Appendix A. Model Features and Definitions
Within the nested cross-validation framework, features passing Benjamini–Hochberg false discovery rate correction were ranked using an ensemble of mutual information, the ANOVA F-statistic, and Gini impurity. A sensitivity analysis across candidate feature-set sizes showed that model performance plateaued at 19 features, which were therefore retained as the final predictors for model development. The final feature set comprised four inter-lead R-peak delay features and 15 nonlinear heart rate variability features.
A.1 Inter-lead R-wave delay features
Inter-lead R-wave delay was defined as the temporal separation between corresponding R-wave fiducial points identified in two simultaneously recorded ECG leads. It was used as an ECG-derived multilead timing biomarker to characterize the spatial and beat-to-beat organization of ventricular depolarization waveforms across different lead orientations.
All ECG leads were recorded simultaneously using a common sampling clock. R-wave fiducial points were detected independently in each lead using the same prespecified adaptive-threshold QRS detection procedure. 
For monophasic, biphasic, multiphasic, and fragmented QRS complexes, the algorithm-defined dominant positive peak within the detected QRS region was consistently used as the R-wave fiducial point. This uniform rule ensured that the same morphology-dependent fiducial definition was applied across all leads and recordings.
For lead , the detected R-wave fiducial sequence was defined as
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where denotes the ordered set of R-wave fiducial times detected in lead ; denotes the occurrence time of the -th R-wave fiducial in lead ; denotes the within-lead beat index; and denotes the total number of detected R-wave fiducials in lead .
A.1.1 Cross-lead beat matching
For each ordered lead pair , every R-wave fiducial in lead was matched to the temporally nearest R-wave fiducial in lead . The matched fiducial index was determined as
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where denotes the index of the R-wave fiducial in lead that is temporally nearest to the -th R-wave fiducial in lead ; denotes the R-wave fiducial index in lead ; denotes a candidate R-wave fiducial index in lead ; and denote the corresponding R-wave fiducial times; and denotes the total number of detected R-wave fiducials in lead .
A matched pair was retained when the absolute temporal separation between the two R-wave fiducials was less than 200 ms:
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where denotes the prespecified cross-lead matching window.
The temporal matching window ensured that paired fiducials represented the same cardiac cycle. R-wave fiducials without an eligible temporal counterpart were excluded from the delay calculation. This procedure limited the influence of missed detections, additional detections, and unmatched beats on the recording-level features.
A.1.2 Beat-level inter-lead R-wave delay
For the -th accepted R-wave pair between leads and , the beat-level inter-lead R-wave delay was calculated as
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where denotes the absolute inter-lead R-wave delay for the -th accepted beat pair between leads and ; and denote the matched R-wave fiducial times in leads and , respectively; denotes the accepted beat-pair index; and denotes the total number of accepted R-wave pairs between leads and .
The absolute temporal difference was used to quantify the magnitude of the lead-to-lead timing separation independently of the displayed order of the two leads.
A.1.3 Recording-level summary features
The mean inter-lead R-wave delay was calculated as
	
	
	(A5)


where denotes the mean inter-lead R-wave delay between leads and ; denotes the number of accepted beat pairs; denotes the beat-level delay for the -th accepted pair; and denotes the accepted beat-pair index.
The beat-to-beat variability of the inter-lead R-wave delay was calculated as
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where denotes the population standard deviation of the inter-lead R-wave delay between leads and ; denotes the number of accepted beat pairs; denotes the beat-level delay for the -th accepted pair; denotes the corresponding mean delay; and denotes the accepted beat-pair index.
The four inter-lead R-wave delay features retained in the final model were therefore defined as
	
	
	(A7)


where I, II, V1, and V5 denote the corresponding standard ECG leads; RDelay denotes the absolute temporal separation between matched R-wave fiducials; Mean denotes the arithmetic mean defined in Eq. (A5); and SD denotes the population standard deviation defined in Eq. (A6).
Table 1 Inter-lead R-wave Delay Features
	Feature
	Full Feature Name
	Feature Explanation

	I-V5 R-peak Delay SD
	Standard Deviation of R-peak Time Delay between Lead I and V5
	Quantifies beat-to-beat dispersion in the relative timing of R-wave fiducials between leads I and V5.

	I-V1 R-peak Delay SD
	Standard Deviation of R-peak Time Delay between Lead I and V1
	Quantifies beat-to-beat dispersion in the relative timing of R-wave fiducials between leads I and V1.

	I-II R-peak Delay Mean
	Mean R-peak Time Delay between Lead I and II
	Quantifies the average absolute temporal separation between matched R-wave fiducials in leads I and II.

	I-II R-peak Delay SD
	Standard Deviation of R-peak Time Delay between Lead I and II
	Quantifies the stability or beat-to-beat dispersion of the relative R-wave fiducial timing between leads I and II.


A.1.4 Temporal resolution and measurement uncertainty
The ECG sampling frequency was 500 Hz. The temporal resolution corresponding to one sample was therefore
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where denotes the duration represented by one ECG sample in milliseconds, and denotes the ECG sampling frequency in samples per second.
A one-sample variation in R-wave fiducial localization corresponded to a timing variation of 2 ms in an individual lead. Under a conservative condition in which the fiducial locations in both leads varied by one sample in opposite temporal directions, the resulting pairwise delay variation was up to 4 ms.
The observed RDelay SD values of approximately 40–50 ms represent the dispersion of the complete set of accepted beat-level inter-lead delays over the recording. These values describe beat-to-beat variation in the multilead timing relationship and do not represent the duration of a single conduction event. Their magnitude was substantially greater than the 2–4 ms sampling-grid uncertainty.
The accepted beat-level delays were constrained by the matching rule to the following range:
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where denotes the absolute inter-lead R-wave delay for an accepted beat pair.
Uniform ECG acquisition, simultaneous lead recording, identical preprocessing, consistent fiducial localization, and the same cross-lead matching criteria were applied to all participants. These procedures supported consistent estimation of the inter-lead timing features across recordings.
A.1.5 Interpretation of the inter-lead R-wave delay features
The R-wave peak is a morphology-dependent surface-ECG fiducial associated with the projection of ventricular depolarization onto the axis of each ECG lead. The temporal relationship between R-wave fiducials in different leads therefore reflects an integrated multilead timing pattern involving the ventricular depolarization sequence, QRS morphology, lead orientation, and beat-to-beat electrical variation.
The RDelay Mean feature characterizes the average temporal separation between two lead-specific R-wave fiducials. The RDelay SD feature characterizes the stability of this temporal relationship across successive cardiac cycles. Higher RDelay SD values indicate greater beat-to-beat dispersion of the multilead R-wave timing pattern.
Accordingly, these features were interpreted as candidate ECG-derived multilead timing biomarkers for POD risk prediction. Their predictive contribution reflects information contained in the spatiotemporal organization of the surface ECG. Further electrophysiological studies may clarify the specific myocardial and autonomic mechanisms represented by these features
A.2 Nonlinear Heart Rate Variability (HRV) Features
Nonlinear HRV features characterize the regulatory capacity of the autonomic nervous system over cardiac rhythm from multiple perspectives, including signal complexity, fractal properties, and symbolic dynamics.V5 HRV SampEn  
Table 2 Nonlinear HRV Features
	Feature
	Full Feature Name
	Feature Explanation

	V5 HRV SampEn
	Sample Entropy of RR Intervals (V5)
	Quantifies the complexity and unpredictability of the heart rate time series in lead V5. Higher values indicate greater complexity in autonomic regulation.

	V1 HRV SampEn
	Sample Entropy of RR Intervals (V1)
	Measures the irregularity of RR intervals in lead V1. Higher entropy suggests richer autonomic modulation.

	V5 HRV KFD
	Katz Fractal Dimension of RR Intervals (V5)
	Evaluates the fractal complexity and self-similarity of heart rate dynamics in lead V5. Higher values indicate more complex regulation.

	V5 HRV MFDFA
	 Multifractal Detrended Fluctuation Analysis Index of RR Intervals (V5)
	Captures the multifractal scaling properties of heart rate dynamics in lead V5, reflecting complex, scale-dependent autonomic modulation.

	V5 HRV PIP
	Porta's Index of Parasympathetic Tone (V5)
	A symbolic-dynamics measure of vagal modulation in lead V5. Higher values suggest stronger parasympathetic influence.

	V1 HRV PIP
	Porta's Index of Parasympathetic Tone (V1)
	A symbolic-dynamics-based index for assessing parasympathetic (vagal) cardiac modulation in lead V1.

	V5 HRV IALS
	Index of Acceleration and Deceleration of Heart Rate (V5)
	Describes the asymmetry between heart rate accelerations and decelerations in lead V5, which captures instability in autonomic control.

	V1 HRV IALS
	Inverse of the Average Length of Acceleration/Deceleration Segments (V1)
	Reflects the symmetry characteristics of heart rate changes (V1 lead).

	V1 HRV SD1SD2
	Ratio of SD1 to SD2(V1)
	Represents the relative contribution of short-term (SD1) versus long-term (SD2) variability in lead V1. Higher ratios indicate relatively enhanced short-term fluctuations.

	V1 HRV CSI
	 Cardiac Sympathetic Index (V1)
	A nonlinear Poincaré-plot-derived indicator of sympathetic modulation in lead V1. Elevated values are associated with sympathetic predominance.

	V5 HRV CSI
	Cardiac Sympathetic Index (V5)
	A nonlinear index quantifying sympathetic dominance in lead V5. Higher values reflect increased sympathetic drive.

	V5 HRV PSS
	Porta's Symbolic Slope (V5)
	Analyzes RR-interval patterns based on symbolic dynamics in lead V5 to characterize directional trends in heart rate sequences.

	V5 HRV PAS
	Porta's Acceleration Slope (V5)
	Characterizes the trend and intensity of heart rate accelerations in lead V5, reflecting short-term sympathetic-dominant changes.

	V1 HRV PAS
	Porta's Acceleration Slope (V1)
	Characterizes the tendency and magnitude of heart rate accelerations in lead V1, associated with fast autonomic responses.

	V1 HRV PI
	Porta's Index of Heart Rate Asymmetry (V1)
	Short-term heart-rate asymmetry in lead V1, quantified as the percentage of Poincaré points below the identity line.



Table 3 Machine learning model performance
	Model
	AUC
	Accuracy, %
	Sensitivity, %
	Precision, %
	F1-score, %

	XGBoost
	0.960
(0.920-0.980)
	87.9
(81.7-92.2)
	88.2
(73.4-95.3)
	68.2
(53.4-80.0)
	76.9
(67.5-85.7)

	RF
	0.966
(0.930-0.991)
	91.9
(86.5-95.3)
	85.3
(69.9-93.6)
	80.6
(65.0-90.2)
	82.9
(73.3-91.4)

	ET
	0.950
(0.910-0.980)
	86.6
(80.2-91.1)
	79.4
(63.2-89.7)
	67.5
(52.0-79.9)
	73.0
(62.2-83.3)

	GBM
	0.970
(0.940-0.990)
	89.3
(83.3-93.3)
	79.4
(63.2-89.7)
	75.0
(58.9-86.2)
	77.1
(66.7-87.0)

	KNN
	0.910
(0.850-0.960)
	79.2
(72.0-84.9)
	82.4
(66.5-91.7)
	52.8
(39.7-65.6)
	64.4
(54.9-74.1)

	LR
	0.770
(0.670-0.840)
	72.5
(64.8-79.0)
	73.5
(56.9-85.4)
	43.9
(31.8-56.7)
	54.9
(44.9-64.4)



