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Supplementary Table S1. TRIPOD+AI reporting checklist. Items reported in accordance with Collins GS, et al. TRIPOD+AI statement: updated guidance for reporting clinical prediction models that use regression or machine learning methods. BMJ. 2024;385:e078378.
	Item
	TRIPOD+AI Item Description
	Manuscript Section
	Reported
	Page / Location

	TITLE AND ABSTRACT

	1
	Identify the study as developing, validating, or updating a multivariable prediction model; specify the target population, outcome to be predicted, and AI/ML method used.
	Title page
	Yes
	Title page

	2a
	Abstract: Background and objectives -- describe the clinical context and purpose of the model.
	Abstract
	Yes
	Abstract

	2b
	Abstract: Methods -- describe study design, data sources, model type, validation approach, and primary performance metric.
	Abstract
	Yes
	Abstract

	2c
	Abstract: Results -- report primary model performance with all key metrics for both development and validation cohorts.
	Abstract
	Yes
	Abstract

	2d
	Abstract: Conclusions -- state the overall interpretation and intended clinical use.
	Abstract
	Yes
	Abstract

	INTRODUCTION

	3
	Background and rationale -- explain the medical context, clinical need, and rationale for developing or validating the model, with reference to any existing models.
	Introduction
	Yes
	Introduction

	4
	Objectives -- state study objectives, specifying whether development, validation, or both, and the target clinical setting.
	Introduction
	Yes
	Introduction

	METHODS

	5a
	Source of data -- describe the study design, data source (e.g., EHR, registry, prospective cohort), and geographic/institutional context, separately for development and validation cohorts.
	Study Design
	Yes
	Methods: Study Design

	5b
	Source of data -- specify the dates of data collection, start and end, for each cohort.
	Study Design
	Yes
	Methods: Study Design

	6a
	Participants: Setting -- specify key elements of the study setting (e.g., tertiary ED, national referral centre), number of sites, and countries.
	Study Design
	Yes
	Methods: Study Design

	6b
	Participants: Eligibility -- describe inclusion and exclusion criteria for participants.
	Study Design / Participants
	Yes
	Methods: Study Design

	6c
	Participants: Treatments -- describe any co-interventions or treatments received if relevant to the prediction outcome.
	Feature Extraction
	Yes
	Methods: Feature Extraction (intervention variable)

	7a
	Outcome -- define the outcome predicted by the model, including how and when assessed.
	Study Design / Participants
	Yes
	Methods: Study Design

	7b
	Outcome: Blinding -- describe any steps taken to blind outcome assessment from predictor measurement.
	Study Design
	Yes
	Methods: Study Design (cardiologist adjudication)

	8a
	Predictors: Definition and handling -- describe how predictors were defined and assessed, including handling of missing values.
	Feature Extraction and Preprocessing
	Yes
	Methods: Feature Extraction; Supplementary Table S2, S5

	8b
	Predictors: Timing -- describe the timing of predictor measurement relative to the outcome definition.
	Feature Extraction
	Yes
	Methods: Feature Extraction

	8c
	Predictors: Masking -- describe any steps taken to blind predictor measurement from outcome status.
	Study Design
	Yes
	Methods: Study Design (retrospective EHR extraction)

	9
	Sample size -- report the total number of participants and explain how the study size was determined; for AI models, report the number of training, validation, and test set participants.
	Study Design; Feature Extraction
	Yes
	Methods: Study Design; Table 2

	10
	Missing data -- describe how missing predictor values were handled, including imputation method and whether imputation was performed within cross-validation folds.
	Feature Extraction and Preprocessing
	Yes
	Methods: Feature Extraction; Supplementary Table S5

	11a
	Statistical analysis: Predictor handling -- describe how predictors were encoded, scaled, or transformed prior to modelling.
	Feature Extraction and Preprocessing
	Yes
	Methods: Feature Extraction and Preprocessing

	11b
	Statistical analysis: Model type and development -- specify the algorithm(s) used, all model-building steps (feature selection, hyperparameter tuning), and internal validation strategy.
	Model Training and Evaluation
	Yes
	Methods: Model Training; Supplementary Table S4

	11c
	Statistical analysis: External validation -- describe the method for external validation, including whether the model was updated or recalibrated.
	External Validation
	Yes
	Methods: External Validation

	11d
	Statistical analysis: Performance measures -- specify all metrics used to assess model performance (precision, recall, F1-score, AUC, accuracy) and their rationale.
	Statistical Analysis
	Yes
	Methods: Statistical Analysis

	11e
	Statistical analysis: Model updating -- describe any model updating (e.g., recalibration) performed following validation.
	N/A
	N/A
	N/A -- no updating performed

	11f
	Statistical analysis: AI-specific -- describe the hyperparameter tuning strategy, including search method, parameter ranges, and inner validation strategy.
	Model Training
	Yes
	Methods: Model Training; Supplementary Table S4

	12
	Interpretability -- describe methods used to examine model transparency and interpretability (e.g., SHAP, feature importance).
	Statistical Analysis
	Yes
	Methods: Statistical Analysis; Results: Feature Importance; Figure 4

	13
	Risk of bias -- describe any methods used to assess the risk of bias of the prediction model (e.g., PROBAST).
	Data Integrity and Anti-Leakage Safeguards
	Yes
	Methods: Data Integrity and Anti-Leakage Safeguards

	RESULTS

	14a
	Participants: Flow -- describe the flow of participants through the study, including the number meeting each eligibility criterion and the number with the outcome.
	Cohort Characteristics
	Yes
	Results: Cohort Characteristics; Table 2

	14b
	Participants: Characteristics -- report descriptive characteristics of participants, including available predictors and outcome rates; report missing data rates.
	Cohort Characteristics
	Yes
	Results: Cohort Characteristics; Table 1; Supplementary Table S5

	14c
	Participants: Cohort comparison -- compare characteristics of development and external validation cohorts.
	External Validation
	Yes
	Results: External Validation; Table 2

	15a
	Model development: Participant and event numbers -- specify the number of participants and outcome events per class in each analysis.
	Cohort Characteristics; Model Performance
	Yes
	Table 2; Table 4

	15b
	Model development: Predictor selection -- report results from any predictor selection process, including the final set of predictors retained.
	Feature Importance
	Yes
	Results: Feature Importance; Table 7; Supplementary Table S2

	15c
	Model development: Full model -- present the full prediction model with all parameters to allow direct application to new individuals.
	Code and Model Availability
	Yes
	Code and Model Availability; Zenodo repository

	15d
	Model performance: Internal -- report performance measures (with uncertainty estimates) for the development/internal validation cohort.
	Model Performance
	Yes
	Results: Model Performance; Table 3; Table 4

	16a
	Model performance: Validation -- report performance measures (with uncertainty estimates) for all validation cohorts.
	External Validation
	Yes
	Results: External Validation; Table 6; Supplementary Table S3

	16b
	Model performance: Per-class -- report class-specific performance metrics and discrimination measures separately for each outcome category.
	Model Performance; External Validation
	Yes
	Table 4; Table 6; Supplementary Table S3; Supplementary Figure S2

	17
	Model examination: Subgroup and fairness -- report results from any subgroup, fairness, or model transparency analysis.
	Feature Importance; Interpretability
	Yes
	Results: Feature Importance; Figure 4 (SHAP); Supplementary Table S3

	DISCUSSION

	18
	Limitations -- discuss limitations of the study including data source, retrospective design, spectrum bias, and limitations of external generalizability.
	Limitations
	Yes
	Discussion: Limitations

	19a
	Interpretation: Validation -- discuss results in reference to performance in the development data and other published validation studies.
	Discussion
	Yes
	Discussion (multiple paragraphs)

	19b
	Interpretation: Overall -- provide overall interpretation considering objectives, limitations, similar studies, and other relevant evidence.
	Discussion
	Yes
	Discussion

	20
	Implications -- discuss potential clinical use of the model, intended deployment context, and implications for future research including prospective validation.
	Clinical Implications; Conclusions
	Yes
	Discussion: Clinical Implications; Conclusions

	OTHER INFORMATION

	21
	Supplementary information -- describe availability of supplementary resources including source code, trained model, datasets, and Web calculators.
	Code and Model Availability; Data Availability
	Yes
	Methods: Code Availability; Declarations: Data Availability

	22
	Funding -- state the source of funding and the role of funders for the study.
	Declarations
	Yes
	Declarations: Funding


OvR: one-versus-rest; N/A: not applicable. Items marked N/A were not applicable to this retrospective development and validation study design. * Champion model selected for reporting.


Supplementary Table S2. Complete list of all 71 candidate features used in model development. Features are grouped by domain. The top 20 features by XGBoost importance are presented in Table 7 of the main manuscript.
	No.
	Feature Name
	Domain
	Data Type
	Unit / Scale
	Clinical Source

	1
	Age
	Demographics
	Continuous
	Years
	EHR registration

	2
	Sex
	Demographics
	Binary
	Male / Female
	EHR registration

	3
	Body mass index (BMI)
	Demographics
	Continuous
	kg/m²
	Triage assessment

	4
	Systolic blood pressure
	Vital signs
	Continuous
	mmHg
	Triage assessment

	5
	Diastolic blood pressure
	Vital signs
	Continuous
	mmHg
	Triage assessment

	6
	Heart rate
	Vital signs
	Continuous
	bpm
	Triage assessment

	7
	Respiratory rate
	Vital signs
	Continuous
	breaths/min
	Triage assessment

	8
	Oxygen saturation (SpO2)
	Vital signs
	Continuous
	%
	Triage assessment

	9
	Body temperature
	Vital signs
	Continuous
	°C
	Triage assessment

	10
	Hypertension
	Comorbidities
	Binary
	Yes / No
	Medical history

	11
	Diabetes mellitus
	Comorbidities
	Binary
	Yes / No
	Medical history

	12
	Dyslipidaemia
	Comorbidities
	Binary
	Yes / No
	Medical history

	13
	Prior coronary artery disease (hx_prior_cad)
	Comorbidities
	Binary
	Yes / No
	Medical history

	14
	Prior myocardial infarction
	Comorbidities
	Binary
	Yes / No
	Medical history

	15
	Prior PCI
	Comorbidities
	Binary
	Yes / No
	Medical history

	16
	Prior CABG
	Comorbidities
	Binary
	Yes / No
	Medical history

	17
	Heart failure
	Comorbidities
	Binary
	Yes / No
	Medical history

	18
	Stroke / TIA
	Comorbidities
	Binary
	Yes / No
	Medical history

	19
	Chronic kidney disease
	Comorbidities
	Binary
	Yes / No
	Medical history

	20
	Atrial fibrillation
	Comorbidities
	Binary
	Yes / No
	Medical history / ECG

	21
	Peripheral artery disease
	Comorbidities
	Binary
	Yes / No
	Medical history

	22
	Current smoking
	Comorbidities
	Binary
	Yes / No
	Medical history

	23
	Chest pain character (symptom_chest_pain_character)
	Symptoms
	Categorical
	Typical / Atypical / Non-cardiac
	Clinician assessment

	24
	Chest pain onset
	Symptoms
	Categorical
	Acute / Subacute / Gradual
	Clinician assessment

	25
	Chest pain duration
	Symptoms
	Continuous
	Minutes
	Clinician assessment

	26
	Radiation to arm
	Symptoms
	Binary
	Yes / No
	Clinician assessment

	27
	Radiation to jaw or neck
	Symptoms
	Binary
	Yes / No
	Clinician assessment

	28
	Diaphoresis
	Symptoms
	Binary
	Yes / No
	Clinician assessment

	29
	Nausea or vomiting
	Symptoms
	Binary
	Yes / No
	Clinician assessment

	30
	Dyspnea
	Symptoms
	Binary
	Yes / No
	Clinician assessment

	31
	Syncope or presyncope
	Symptoms
	Binary
	Yes / No
	Clinician assessment

	32
	Palpitations
	Symptoms
	Binary
	Yes / No
	Clinician assessment

	33
	Orthopnea
	Symptoms
	Binary
	Yes / No
	Clinician assessment

	34
	Rest pain
	Symptoms
	Binary
	Yes / No
	Clinician assessment

	35
	ST elevation (ecg_st_elevation)
	ECG
	Binary
	Yes / No
	12-lead ECG

	36
	ST segment changes (ecg_st_segment)
	ECG
	Categorical
	Normal / Elevation / Depression / Non-specific
	12-lead ECG

	37
	ST elevation territory (ecg_territory)
	ECG
	Categorical
	LAD / RCA / LCx / Non-specific / None
	12-lead ECG

	38
	Pathological Q waves
	ECG
	Binary
	Yes / No
	12-lead ECG

	39
	Left bundle branch block
	ECG
	Binary
	Yes / No
	12-lead ECG

	40
	Right bundle branch block
	ECG
	Binary
	Yes / No
	12-lead ECG

	41
	Left ventricular hypertrophy
	ECG
	Binary
	Yes / No
	12-lead ECG

	42
	T-wave inversion
	ECG
	Binary
	Yes / No
	12-lead ECG

	43
	Sinus rhythm
	ECG
	Binary
	Yes / No
	12-lead ECG

	44
	Ventricular rate (ECG)
	ECG
	Continuous
	bpm
	12-lead ECG

	45
	PR interval
	ECG
	Continuous
	ms
	12-lead ECG

	46
	Troponin T initial (lab_troponin_t_initial)
	Laboratory
	Continuous
	ng/L
	Point-of-care / lab

	47
	Troponin T serial at 3 h (lab_troponin_t_serial)
	Laboratory
	Continuous
	ng/L
	Serial lab draw

	48
	Creatine kinase total (CK)
	Laboratory
	Continuous
	U/L
	Laboratory

	49
	Lactate dehydrogenase (LDH)
	Laboratory
	Continuous
	U/L
	Laboratory

	50
	AST (aspartate aminotransferase)
	Laboratory
	Continuous
	U/L
	Laboratory

	51
	ALT (alanine aminotransferase)
	Laboratory
	Continuous
	U/L
	Laboratory

	52
	Haemoglobin
	Laboratory
	Continuous
	g/dL
	Complete blood count

	53
	Haematocrit
	Laboratory
	Continuous
	%
	Complete blood count

	54
	White blood cell count
	Laboratory
	Continuous
	x10³/µL
	Complete blood count

	55
	Platelet count
	Laboratory
	Continuous
	x10³/µL
	Complete blood count

	56
	Neutrophil fraction
	Laboratory
	Continuous
	%
	Differential count

	57
	Lymphocyte fraction
	Laboratory
	Continuous
	%
	Differential count

	58
	Fasting blood glucose
	Laboratory
	Continuous
	mg/dL
	Laboratory

	59
	HbA1c
	Laboratory
	Continuous
	%
	Laboratory

	60
	Total cholesterol
	Laboratory
	Continuous
	mg/dL
	Laboratory

	61
	LDL cholesterol
	Laboratory
	Continuous
	mg/dL
	Laboratory

	62
	HDL cholesterol
	Laboratory
	Continuous
	mg/dL
	Laboratory

	63
	Triglycerides
	Laboratory
	Continuous
	mg/dL
	Laboratory

	64
	Serum creatinine
	Laboratory
	Continuous
	µmol/L
	Laboratory

	65
	eGFR
	Laboratory
	Continuous
	mL/min/1.73m²
	Calculated (CKD-EPI)

	66
	Uric acid
	Laboratory
	Continuous
	mg/dL
	Laboratory

	67
	NT-proBNP
	Laboratory
	Continuous
	pg/mL
	Laboratory

	68
	TIMI score (score_timi)
	Clinical risk score
	Ordinal
	0–7 points
	Calculated from EHR

	69
	GRACE score (score_grace)
	Clinical risk score
	Ordinal
	1–372 points
	Calculated from EHR

	70
	HEART score (score_heart)
	Clinical risk score
	Ordinal
	0–10 points
	Calculated from EHR

	71
	Intervention type (intervention)
	Clinical management
	Categorical
	Pharmacological / PCI / CABG / Thrombolysis
	EHR (retrospective proxy) *


* The intervention variable encodes the clinical management type as documented retrospectively alongside the final diagnosis. This variable acts as a retrospective proxy for diagnostic certainty and should be excluded from prospective deployment configurations. CABG: coronary artery bypass grafting; ECG: electrocardiogram; eGFR: estimated glomerular filtration rate; EHR: electronic health record; HEART: History, ECG, Age, Risk factors, Troponin; OvR: one-versus-rest; PCI: percutaneous coronary intervention; TIMI: Thrombolysis in Myocardial Infarction. Total feature count after exclusion of CKMB (>96% missing): 71 features.


Supplementary Table S3. Per-class AUC and classification performance metrics for all ensemble configurations on the internal held-out test set (n = 1,245) and external validation cohort (NCCHK, n = 850).
	Ensemble Model
	Metric
	Non-ACS Chest Pain
	UAP
	NSTEMI
	STEMI
	Macro Average
	Evaluation Cohort

	Gradient Boosting Ensemble *
	AUC (OvR)
	0.992
	0.995
	0.998
	0.999
	0.996
	Internal test (n=1,245)

	Gradient Boosting Ensemble *
	Precision
	0.952
	0.917
	0.959
	0.959
	0.947
	Internal test (n=1,245)

	Gradient Boosting Ensemble *
	Recall
	0.922
	0.949
	0.959
	0.959
	0.947
	Internal test (n=1,245)

	Gradient Boosting Ensemble *
	F1-score
	0.937
	0.933
	0.959
	0.959
	0.947
	Internal test (n=1,245)

	Soft Voting Ensemble
	AUC (OvR)
	0.991
	0.993
	0.997
	0.999
	0.995
	Internal test (n=1,245)

	Soft Voting Ensemble
	F1-score
	0.936
	0.932
	0.958
	0.957
	0.946
	Internal test (n=1,245)

	Stacking Ensemble
	AUC (OvR)
	0.993
	0.994
	0.998
	0.999
	0.996
	Internal test (n=1,245)

	Stacking Ensemble
	F1-score
	0.934
	0.931
	0.958
	0.957
	0.945
	Internal test (n=1,245)

	Gradient Boosting Ensemble *
	AUC (OvR)
	0.990
	0.991
	0.997
	0.998
	0.994
	External (NCCHK, n=850)

	Gradient Boosting Ensemble *
	Precision
	0.973
	0.896
	0.946
	0.967
	0.946
	External (NCCHK, n=850)

	Gradient Boosting Ensemble *
	Recall
	0.908
	0.969
	0.965
	0.949
	0.946
	External (NCCHK, n=850)

	Gradient Boosting Ensemble *
	F1-score
	0.939
	0.931
	0.955
	0.958
	0.946
	External (NCCHK, n=850)


* Champion model selected for internal and external validation. AUC computed using one-versus-rest (OvR) macro-averaging; per-class AUC reflects each class against all others. Per-class AUC values are derived from OvR analysis and are consistent with the macro-averaged AUC reported in the main text. External validation macro AUC of 0.994 reflects a clinically negligible drop from internal test (0.996), supporting model generalisability. AUC: area under the receiver operating characteristic curve; NCCHK: National Cardiovascular Center Harapan Kita; NSTEMI: non-ST-elevation myocardial infarction; STEMI: ST-elevation myocardial infarction; UAP: unstable angina pectoris.


Supplementary Table S4. Hyperparameter search space and optimal configuration for the Gradient Boosting Ensemble (scikit-learn GradientBoostingClassifier). Tuning was performed using RandomizedSearchCV with stratified 2-fold inner cross-validation and macro-averaged F1-score as the optimisation criterion.
	Hyperparameter
	Search Range / Grid
	Optimal Value
	Rationale

	n_estimators (number of boosting stages)
	50, 100, 200, 300, 500
	200
	Balanced between underfitting and computational cost; stable CV performance plateau

	max_depth (maximum tree depth)
	2, 3, 4, 5, 6
	3
	Shallow trees prevent overfitting in tabular clinical data with correlated features

	learning_rate (shrinkage)
	0.01, 0.05, 0.10, 0.20, 0.30
	0.05
	Low learning rate with sufficient estimators; consistent with GBDT best practice for clinical data

	subsample (fraction of samples per tree)
	0.60, 0.70, 0.80, 0.90, 1.0
	0.80
	Stochastic gradient boosting; reduces variance without substantial bias increase

	min_samples_split (minimum samples to split)
	2, 5, 10
	2
	Default retained; max_depth constraint is the primary regulariser

	min_samples_leaf (minimum samples per leaf)
	1, 2, 4
	1
	Default retained; consistent with max_depth primary regularisation approach

	SEARCH STRATEGY AND CONFIGURATION

	Method
	RandomizedSearchCV
	
	

	Number of candidates sampled
	4
	
	

	Inner cross-validation folds
	2 (stratified)
	
	

	Total fits
	8 (4 candidates x 2 folds)
	
	

	Scoring metric
	Macro-averaged F1-score
	
	

	Best CV macro F1
	0.947
	
	

	Random state
	Fixed (set prior to search)
	
	


CV: cross-validation; GBDT: gradient boosted decision tree. All other hyperparameters were held at scikit-learn GradientBoostingClassifier defaults. The random state was fixed prior to all training to ensure reproducibility; the value is documented in the archived code repository.


Supplementary Table S5. Summary of missing data by feature domain. Missing data rates are reported for the primary development cohort (n = 8,296) prior to imputation.
	Feature Domain
	n Features
	Features with No Missing Data
	Features with <5% Missing
	Features with 5–90% Missing
	Handling Strategy

	Demographics
	3
	3 (100%)
	0
	0
	Complete; no imputation required

	Vital signs
	6
	5 (83.3%)
	1 (16.7%)
	0
	KNN imputation within CV fold

	Comorbidities
	13
	11 (84.6%)
	2 (15.4%)
	0
	KNN imputation within CV fold

	Symptoms
	12
	8 (66.7%)
	4 (33.3%)
	0
	KNN imputation within CV fold

	ECG variables
	11
	6 (54.5%)
	5 (45.5%)
	0
	KNN imputation within CV fold

	Laboratory values
	22
	10 (45.5%)
	11 (50.0%)
	1 (4.5%) -- NT-proBNP
	KNN imputation within CV fold; NT-proBNP imputed but retained

	Clinical risk scores
	3
	2 (66.7%)
	1 (33.3%)
	0
	KNN imputation within CV fold

	Intervention type
	1
	1 (100%)
	0
	0
	Complete; retrospective proxy variable

	CKMB (excluded)
	1 (excluded)
	N/A
	N/A
	>96% missing
	Excluded (exceeds 90% missingness threshold)

	Total retained
	71
	
	
	
	


Missing data rates are estimated from the primary development cohort (RSCM, n = 8,296) prior to any imputation. KNN imputation was performed exclusively within training folds of each cross-validation iteration to prevent information leakage (k = 5, uniform weights). The missingness rates for the external validation cohort (NCCHK, n = 850) followed similar patterns across domains. CV: cross-validation; ECG: electrocardiogram; KNN: k-nearest neighbours; NT-proBNP: N-terminal pro-B-type natriuretic peptide.

