npj | digital medicine

Article

Published in partnership with Seoul National University Bundang Hospital

https://doi.org/10.1038/s41746-025-02260-3

A clinically validated 3D deep learning
approach for quantifying vascular invasion

In pancreatic cancer

M| Check for updates

Yajiao Zhang'?°, Haoran Zhang'?®°, Yanzhao Yang"®, Chao Wu?, Lei Zhang*, Wei Xia', Xue Wang'?,

Xiaohuan Zhang*, Lixiu Cao®, Manju Liu®, Jing Zhang', Fuhua Yan'?

, Baiyong Shen’ "< & Ning Wen'*?

Vascular invasion assessment is critical for surgical planning in pancreatic ductal adenocarcinoma
(PDAC). Current CT-based assessments often rely on radiologists’ subjective 2D interpretations,
which may not capture the continuous, three-dimensional tumor-vessel interactions and multiple
vessel involvement, both essential for accurate preoperative evaluation. PAN-VIQ (Pancreatic
Vascular Invasion Quantifier) is an automated deep learning framework to quantify tumor—-vessel
interactions from contrast-enhanced CT scans. It enables segmentation of pancreatic tumors and five
critical vessels: celiac artery (CA), common hepatic artery (CHA), superior mesenteric artery (SMA),
superior mesenteric vein (SMV), and portal vein (PV), quantifying vascular involvement through 3D
encasement angles. PAN-VIQ was trained and internally validated on 2130 cases, and subsequently
prospectively tested in 202 patients. External validation showed accuracies exceeding 90%. In
prospective evaluation, the model outperformed junior radiologists and matched senior radiologists in
accuracy and recall. These results underscore potential of PAN-VIQ to standardize vascular invasion

assessment and reduce interobserver variability.

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal
malignancies', and despite recent advancements, survival rates have seen
minimal improvement over the past few decades. As a result, PDAC is
projected to become the second-leading cause of cancer-related deaths
within the next decade’. Surgical resection remains the only potentially
curative intervention; however, only approximately 15-20% of patients
are eligible for resection with curative intent at the time of diagnosis™”.
Assessment of vascular involvement, particularly the degree of tumor
contact with critical arteries and veins, is pivotal for determining prog-
nosis and guiding treatment strategies’. Preoperative knowledge of vas-
cular invasion status allows for better surgical planning, helping reduce
the risk of positive margins, anticipate the need for vascular reconstruc-
tion, and avoid intraoperative surprises that may necessitate unplanned or
extended procedures’™

Despite the widespread use of contrast-enhanced CT and the avail-
ability of standardized assessment criteria, preoperative evaluation of

vascular involvement in PDAC remains hindered by considerable inter-
observer variability'*"%. Radiologists often rely on visual interpretation to
assess tumor-vessel proximity and reference guideline-defined angular
criteria, when characterizing vascular involvement'’. However, in clinical
practice, the application of these criteria is subject to individual inter-
pretation, especially in anatomically ambiguous regions, leading to
inconsistent assessments across observers. Moreover, fixed angle cutoffs
may not fully account for the heterogeneous clinical implications asso-
ciated with different vascular structures. For instance, arterial involve-
ment, especially of the superior mesenteric artery (SMA), may raise
operative complexity even at lower degrees of encasement', while venous
invasion, including extensive wrapping of the portal vein or SMV, can
often be managed surgically with reconstruction”. This heterogeneity
challenges the validity of applying a uniform angle criterion across all
vessels. Moreover, the absence of continuous, objective quantification
contributes to substantial interobserver variability, particularly among
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less experienced radiologists and hampers precise treatment planning'*"".

Studies have shown that vascular invasion probability rises steeply from
40% at <180° to over 80% at >180°, highlighting how rigid categories may
obscure biologically meaningful transitions'®*’. These limitations
underscore the need for a quantitative, anatomically precise, and vessel-
specific approach to vascular invasion assessment.

Recent advances in artificial intelligence, particularly deep learning and
radiomics, have significantly improved diagnostic precision and pre-
operative evaluation in PDAC, enabling high-throughput CT analysis for
more accurate staging, differential diagnosis, and lymph node
assessment” . Building on this, recent studies****” have made important
advances in applying artificial intelligence to assess vascular involvement in
PDAC, demonstrating promising performance in segmenting anatomical
structures and predicting vessel invasion. However, most existing models
remain constrained in several important ways. First, many are limited to
binary or ordinal classification of tumor-vessel contact (e.g., <180° vs.
>180°), which cannot capture the continuous, three-dimensional nature of
tumor encasement or its vessel-specific clinical implications’". Second,
Prior studies have often concentrated on a single-vessel approach, most
commonly focusing on the superior mesenteric artery or portal vein,
without addressing the fact that PDAC frequently involves multiple major
vessels. In clinical practice, multiple vessels may be simultaneously sur-
rounded by the tumor, which adds significant complexity to surgical
planning. As a result, relying on a single-vessel analysis overlooks this
anatomical reality, potentially leading to an incomplete assessment of vas-
cular involvement and affecting critical decisions regarding resectability and
the need for vascular reconstruction®*”. Third, most models rely on
manual segmentation or non-standardized definitions of invasion, and few
support automated, reproducible, and anatomically grounded quantifica-
tion of tumor-vessel geometry**>". These limitations reduce the interpret-
ability of model outputs and restrict their integration into preoperative
planning or individualized treatment decision-making. A more compre-
hensive and objective framework is needed to support consistent assessment
across vessels, patients, and institutions.

To address these limitations, we developed PAN-VIQ (Pancreatic
Vascular Invasion Quantifier), a deep learning-enabled framework
designed to automatically quantify the three-dimensional anatomical rela-
tionships between pancreatic tumors and major peripancreatic vessels from
contrast-enhanced CT imaging. PAN-VIQ enables fully automated seg-
mentation of pancreatic tumors and five key vascular structures: the celiac
artery (CA), common hepatic artery (CHA), superior mesenteric artery
(SMA), superior mesenteric vein (SMV), and portal vein (PV). This multi-
vessel approach overcomes the limitations of single-vessel studies, offering a
more comprehensive assessment of vascular involvement in clinical sce-
narios characterized by multi-vessel tumor encasement. The spatial rela-
tionship between tumor and each vessel is assessed from volumetric
segmentation in the coronal plane, allowing precise computation of con-
tinuous three-dimensional encasement angles. These geometric metrics are
quantitatively defined and interpretable as continuous anatomical mea-
surements that can be contextualized relative to known clinical thresholds
for tumor-vessel contact. By replacing subjective visual estimates with
standardized, numerically grounded outputs, PAN-VIQ enhances the
consistency and transparency of tumor—vessel anatomy evaluation across
institutions. Trained and validated on a multicenter cohort exceeding 2,000
patients, the framework provides interpretable and anatomically accurate
measurements that support standardized vascular assessment in diverse
clinical environments.

Results

Patient characteristics

Figure 1 presents a schematic illustration of the overall study design. Data
from 2130 patients across four hospitals were used for model development
and internal validation. External validation included datasets from three
additional hospitals: Dataset 1 (30 patients), Dataset 2 (85 patients), and
Dataset 3 (54 patients). In the prospective phase (January-December 2024),

202 patients met inclusion criteria. Patient demographics are summarized
in Table 1.

For vascular invasion, 53 of 194 patients (27.3%) had SMA involve-
ment in the training cohort. of these, 48 patients had tumor encasement
angles <180°, while 5 patients had tumor encasement angles >180°. In the
total external validation cohort of 169 patients, 52 patients (30.8%)
demonstrated SMA involvement, with 46 patients showing tumor encase-
ment angles <180° and 6 patients presenting tumor encasement angles
>180°. A significant difference in the distribution of SMA invasion was
observed when comparing the external validation cohort to the training set
(p =0.002). For the other vessels (CA, CHA, SMV, PV), no significant inter-
cohort differences were observed in the distribution of vascular invasion
(all p>0.05; Table 1).

Amongthe 1961 patients, 311 (15.86%) exhibited vascular variations.
The most common anomaly was the right hepatic artery arising from the
SMA, observed in 93 cases. This was followed by 59 cases where the left
hepatic artery originated from the left gastric artery, and 34 cases where
the left hepatic artery also arose from the left gastric artery. Less common
variations included 16 cases where the left gastric artery arose from the
abdominal aorta, and 14 cases of the right hepatic artery originating from
the celiac trunk. Rarer variations included co-dominance of the celiac
trunk and superior mesenteric artery, the right hepatic artery arising from
the common hepatic artery, and the right hepatic artery originating from
the gastroduodenal artery or the bifurcation of the celiac trunk. The
influence of vascular variations on the performance of PAN-VIQ was
evaluated by comparing patients with and without vascular variations. For
the SMA, dice similarity coefficient (DSC) was 0.858 (0.796-0.930) in the
variation group and 0.878 (0.812-0.940) in the non-variation group
(p =0.284). For the CHA, DSC were 0.732 (0.646-0.821) versus 0.743
(0.660-0.830) (p = 0.420). In addition, comparison of predicted vascular
invasion between patients with and without vascular variations revealed
no statistically significant differences for either vessel (CHA, p=0.417;
SMA, p = 0.609; Fisher’s exact test).

PAN-VIQ segmentation performance

The PAN-VIQ segmentation model was developed using the adaptive
segmentation framework, which automatically configures network archi-
tecture (Fig. S1) and training pipelines based on dataset-specific char-
acteristics. To improve anatomical fidelity and ensure generalizability
across diverse imaging conditions, we implemented a three-phase pro-
gressive training strategy, gradually expanding the dataset and incorpor-
ating expert refinements. Segmentation was conducted separately for
arterial and portal venous phases to match vessel-specific enhancement
patterns. Arteries (CA, CHA, SMA) were delineated from arterial-phase
scans, and veins (SMV, PV) from portal venous-phase scans. Repre-
sentative segmentation outputs across the three progressive training phases
are shown in Fig. 2, demonstrating stepwise improvements in anatomical
delineation of tumors and vessels. Typical deficiencies in Phases 1 and 2,
such as incomplete tumor coverage, vessel mask discontinuity (as illu-
strated Figs. S2 and S3), and incorrect boundary attribution, were incre-
mentally corrected following semi-supervised refinement and expert-
guided annotation updates, culminating in improved anatomical coher-
ence and spatial accuracy in Phase 3. Model performance, summarized in
Table S2, demonstrated consistently high accuracy across internal and
external cohorts. For tumor segmentation, Dice similarity coefficients
(DSC) reached 0.853 (internal) and 0.789 (external); among vessels, the
SMA achieved the highest accuracy (DSC 0.871, sensitivity 0.983). In the
portal venous phase, SMV and PV segmentation yielded DSCs of 0.789 and
0.862 internally, and 0.741 and 0.756 externally.

Radiologists independently assessed segmentation quality,
indicating strong reliability (Cohen’s Kappa = 0.689). Tumor seg-
mentation scored 4.32 + 1.06 (arterial) and 4.56 + 0.94 (venous), with
Kappa of 0.754. CA and SMA had the highest consistency (Kappa
0.789 and 0.812, respectively). CHA segmentation showed moderate
variability (score: 3.72 £ 1.37, Kappa: 0.654). SMV and PV showed
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Fig. 1 | Overview of the PAN-VIQ framework for automated quantification of
vascular invasion in pancreatic cancer and study design. A Overall pipeline of
PAN-VIQ: The model receives dual-phase (arterial and portal venous) CT images as
input, performs tumor-vessel segmentation, and computes continuous encasement
angles at tumor-vessel interfaces. Outputs include both continuous values (e.g., 38°)
and categorical classifications (e.g., contact <180°). Model performance is bench-
marked against intraoperative findings and radiologist interpretation. B Step 1:
Training and validation of the three-stage segmentation model. The model was
iteratively trained via a hybrid strategy comprising supervised pretraining, semi-
supervised tuning, structural refinement, and post-processing. Manual review and
correction by radiologists were performed after each stage to improve robustness
and anatomical accuracy. C Step 2: Establishment of the vascular invasion quanti-
fication model. The vessel centerline (AB) was extracted. For each centerline point O,

alocal 2D plane CDEF orthogonal to the centerline tangent at O was generated, and
the tumor/vessel masks were resampled onto this plane to obtain cross-sections. On
CDEF, the boundary intersections between the tumor and vessel cross-sections were
labeled b and ¢, and the centroid of the tumor cross-section was denoted a. The
wrapping angle was defined as zbac, representing the degree of circumferential
tumor involvement. D Step 3: Evaluation and validation of PAN-VIQ. Retrospective
validation included 1759 internal cases and 164 external cases across three hospitals.
Prospective validation was performed in 202 newly recruited patients, with model
predictions compared to assessments by junior and senior radiologists, and
benchmarked against surgical findings. E Patient cohort flowchart: The training,
validation, and testing datasets were derived from 2130 patients with pathologically
confirmed PDAC. Inclusion and exclusion criteria are detailed for both internal and
external cohorts.

good consistency (Kappa: 0.689 and 0.735). Full details are shown
in Table S3.

Retrospective validation: vascular invasion quantification

PAN-VIQ performed robustly in internal validation, notably in Class 1,
achieving accuracies for CA (97.54%), CHA (95.87%), SMA (94.38%),
SMYV (93.30%), and PV (90.82%). Performance remained high in Classes
2 and 3, despite slightly lower accuracy (e.g., CA 74.29% in Class 3).
External validation confirmed high generalizability, particularly for CA
(95.93%) and SMA (97.01%). Precision, recall, and specificity remained
consistently high across classes, affirming model robustness. As illu-
strated in Fig. 3, conventional assessments of tumor-vessel contact
either rely on single-slice visual estimation or manual point placement in

3D space, both of which may introduce inconsistency. In contrast,
PAN-VIQ provides fully automated, geometrically consistent angle
calculations across reconstructed planes.

To further visualize model classification performance, radar plots
(Fig. 4) summarize key metrics, including accuracy, precision, recall,
specificity, and F1 score, across five major peripancreatic vessels in both
internal and external validation cohorts. The model exhibited consistently
high specificity across all vessels and settings, while minor declines in
recall and F1 score were observed for CHA and SMV in external datasets.
Corresponding confusion matrices are shown in Figs. S5 and S6, illus-
trating the distribution of predicted labels for each vessel category and
further supporting the robust classification performance across variable
imaging conditions.
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Table 1 | Study patient characteristics from the four centers

Ruijin hospital  External validation External validation External validation Total external validation P value
cohort 1 cohort 2 cohort 3 cohort
Patients 1961 30 85 54 169 -
Slice -
Arterial phase 1,041,329 5883 32,957 14,772 53,612
Portal phase 1,597,540 6130 34,193 21,291 61,614
Sex 0.131
Male 1150 (58.64%) 19 (63.33%) 48 (56.47%) 40 (74.07%) 107 (63.31%)
Female 811 (41.35%) 11 (36.67%) 37 (43.53%) 14 (25.93%) 62 (36.69%)
Age, years 0.181
Mean 64 59 63 66 62
Range 24-84 49-70 28-79 41-86 22-86
Presurgical oncologic assessment 0.772
Resectable 1174 (59.87%) 15 (50.00%) 46 (54.12%) 30 (565.56%) 91 (563.85%)
Borderline resectable 675 (34.42%) 13 (43.33%) 35 (41.18%) 20 (37.04%) 68 (40.24%)
Locally advanced 112 (5.71%) 2 (6.67%) 4 (4.711%) 4 (7.41%) 10 (5.92%)
Pathology
Location of primary tumor 0.018
Head 1176 (59.97%) 19 (63.33%) 41 (48.24%) 24 (44.44%) 83 (49.11%)
Neck 249 (12.70%) 2 (6.67%) 13 (15.29%) 7 (12.96%) 22 (13.02%)
Body 413 (21.06%) 5(16.67%) 21 (24.71%) 14 (25.93%) 40 (23.67%)
Tail 123 (6.27%) 4 (13.33%) 10 (11.76%) 9 (16.67%) 24 (14.20%)
Median maximum tumor 3.0 (2.3-3.7) 3.2 (2.0-4.3) 2.9 (2.0-3.9) 3.3 (2.1-4.1) 3.1(2.0-4.3) 0.166
size (cm)
Resection margin, RO 1442 21 60 39 120
Adjuvant therapy
Preoperative neoadjuvant 104 (5.30%) 2 (6.67%) 4 (4.71%) 4(7.27%) 10 (5.88%) 0.691
therapy
Postoperative 1681 (85.72%) 22 (73.33%) 73 (85.88%) 45 (81.82%) 140 (82.35%)
Chemotherapy
Status of vascular invasion
Celiac trunk artery (CA)
No 1746 (89.04%) 27 (90.00%) 80 (94.12%) 47 (87.04%) 154 (91.12%) 0.728
<180° 112 (6.41%) 2 (6.67%) 2 (2.35%) 3 (5.56%) 7 (4.14%)
>180° 103 (5.25%) 1(3.33%) 3(3.53%) 4(7.41%) 8 (4.73%)
Common hepatic artery (CHA)
No 1690 (86.14%) 22 (77.33%) 77 (90.59%) 49 (90.74%) 148 (87.57%) 0.341
<180° 130 (6.63%) 4 (13.33%) 5 (5.88%) 2 (3.70%) 11 (6.51%)
>180° 141 (7.19%) 4 (13.33%) 3 (3.53%) 3 (5.56%) 10 (5.92%)
Superior mesenteric artery (SMA)
No 1571 (80.11%) 25 (83.33%) 80 (94.12%) 49 (90.74%) 154 (91.12%) 0.002
<180° 301 (15.35%) 3(10.00%) 2 (2.35%) 3 (5.56%) 8 (4.74%)
>180° 89 (4.54%) 2 (6.67%) 3(3.53%) 2 (3.70%) 7 (4.14%)
Superior mesenteric vein (SMV)
No 1522 (77.61%) 22 (73.33%) 69 (81.18%) 43 (79.63%) 137 (80.07%) 0.067
<180° 314 (16.01%)  3(10.00%) 11 (12.94%) 4(7.41%) 17 (10.06%)
>180° 125 (6.38%) 5 (16.67%) 5 (5.88%) 7 (12.96%) 15 (8.88%)
Portal vein (PV)
No 1584 (80.78%) 24 (80.00%) 68 (80.00%) 44 (81.48%) 136 (80.47%) 0.080
<180° 237 (12.09%) 2 (6.67%) 5 (5.88%) 4 (7.41%) 11 (6.51%)
>180° 140 (7.14%) 4 (13.33%) 12 (14.12%) 6(11.11%) 22 (13.02%)

Baseline characteristics and vascular invasion status of pancreatic ductal adenocarcinoma (PDAC) patients across training and external validation cohorts. Data are presented as counts (percentages) for
categorical variables and median (range) for continuous variables. P values indicate inter-cohort comparisons (x2 or Kruskal-Wallis tests). Note: Sex and histology data are reported per scan due to

longitudinal disease progression in some patients.
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Original CT image Training round 1

r

Fig. 2 | Progressive refinement of multi-phase segmentation across three train-
ing phases. Axial CT images from representative cases demonstrate segmentation
performance across six anatomical structures: A pancreatic tumor (arterial phase),
B celiac artery (CA), C common hepatic artery (CHA), D superior mesenteric artery
(SMA), E pancreatic tumor (portal venous phase), F superior mesenteric vein (SMV),
and G portal vein (PV). Each column shows the original CT image, outputs from
Phase 1 (initial supervised model), Phase 2 (semi-supervised refinement), Phase 3
(final model with expert-guided correction), and the expert-annotated ground truth.

Training round 2

Training round 3 Ground Truth

Insets in the lower-left corners display corresponding 3D reconstructions. White
boxes highlight segmentation deficiencies observed in early training phases, including
incomplete tumor contouring (A, E), inclusion of adjacent non-target tissue (B), and
topological discontinuities at vascular branching points or along the vessel course
(C, D, F, G). In Panel E, arrows indicate false-positive regions incorrectly segmented
outside the tumor boundary in the 3D view. These examples illustrate progressive
improvements in boundary completeness, vascular continuity, and spatial accuracy
following iterative training with expert-in-the-loop annotation.

/0 =1544"

Fig. 3 | Comparative strategies for tumor-vessel encasement angle assessment.
A Manual 2D estimation on a single axial CT slice (« = 121°), simulating conventional
radiologic evaluation. Clinicians typically select the slice with maximal apparent
tumor-vessel contact and visually estimate the angle of encasement. Tumor and vessel
masks are shown in red and cyan, respectively. This method is constrained to a single
imaging plane. B Semi-automated 3D measurement using conventional software
(0= 154.4°). Radiologists place three reference points (P0-P2) along the tumor-vessel

interface to compute the encasement angle in three-dimensional space. Although this
approach allows multi-planar assessment, the measurement relies on manually
selected reference points, which may be influenced by user input variability. C Fully
automated angle quantification using PAN-VIQ (8 = 172.4°). The model auto-
matically identifies the region of maximal tumor-vessel interaction and calculates the
encasement angle on a reconstructed 3D plane. Two perspectives are shown to
illustrate geometric consistency. Tumor is rendered in red, vessels in green.

Prospective validation: vascular invasion quantification

Prospective validation further confirmed the clinical reliability of PAN-VIQ
in a real-world setting, as illustrated in Fig. 5 and Table 2. Figure $4 shows
the schematic illustration of tumor-vessel wrapping angle computation.

This figure provides an example of how the model computes the wrapping
angle based on the relative centroid position of the tumor and vessel.
Confusion matrices for vascular invasion classifications by junior and senior
radiologists were shown in Fig. S7. Among 202 consecutively enrolled
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Fig. 4 | Performance metrics of PAN-VIQ for vascular invasion classification

across internal and external validation cohorts. This figure presents the classifi-
cation performance of PAN-VIQ for five peripancreatic vessels, including the celiac

artery (CA), common hepatic artery (CHA), superior mesenteric artery (SMA),

superior mesenteric vein (SMV), and portal vein (PV), using radar plots to visualize

Precision

five key evaluation metrics: accuracy, precision, recall, F1 score, and specificity. Panel
A displays the results from the internal validation cohort comprising 2130 patients.
Panel B illustrates performance across three independent external datasets with
sample sizes of 169, respectively.
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Fig. 5 | Performance evaluation of the PAN-VIQ model on a prospective dataset
of 202 cases in 2024. A Confusion matrices showing the detailed classification results
of the PAN-VIQ model for five major vessels: CA, CHA, SMA, SMV, and PV. The
heatmap colors represent the number of samples, ranging from red (higher sample
counts) to blue (lower sample counts).Performance comparison among the PAN-VIQ
model, senior radiologists, and junior radiologists across different evaluation metrics,

Accuracy Precision Recall F1 Score Specificity

W Junior

9.1 9940
Wi 95.24 95.32
o1.41

Accuracy Precision Recall  F1 Score Specificity

Accuracy Precision Recall F1 Score Specificity

including accuracy, precision, recall, F1-score, and specificity. B The radar charts
illustrate the overall performance distribution. C Bar graphs provide a detailed metric-
by-metric comparison. The results indicate that the PAN-VIQ model outperforms
junior radiologists in all metrics and achieves performance comparable to senior
radiologists in certain aspects. Abbreviations: CA celiac artery, CHA common hepatic
artery, SMA superior mesenteric artery, SMV superior mesenteric vein, PV portal vein.

patients, the model demonstrated high per-vessel accuracies for CA
(87.78%), CHA (90.22%), SMA (87.43%), SMV (88.55%), and PV (87.36%).
Notably, PAN-VIQ consistently outperformed junior radiologists across all
five vessels (adjusted P<0.1, Bonferroni-corrected for multiple

comparisons), with the largest performance gains observed in CHA (model:

90.22% vs. junior: 56.86%) and SMV (88.55% vs. 63.44%, respectively).
Compared with senior radiologists, PAN-VIQ achieved non-inferior

performance for both arterial (CA, SMA) and venous (SMV, PV)
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Table 2| Prospective comparison of PAN-VIQ and radiologists in vessel-specific vascular invasion prediction across five target
vessels

Vessel Classification Accuracy Precision Recall F1 score Specificity P
CA Model 0 87.78% 88.33% 100.00% 93.75% 75.61% NA
1 91.15% 91.15% 91.15% 96.54%
2 88.89% 88.89% 88.89% 87.35%
Senior radiologist 0 87.49% 90.63% 98.96% 94.66% 83.54% 0.673
1 87.50% 96.00% 91.67% 84.49%
2 92.31% 90.00% 91.15% 92.86%
Junior radiologist 0 87.50% 97.39% 98.42% 97.90% 44.44% 0.000
1 40.00% 28.57% 31.58% 98.44%
2 42.86% 42.86% 42.86% 97.93%
CHA Model 0 90.22% 93.50% 96.74% 95.08% 91.43% NA
1 93.33% 100.00% 96.55% 91.43%
2 96.77% 90.91% 93.75% 93.55%
Senior radiologist 0 89.71% 91.41% 99.43% 95.31% 86.74% 1.000
1 87.50% 96.84% 91.94% 89.71%
2 93.33% 93.75% 93.54% 92.86%
Junior radiologist 0 56.86% 50.00% 51.43% 50.70% 73.13% 0.000
1 59.26% 57.14% 58.18% 85.14%
2 61.54% 61.54% 61.54% 76.19%
SMA Model 0 87.43% 88.54% 99.48% 93.75% 76.86% NA
1 86.48% 100.00% 92.78% 87.43%
2 100.00% 90.53% 95.12% 98.43%
Senior radiologist 0 87.96% 92.67% 99.48% 95.96% 85.34% 0.000
1 85.71% 96.84% 90.91% 87.96%
2 100.00% 84.21% 91.30% 95.79%
Junior radiologist 0 63.06% 76.67% 50.00% 60.53% 89.23% 1.000
1 56.10% 65.71% 60.53% 76.32%
2 60.00% 80.00% 68.57% 80.25%
SMV Model 0 88.55% 92.47% 98.18% 95.24% 84.85% NA
1 86.27% 98.33% 92.11% 88.55%
2 95.00% 90.00% 92.31% 93.55%
Senior radiologist 0 87.88% 91.41% 99.40% 95.32% 86.74% 0.554
1 87.50% 96.43% 91.89% 87.88%
2 93.33% 90.00% 91.67% 92.86%
Junior radiologist 0 63.44% 54.29% 61.29% 57.58% 74.19% 0.000
1 70.37% 67.86% 69.09% 87.69%
2 67.74% 61.76% 64.62% 83.05%
PV Model 0 87.36% 90.66% 98.90% 94.65% 83.51% NA
1 87.50% 96.36% 91.76% 87.36%
2 92.31% 91.11% 91.72% 92.86%
Senior radiologist 0 87.92% 92.11% 99.45% 95.67% 58.97% 0.000
1 72.73% 54.55% 62.22% 87.92%
2 85.71% 66.67% 74.74% 93.55%
Junior radiologist 0 66.00% 66.67% 47.37% 55.38% 85.48% 0.000
1 62.86% 78.57% 69.84% 81.94%
2 68.42% 76.47% 72.22% 81.82%

Performance metrics include accuracy, precision, recall, F1-score, and specificity. Classification labels (0, 1, 2) denote different diagnostic categories (e.g., absence, suspected, or confirmed vascular
invasion). The p values (P) indicate statistical significance in comparisons between model and radiologist performance. Missing values (—) denote cases where metrics were not applicable or unavailable.
CA celiac artery, CHA common hepatic artery, SMA superior mesenteric artery, SMV superior mesenteric vein, PV portal vein, NA not applicable.
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Table 3| Performance of PAN-VIQ in vessel-specific vascular invasion prediction: Internal and external retrospective validation

across five target vessels

Vessel Cohort Classification Accuracy Precision Recall F1 Score Specificity
CA Ruijin Hospital 0 97.54% 99.59% 98.78% 99.18% 97.03%
1 87.22% 91.81% 89.46% 98.71%
2 74.29% 80.00% 77.04% 99.05%
External validation cohort 0 95.93% 98.09% 98.09% 98.09% 80.00%
1 71.43% 71.43% 71.43% 98.79%
2 75.00% 75.00% 75.00% 98.78%
CHA Ruijin Hospital 0 95.87% 99.64% 98.31% 98.97% 97.58%
1 76.19% 81.75% 78.87% 98.08%
2 67.74% 75.68% 71.49% 97.84%
External validation cohort 0 92.90% 97.33% 98.65% 97.99% 80.95%
1 55.56% 45.45% 50.00% 97.47%
2 60.00% 60.00% 60.00% 97.48%
SMA Ruijin Hospital 0 94.38% 96.67% 98.78% 97.71% 86.78%
1 86.26% 83.09% 84.64% 97.87%
2 80.00% 65.12% 71.79% 98.85%
External validation cohort 0 97.01% 98.08% 99.35% 98.71% 76.92%
1 75.00% 75.00% 75.00% 98.74%
2 100.00% 60.00% 75.00% 100.00%
SMV Ruijin Hospital 0 93.30% 96.63% 97.18% 96.90% 88.46%
1 83.08% 76.21% 79.50% 97.46%
2 79.79% 86.52% 83.02% 97.93%
External validation cohort 0 94.67% 98.50% 97.76% 98.13% 94.29%
1 84.21% 88.89% 86.49% 98.01%
2 76.47% 76.47% 76.47% 97.37%
PV Ruijin Hospital 0 90.82% 94.76% 97.09% 95.91% 80.00%
1 75.37% 66.23% 70.51% 97.11%
2 72.99% 69.02% 70.95% 97.36%
External validation cohort 0 93.49% 96.38% 97.79% 97.08% 84.85%
1 75.00% 54.55% 63.16% 98.73%
2 82.61% 96.36% 84.44% 97.28%

The PAN-VIQ model demonstrates robust performance across all vessel classifications (0: no invasion; 1: <180° encasement; 2: >180° encasement).
CA celiac artery, CHA common hepatic artery, SMA superior mesenteric artery, SMV superior mesenteric vein, PV portal vein.

assessments. Non-inferiority was defined a priori as a maximum allowable
difference of A <5% in accuracy, with statistical comparisons showing
P> 0.05 across all relevant vessel evaluations. This indicates that the model’s
diagnostic accuracy did not fall outside the prespecified non-inferiority
margin when benchmarked against expert performance, thus supporting its
potential use in routine preoperative workflows. Model specificity remained
exceptionally high across all vessels (e.g., CA: 96.54% [94.89-98.19]; CHA:
93.55% [91.32-95.78]), and false-positive rates were significantly lower than
those of junior radiologists (P < 0.001), underscoring the model’s strength in
minimizing overdiagnosis. Comprehensive comparative metrics between
PAN-VIQ and radiologists with varying levels of experience are presented in
Table 3.

Discussion

Preoperative vascular invasion assessment in PDAC is often limited by
radiologist subjectivity and inter-institutional variability, leading to dis-
crepancies between imaging interpretations and intraoperative findings. To
address these challenges, we developed and validated PAN-VIQ, a deep
learning framework that automatically quantifies three-dimensional ana-
tomical relationships between pancreatic tumors and five major peripan-
creatic vessels (CA, CHA, SMA, SMV, PV) using dual-phase contrast-

enhanced CT. By computing continuous tumor-vessel interaction metrics,
PAN-VIQ enables precise anatomical quantification while producing out-
puts that align with clinical decision-making processes. To our knowledge,
this is the first study to systematically validate a continuous angle-based
assessment framework through both retrospective multicenter and pro-
spective clinical evaluations. As an auxiliary diagnostic tool, PAN-VIQ is
designed to support both the radiology department and pancreatic surgery
teams. It functions as a “second reader,” offering valuable assistance to
junior radiologists, as well as to pancreatic surgeons with limited experience
in image interpretation. Moreover, in hospitals with limited medical
resources, PAN-VIQ can serve as a primary screening tool, helping to
identify high-risk cases that require further clinical attention. The model
demonstrated strong performance and generalizability across institutions
and imaging protocols, offering a standardized and reproducible approach
to support preoperative planning.

While conventional radiologic workflows rely on visual estimation
of tumor-vessel contact from selected axial slices, PAN-VIQ auto-
matically localizes regions of maximal tumor-vessel interaction through
geometric analysis. This reduces dependence on operator input, mini-
mizes interobserver variability, and provides spatially consistent mea-
surements that more accurately reflect anatomical relationships, thereby
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enhancing the objectivity and reproducibility of preoperative evaluation.
Rather than relying on fixed categorical classifications, continuous angle
measurements capture the full spectrum of tumor-vessel interaction and
delineate subtle anatomical transitions that may influence surgical fea-
sibility, vascular reconstruction strategies, or neoadjuvant treatment
planning. PAN-VIQ transforms these high-resolution metrics into
structured outputs that align with established clinical workflows, sup-
porting more individualized and consistent decision-making. This
combined focus on geometric accuracy and clinical relevance highlights
PAN-VIQ as a practical solution for enhancing preoperative assessment
beyond conventional visual interpretation.

Beyond quantitative accuracy, practical implementation within clinical
workflows is essential for translating PAN-VIQ into real-world use. In
practice, the system can be integrated into the radiology workflow as a silent
second reader, automatically analyzing contrast-enhanced CT scans and
providing quantitative, vessel-specific encasement metrics. These structured
outputs can be appended to radiologic reports or incorporated into multi-
disciplinary tumor board discussions, assisting radiologists and surgeons in
evaluating surgical feasibility and planning vascular reconstruction when
necessary. In non-expert or resource-limited centers, PAN-VIQ may also
function as a primary screening tool to flag high-risk cases requiring further
expert review, thereby promoting consistent and data-driven preoperative
assessment across institutions.

To ensure accurate reference standards for model validation, this study
included only patients who underwent surgery, allowing vascular involve-
ment to be directly confirmed through intraoperative findings or patholo-
gical assessment. Future work is warranted to evaluate performance in non-
surgical or biopsy-only cohorts, where objective confirmation may be
limited. In this cohort, tumor-vessel contact was distributed as 79.7% with
no contact, 14.7% with contact involving <180° of the vessel circumference,
and 5.6% with contact exceeding 180° or associated with vascular occlusion,
closely matching proportions reported in prior multi-center studies™”,
supporting the representativeness of our dataset. Model-based predictions
aligned well with intraoperative findings, particularly for CA and SMA,
where positive predictive values for contact >180° exceeded 85% and 76%,
respectively. The difference in the positive rate of tumor involvement with
SMA between the training cohort and the external validation cohort may be
influenced by several factors. First, the external validation cohort had a
smaller sample size compared to the training cohort, which may limit sta-
tistical power and contribute to increased variability in the results. Second,
the inclusion of data from hospitals across different regions and varying
levels of healthcare institutions in the external cohort strengthens the gen-
eralizability of the findings, reflecting the true diversity and complexity of
clinical practice. This broad representation enhances the authenticity of the
data, ensuring that the model’s performance is applicable to a wide range of
real-world settings. Most prediction discrepancies occurred in cases with
tumor contact involving vessel circumferences close to 180°, where radi-
ologic interpretation is frequently challenged by anatomical ambiguity,
peritumoral inflammation, or fibrotic distortion. Importantly, PAN-VIQ
demonstrated greater consistency than radiologists in this intermediate
range, particularly at the transition between contact <180° and >180°,
underscoring its robustness in anatomically equivocal situations. In sub-
group analyses, PAN-VIQ exhibited comparable accuracy for the SMA and
CHA in patients with and without vascular anatomical variations, with no
statistically significant differences in segmentation performance or
tumor-vessel interface evaluation. This consistency supports the robustness
and clinical applicability of the model in anatomically variant cases
encountered during surgical planning.

In prospective validation, PAN-VIQ consistently outperformed junior
radiologists and matched or exceeded senior radiologists in accuracy, pre-
cision, and recall across all five vessels. Notably, this performance
improvement underscores the model’s utility in clinical settings where
radiologists may have less experience, particularly in non-expert centers. By
automating tumor-vessel interaction quantification and reducing reliance
on subjective interpretation, PAN-VIQ standardizes vascular invasion

assessments, minimizes interobserver variability, and provides a reliable,
consistent decision-making tool in environments with limited radiological
expertise. By providing anatomically grounded, vessel-specific angle con-
tinuity outputs, PAN-VIQ holds promise not only as a preoperative diag-
nosis model but also as a collaborative tool in multidisciplinary workflows,
helping establish a common quantitative language for surgical planning
in PDAC.

The reliability of PAN-VIQ is supported by a two-stage development
framework that integrates accurate segmentation with robust spatial
quantification. The segmentation module was developed using a three-
phase progressive training pipeline combining supervised and semi-
supervised learning. As illustrated in Fig. 2, this iterative strategy pro-
duced notable improvements in mask continuity and anatomical coherence
across vessels and tumor margins. Early-stage segmentation inaccuracies,
including discontinuous vascular contours, incorrect inclusion of adjacent
structures, and incomplete tumor delineation, were progressively corrected
through expert-guided refinement, providing a robust foundation for
downstream angle quantification. While the segmentation of the five major
vessels (CA, CHA, SMA, SMV, PV) demonstrated high accuracy, tumor
segmentation presented unique challenges, particularly in the external
validation cohort, where a DSC of 0.789 was observed. These differences can
be attributed to several factors, including variations in imaging quality,
differences in scanning protocols, and the inherent challenges in delineating
tumor boundaries, particularly when tumors are small or located near
complex anatomical structures. Such factors may contribute to variability in
segmentation accuracy, highlighting the complexity of accurately deli-
neating tumors in diverse clinical settings. In the first stage, the model was
trained through a multi-phase learning pipeline incorporating fully super-
vised and semi-supervised strategies, followed by volume-based post-pro-
cessing to reduce false positives and enhance anatomical plausibility across
imaging modalities. The second stage incorporated an angle quantification
module and occlusion detection algorithm, enabling the system to differ-
entiate tumor-induced vessel interruptions from segmentation artifacts.
This design improves spatial accuracy and interpretability, particularly in
anatomically ambiguous or borderline scenarios, and contributes to the
system’s generalizability across institutions.

This study had limitations. First, although multi-institutional CT
datasets from hospitals of varying levels and scanning protocols were
included to enhance generalizability, the model’s performance may still
differ from real-world clinical settings. Its robustness across heterogeneous
scanners and acquisition parameters warrants further validation. Second,
while PAN-VIQ achieved accuracy comparable to experienced radiologists,
its greater value may lie in providing standardized and reproducible
assessments that reduce inter-observer variability. Future work will aim to
refine workflow integration and improve interpretability to facilitate prac-
tical clinical adoption.

PAN-VIQ offers a reproducible and standardized framework for
anatomical evaluation of vascular involvement in pancreatic ductal ade-
nocarcinoma. By automating tumor and vessel segmentation and quan-
tifying three-dimensional tumor-vessel relationships, it generates
continuous, interpretable metrics that may support consistent pre-
operative evaluation. This quantitative approach, grounded in anatomi-
cally precise measurement rather than fixed categorical staging, provides a
scalable foundation for enhancing anatomical resolution. While this study
focuses on standardized 3D quantification of tumor-vessel relationships,
future efforts will seek to expand its clinical utility by enabling vessel-
specific risk stratification and integrating multimodal data within routine
imaging workflows to support personalized decision-making in PDAC.

Methods

Study design and patient data

Based on inclusion and exclusion criteria, we collected a total of 2130
patients with pathologically confirmed PDAC across four medical centers
between 2018 and 2024. Retrospective data from Ruijin Hospital comprised
1759 cases, while external validation datasets were acquired from three
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additional centers: Center 1 (30 cases), Center 2 (85 cases), and Center 3 (54
cases). Additionally, a prospective dataset of 202 patients enrolled at our
institution from January to December 2024 was used for further validation.
Detailed patient demographics are presented in Table 1.

Inclusion criteria were: (1) patients undergoing exploratory lapar-
otomy for PDAC with available intraoperative evaluation of vascular
invasion; (2) pathologically confirmed PDAC; (3) availability of pre-
operative CT scans; (4) patients with or without neoadjuvant therapy
(chemoradiotherapy or cytotoxic chemotherapy). Patients who did not
undergo surgical exploration were excluded, as the absence of intraoperative
or pathological reference standards precluded objective validation of vas-
cular invasion. Exclusion criteria included: (1) contraindications to iodi-
nated contrast (previous allergic reactions or serum creatinine >2.0 mg/dL);
(2) an interval exceeding 50 days between preoperative CT and surgery. All
CT images were acquired from five scanners using a standardized protocol
and stored in Digital Imaging and Communications in Medicine (DICOM)
format (Table S1).

PAN-VIQ framework design

The PAN-VIQ system integrates automated segmentation and 3D quan-
tification to precisely evaluate vascular invasion in PDAC from CT images.
Tumor regions of PDAC and five peripancreatic vessels (CA, CHA, SMA,
SMYV, PV) were segmented in the arterial and venous phases using a three-
phase progressive training strategy, built upon the open-source nnU-Net
architecture™. Separate models were trained for tumor segmentation in the
arterial and venous phases, while vessel segmentation models were also
phase-specific: the arterial phase focused on tumor, CA, SMA, and CHA,
whereas the venous phase focused on tumor, SMV, and PV. The model was
implemented using nnU-Net v2, built on PyTorch 1.13.1 and CUDA 11.6,
and trained on NVIDIA A100 GPUs. This framework was chosen for its
self-configuring nature, which allows automatic adaptation of architecture,
preprocessing, and training parameters to the specific dataset, thereby
enhancing reproducibility and facilitating deployment across institutions.

The segmentation module was trained via a three-phase progressive
strategy involving supervised pretraining, semi-supervised refinement,
and expert-guided tuning, as detailed in Fig. 1B. In Phase 1, a fully
supervised training was conducted on 380 CT cases manually annotated
by senior radiologists. In Phase 2, the preliminary model inferred masks
on 500 additional cases, which were reviewed and corrected by radi-
ologists to address boundary ambiguity and improve accuracy. In Phase 3,
the dataset was expanded to 1200 cases, and the model was retrained after
expert correction of newly generated masks to improve generalization.
Separate models were trained for arterial and portal venous phases to
accommodate vessel-specific enhancement characteristics. The models
used a batch size of 2, a poly learning rate decay starting at le*, and a
combined Dice + cross-entropy loss. 5-fold cross-validation with strati-
fied sampling by vascular involvement type was conducted to ensure
robustness. Detailed implementation procedures, including software
environment, training pipeline, data stratification, and evaluation metrics,
are available in the Supplementary information. A schematic diagram of
the three-phase segmentation workflow is shown in Supplementary
information to facilitate reproducibility.

To minimize segmentation errors such as false positives or over-seg-
mentation, we implemented a customized post-processing pipeline that
applied empirically determined volume-based thresholds. Specifically, iso-
lated masks with voxel counts below 415 for arterial phase, and 450 for
venous phase were excluded, as they typically represented noise or false
positives without anatomical correspondence. This step enhanced the
specificity of vascular segmentation while preserving relevant structures.
Details of threshold selection and validation are provided in the Supple-
mentary information. Segmentation quality was objectively assessed via
Dice coefficient (DSC), sensitivity, and specificity on internal and external
datasets. Two radiologists independently evaluated segmentation reliability
using a 5-point Likert scale, with inter-rater reliability assessed by ICC
(stratified sampling detailed in Supplementary information).

Following segmentation, a vessel centerline extraction algorithm and
spatial intersection computation were used to quantify 3D tumor—-vessel
wrapping angles, as depicted in Fig. 1C. Asillustrated in Fig. S3, an occlusion
detection step identified tumor-induced vascular occlusions by spatially
aligning segmented occlusion regions with tumor locations. Areas over-
lapping with tumors were confirmed as true occlusions; otherwise, flagged
for review, effectively reducing false positives. Further algorithmic details are
provided in the Supplementary Information.

Vascular wrapping angles were derived by quantifying the maximum
intersection between the segmented tumor and vessel centerlines in three-
dimensional space, as detailed in the Supplementary Information. Complete
encirclement was defined as 360°, while partial contact was measured
continuously. Full encirclement was recorded as 360°, while partial inter-
sections were measured at vessel-tumor intersection points, identifying the
maximum wrapping angle. These quantitative metrics provided accurate
assessments of vascular invasion severity (Fig. 2). For analysis purposes,
continuous encasement angles were grouped into three categories: 0° (no
contact), <180° and >180° or occlusion. This stratification was used for
comparison with radiologist interpretation and for downstream survival
analysis, while the model output remained continuous.

Preoperative standard assessment

For comparative analysis, PAN-VIQ’s continuous circumferential contact
angle outputs were grouped into three categories: Class 0 (no contact),
Class 1 (<180°), and Class 2 (>180° or occlusion). These categorical
boundaries were applied consistently across model outputs and expert
assessments. These categorical boundaries were also used in radiologic
and intraoperative evaluations to ensure consistent interpretation and
facilitate model performance comparison. Pre-treatment vascular invol-
vement was prospectively assessed by a multidisciplinary team compris-
ing abdominal radiologists (one senior radiologist with 20 years and two
junior radiologists with 6 and 7 years of experience), surgical oncologists,
medical oncologists, and gastroenterologists. The panel reviewed multi-
planar CT reconstructions along with clinical data to establish vessel-
specific tumor contact status for the CA, CHA, SMA, PV, and SMV. This
consensus served as an expert reference for radiologic interpretation and
preoperative preparation.

All patients underwent surgical exploration (with or without curative
resection) performed by experienced pancreatic surgeons. Intraoperative
observations of tumor-vessel relationships were used as the reference
standard for vascular involvement. In resected cases, surgical margins were
marked and assessed according to NCCN criteria" to confirm the absence
or presence of vascular invasion.

Validation

Model validation was conducted in two stages: retrospective validation
and prospective validation. In the retrospective validation stage (January
2018 to December 2023), we evaluated PAN-VIQ’s performance against
intraoperative vascular assessments using: an internal dataset comprising
contrast-enhanced CT scans from our hospital and three external datasets
totaling 169 patients from geographically distributed hospitals, as shown
in Fig. 1D.

In all centers, both preoperative radiology reports and intraoperative
surgical records documented tumor-vessel relationships, including the
extent of involvement for the CA, CHA, SMA, PV, and SMV. Intraoperative
findings were used as the reference standard for vascular invasion, whereas
radiologist interpretations provided the clinical benchmark for assessing
PAN-VIQ’s performance. To ensure direct comparability, radiologists
classified vascular involvement using the same angle-based thresholds
applied to model predictions: Class 0 (no contact), Class 1 (encasement
<180°), and Class 2 (encasement >180° or occlusion), in accordance with
NCCN resectability criteria. For patients who received neoadjuvant therapy,
intraoperative findings may not accurately reflect the baseline extent of
vascular involvement due to therapy-induced alterations in perivascular
anatomy and tissue characteristics. Therefore, the reference standard in
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these cases was defined by multidisciplinary team (MDT) consensus based
on pre-treatment contrast-enhanced CT imaging, reviewed prior to therapy
initiation. PAN-VIQ-predicted vascular encasement angles (CA, SMA,
CHA, SMV, PV) were compared to intraoperative findings. Performance
metrics, including accuracy, precision, recall, F1-score, and specificity, were
computed individually for each vessel.

In the prospective validation stage (January-December 2024), we
assessed PAN-VIQ’s generalizability in 202 consecutive patients. Model
predictions were compared with blinded assessments by senior and junior
radiologists, using accuracy, precision, recall, F1-score, and specificity as
performance metrics. For resectability classification, McNemar’s test was
applied to evaluate discrepancies between PAN-VIQ and intraoperative
reference standards based on matched evaluations from the same patients.
Vessel-specific involvement was analyzed using chi-square tests, with sta-
tistical significance set at P < 0.05.

Segmentation performance was rigorously evaluated using Dice
similarity coefficient (DSC), specificity, and sensitivity. Additionally, two
radiologists independently rated segmentation quality on 400 randomly
selected cases using a five-point Likert scale. Statistical analyses, including
calculation of diagnostic metrics, 95% confidence intervals, and significance
testing, were performed using SPSS (version 23.0) and Python (version
3.11.6). Visualizations were generated using R (version 4.3.1) and Seaborn
(version 0.11.2).

Computational environment and reproducibility. Experiments were
conducted on Ubuntu 22.04.5 LTS (Jammy; kernel 6.8.0-59-generic) with
128 GB RAM, an Intel Core i7-14700K CPU, and a single NVIDIA A100-
PCIE-40GB GPU (driver 550.144.03; CUDA runtime 12.4). The segmen-
tation pipeline was implemented using the open-source nnU-Net (v1.7) on
PyTorch 1.13.1 (CUDA 11.6 build).

Role of the funding source
The funders had no role in the study design, data collection, data analysis,
data interpretation, or writing of the report.

Ethics committee

This study fundamentally adhered to the STARD® and TRIPOD’' guide-
lines, involving retrospective data collection from four hospitals. Ruijin
Hospital served as the primary cohort (training/validation sets), while
Hospitals 1-3 formed independent test sets 1-3. The study was approved by
Hospital 1 Ethics Committee (KY-2025-294). For real-world prospective
validation, January-December 2024, MR-31-25-044065. Independent IRB
approvals for each participating institution were also obtained: external
validation hospital 1: Ethics Committee of Tangshan People’s Hospital
(Approval No. rmyyllks-2025310); external validation hospital 2: Ethics
Committee of Wuxi No.2 People’s Hospital (Approval No. 2021-Y-42);
external validation hospital 3: Ethics Committee of the First Affiliated
Hospital of Chongqing Medical University (Approval No. 2021-394). For
the retrospective component, patient consent was waived due to the ret-
rospective nature of the data. For the prospective component, written
informed consent was obtained from all participants.

Data availability

The datasets generated and analyzed during the current study are available
from the corresponding author upon reasonable request. All data sup-
porting the findings of this study are included within the manuscript and its
supplementary information files. All source code and pre-trained models
used in this study are publicly available at: https://github.com/IMIT-PMCL/
PDAG, ensuring full reproducibility of our results.
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