Table 1. Baseline clinicopathological characteristics of patients across the three cohorts.
	Variables
	Overall 
(n=583)
	Tra
 (n=293)
	Int-Val
(n=165)
	Ext-Val
(n=125)
	Pa 
	Pb 
	Pc

	Recurrence/Metastasis, n (%)
	
	
	
	
	1.000
	0.436
	0.462

	  No
	399 (68.4%)
	198 (67.6%)
	111 (67.3%)
	90 (72.0%)
	
	
	

	  Yes
	184 (31.6%)
	95 (32.4%)
	54 (32.7%)
	35 (28.0%)
	
	
	

	Follow-up time (months), median [IQR]
	41.00 [25.50, 50.00]
	48.00 [24.00, 51.00]
	48.00 [28.00, 59.00]
	46.5[25.00, 53.00]
	0.110
	0.231
	0.154

	Age (years), median [IQR]
	54.00 [46.00, 63.00]
	54.00 [46.00, 64.00]
	55.00 [46.00, 63.00]
	54.00 [45.00, 61.00]
	0.676
	0.287
	0.495

	Maximum diameter (mm), median [IQR]
	27.31 [21.82, 34.35]
	27.63 [21.64, 34.31]
	27.13 [21.26, 34.61]
	27.29 [22.22, 34.39]
	0.758
	0.750
	0.554

	Delivery times, n (%)
	
	
	
	
	0.379
	0.337
	0.100

	  <3
	323 (55.4%)
	162 (55.3%)
	99 (60.0%)
	62 (49.6%)
	
	
	

	  ≥3
	260 (44.6%)
	131 (44.7%)
	66 (40.0%)
	63 (50.4%)
	
	
	

	Ki67, median [IQR]
	60.00 [50.00, 75.00]
	60.00 [60.00, 80.00]
	60.00 [50.00, 70.00]
	60.00 [50.00, 75.00]
	0.055
	0.903
	0.139

	SCC-Ag, median [IQR]
	2.50 [1.10, 9.15]
	2.34 [1.10, 7.43]
	2.55 [1.20, 9.86]
	2.40 [1.02, 13.85]
	0.347
	0.261
	0.756

	ADCmean, median [IQR]
	1.10 [0.98, 1.32]
	1.09 [0.93, 1.32]
	1.09 [0.99, 1.31]
	1.12 [0.99, 1.33]
	0.452
	0.264
	0.549

	ADCmin, median [IQR]
	0.90 [0.73, 1.12]
	0.89 [0.73, 1.12]
	0.90 [0.72, 1.12]
	0.90 [0.73, 1.12]
	0.727
	0.719
	0.960

	Lymph node metastasis, n (%)
	
	
	
	
	0.726
	0.389
	0.704

	  No
	425 (72.9%)
	209 (71.3%)
	121 (73.3%)
	95 (76.0%)
	
	
	

	  Yes
	158 (27.1%)
	84 (28.7%)
	44 (26.7%)
	30 (24.0%)
	
	
	

	Postoperative treatment, n (%)
	
	
	
	
	0.992
	0.996
	0.974

	  Radiotherapy
	184 (31.6%)
	93 (31.7%)
	51 (30.9%)
	40 (32.0%)
	
	
	

	  Chemotherapy
	80 (13.7%)
	40 (13.7%)
	22 (13.3%)
	18 (14.4%)
	
	
	

	  Chemoradiotherapy
	97 (16.6%)
	49 (16.7%)
	27 (16.4%)
	21 (16.8%)
	
	
	

	  None
	222 (38.1%)
	111 (37.9%)
	65 (39.4%)
	46 (36.8%)
	
	
	

	Menopause, n (%)
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	0.310
	0.391
	1.000

	  No
	256 (43.9%)
	121 (41.3%)
	77 (46.7%)
	58 (46.4%)
	
	
	

	  Yes
	327 (56.1%)
	172 (58.7%)
	88 (53.3%)
	67 (53.6%)
	
	
	

	Smoke history, n (%)
	
	
	
	
	0.166
	0.372
	0.853

	  No
	417 (71.5%)
	218 (74.4%)
	112 (67.9%)
	87 (69.6%)
	
	
	

	  Yes
	166 (28.5%)
	75 (25.6%)
	53 (32.1%)
	38 (30.4%)
	
	
	

	HPV status, n (%)
	
	
	
	
	0.619
	0.278
	0.143

	  Negative
	78 (13.4%)
	38 (13.0%)
	18 (10.9%)
	22 (17.6%)
	
	
	

	  Positive
	505 (86.6%)
	255 (87.0%)
	147 (89.1%)
	103 (82.4%)
	
	
	

	FIGO stage, n (%)
	
	
	
	
	0.390
	0.232
	0.787

	  I
	279 (47.9%)
	132 (45.1%)
	82 (49.7%)
	65 (52.0%)
	
	
	

	  II
	304 (52.1%)
	161 (54.9%)
	83 (50.3%)
	60 (48.0%)
	
	
	

	Pathological type, n (%)
	
	
	
	
	0.100
	0.644
	0.564

	  Squamous cell carcinoma
	467 (80.1%)
	242 (82.6%)
	123 (74.5%)
	102 (81.6%)
	
	
	

	  Adenocarcinoma
	73 (12.5%)
	33 (11.3%)
	26 (15.8%)
	14 (11.2%)
	
	
	

	  Adenosquamous carcinoma
	28 (4.8%)
	14 (4.8%)
	9 (5.5%)
	5 (4.0%)
	
	
	

	  Others
	15 (2.6%)
	4 (1.4%)
	7 (4.2%)
	4 (3.2%)
	
	
	

	Pathological grade, n (%)
	
	
	
	
	0.585
	0.601
	0.962

	  G1 (Well differentiated)
	411 (70.5%)
	212 (72.4%)
	114 (69.1%)
	85 (68.0%)
	
	
	

	  G2 (Moderately differentiated)
	97 (16.6%)
	48 (16.4%)
	27 (16.4%)
	22 (17.6%)
	
	
	

	  G3 (Poorly differentiated)
	75 (12.9%)
	33 (11.3%)
	24 (14.5%)
	18 (14.4%)
	
	
	

	1/2 Stromal infiltration, n (%)
	
	
	
	
	0.036
	0.011
	0.636

	  No
	355 (60.9%)
	161 (54.9%)
	108 (65.5%)
	86 (68.8%)
	
	
	

	  Yes
	228 (39.1%)
	132 (45.1%)
	57 (34.5%)
	39 (31.2%)
	
	
	

	Parametrial infiltration, n (%)
	
	
	
	
	0.580
	0.007
	0.055

	  No
	383 (65.7%)
	181 (61.8%)
	107 (64.8%)
	95 (76.0%)
	
	
	

	  Yes
	200 (34.3%)
	112 (38.2%)
	58 (35.2%)
	30 (24.0%)
	
	
	

	LVI , n (%)
	
	
	
	
	0.019
	0.011
	0.794

	  No
	300 (51.5%)
	132 (45.1%)
	94 (57.0%)
	74 (59.2%)
	
	
	

	  Yes
	283 (48.5%)
	161 (54.9%)
	71 (43.0%)
	51 (40.8%)
	
	
	

	pLNM, median [IQR]
	0.45 [0.44, 0.56]
	0.44 [0.44, 0.71]
	0.46 [0.44, 0.54]
	0.47 [0.45, 0.54]
	0.004
	<0.001
	0.246


Abbreviations: HPV, human papillomavirus; FIGO, International Federation of Gynecology and Obstetrics; Ki-67, Ki67 proliferation index; LVI, lymphovascular invasion; SCC-Ag, squamous cell carcinoma antigen; ADCmin, minimum apparent diffusion coefficient; ADCmean, mean apparent diffusion coefficient; pLNM, predicted probability of lymph node metastasis.







Table 2. Univariable and multivariable COX regression analyses of prognostic factors in the training cohort.
	Variables
	Univariate analysis

	Multivariable analysis

	
	HR 
	95% CI
	P value
	HR
	95% CI
	P value

	SCC-Ag
	1.02 
	1.00-1.03
	0.005
	1.01 
	1.00-1.02
	0.153

	Lymph node metastasis (Yes vs No)
	2.06 
	1.38-3.09
	<0.001
	1.73 
	1.13-2.67
	0.012

	Tumor size (mm)
	0.98
	0.96-1.01
	0.140
	
	
	

	Deep stromal invasion (≥1/2)
	1.58 
	1.06-2.35
	0.024
	1.46 
	1.01-2.12
	0.046

	Parametrial infiltration (Yes vs No)
	1.84 
	1.24-2.74
	0.003
	1.57
	1.04-2.37
	0.032

	Lymphovascular invasion (LVI)
	1.85
	1.22-2.80
	0.004
	1.62 
	1.06-2.46
	0.026

	Age (years)
	0.97
	0.96-0.98
	<0.001
	0.98 
	0.96-0.99
	0.005

	FIGO stage
	0.84
	0.56-1.24
	0.373
	
	
	

	Pathological grade
	0.87
	0.64-1.17
	0.350
	
	
	

	Treatment (Reference: None)
	1.00 (Reference)
	
	-
	1.00 (Reference)
	
	-

	Treatment: Chemoradiotherapy vs None
	0.67
	 0.39-1.14
	0.141
	0.74 
	0.43-1.28
	0.284

	  Treatment: Chemotherapy vs None
	0.19
	 0.07-0.46
	<0.001
	0.29 
	0.11-0.73
	0.009

	  Treatment: Radiotherapy vs None
	0.30
	0.17-0.50
	<0.001
	0.39 
	0.22-0.68
	0.001

	Rad-score intra
	2.59
	1.77-3.77
	<0.001
	2.18 
	1.44-3.29
	<0.001

	Rad-score peri
	2.27
	1.58-3.26
	<0.001
	1.92 
	1.30-2.84
	0.001

	Rad-score intra+peri
	3.06
	2.05-4.58
	<0.001
	2.56 
	1.66-3.94
	<0.001

	ITH integrated score
	3.86
	2.52-5.91
	<0.001
	3.25 
	2.01-5.26
	<0.001

	pLNM probability (0-1)
	4.53 
	2.44-8.39
	<0.001
	2.86 
	1.49-5.48
	0.002


Abbreviations: Variables with p < 0.05 in the univariable analysis were entered into the multivariable model. OR, odds ratio; CI confidence interval；Rad-score_intra, intratumoral radiomics score; Rad-score_peri, peritumoral radiomics score; Rad-score_intra+peri, combined intratumoral and peritumoral radiomics score; ITH_integrated_score Intratumoral heterogeneity score integrated intratumoral and peritumoral. 

Table 3. Diagnostic performance of the base models and Meta-model across the three cohorts. 
	Cohort
	Metric
	COX 
	RSF
	Elastic Net-Cox
	DeepSurv
	SVR
	Meta

	Tra
	C-index 
(95% CI)

	0.720 (0.673-0.768)
	0.793 (0.754-0.828)
	0.758 (0.721-0.801)
	0.819 (0.777-0.859)
	0.851 (0.810-0.898)
	0.878 (0.830-0.920)

	Tra
	AUC at 3 years 
(95% CI)
	0.726 (0.685-0.767)
	0.801 (0.762-0.838)
	0.766 (0.727-0.813)
	0.830 (0.795-0.866)
	0.857 (0.815-0.892)
	0.889 (0.846-0.926)

	Tra
	Accuracy (95% CI)
	0.707 (0.663-0.745)
	0.784 (0.740-0.821)
	0.750 (0.703-0.790)
	0.806 (0.766-0.844)
	0.838 (0.795-0.883)
	0.865 (0.820-0.904)

	Tra
	Sensitivity (95% CI)
	0.687 (0.640-0.723)
	0.771 (0.724-0.811)
	0.732 (0.684-0.777)
	0.790 (0.748-0.828)
	0.821 (0.780-0.859)
	0.849 (0.804-0.892)

	Tra
	Specificity (95% CI)
	0.739 (0.694-0.783)
	0.816 (0.772-0.854)
	0.778 (0.733-0.824)
	0.846 (0.798-0.881)
	0.870 (0.822-0.909)
	0.903 (0.858-0.944)

	Tra
	PPV 
(95% CI)
	0.654 (0.606-0.696)
	0.731 (0.694-0.775)
	0.670 (0.632-0.711)
	0.745 (0.705-0.789)
	0.779 (0.737-0.825)
	0.809 (0.762-0.846)

	Tra
	NPV
 (95% CI)
	0.744 (0.706-0.786)
	0.819 (0.772-0.860)
	0.796 (0.757-0.831)
	0.847 (0.806-0.895)
	0.885 (0.839-0.923)
	0.908 (0.868-0.946)

	Tra
	F1-score (95% CI)
	0.670 (0.627-0.713)
	0.735 (0.697-0.771)
	0.693 (0.651-0.731)
	0.768 (0.726-0.806)
	0.799 (0.753-0.847)
	0.830 (0.792-0.865)

	Int-Val
	C-index 
(95% CI)

	0.700 (0.653-0.747)
	0.785 (0.750-0.825)
	0.741 (0.700-0.779)
	0.803 (0.763-0.847)
	0.834 (0.797-0.871)
	0.868 (0.829-0.914)

	Int-Val
	AUC at 3 years 
(95% CI)
	0.709 (0.664-0.746)
	0.791 (0.754-0.830)
	0.749 (0.709-0.796)
	0.813 (0.775-0.852)
	0.842 (0.802-0.884)
	0.877 (0.839-0.922)

	Int-Val
	Accuracy (95% CI)
	0.688 (0.644-0.733)
	0.767 (0.727-0.813)
	0.724 (0.686-0.768)
	0.792 (0.750-0.831)
	0.824 (0.778-0.868)
	0.853 (0.808-0.891)

	Int-Val
	Sensitivity (95% CI)
	0.673 (0.627-0.712)
	0.756 (0.716-0.800)
	0.711 (0.665-0.749)
	0.770 (0.725-0.812)
	0.803 (0.764-0.842)
	0.841 (0.804-0.877)

	Int-Val
	Specificity (95% CI)
	0.728 (0.693-0.772)
	0.807 (0.769-0.843)
	0.771 (0.735-0.807)
	0.827 (0.786-0.865)
	0.854 (0.808-0.900)
	0.893 (0.853-0.940)

	Int-Val
	PPV
(95% CI)
	0.626 (0.579-0.664)
	0.693 (0.654-0.741)
	0.678 (0.633-0.721)
	0.733 (0.685-0.777)
	0.744 (0.698-0.783)
	0.792 (0.752-0.831)

	Int-Val
	NPV
(95% CI)
	0.727 (0.688-0.769)
	0.811 (0.773-0.848)
	0.766 (0.724-0.809)
	0.832 (0.789-0.878)
	0.870 (0.831-0.915)
	0.902 (0.860-0.943)

	Int-Val
	F1-score
(95% CI)
	0.639 (0.602-0.677)
	0.724 (0.683-0.765)
	0.697 (0.650-0.732)
	0.746 (0.705-0.784)
	0.774 (0.729-0.814)
	0.823 (0.779-0.865)

	Ext-Val
	C-index 
(95% CI)

	0.690 (0.653-0.730)
	0.763 (0.727-0.801)
	0.731 (0.695-0.767)
	0.795 (0.750-0.836)
	0.823 (0.778-0.871)
	0.848 (0.804-0.888)

	Ext-Val
	AUC at 3 years 
(95% CI)
	0.697 (0.657-0.742)
	0.774 (0.729-0.810)
	0.738 (0.701-0.785)
	0.804 (0.765-0.840)
	0.830 (0.788-0.875)
	0.860 (0.820-0.906)

	Ext-Val
	Accuracy (95% CI)
	0.681 (0.641-0.719)
	0.753 (0.710-0.793)
	0.715 (0.668-0.751)
	0.786 (0.742-0.827)
	0.808 (0.770-0.856)
	0.840 (0.794-0.883)

	Ext-Val
	Sensitivity (95% CI)
	0.665 (0.622-0.701)
	0.731 (0.689-0.774)
	0.695 (0.648-0.739)
	0.766 (0.729-0.805)
	0.787 (0.741-0.823)
	0.827 (0.780-0.864)

	Ext-Val
	Specificity (95% CI)
	0.710 (0.663-0.746)
	0.795 (0.754-0.839)
	0.758 (0.722-0.804)
	0.825 (0.786-0.864)
	0.850 (0.804-0.892)
	0.871 (0.833-0.906)

	Ext-Val
	PPV
(95% CI)
	0.609 (0.564-0.653)
	0.683 (0.642-0.724)
	0.647 (0.612-0.690)
	0.710 (0.662-0.751)
	0.766 (0.731-0.808)
	0.793 (0.746-0.829)

	Ext-Val
	NPV
(95% CI)
	0.723 (0.678-0.761)
	0.793 (0.748-0.830)
	0.763 (0.717-0.805)
	0.821 (0.774-0.857)
	0.858 (0.822-0.899)
	0.875 (0.831-0.917)

	Ext-Val
	F1-score
(95% CI)
	0.642 (0.596-0.690)
	0.709 (0.668-0.757)
	0.692 (0.646-0.732)
	0.742 (0.695-0.788)
	0.760 (0.723-0.795)
	0.810 (0.769-0.855)



Abbreviations: COX, cox proportional hazards regression model; RSF, random survival forest; Elastic Net-Cox, elastic net cox regression; DeepSurv, deep survival; SVR, linear kernel support vector regression; Meta, meta-model.







Table 4. DeLong test results comparing Meta-model with five base learners.
	Base Models
	(Training) Z-score / Pvalue
	(Int-Val) Z-score / P value
	(Ext-Val) Z-score / P value

	COX
	13.931 / <0.001
	10.678 / <0.001
	9.022 / <0.001

	Elastic Net-Cox
	10.507 / <0.001
	8.138 / <0.001
	6.732 / <0.001

	RSF
	7.537 / <0.001
	5.453 / <0.001
	4.735 / <0.001

	DeepSurv
	5.066 / <0.001
	4.062 / <0.001
	3.094 / 0.002

	SVR
	2.801 / 0.005
	2.176 / 0.030
	1.636 / 0.102




Table 5. Incremental predictive value of adding the pLNM probability to the Meta-model.
	Cohort 
	Metric
	Meta Model (Reference)
	Meta + pLNM
	P-value

	Training Cohort
	C-index
	0.878 (0.830-0.920)
	0.913 (0.871-0.954)
	< 0.001

	(n = 293)
	NRI
	Reference
	0.124 (0.051-0.193)
	< 0.001

	
	IDI
	Reference
	0.058 (0.022-0.095)
	< 0.001

	Internal Validation Cohort
	C-index
	0.868 (0.829-0.914)
	0.900 (0.855-0.938)
	0.003

	(n = 165)
	NRI
	Reference
	0.105 (0.038-0.178)
	0.002

	
	IDI
	Reference
	0.048 (0.016-0.086)
	0.004

	External Validation Cohort
	C-index
	0.848 (0.804-0.888)
	0.878 (0.830-0.920)
	0.012

	(n = 125)
	NRI
	Reference
	0.092 (0.028-0.165)
	0.008

	
	IDI
	Reference
	0.041 (0.012-0.078)
	0.006



