. Inverse Probability of Treatment Weighting (IPTW) was then applied using the estimated propensity scores to generate a weighted pseudo-population in which baseline covariates were balanced between treatment groups. Covariate balance before and after weighting was assessed using standardized mean differences (SMD), with values < 0.10 considered indicative of excellent balance. Primary binary outcomes were analyzed using IPTW-weighted risk differences with bootstrap-derived 95% confidence intervals. Repeated continuous outcomes (weight and BMI across baseline, 3, 6, and 12 months) were analyzed using linear mixed-effects models including fixed effects for treatment group, time, and group-by-time interaction, with a random intercept for each participant to account for within-subject correlation. Additionally, 12-month continuous outcomes were evaluated using multivariable analysis of covariance (ANCOVA) adjusting for baseline values and relevant covariates to assess robustness of treatment effects. The resulting propensity score was used for covariate adjustment to estimate the adjusted treatment effect. IPTW-weighted risk differences with bootstrap-derived 95% confidence intervals were calculated for binary outcomes. All analyses were conducted using two-sided tests with statistical significance defined as p < 0.05.
All analyses performed using IBM SPSS Statistics version 26. IPTW implemented via the SPSS Complex Samples module with logistic regression propensity modeling. Linear mixed-effects models used the MIXED procedure. Bootstrap confidence intervals generated via SPSS bootstrapping (2000 resamples).

Analysis
Supplementary Table S1 presents the assessment of baseline comparability between the laparoscopic sleeve gastrectomy (LSG) group and the conservative management group using standardized mean differences (SMDs), both before and after inverse probability of treatment weighting (IPTW). Unlike traditional p-values, which are influenced by sample size, SMDs quantify the magnitude of imbalance independent of statistical significance and are recommended in non-randomized studies. Prior to weighing, all baseline variables demonstrated acceptable balance, with SMD values below 0.25 and a maximum value of approximately 0.21, indicating no substantial baseline imbalance. Following IPTW adjustment, all SMDs were reduced to below 0.10, reflecting excellent covariate balance across demographic variables (age, sex), anthropometric measures (weight, height, body mass index [BMI]), and comorbidity profiles (type 2 diabetes mellitus [T2D], hypertension [HTN], osteoarthritis [OA], obstructive sleep apnea [OSA], smoking, and alcohol use). Ideal body weight was derived from height (calculated as BMI 25 kg/m² × height² in meters). Because ideal weight is a deterministic linear transformation of height, its standardized mean difference (SMD) mirrors that of height. Accordingly, baseline imbalance was modest before weighting (SMD = 0.068) and improved after IPTW adjustment (SMD = 0.045), remaining well below the conventional threshold of 0.10, indicating adequate covariate balance. These findings confirm that IPTW successfully minimized observable confounding related to treatment allocation and strengthened the internal validity of subsequent outcome comparisons.





Table S1. Baseline balance (unweighted vs IPTW SMD)
	Variable
	SMD_unweighted
	SMD_IPTW
	Abs_SMD_unweighted
	Abs_SMD_IPTW

	Age
	0.1899
	0.0119
	0.1899
	0.0119

	Female
	0.1313
	0.0489
	0.1314
	0.0489

	BMI
	0.1204
	0.0344
	0.1204
	0.0345

	T2D
	0
	-0.004
	0
	0.004

	HTN
	-0.2032
	-0.0513
	0.2033
	0.0513

	OA
	0.1341
	0.032
	0.1341
	0.032

	OSA
	-0.1341
	0.0001
	0.1341
	0.0001

	Smoking
	0.1765
	-0.0193
	0.1766
	0.0193

	Alcohol
	0
	0.0073
	0
	0.0073

	Weight
	0.2089
	-0.0253
	0.2089
	0.0254

	Height
	0.0681
	-0.0452
	0.0681
	0.0452

	Ideal weight
	0.0681
	-0.0452
	0.0681
	0.0452


Standardized Mean Differences (SMD), and Inverse Probability of Treatment Weighting (IPTW)
Supplementary Table S2 reports results from linear mixed-effects models evaluating longitudinal changes across baseline, 3, 6, and 12 months. Linear mixed-effects models demonstrated a statistically significant group × time interaction across all evaluated outcomes, indicating that longitudinal changes differed significantly between the treatment and comparison groups.
The treatment group exhibited significantly greater reductions over time in weight (β = −3.09 kg/month, p < 0.001) and BMI (β = −1.11 kg/m²/month, p < 0.001), confirming sustained weight loss superiority. Metabolic improvement was also observed, with significant reductions in HbA1c (β = −0.12% per month, p < 0.001).
Cardiovascular parameters improved significantly in the treatment group, including systolic BP (β = −0.54 mmHg/month, p < 0.001) and diastolic BP (β = −0.91 mmHg/month, p = 0.003). Sleep-related outcomes showed marked improvement, with substantial reductions in AHI (β = −1.23 events/hour per month, p < 0.001) and ESS score (β = −0.49 points/month, p < 0.001).
Importantly, structural joint outcomes improved, with significant increases in right and left knee joint space width (β = +0.025 mm/month and +0.030 mm/month, respectively), suggesting potential biomechanical benefit secondary to weight reduction.

Table S2. Mixed-effects models (group × time interaction)
	Outcome
	Interaction_coef_treatXmonth (β)
	SE
	95% CI
	p value

	Weight (kg)
	-3.0866
	0.1654
	-3.4108 to -2.7624
	p < 0.001

	BMI (kg/m²)
	-1.1082
	0.0599
	-1.2256 to -0.9908
	p < 0.001

	HbA1c (%)
	-0.1229
	0.0203
	-0.1627 to -0.0831
	p < 0.001

	Systolic BP (mmHg)
	-0.5442
	0.1615
	-0.8607 to -0.2277
	p < 0.001

	Diastolic BP (mmHg)
	-0.9103
	0.3012
	-1.5007 to -0.3199
	p < 0.001

	Apnea–Hypopnea Index (AHI)
	-1.2314
	0.1508
	-1.5270 to -0.9358
	p < 0.001

	Epworth Sleepiness Scale (ESS)
	-0.4860
	0.0582
	-0.6001 to -0.3719
	p < 0.001

	Right Knee Joint Space Width (mm)
	+0.0248
	0.0104
	0.0044 to 0.0452
	p < 0.001

	Left Knee Joint Space Width (mm)
	+0.0304
	0.0061
	0.0184 to 0.0424
	p < 0.001



Supplementary Table S3 presents regression-adjusted estimates of treatment effect at 12 months using analysis of covariance (ANCOVA). Substantial reductions were observed in anthropometric measures. The treatment group had an adjusted mean weight that was 37.9 kg lower and a BMI that was 13.6 kg/m² lower than the comparison group (both p < 0.001), reflecting a large and clinically meaningful reduction in adiposity.
Metabolic improvement was also pronounced. HbA1c levels were significantly lower in the treatment group at 12 months, indicating improved glycemic control independent of baseline differences.
Cardiovascular parameters showed significant improvement, with lower systolic and diastolic blood pressure in the treatment group after adjustment, supporting the cardiometabolic benefit of the intervention.
Sleep-related outcomes improved markedly. Significant reductions in AHI and ESS indicate meaningful improvement in obstructive sleep apnea severity and daytime sleepiness. Importantly, structural orthopedic outcomes demonstrated favorable changes. Increases in right and left knee joint space width suggest potential biomechanical or degenerative improvement, likely secondary to substantial weight reduction.
Table S3. Regression-adjusted (ANCOVA) treatment effect at 12 months
	Outcome
	Adjusted Treatment Effect (β)
	SE
	95% CI
	p value

	Weight at 12 months (kg)
	-37.897
	1.566
	-40.966 to -34.828
	p < 0.001

	BMI at 12 months (kg/m²)
	-13.590
	0.554
	-14.675 to -12.505
	p < 0.001

	HbA1c at 12 months (%)
	-1.482
	0.141
	-1.759 to -1.205
	p < 0.001

	Systolic BP at 12 months (mmHg)
	-6.524
	1.933
	-10.311 to -2.737
	p < 0.001

	Diastolic BP at 12 months (mmHg)
	-10.923
	3.612
	-18.001 to -3.845
	p < 0.001

	AHI at 12 months
	-14.776
	1.810
	-18.323 to -11.229
	p < 0.001

	ESS at 12 months
	-5.833
	0.698
	-7.201 to -4.465
	p < 0.001

	Right Knee JSW at 12 months (mm)
	+0.298
	0.087
	0.127 to 0.469
	p < 0.001

	Left Knee JSW at 12 months (mm)
	+0.366
	0.073
	0.222 to 0.510
	p < 0.001



Supplementary Table S4 presents the inverse probability of treatment weighting (IPTW)-adjusted analysis of the primary binary endpoint, defined as reduction or discontinuation of medication for at least one obesity-related comorbidity at 12 months. After weighting to achieve covariate balance across baseline characteristics, the estimated probability of medication reduction was 1.00 in the laparoscopic sleeve gastrectomy (LSG) group compared with 0.094 in the conservative management group. This corresponds to an absolute risk difference of 0.906, indicating a 90.6% higher probability of medication reduction associated with surgical treatment. Bootstrap resampling with 2,000 iterations was used to derive 95% confidence intervals, which ranged from 0.789 to 1.000 and did not cross zero, confirming statistical significance. These findings demonstrate that even after rigorous adjustment for measured confounding through propensity score weighting, LSG remained strongly associated with a substantial reduction in pharmacologic treatment burden. Given the clinical importance of minimizing polypharmacy in elderly populations, this result supports the robustness and clinical relevance of the observed treatment effect.


Table S4. IPTW-Weighted Analysis of Medication Reduction Outcome or Discontinuation of Medication for ≥1 Comorbidity
	Parameter
	LSG Group
	Conservative Group

	IPTW-weighted probability of medication reduction
	1.00
	0.094

	Absolute Risk Difference (RD)
	-
	0.906

	95% Confidence Interval (Bootstrap, B=2000)
	-
	0.789 – 1.000



Supplementary Table S5 presents multivariable-adjusted comparisons between laparoscopic sleeve gastrectomy (LSG) and conservative management at 12 months. After adjustment for baseline outcome values and relevant covariates, LSG was associated with substantial and statistically significant improvements across all primary and clinical outcomes. Patients undergoing LSG demonstrated a mean adjusted weight reduction of 37.9 kg and a BMI reduction of 13.6 kg/m² compared with conservative management (both p < 0.001), confirming a large and clinically meaningful effect size.
Among patients with baseline type 2 diabetes mellitus, HbA1c decreased by an adjusted mean of 1.36 percentage points in the LSG group relative to controls (p < 0.001), indicating significant metabolic improvement. Similarly, systolic and diastolic blood pressure were significantly reduced in hypertensive patients, with a particularly pronounced effect on diastolic blood pressure (−9.6 mmHg, p = 0.014).
In patients with obstructive sleep apnea, LSG resulted in a marked reduction in Apnea–Hypopnea Index (−14.8 events/hour, p < 0.001) and Epworth Sleepiness Scale score (−5.6 points, p < 0.001), reflecting substantial improvement in both objective sleep parameters and subjective daytime somnolence.
Furthermore, in patients with osteoarthritis, LSG was associated with significant increases in bilateral knee joint space width, suggesting structural and symptomatic improvement. The positive adjusted differences of 0.33 mm (right) and 0.31 mm (left) were both statistically significant.







Supplementary Table S5. Multivariable-Adjusted Treatment Effects of Laparoscopic Sleeve Gastrectomy (LSG) Versus Conservative Management at 12 Months
	Outcome
	Adjusted Treatment Effect (LSG − Conservative)
	SE
	95% CI
	p-value

	Weight (kg)
	−37.8972
	1.3523
	−40.5477 to −35.2467
	p < 0.001

	BMI (kg/m²)
	−13.5899
	0.5296
	−14.6279 to −12.5519
	p < 0.001

	HbA1c (%)†
	−1.3569
	0.1976
	−1.7442 to −0.9696
	p < 0.001

	Systolic BP (mmHg)†
	−4.4953
	1.7924
	−8.0084 to −0.9822
	p = 0.0219

	Diastolic BP (mmHg)†
	−9.6155
	3.5472
	−16.5680 to −2.6630
	p = 0.0143

	Apnea–Hypopnea Index (AHI)†
	−14.7638
	1.2088
	−17.1330 to −12.3946
	p < 0.001

	Epworth Sleepiness Scale (ESS)†
	−5.5896
	0.7320
	−7.0243 to −4.1549
	p < 0.001

	Right Knee Joint Space Width (mm)†
	+0.3319
	0.0816
	0.1720 to 0.4918
	p = 0.00072

	Left Knee Joint Space Width (mm)†
	+0.3097
	0.0556
	0.2007 to 0.4187
	p < 0.001




Supplementary Table S6 presents IPTW-adjusted analyses of binary clinical outcomes at 12 months, focusing on persistence of treatment requirements among patients with baseline comorbidities. After adjustment for baseline confounding, LSG was associated with a markedly lower probability of remaining on treatment across all major comorbid conditions.
Among patients with baseline diabetes mellitus, the probability of still requiring treatment at 12 months was 39.7% in the LSG group compared with 100% in the conservative group, corresponding to an absolute risk reduction of 60.3% (95% CI: −0.869 to −0.342). Similarly, for hypertension, LSG reduced the probability of ongoing treatment by 66.2% compared with conservative management. The magnitude of effect was even more pronounced for osteoarthritis and obstructive sleep apnea, with absolute risk reductions of 94.8% and 83.7%, respectively.
Importantly, when considering medication reduction or discontinuation for at least one baseline comorbidity, the IPTW-weighted probability was 100% in the LSG group compared with only 9.4% in the conservative group, yielding an absolute risk difference of 90.6% (95% CI: 0.786 to 1.000). The confidence intervals for all outcomes excluded zero, confirming statistical significance.

Supplementary Table S6. IPTW-Weighted Analysis of Binary Clinical Outcomes at 12 Months
	Outcome (binary)
	IPTW-weighted probability (LSG)
	IPTW-weighted probability (Conservative)
	Risk Difference
(LSG - Conservative)
	95% CI (bootstrap)

	Still on treatment for DM at 12 months (baseline DM only)
	0.39678
	1
	-0.60322
	-0.869 – -0.342

	Still on treatment for HTN at 12 months (baseline HTN only)
	0.337812
	1
	-0.66219
	-1.000 – -0.354

	Still on treatment for OA at 12 months (baseline OA only)
	0.052229
	1
	-0.94777
	-1.000 – -0.826

	Still on treatment for OSA at 12 months (baseline OSA only)
	0.162933
	1
	-0.83707
	-1.000 – -0.595

	Medication reduction/discontinuation for ≥1 comorbidity (any baseline comorbidity)
	1
	0.094003
	0.905997
	0.786 – 1.000




