Supplementary Tables and Figures

Supplementary Table S1. Definitions, coding, timing, and missingness of candidate predictors and outcome
	Predictor or outcome
	Definition and coding
	Time of availability
	Missing, n (%)

	Primary-model predictors
	
	
	

	Age
	Continuous, years; entered per 10-year increase.
	Preoperative
	0 (0.0%)

	Sex
	Male vs female; female was the reference category.
	Preoperative
	0 (0.0%)

	Surgical category
	Six categories: colorectal (colon and rectum combined), gastric, liver, biliary, pancreatic, and gynaecological; colorectal was the reference category.
	Preoperative
	0 (0.0%)

	Planned surgical approach
	Open vs minimally invasive; minimally invasive was the reference category. Coding was based on the intended preoperative approach.
	Preoperative
	0 (0.0%)

	Previous abdominal or pelvic surgery
	Yes (1) vs no (0).
	Preoperative
	0 (0.0%)

	ASA physical status
	Recorded as I, II, or III; entered as ASA III vs ASA I–II in the primary model.
	Preoperative
	0 (0.0%)

	Preoperative haemoglobin
	Continuous, g/L; entered per 10-g/L increase in the primary model. The sensitivity model used a three-knot restricted cubic spline with knots at 87, 124, and 148 g/L.
	Preoperative
	0 (0.0%)

	Comparator and sensitivity-analysis variables
	
	
	

	Preoperative anaemia
	Binary variable: haemoglobin <130 g/L in men or <120 g/L in women; used in the binary-anaemia comparator model.
	Preoperative
	0 (0.0%)

	Platelet count
	Continuous, ×10⁹/L; evaluated in the expanded sensitivity model.
	Preoperative
	0 (0.0%)

	International normalized ratio
	Continuous; evaluated in the expanded sensitivity model.
	Preoperative
	0 (0.0%)

	Anticoagulant or antiplatelet medication
	Any preoperative anticoagulant or antiplatelet medication use versus none; evaluated in the expanded sensitivity model.
	Preoperative 
	0 (0.0%)

	Irregular-antibody screen
	Positive vs negative; considered an implementation and transfusion-safety variable rather than a primary transfusion-demand predictor.
	Preoperative
	0 (0.0%)

	Outcome
	
	
	

	Red-cell transfusion within 72 h
	Any red-cell transfusion >0 units from the intraoperative period through 72 h after surgery.
	Intraoperative to 72 h postoperative
	0 (0.0%)

	The analytical dataset contained 1,068 patients. Missingness was defined as a blank or null database field. All listed variables were complete, and no statistical imputation was required for the primary analysis. For prediction-time validity, planned surgical approach should represent the intended approach recorded before surgery; patients converted intraoperatively from minimally invasive to open surgery should remain coded according to the initial plan.



Supplementary Table S2. Full specification of the primary continuous-haemoglobin Ridge logistic regression model

	Term
	Coding
	Coefficient on clinical scale
	Odds ratio per clinical unit

	Intercept
	Not applicable
	4.26984717
	

	Age, per 10 years
	Continuous; age divided by 10 before standardization.
	-0.12506332
	0.882

	Male sex
	Binary: male = 1, female = 0.
	0.70000603
	2.014

	Planned open surgical approach
	Binary: planned open = 1, planned minimally invasive = 0.
	0.87586996
	2.401

	Previous abdominal or pelvic surgery
	Binary: yes = 1, no = 0.
	-0.16750380
	0.846

	ASA physical status III
	Binary: ASA III = 1, ASA I–II = 0.
	0.48171916
	1.619

	Preoperative haemoglobin, per 10 g/L
	Continuous; haemoglobin divided by 10 before standardization.
	-0.54681814
	0.579

	Gastric surgery
	Dummy indicator: gastric = 1; colorectal = 0.
	0.43842855
	1.550

	Liver surgery
	Dummy indicator: liver = 1; colorectal = 0.
	1.15139609
	3.163

	Biliary surgery
	Dummy indicator: biliary = 1; colorectal = 0.
	2.64944331
	14.146

	Pancreatic surgery
	Dummy indicator: pancreatic = 1; colorectal = 0.
	1.69129357
	5.426

	Gynaecological surgery
	Dummy indicator: gynaecological = 1; colorectal = 0.
	0.21227293
	1.236

	Clinical-scale implementation formula
LP = 4.26984717 -0.12506332×(age/10) +0.70000603×male +0.87586996×planned_open -0.16750380×previous_surgery +0.48171916×ASA_III -0.54681814×(Hb/10) +0.43842855×gastric +1.15139609×liver +2.64944331×biliary +1.69129357×pancreatic +0.21227293×gynaecological
Predicted probability = 1 / [1 + exp(−LP)]
Recommend preoperative crossmatching when predicted probability ≥ 3.83%.























Supplementary Table S3. Comparison of candidate transfusion-risk model specifications
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	Model
	Selected C
	10-fold CV log loss, mean (SE)
	1-SE eligible
	Development OOF AUC
	Bootstrap-corrected AUC
	Temporal AUC
	Temporal Brier

	Procedure-only
	0.0464
	0.4852 (0.0091)
	No
	0.657
	0.677
	0.622
	0.137

	Binary anaemia
	0.1
	0.4527 (0.0107)
	No
	0.739
	0.754
	0.713
	0.131

	Continuous haemoglobin
	0.4642
	0.3952 (0.0116)
	No
	0.807
	0.812
	0.79
	0.114

	Haemoglobin RCS
	1
	0.3783 (0.0120)
	Yes
	0.828
	0.833
	0.811
	0.106

	Expanded laboratory
	0.4642
	0.3985 (0.0117)
	No
	0.805
	0.81
	0.788
	0.114






































Supplementary Table S4. Sensitivity analyses of temporal model performance and simulated crossmatching consequences

	Sensitivity analysis
	Locked threshold, %

	Temporal AUC
	Brier
	Calibration intercept
	Calibration slope
	Recommended for crossmatching, n/N (%)
	Transfusion events below threshold, n

	Primary analysis
	3.83
	0.79
	0.114
	−0.480
	0.781
	421/527（79.9%）
	2

	Actual/final approach coding
	4.42
	0.796
	0.111
	−0.408
	0.853
	418/527（79.3%）
	2

	RCS haemoglobin model
	5.62
	0.808
	0.107
	−0.482
	0.808
	343/527（65.1%）
	6

	Expanded laboratory model
	4.13
	0.788
	0.114
	−0.469
	0.814
	432/527（82.0%）
	2

	Excluding unexpected postoperative haemorrhage
	3.83
	0.799
	0.112
	−0.468
	0.807
	421/526（80.0%）
	1



Thresholds were derived separately for each model in the 2024 development cohort using the same target-sensitivity procedure and were applied unchanged to the 2025 temporal cohort. In the analysis excluding unexpected postoperative haemorrhage, the primary model coefficients and the 3.83% threshold remained unchanged.
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Supplementary Figure S1. Distribution of predicted red-cell transfusion risks according to observed transfusion status in the 2025 temporal evaluation cohort. 
Density curves show the predicted probabilities generated by the primary continuous-haemoglobin Ridge logistic regression model among patients who did and did not receive red-cell transfusion within 72 h of surgery. The shaded area and vertical dashed line indicate the development-locked 3.83% crossmatching threshold. Of 527 patients, 421 had predicted risks at or above the threshold; two of 86 transfusion events occurred below the threshold
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Supplementary Figure S2. Association between preoperative haemoglobin and predicted red-cell transfusion risk.
The figure shows marginal predicted probabilities of red-cell transfusion within 72 h across the range of preoperative haemoglobin values for the primary continuous linear-haemoglobin Ridge model and the sensitivity restricted cubic spline (RCS) haemoglobin model. Shaded bands indicate 95% bootstrap confidence intervals. Short tick marks along the x-axis show the distribution of haemoglobin values in the 2024 development cohort. Vertical dashed lines indicate the prespecified RCS knots at 87, 124, and 148 g/L. The spline model suggested modest non-linearity. Comparative model-performance estimates are reported in Supplementary Table S3.
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