Table 1. Baseline characteristics of the training and validation cohorts
	Characteristic
	Overall cohort (N = 3,526)
	Training cohort (n = 2,469)
	Validation cohort (n = 1,057)
	P-value*

	Age at diagnosis
	
	
	
	0.252

	Mean ± SD years
	44.2 ± 6.6
	44.2 ± 6.7
	44.2 ± 6.2
	

	< 40 years
	829 (23.5%)
	580 (23.5%)
	249 (23.6%)
	

	40-50 years
	2,697 (76.5%)
	1,889 (76.5%)
	808 (76.4%)
	

	Sex
	
	
	
	0.764

	Male
	1,895 (53.7%)
	1,331 (53.9%)
	564 (53.4%)
	

	Female
	1,631 (46.3%)
	1,138 (46.1%)
	493 (46.6%)
	

	Race/Ethnicity
	
	
	
	0.659

	White
	2,624 (74.4%)
	1,839 (74.5%)
	785 (74.3%)
	

	Black
	533 (15.1%)
	374 (15.1%)
	159 (15.0%)
	

	Asian/Pacific Islander
	317 (9.0%)
	216 (8.7%)
	101 (9.6%)
	

	Other/Unknown
	52 (1.5%)
	40 (1.6%)
	12 (1.1%)
	

	Tumor site
	
	
	
	0.489

	Pancreatic head
	1,610 (45.7%)
	1,117 (45.3%)
	493 (46.6%)
	

	Pancreatic body
	453 (12.8%)
	322 (13.0%)
	131 (12.4%)
	

	Pancreatic tail
	640 (18.2%)
	452 (18.3%)
	188 (17.8%)
	

	Other/Unspecified
	823 (23.3%)
	578 (23.4%)
	245 (23.2%)
	

	pT (Tumor stage)
	
	
	
	0.342

	pT1/T2
	1,294 (36.7%)
	921 (37.3%)
	373 (35.3%)
	

	pT3/T4
	2,216 (62.8%)
	1,539 (62.3%)
	677 (64.0%)
	

	pN (Lymph node)
	
	
	
	0.495

	pN0
	888 (25.2%)
	632 (25.6%)
	256 (24.2%)
	

	pN1/N2
	2,638 (74.8%)
	1,837 (74.4%)
	801 (75.8%)
	

	AJCC 8th Stage
	
	
	
	0.342

	Stage I
	395 (11.2%)
	287 (11.6%)
	108 (10.2%)
	

	Stage II
	899 (25.5%)
	634 (25.7%)
	265 (25.1%)
	

	Stage III
	311 (8.8%)
	212 (8.6%)
	99 (9.4%)
	

	Stage IV
	1,905 (54.0%)
	1,327 (53.7%)
	578 (54.7%)
	

	Surgery
	
	
	
	0.927

	Yes
	2,356 (66.8%)
	1,699 (68.8%)
	657 (69.0%)
	

	No
	1,170 (33.2%)
	770 (31.2%)
	328 (31.0%)
	

	Chemotherapy
	
	
	
	0.239

	Yes
	2,284 (64.8%)
	1,584 (64.2%)
	700 (66.2%)
	

	No
	1,242 (35.2%)
	885 (35.8%)
	357 (33.8%)
	

	Radiotherapy
	
	
	
	0.286

	Yes
	604 (17.1%)
	412 (16.7%)
	192 (18.2%)
	

	No
	2,922 (82.9%)
	2,057 (83.3%)
	865 (81.8%)
	

	Rare histology
	
	
	
	0.681

	Yes
	612 (17.4%)
	431 (17.5%)
	181 (17.1%)
	

	No
	2,914 (82.6%)
	2,038 (82.5%)
	876 (82.9%)
	

	Lymph nodes examined
	
	
	
	0.495

	≥ 4 lymph nodes
	888 (25.2%)
	632 (25.6%)
	256 (24.2%)
	

	< 4 lymph nodes
	2,638 (74.8%)
	1,837 (74.4%)
	801 (75.8%)
	


*P-values calculated using chi-square test for categorical variables and Student's t-test for continuous variables. All P-values > 0.05, indicating balanced distribution between cohorts.
Table 2. Univariate and multivariable Cox regression analyses for overall survival
	Variable
	Univariate HR
	Univariate 95% CI
	Univariate P
	Multivariable HR
	Multivariable 95% CI
	Multivariable P

	Age (per 5-year increase)
	1.15
	(1.11-1.19)
	<0.001***
	1.12
	(1.08-1.16)
	<0.001***

	Sex (Female vs Male)
	0.95
	(0.88-1.03)
	0.215
	-
	-
	-

	Race (Black vs White)
	1.12
	(1.01-1.24)
	0.032*
	-
	-
	ns

	pT (T3/T4 vs T1/T2)
	1.85
	(1.70-2.01)
	<0.001***
	-
	-
	-

	pN (N1/N2 vs N0)
	2.12
	(1.95-2.30)
	<0.001***
	-
	-
	-

	Stage II vs I
	1.45
	(1.26-1.67)
	<0.001***
	1.32
	(1.15-1.52)
	<0.001***

	Stage III vs I
	1.98
	(1.70-2.31)
	<0.001***
	1.78
	(1.52-2.08)
	<0.001***

	Stage IV vs I
	3.85
	(3.39-4.37)
	<0.001***
	3.24
	(2.85-3.69)
	<0.001***

	Surgery (Yes vs No)
	0.38
	(0.35-0.42)
	<0.001***
	0.42
	(0.38-0.47)
	<0.001***

	Chemotherapy (Yes vs No)
	0.52
	(0.48-0.56)
	<0.001***
	0.58
	(0.53-0.63)
	<0.001***

	Radiotherapy (Yes vs No)
	0.72
	(0.65-0.80)
	<0.001***
	0.78
	(0.70-0.87)
	<0.001***

	Tumor grade (Poor vs Well)
	1.58
	(1.44-1.73)
	<0.001***
	1.45
	(1.32-1.59)
	<0.001***

	Rare histology (Yes vs No)
	0.88
	(0.79-0.98)
	0.021*
	-
	-
	ns

	Married (Yes vs No)
	0.78
	(0.72-0.85)
	<0.001***
	0.82
	(0.76-0.89)
	<0.001***


Abbreviations: HR, hazard ratio; CI, confidence interval; ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001. Variables with P < 0.05 in univariate analysis were entered into the multivariable Cox regression model using backward stepwise selection.
Table 3. Prognostic performance comparison between models
	Model
	C-index (95% CI)
	1-year AUC
	3-year AUC
	5-year AUC

	Nomogram
	0.752 (0.735-0.769)
	0.768
	0.753
	0.741

	AJCC 8th Edition
	0.645 (0.626-0.664)
	0.652
	0.638
	0.629

	TNM 8th Edition
	0.628 (0.609-0.647)
	0.641
	0.634
	0.618

	P value (Nomogram vs TNM)
	<0.001***
	<0.001***
	<0.001***
	<0.001***


Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval. ***P < 0.001. C-index comparison performed using Harrell's C-statistic with bootstrapped 95% confidence intervals. AUC values represent time-dependent receiver operating characteristic curve analysis.
Table 4. Clinical utility summary at different threshold probabilities
	Threshold
Probability
	Model
	High-risk
patients n (%)
	Net benefit
per 1000
	Avoided
overtreatments
	Number Needed
to Treat

	0.3
	Nomogram
	2,461 (69.8%)
	128
	89
	4.2

	0.3
	TNM 8th
	2,891 (82.0%)
	76
	42
	6.8

	0.5
	Nomogram
	1,616 (45.8%)
	157
	156
	3.1

	0.5
	TNM 8th
	2,116 (60.0%)
	98
	87
	5.2

	0.7
	Nomogram
	846 (24.0%)
	142
	215
	2.8

	0.7
	TNM 8th
	1,234 (35.0%)
	85
	142
	4.5

	0.8
	Nomogram
	462 (13.1%)
	105
	248
	2.6

	0.8
	TNM 8th
	705 (20.0%)
	58
	189
	4.1


Threshold probability represents the minimum predicted mortality risk at which a clinician would recommend intensive intervention. Net benefit is calculated from decision curve analysis. Number Needed to Treat (NNT) is derived from the absolute risk difference between high-risk and low-risk groups. The nomogram consistently demonstrates superior clinical utility across all threshold probabilities compared to the TNM staging system.
Table 5. Baseline characteristics by nomogram risk group
	Characteristic
	Low-risk group
(n = 1,763)
	High-risk group
(n = 1,763)
	P-value

	Age at diagnosis
	
	
	<0.001***

	Mean ± SD years
	42.8 ± 6.9
	45.6 ± 6.1
	

	≥ 45 years
	682 (38.7%)
	1,024 (58.1%)
	

	Sex
	
	
	0.032*

	Male
	887 (50.3%)
	1,008 (57.2%)
	

	Female
	876 (49.7%)
	755 (42.8%)
	

	AJCC 8th Stage
	
	
	<0.001***

	Stage I/II
	987 (56.0%)
	307 (17.4%)
	

	Stage III/IV
	776 (44.0%)
	1,456 (82.6%)
	

	Surgery
	
	
	<0.001***

	Yes
	1,452 (82.4%)
	904 (51.3%)
	

	No
	311 (17.6%)
	859 (48.7%)
	

	Chemotherapy
	
	
	<0.001***

	Yes
	1,322 (75.0%)
	962 (54.6%)
	

	No
	441 (25.0%)
	801 (45.4%)
	

	Radiotherapy
	
	
	<0.001***

	Yes
	388 (22.0%)
	216 (12.2%)
	

	No
	1,375 (78.0%)
	1,547 (87.8%)
	

	Tumor grade
	
	
	<0.001***

	Poorly differentiated
	185 (10.5%)
	309 (17.5%)
	

	Well/Moderate
	523 (29.7%)
	387 (21.9%)
	

	Lymph nodes ≥ 4 examined
	
	
	<0.001***

	Yes
	564 (32.0%)
	324 (18.4%)
	

	No
	1,199 (68.0%)
	1,439 (81.6%)
	

	Median OS (months)
	48.2 (95% CI: 45.1-51.3)
	8.6 (95% CI: 7.9-9.3)
	<0.001***

	3-year OS rate
	62.4%
	15.8%
	<0.001***

	5-year OS rate
	45.2%
	7.3%
	<0.001***


*P < 0.05, ***P < 0.001. Risk groups were stratified using the median nomogram score as the cutoff. High-risk patients were significantly more likely to present with advanced stage, receive no surgery/chemotherapy, and have poorly differentiated tumors. OS, overall survival; CI, confidence interval.
