Supplementary Table S1. Candidate predictors, prediction time point, coding, and inclusion in the final models
	Variable
	Availability
	Type
	Coding / unit
	Model 1
	Model 2
	Role

	Age
	Preoperative
	Continuous
	Years
	Yes
	Yes
	Main predictor

	Gender
	Preoperative
	Binary
	Female/Male
	No
	No
	Baseline descriptor only

	BMI
	Preoperative
	Continuous
	kg/m²
	No
	No
	Candidate / LASSO sensitivity

	DEXA T-score
	Preoperative
	Continuous
	T-score
	No
	No
	Sensitivity analysis

	Target vertebral CT-HU
	Preoperative
	Continuous
	HU
	Yes
	Yes
	Main predictor

	Pre-existing VCF
	Preoperative
	Binary
	No/Yes
	No
	No
	Not modeled because count variable carries the information

	Pre-existing VCF count
	Preoperative
	Count
	0,1,2,…
	Yes
	Yes
	Main predictor

	Paraspinal FIR
	Preoperative
	Continuous
	%
	Yes
	Yes
	Main predictor

	Thoracolumbar junction
	Preoperative
	Binary
	No/Yes
	No
	No
	Candidate / LASSO sensitivity

	Endplate fracture
	Preoperative
	Binary
	No/Yes
	No
	No
	Candidate / LASSO sensitivity

	Preoperative sagittal imbalance
	Preoperative
	Binary
	SVA ≥50 mm: Yes/No
	Yes
	Yes
	Main predictor

	Preoperative anti-osteoporosis medication
	Preoperative
	Binary
	No/Yes
	No
	No
	Candidate / LASSO sensitivity

	Preoperative anterior compression
	Preoperative
	Continuous
	%
	Yes
	Yes
	Main predictor added in revised locked model

	Cement viscosity
	Perioperative
	Binary
	High/Low
	No
	No
	Candidate / all-candidate LASSO sensitivity

	CVF
	Perioperative
	Continuous
	%
	No
	No
	Candidate / all-candidate LASSO sensitivity

	Cement distribution pattern
	Immediate postoperative
	Categorical
	Bilateral_H / Contiguous_O / Fragmented
	No
	Yes
	Risk-updating variable

	Cement leakage
	Immediate postoperative
	Binary
	No/Yes
	No
	No
	Candidate / all-candidate LASSO sensitivity

	Postoperative BCA correction
	Immediate postoperative
	Continuous
	Degrees
	No
	No
	Candidate / all-candidate LASSO sensitivity
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Supplementary Table S2. Inter- and intra-observer reliability of radiological measurements
	Measurement Parameters
	Inter-observer ICC/κ (95% CI)
	P value
	Intra-observer ICC/κ (95% CI)
	P value

	Target vertebral CT-HU
	0.935 (0.884–0.964)
	< 0.001
	0.958 (0.924–0.977)
	< 0.001

	Paraspinal FIR (%)
	0.882 (0.804–0.935)
	< 0.001
	0.914 (0.845–0.952)
	< 0.001

	CVF (%)
	0.890 (0.812–0.941)
	< 0.001
	0.925 (0.864–0.962)
	< 0.001

	Preoperative anterior vertebral compression (%)
	0.885 (0.801–0.938)
	< 0.001
	0.918 (0.852–0.955)
	< 0.001

	Postoperative BCA correction (°)
	0.871 (0.775–0.928)
	< 0.001
	0.901 (0.822–0.944)
	< 0.001

	Preoperative sagittal imbalance (κ)
	0.845 (0.742–0.948)
	< 0.001
	0.884 (0.795–0.973)
	< 0.001

	Endplate fracture (κ)
	0.832 (0.725–0.939)
	< 0.001
	0.876 (0.782–0.970)
	< 0.001

	Cement distribution pattern (κ)
	0.856 (0.762–0.949)
	< 0.001
	0.895 (0.814–0.976)
	< 0.001

	Cement leakage (κ)
	0.891 (0.804–0.978)
	< 0.001
	0.932 (0.861–0.995)
	< 0.001


Note: ICC, intraclass correlation coefficient; κ, Cohen's kappa coefficient (used for categorical variables including preoperative sagittal imbalance, endplate fracture, cement distribution pattern, and cement leakage); CI, confidence interval; CT-HU, computed tomography Hounsfield unit; FIR, fat infiltration rate; CVF, cement volume fraction; BCA, bisegmental Cobb angle.


Supplementary Table S3. Regression coefficients for Model 1 and Model 2
	Predictor
	Model 1 β
	Model 1 SE
	Model 1 P
	Model 2 β
	Model 2 SE
	Model 2 P

	Intercept
	-10.909481
	4.196756
	0.009
	-12.064233
	4.310515
	0.005

	Age
	0.094546
	0.047080
	0.045
	0.097103
	0.048387
	0.045

	Target_CT_HU
	-0.036113
	0.014827
	0.015
	-0.037170
	0.015244
	0.015

	Pre_existing_VCF_Count
	0.544726
	0.169897
	0.001
	0.640246
	0.178362
	<0.001

	Paraspinal_FIR_%
	0.049959
	0.020583
	0.015
	0.050905
	0.021481
	0.018

	Sagittal_imbalance
	0.789426
	0.337816
	0.019
	0.863945
	0.346839
	0.013

	Preop_Ant_Compression_%
	0.057727
	0.012508
	<0.001
	0.060183
	0.013207
	<0.001

	Cement_Contiguous_O
	
	
	
	0.903653
	0.400903
	0.024

	Cement_Fragmented
	
	
	
	1.661300
	0.508801
	0.001


LP1 = -10.909481 + 0.094546×Age − 0.036113×CT-HU + 0.544726×VCF count + 0.049959×FIR + 0.789426×Sagittal imbalance + 0.057727×Preoperative anterior compression
LP2 = -12.064233 + 0.097103×Age − 0.037170×CT-HU + 0.640246×VCF count + 0.050905×FIR + 0.863945×Sagittal imbalance + 0.060183×Preoperative anterior compression + 0.903653×Contiguous_O + 1.661300×Fragmented
Predicted probability = exp(LP) / [1 + exp(LP)]. Sagittal imbalance: Yes=1, No=0. Cement pattern reference: Bilateral_H.


Supplementary Table S4. Exploratory risk stratification using internally validated OOF predictions
	Model
	Risk group
	N
	AVF events
	Observed AVF rate
	95% Wilson CI
	Mean predicted risk

	M1
	Low (<15%)
	149
	9
	6.0%
	3.2%–11.1%
	4.5%

	M1
	Intermediate (15% to <40%)
	89
	23
	25.8%
	17.9%–35.8%
	26.7%

	M1
	High (≥40%)
	76
	48
	63.2%
	51.9%–73.1%
	66.0%

	M2
	Low (<15%)
	155
	12
	7.7%
	4.5%–13.0%
	4.2%

	M2
	Intermediate (15% to <40%)
	81
	17
	21.0%
	13.5%–31.1%
	25.8%

	M2
	High (≥40%)
	78
	51
	65.4%
	54.3%–75.0%
	67.8%




Supplementary Table S5. LASSO sensitivity analysis of candidate predictors using the λ1SE criterion
	Candidate set
	Variable
	Selected at λ1SE
	Direction*

	Preoperative candidates










	Age
	Yes
	+

	
	BMI
	No
	—

	
	DEXA T-score
	No
	—

	
	Target vertebral CT-HU
	Yes
	−

	
	Pre-existing VCF count
	Yes
	+

	
	Paraspinal FIR
	Yes
	+

	
	Thoracolumbar junction
	No
	—

	
	Endplate fracture
	No
	—

	
	Preoperative sagittal imbalance
	No
	—

	
	Preoperative anti-osteoporosis medication
	No
	—

	
	Preoperative anterior compression
	Yes
	+

	All candidates
















	Age
	Yes
	+

	
	BMI
	No
	—

	
	DEXA T-score
	No
	—

	
	Target vertebral CT-HU
	Yes
	−

	
	Pre-existing VCF count
	Yes
	+

	
	Paraspinal FIR
	Yes
	+

	
	Thoracolumbar junction
	No
	—

	
	Endplate fracture
	No
	—

	
	Preoperative sagittal imbalance
	Yes
	+

	
	Preoperative anti-osteoporosis medication
	No
	—

	
	Preoperative anterior compression
	Yes
	+

	
	Low cement viscosity
	No
	—

	
	CVF
	No
	—

	
	Contiguous O cement pattern
	No
	—

	
	Fragmented cement pattern
	Yes
	+

	
	Cement leakage
	No
	—

	
	Postoperative BCA correction
	No
	—


Note: Predictors were standardized before L1-penalized logistic regression. Ten-fold cross-validation was used to select λ. λ1SE denotes the largest penalty whose cross-validated binomial deviance was within one standard error of the minimum. Selection status is aligned with the final glmnet analyses shown in Figures S1–S2. The LASSO analysis was a sensitivity analysis and did not redefine the prespecified main models. *Direction is shown only for predictors retained at λ1SE; + indicates a positive coefficient and − indicates a negative coefficient. DEXA, dual-energy X-ray absorptiometry; CT-HU, computed tomography Hounsfield unit; VCF, vertebral compression fracture; FIR, fat infiltration rate; CVF, cement volume fraction; BCA, bisegmental Cobb angle.



Supplementary Table S6. Sensitivity analysis evaluating the incremental value of DEXA T-score
	Metric
	Model 1
	Model 1 + DEXA T-score

	Apparent AUC
	0.872
	0.876

	10-fold OOF AUC
	0.854
	0.856

	OOF Brier score
	0.128
	0.126

	AIC
	249.8
	250.2

	ΔAIC
	—
	+0.38

	Likelihood-ratio test
	—
	χ²=1.62, P=0.204

	Δ apparent AUC
	—
	+0.004

	Δ OOF AUC
	—
	+0.003

	DEXA coefficient β
	—
	0.601

	DEXA P value
	—
	0.208


Interpretation: DEXA T-score did not materially improve discrimination or model fit after the six Model 1 predictors were included; therefore it is retained as a sensitivity analysis rather than a main-model predictor.
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