Supplementary Table 1. Five-fold cross-validation performance for five-year overall survival prediction in the Alliance cohort. Comparison of the area under the receiver operating characteristic curve (AUC), accuracy, sensitivity, and specificity of the evaluated methods. Values are reported as the mean ± standard deviation across five cross-validation folds. Accuracy, sensitivity, and specificity are expressed as percentages. The best-performing result for each metric is shown in bold, and the second-best result is underlined.
	Methods
	AUC
	Accuracy
	Sensitivity
	Specificity

	ABMIL
	0.67 ± 0.06
	60.89 ± 06.02
	63.07 ± 20.01
	58.71 ± 12.55

	TransMIL
	0.67 ± 0.07
	51.45 ± 03.24
	03.81 ± 08.52
	99.09 ± 02.02

	CLAM-SB
	0.66 ± 0.04
	62.43 ± 05.73
	49.76 ± 11.96
	73.87 ± 05.47

	CLAM-MB
	0.66 ± 0.05
	63.28 ± 06.84
	50.23 ± 10.22
	72.99 ± 06.22

	RRT-MIL
	0.59 ± 0.05
	56.76 ± 04.46
	51.80 ± 32.46
	58.31 ± 38.89

	FR-MIL
	0.53 ± 0.08
	50.38 ± 01.74
	39.22 ± 12.61
	62.42 ± 15.02

	ACMIL
	0.65 ± 0.06
	59.99 ± 03.40
	62.11 ± 15.11
	56.22 ± 08.64

	MHIM-MIL
	0.61 ± 0.08
	54.05 ± 02.99
	50.22 ± 21.76
	57.22 ± 25.66

	PathVista
	0.70 ± 0.06
	66.80 ± 08.20
	62.14 ± 09.26
	71.47 ± 05.02



Supplementary Table 2. External validation performance for five-year overall survival prediction in the SURGEN cohort. Models were trained using the Alliance cohort and externally evaluated on the independent SURGEN cohort. The area under the receiver operating characteristic curve (AUC), accuracy, sensitivity, and specificity are reported as point estimates with 95% confidence intervals. The best-performing result for each metric is shown in bold, and the second-best result is underlined.
	Methods
	AUC
	Accuracy
	Sensitivity
	Specificity

	ABMIL
	0.7602 (0.702 - 0.815)
	0.5259 (0.500 - 0.550)
	0.9684 (0.929 - 1.000)
	0.0833 (0.052 - 0.117)

	TransMIL
	0.5396 (0.470 - 0.608)
	0.5311 (0.470 - 0.587)
	0.6000 (0.500 - 0.697)
	0.4621 (0.402 - 0.521)

	CLAM-SB
	0.6774 (0.613 - 0.741)
	0.6615 (0.607 - 0.715)
	0.6526 (0.559 - 0.747)
	0.6705 (0.620 - 0.727)

	CLAM-MB
	0.6984 (0.637 - 0.766)
	0.6023 (0.553 - 0.654)
	0.2842 (0.193 - 0.379)
	0.9205 (0.886 - 0.951)

	RRT-MIL
	0.6867 (0.625 - 0.746)
	0.5442 (0.510 - 0.576)
	0.9368 (0.882 - 0.980)
	0.1515 (0.112 - 0.193)

	FR-MIL
	0.6386 (0.574 - 0.708)
	0.6016 (0.551 - 0.655)
	0.7789 (0.694 - 0.865)
	0.4242 (0.369 - 0.485)

	MHIM-MIL
	0.5440 (0.478 - 0.610)
	0.5262 (0.470 - 0.583)
	0.4842 (0.383 - 0.581)
	0.5682 (0.511 - 0.629)

	PathVista
	0.6780 (0.611 - 0.743)
	0.6587 (0.603 - 0.718)
	0.5578 (0.454 - 0.658)
	0.7595 (0.710 - 0.810)



Supplementary Table 3. External validation performance for five-year overall survival prediction in the TCGA-COAD cohort. Models were trained using the Alliance cohort and externally evaluated on the independent TCGA-COAD cohort. The area under the receiver operating characteristic curve (AUC), accuracy, sensitivity, and specificity are reported as point estimates with 95% confidence intervals. The best-performing result for each metric is shown in bold, and the second-best result is underlined.
	Methods
	AUC
	Accuracy
	Sensitivity
	Specificity

	ABMIL
	0.6449 (0.542 - 0.751)
	0.5994 (0.520 - 0.680)
	0.3805 (0.290 - 0.470)
	0.8182 (0.675 - 0.945)

	TransMIL
	0.5202 (0.417 - 0.638)
	0.4863 (0.393 - 0.577)
	0.3363 (0.254 - 0.429)
	0.6364 (0.472 - 0.786)

	CLAM-SB
	0.6267 (0.516 - 0.738)
	0.5779 (0.492 - 0.663)
	0.3982 (0.308 - 0.488)
	0.7576 (0.611 - 0.903)

	CLAM-MB
	0.6007 (0.489 - 0.715)
	0.5520 (0.460 - 0.642)
	0.4071 (0.319 - 0.496)
	0.6970 (0.533 - 0.857)

	RRT-MIL
	0.6240 (0.515 - 0.733)
	0.5748 (0.476 - 0.664)
	0.5133 (0.411 - 0.602)
	0.6364 (0.471 - 0.800)

	FR-MIL
	0.5932 (0.475 - 0.712)
	0.5355 (0.455 - 0.613)
	0.2832 (0.202 - 0.361)
	0.7879 (0.641 - 0.914)

	MHIM-MIL
	0.4798 (0.366 - 0.603)
	0.4681 (0.374 - 0.560)
	0.4513 (0.362 - 0.532)
	0.4848 (0.317 - 0.647)

	PathVista
	0.6760 (0.572 - 0.770)
	0.6615 (0.578 - 0.741)
	0.5351 (0.445 - 0.624)
	0.7879 (0.645 - 0.925)


Supplementary Table 4. Five-fold cross-validation performance for microsatellite instability prediction in the TCGA-CRC cohort. Comparison of the area under the receiver operating characteristic curve (AUC), accuracy, sensitivity, and specificity of the evaluated methods for predicting microsatellite instability (MSI) status. Values are reported as the mean ± standard deviation across five cross-validation folds. Accuracy, sensitivity, and specificity are expressed as percentages. The best-performing result for each metric is shown in bold, and the second-best result is underlined.
	Methods
	AUC
	Accuracy
	Sensitivity
	Specificity

	ABMIL
	0.8753 ± 0.0427
	79.66 ± 06.39
	68.79 ± 14.65
	90.53 ± 07.47

	TransMIL
	0.6930 ± 0.0510
	63.32 ± 06.00
	45.00 ± 22.47
	81.65 ± 11.00

	CLAM-SB
	0.8803 ± 0.0641
	79.35 ± 06.57
	68.49 ± 16.46
	90.22 ± 04.76

	CLAM-MB
	0.9052 ± 0.0472
	79.88 ± 08.37
	66.97 ± 20.07
	92.79 ± 06.62

	RRT-MIL
	0.8991 ± 0.0488
	80.88 ± 06.11
	68.94 ± 13.97
	92.81 ± 05.97

	FR-MIL
	0.8769 ± 0.0274
	75.95 ± 07.85
	56.52 ± 18.28
	95.39 ± 02.95

	MHIM-MIL
	0.8055 ± 0.0641
	71.41 ± 06.73
	56.67 ± 10.64
	86.16 ± 08.95

	PathVista
	0.9138 ± 0.0323
	80.70 ± 04.97
	76.06 ± 12.79
	85.33 ± 04.65



Supplementary Table 5. Five-fold cross-validation performance for BRAF mutation prediction in the SURGEN cohort. Comparison of the area under the receiver operating characteristic curve (AUC), accuracy, sensitivity, and specificity of the evaluated methods for predicting BRAF mutation status. Values are reported as the mean ± standard deviation across five cross-validation folds. Accuracy, sensitivity, and specificity are expressed as percentages. The best-performing result for each metric is shown in bold, and the second-best result is underlined.
	Methods
	AUC
	Accuracy
	Sensitivity
	Specificity

	ABMIL
	0.8080 ± 0.0521
	62.66 ± 03.31
	33.03 ± 10.52
	92.30 ± 05.92

	TransMIL
	0.5552 ± 0.0964
	53.19 ± 06.83
	21.36 ± 09.61
	85.02 ± 05.14

	CLAM-SB
	0.8343 ± 0.0770
	71.58 ± 07.06
	54.09 ± 17.26
	89.06 ± 06.79

	CLAM-MB
	0.8301 ± 0.0617
	68.87 ± 09.93
	49.09 ± 20.88
	88.65 ± 05.44

	RRT-MIL
	0.7989 ± 0.0479
	66.18 ± 05.86
	40.76 ± 11.86
	91.60 ± 01.91

	FR-MIL
	0.7828 ± 0.0176
	64.07 ± 04.14
	38.03 ± 14.62
	90.11 ± 06.88

	MHIM-MIL
	0.6443 ± 0.0432
	60.23 ± 01.82
	52.58 ± 04.43
	67.89 ± 07.75

	PathVista
	0.8255 ± 0.0592
	77.83 ± 07.12
	77.58 ± 09.51
	78.08 ± 06.29



Supplementary Table 6. Five-fold cross-validation performance for KRAS mutation prediction in the SURGEN cohort. Comparison of the area under the receiver operating characteristic curve (AUC), accuracy, sensitivity, and specificity of the evaluated methods for predicting KRAS mutation status. Values are reported as the mean ± standard deviation across five cross-validation folds. Accuracy, sensitivity, and specificity are expressed as percentages. The best-performing result for each metric is shown in bold, and the second-best result is underlined.
	Methods
	AUC
	Accuracy
	Sensitivity
	Specificity

	ABMIL
	0.6018 ± 0.0409
	56.31 ± 03.58
	79.97 ± 10.95
	32.66 ± 05.77

	TransMIL
	0.5029 ± 0.0414
	51.59 ± 04.56
	49.46 ± 08.95
	53.73 ± 06.22

	CLAM-SB
	0.5874 ± 0.0476
	55.80 ± 03.04
	80.99 ± 06.82
	30.61 ± 09.41

	CLAM-MB
	0.6099 ± 0.0358
	54.92 ± 03.67
	86.07 ± 13.10
	23.78 ± 18.72

	RRT-MIL
	0.6136 ± 0.0370
	55.37 ± 02.22
	83.33 ± 08.17
	27.42 ± 12.18

	FR-MIL
	0.5948 ± 0.0137
	56.49 ± 03.36
	79.90 ± 17.13
	33.08 ± 20.02

	MHIM-MIL
	0.5308 ± 0.0222
	50.46 ± 01.94
	86.22 ± 16.39
	14.70 ± 18.96

	PathVista
	0.6069 ± 0.0260
	59.10 ± 03.77
	55.75 ± 09.81
	62.46 ± 09.17



Supplementary Table 7. Hyperparameters used for CellSwAV pretraining
	Hyperparameter
	Value

	Input magnification
	40×

	Cell crop size
	64 × 64 pixels

	Number of prototypes
	1,000

	SwAV temperature
	0.1

	Sinkhorn regularization (ε)
	0.05

	Sinkhorn iterations
	3



Supplementary Table 8. Hyperparameters used for PathVista downstream WSI prediction
	Hyperparameter
	Value

	Patch encoder
	UNI-v2

	MIL architecture
	ABMIL

	Patch embedding dimension
	1,056

	Cell embedding dimension
	1,024

	Attention projection dimension
	2

	Batch size
	1

	Optimizer
	Adam

	Initial learning rate
	5 × 10⁻⁵

	Regularization
	L2 weight decay = 1 × 10⁻⁵

	Dropout
	0.1

	Loss function
	BCEWithLogitsLoss

	Early stopping
	Patience = 20; activated after epoch 5

	Classification threshold
	0.5

	Random seed
	7

	Patch Magnification
	20×



Supplementary Table 9. Pathway gene sets used for HEST-based biological annotation of CellSwAV prototypes.
	No.
	Pathway

	1
	Hypoxia

	2
	EMT

	3
	Immune Response

	4
	Inflammatory

	5
	MYC Targets

	6
	Proliferation

	7
	Apoptosis

	8
	PI3K/AKT/mTOR

	9
	KRAS Signaling

	10
	IFN-γ

	11
	TGF-β

	12
	Oxidative Stress

	13
	Cell Adhesion

	14
	DNA Repair

	15
	Angiogenesis



Supplementary Table 10. Molecular and immune signatures used for TCGA-COAD risk-group pathway correlation analysis.
	No.
	Pathway

	1
	TGF-β response

	2
	IFN-γ response

	3
	Activated dendritic cells

	4
	Macrophage regulation

	5
	Wound healing

	6
	Proliferation

	7
	Homologous recombination defects

	8
	RNA-based stemness

	9
	CD8 T cells

	10
	Wnt/β-catenin signaling



