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Supplementary Methods
1. Statistical Software
All statistical analyses were performed using R (version 4.5.1; R Foundation for Statistical Computing, Vienna, Austria) with RStudio (version 2025.05.1+513). The following packages were used:
(1) logistf for Firth penalized logistic regression.
(2) glmnet for least absolute shrinkage and selection operator (LASSO) logistic regression.
(3) pROC for receiver-operating characteristic (ROC) curve analysis.
(4) boot for bootstrap resampling and internal validation.
A two-sided p < 0.05 was considered statistically significant.
2. Feature Selection and Model Development
2.1 Feature Screening
All preoperative variables were first examined using univariable Firth logistic regression to explore crude associations with early mortality. Although no single variable reached conventional statistical significance, several parameters showed trends consistent with clinical relevance (e.g., higher age, lower SvO₂, and impaired hepatic–renal function). Therefore, all clinically plausible variables were further evaluated using penalized regression for multivariable model development. The detailed results are presented in the Supplementary Results.
2.2 LASSO Logistic Regression
To prevent model overfitting and manage collinearity among predictors, feature selection was conducted using LASSO logistic regression with 10-fold cross-validation.
Predictors were standardized (z-scores) before penalization.
The optimal penalty parameter (λ<sub>min</sub> = 0.00407) corresponding to the minimum binomial deviance was chosen for variable retention.
Variables with nonzero coefficients at λ<sub>min</sub> were entered into the final multivariable model.
2.3 Multivariable Firth Penalized Logistic Regression
Variables selected by LASSO were incorporated into a Firth penalized logistic regression refit in original measurement units to ensure interpretable odds ratios. Regression coefficients were exponentiated to obtain odds ratios (ORs) with 95% confidence intervals (CIs).
Model convergence was assessed by profile penalized likelihood estimation.
3. Model Calibration and Validation
3.1 Calibration
Calibration of the final model was evaluated by comparing predicted versus observed probabilities of early mortality using a calibration plot and Brier score. The ideal calibration line (slope = 1, intercept = 0) was used as reference.
3.2 Discrimination
Model discrimination was quantified by the area under the ROC curve (AUC) with 95% CIs obtained by 1,000 stratified bootstrap replicates.
3.3 Internal Validation
Internal validation was conducted through bootstrap resampling (1,000 iterations) to estimate optimism-corrected discrimination and calibration. In each bootstrap iteration, the model was refitted on the resampled dataset and tested on the original cohort to calculate bias-adjusted AUC and calibration slope.
4. Handling of Missing Data
Because missingness varied across predictors—particularly for invasive hemodynamics—the multivariable modeling used a complete-case cohort (n=49; 6 deaths within 2 months). As a sensitivity analysis, simple single imputation (median for continuous variables and mode for categorical variables) yielded coefficients and discrimination that were similar to the complete-case results.
5. Derived and Composite Variables
Formulas for derived hemodynamic and biochemical indices are provided below (also summarized in Supplementary Table S1):
Supplementary Table S1. Definitions and Formulas of Derived Hemodynamic and Laboratory Variables
	Variable
	Definition / Formula
	Unit

	PasCI (Passive Cardiac Index)
	(CVP / mPAP) × CI
	L/min/m²

	PVR (Pulmonary Vascular Resistance)*
	(mPAP − PCWP) × 80 / CO
	dyn·s·cm⁻⁵

	PAPI (Pulmonary Artery Pulsatility Index)
	(SPAP − DPAP) / RAP
	—

	MELD–XI Score**
	5.11 × ln(total bilirubin) + 11.76 × ln(creatinine) + 9.44
	—


Note: 
* If only cardiac index (CI) was available, cardiac output (CO) was computed as CO = CI × body surface area (BSA).
** Bilirubin and creatinine are in mg/dL for the MELD–XI formula. If laboratory values were stored in μmol/L, convert as bilirubin (mg/dL) = bilirubin (μmol/L) / 17.1 and creatinine (mg/dL) = creatinine (μmol/L) / 88.4.
6. Sensitivity Analyses
To assess robustness, sensitivity analyses were performed using alternative penalty strengths (λ ± 1 SE from λ<sub>min</sub>) and by excluding outliers with standardized residuals > 3. The selected variables and model discrimination remained stable across analyses.
Supplementary Results
Supplementary Table S2. Univariable Firth Logistic Regression for Early Mortality (≤ 2 months)
	Variable
	OR (95% CI)
	p value

	Age (per year)
	1.06 (0.98–1.16)
	0.125

	MELD-XI (per point)
	1.14 (0.92–1.43)
	0.222

	Passive Cardiac Index (L/min/m²)
	1.46 (0.15–6.21)
	0.659

	Mixed venous O₂ saturation (%)
	0.95 (0.88–1.02)
	0.137

	Pulmonary vascular resistance (dyn·s·cm⁻⁵)
	1.00 (0.99–1.00)
	0.343

	Pulmonary artery pulsatility index (PAPI)
	1.06 (0.76–1.39)
	0.693

	Serum creatinine (µmol/L)
	1.01 (0.99–1.03)
	0.187

	Total bilirubin (µmol/L)
	1.04 (0.96–1.13)
	0.297

	TAPSE (mm)
	5.00 (0.15–965.13)
	0.378

	Heart rate (bpm)
	1.01 (0.97–1.05)
	0.519



Univariable models used available-case data; therefore, sample sizes varied across predictors. All models evaluated early mortality within 2 months. Univariable Firth logistic regression analyses were performed to examine the relationship between preoperative variables and early mortality. None of the variables reached statistical significance, although mixed venous oxygen saturation showed a near-significant association.
Supplementary Figure S1. Receiver-Operating Characteristic (ROC) Curve Demonstrating Internal Validation of the Calibrated Risk Model for Early Mortality After LVAD Implantation
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The internally validated model achieved an optimism-adjusted AUC = 0.84, showing good discrimination between survivors and early deaths (≤ 2 months).
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