Supplement 1. Supplementary Tables and Figures

Supplementary Tables
	Table S1. Complete Baseline Characteristics of Participants in the COPS Cohort

	Variable
	Non-osteoporosis (n=4855)
	Osteoporosis (n=1719)
	Missing Data (%)

	Age, mean (SD), y 
	59.6 (7.7)
	64.9 (8.1)
	0

	Height, mean (SD), cm
	155.5 (5.8)
	151.5 (6.4)
	0.07

	Weight, mean (SD), kg
	60.7 (9.4)
	53.3 (8.2)
	0.06

	BMI, mean (SD), kg/m2
	25.11 (3.60)
	23.20 (3.21)
	0.07

	WC, mean (SD), cm
	84.2 (9.5)
	80.6 (9.3)
	0.12

	Married, No. (%)
	4233 (87.2) 
	1368 (79.6) 
	0

	Years since menopause, mean (SD), y
	10.3 (8.0)
	16.3 (9.0)
	0.24

	Non-traumatic fracture, No. (%)
	219 (4.5)
	129 (7.5)
	0

	Education
	         
	         
	0

	  Primary or Below, No. (%)
	2125 (43.8) 
	1069 (62.2) 
	

	  Middle School Graduate, No. (%)
	1530 (31.5) 
	423 (24.6) 
	

	  High School Graduate, No. (%)
	1117 (23.0) 
	219 (12.7) 
	

	  Undergraduate or Higher, No. (%)
	83 (1.7) 
	8 (0.5) 
	

	Drinking status, No. (%)
	         
	         
	0

	   Never drink
	4170 (85.9) 
	1511 (87.9) 
	

	   Occasional drinker
	587 (12.1) 
	169 (9.8) 
	

	   Regular light drinker
	94 (1.9) 
	39 (2.3) 
	

	   Regular heavy drinker
	4 (0.1) 
	0 (0.0) 
	

	Smoke status, No. (%)
	         
	         
	0

	   Current smoker
	87 (1.8) 
	25 (1.5) 
	

	   Former smoker
	24 (0.5) 
	15 (0.9) 
	

	   Never smoked
	4744 (97.7) 
	1697 (97.6) 
	

	Estrogen use, No. (%)
	0(0.0)
	0(0)
	

	TSBT, median (IQR), min/day
	180 (120-300)
	180 (120, 256) 
	0.12

	Outdoor duration, median (IQR), min/day
	180 (90, 300)
	180 (90, 300)
	0

	OPA
	
	
	0.49

	  Any, No. (%)
	3612 (74.4) 
	1260 (73.3) 
	

	  None, No. (%)
	1243 (25.6)
	459 (26.7)
	

	TPA
	
	
	0.12

	  Any, No. (%)
	3860 (79.5) 
	1314 (76.4) 
	

	  None, No. (%)
	995 (20.5)
	405 (23.6)
	

	LTPA 
	
	
	0.33

	  Any, No. (%)
	1182 (24.3) 
	308 (17.9) 
	

	  None, No. (%)
	3673 (75.7)
	1411 (82.1)
	

	METS, median (IQR),  min/week
	3360 (1400-5880)
	2940 (1200-5880)
	0.87

	FBG, mean (SD), mmol/L
	5.87 (1.72)
	5.76 (1.66)
	0.46

	TG, median (IQR), mmol/L
	1.63 (1.22-2.30)
	1.53 (1.14-2.10)    
	0.4

	TC, mean (SD), mmol/L
	5.17 (0.99)
	5.16 (1.02)
	0.4

	LDL, mean (SD), mmol/L
	3.14 (0.93)
	3.15 (0.93)
	0.4

	HDL, mean (SD), mmol/L
	1.45 (0.39)
	1.53 (0.42)
	0.4

	Ca, mean (SD), mmol/L
	2.44 (0.11)
	2.43 (0.13)
	0.42

	P, mean (SD), mmol/L
	1.26 (0.16)
	1.26 (0.16)
	0.4

	ALP, mean (SD), U/L
	81.96 (23.24)
	91.45 (30.74)
	0.42

	β-CTX, mean (SD), ng/ml
	0.36 (0.17)
	0.41 (0.18)
	0.4

	P1NP, mean (SD), ng/ml
	62.42 (27.30)
	70.88 (28.85)
	0.4

	T25OHD, mean (SD), ng/ml
	23.49 (8.42)
	23.57 (8.52)
	0.42

	Abbreviation: BMI, body mass index; WC, waist circumference; TSBT, total sedentary behaviour time; OPA, occupational physical activity; TPA, transport physical activity; LTPA, leisure-time physical activity; METS, metabolic equivalents; FBG, fasting blood glucose; TG, triglycerides; TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; ALP, alkaline phosphatase; β-CTX, β-C-terminal cross-linked telopeptide of type I collagen; P1NP, procollagen type 1 N-terminal propeptide; T25OHD, total 25-hydroxyvitamin D.





	Table S2. Discriminative Performance (AUC) of Machine Learning Algorithms Across Internal and External Datasets

	Dataset
	Model
	AUC
	95% CI
	p-value vs XGBoost

	Train
	XGBoost
	0.798
	0.785–0.812
	-

	Train
	RF
	0.779
	0.765–0.793
	0.058

	Train
	KNN
	0.793
	0.779–0.806
	0.563

	Train
	SVM
	0.727
	0.712–0.743
	<0.001***

	Train
	LR
	0.786
	0.772–0.800
	0.204

	Train
	OSTA
	0.698
	0.684–0.712
	<0.001***

	Test
	XGBoost
	0.775 
	0.747–0.803
	-

	Test
	RF
	0.773
	0.745–0.801
	0.925

	Test
	KNN
	0.764
	0.735–0.793
	0.6

	Test
	SVM
	0.726
	0.696–0.756
	0.020*

	Test
	LR
	0.792
	0.765–0.819
	0.385

	Test
	OSTA
	0.714
	0.687–0.742
	0.003**

	PK-VF
	XGBoost
	0.750
	0.720–0.780
	-

	PK-VF
	RF
	0.741
	0.712–0.770
	0.683

	PK-VF
	KNN
	0.746
	0.716–0.776
	0.858

	PK-VF
	SVM
	0.708
	0.679–0.738
	<0.001***

	PK-VF
	LR
	0.742
	0.712–0.772
	0.72

	PK-VF
	OSTA
	0.660
	0.63–0.69
	<0.001***

	ChiVOS
	XGBoost
	0.744
	0.719–0.768
	-

	ChiVOS
	RF
	0.725
	0.699–0.750
	0.285

	ChiVOS
	KNN
	0.704
	0.678–0.730
	0.029*

	ChiVOS
	SVM
	0.691
	0.665–0.717
	<0.001***

	ChiVOS
	LR
	0.742
	0.718–0.766
	0.674

	ChiVOS
	OSTA
	0.663
	0.640–0.685
	<0.001***

	Area under the receiver operating characteristic curve (AUC) and 95% confidence intervals (CI) for five algorithms—XGBoost, Random Forest (RF), k-nearest neighbors (KNN), support vector machine (SVM), and logistic regression (LR)—were compared across internal (Train and Test) and external validation cohorts (PK-VF and ChiVOS).
P-values indicate the statistical comparison of AUCs for each model versus XGBoost using the DeLong test.





	Table S3. Final Optimized Hyperparameters Used in the XGBoost Model

	Hyperparameter
	Value

	objective
	binary:logistic

	eval_metric
	auc

	eta
	0.04

	max_depth
	1

	min_child_weight
	1

	gamma
	0.5

	subsample
	0.7

	colsample_bytree
	0.7

	nrounds
	299






	Table S4. External Validation of COET (Youden’s Cut-off) for Fracture Prediction in the PK-VF Follow-up Cohort

	Outcome
	COET(+)
Events/total(%)
	COET(-)
Events/total(%)
	χ²
	P Value

	All fractures
	33/182 (18.1%)
	75/613 (12.2%)
	3.67
	0.055

	Non-traumatic fractures
	18/182 (9.9%)
	33/613 (5.4%)
	4.03
	0.045

	COET (+), predicted positive group; COET (−), predicted negative group. Event rates are presented as events/total (%). Between-group differences were assessed using Pearson’s chi-squared test with Yates’ continuity correction (all expected cell frequencies ≥5). Two-sided P values are reported.






	Table S5. External Validation of OSTA for Fracture Prediction in the PK-VF Follow-up Cohort

	Outcome
	OSTA(+)
Events/total(%)
	OSTA(-)
Events/total(%)
	χ² 
	p-Value

	All fractures
	45/266 (16.92%)
	63/529 (11.91%)
	3.3669
	0.07

	Non-traumatic fractures
	22/266 (8.27%)
	29/529 (5.48%)
	1.8517
	0.174

	OSTA (+), high-risk group classified by OSTA; OSTA (−), low-risk group. Event rates are presented as events/total (%). Between-group differences were assessed using Pearson’s χ² test with Yates’ continuity correction (all expected cell counts ≥5). Two-sided P values are reported.





Supplementary Figures
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Figure S1. LASSO Coefficient Paths and Model Selection
A, Zoomed-in view of LASSO coefficient paths as the L1 norm increases. B, Cross-validation plot for selecting the optimal λ; the left vertical line indicates the λ that minimizes deviance, and the right line represents the most regularized model within 1 standard error.
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Figure S2. Kaplan-Meier Curve of All Clinical Fractures Based on COET Youden-Based Threshold
Cumulative probability of clinical fractures over 5 years in the PK-VF follow-up cohort, stratified by COET Youden-based threshold. Numbers at risk are shown below the curve.
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Figure S3. Kaplan-Meier Curve of All Clinical Fractures Based on OSTA Classification
Cumulative probability of clinical fractures over 5 years in the PK-VF follow-up cohort, stratified by OSTA risk groups. Numbers at risk are shown below the curve.
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Figure S4. SHAP Analysis for Predictor Importance in COET Model
SHAP feature importance bar plots (left) and beeswarm plots (right) illustrating the impact of predictors in the (A) PK-VF cohort and (B) ChiVOS cohort. Bar plots rank variables by mean absolute SHAP values; beeswarm plots display individual SHAP values, color-coded by predictor levels. SHAP indicates Shapley Additive Explanations.
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Figure S5. Online COET Risk Calculator Interface
Screenshot of the web-based COET calculator. Users enter five input variables, and the tool returns an estimated probability of osteoporosis along with a risk interpretation. High-risk individuals are advised to undergo DXA testing or consult a specialist.
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