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Abstract
Aim  Accurate prediction of occult lymph node metastasis (OLNM) in small pancreatic ductal adenocarcinoma 
(sPDAC) (≤ 2 cm) is crucial for curative management. This study aims to explore clinical and MRI features associated 
with OLNM in sPDAC and their pathological and prognostic implications.

Materials and methods  This retrospective study included 135 patients with pathologically confirmed sPDAC who 
underwent surgery between September 2014 and September 2023. Preoperative multi-sequence MRI, clinical data, 
and pathological features were analyzed. Univariate and multivariate logistic regression models were used to identify 
risk predictors of OLNM in sPDAC. Receiver operating characteristic (ROC) analysis was performed to assess diagnostic 
performance and Kaplan-Meier survival analysis was used to evaluate prognostic outcomes.

Results  OLNM was present in 43 (31.9%) sPDAC patients. Univariate and multivariate analysis identified elevated 
CA19-9 (> 100 U/mL) (OR = 2.404, P = 0.040) and low apparent diffusion coefficient (ADC) values (OR = 0.243, P = 0.031) 
as independent predictors of OLNM. The combined clinical-radiological model demonstrated an AUC of 0.740, 
significantly higher than CA19-9 (AUC = 0.653, P = 0.021) or ADC alone (AUC = 0.635, P = 0.035). sPDAC patients with 
OLNM exhibited higher rates of lymphovascular invasion (44.2%, P = 0.013) and pathological fat invasion (86.0%, 
P = 0.030). OLNM was associated with significantly worse OS and DFS (P = 0.034 and 0.043).

Conclusions  OLNM is associated with adverse pathological features and poorer prognosis. The combination of 
preoperative MRI assessment of ADC and CA19-9 may aid in identifying sPDAC patients at high risk for OLNM.

Clinical trial number  Not applicable.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) represents 
one of the most lethal solid tumors, with a 5-year sur-
vival rate below 10%, largely attributed to frequent late-
stage diagnosis at initial presentations [1, 2]. Small PDAC 
(≤ 2 cm, sPDAC), often pertains to early-stage and poten-
tially resectable, offers a curative window and exhibits 
markedly superior to advanced-stage disease [3, 4]. Nev-
ertheless, up to 30% of these patients with small lesions 
still exhibit lymph node metastasis (LNM), resulting in 
substantially worsening postoperative overall survival 
(OS) and recurrence-free rates (RFS) [5]. This under-
scores the critical need for reliable preoperative LNM 
risk stratification in sPDAC [6, 7]. Importantly, accurate 
identification of LNM could directly impact clinical deci-
sion-making, particularly in selecting these early-stage 
patients for extended lymph node dissection or neoadju-
vant chemotherapy to optimize outcomes [8].

Regrettably, more than 60% of pathologically con-
firmed metastatic lymph nodes measure less than 5 mm 
in size [9]. These small metastatic lymph nodes, defined 
as occult lymph node metastasis (OLNM), undetectable 
by standard preoperative imaging (rely on nodal size cri-
teria), require postoperative histopathology for confirma-
tion [10, 11]. Notably, in early-stage sPDAC, undetected 
OLNM leads to understaging, hindering treatment plan-
ning and prognosis [7]. Moreover, in sPDAC, the bio-
logical heterogeneity between primary tumor size and 
metastatic potential may result in disproportionate meta-
static risk, implying that tumor size alone cannot reliably 
predict LNM in this population, aggravating the diffi-
culty of preoperative evaluation [12]. Although the tumor 
marker carbohydrate antigen 19 − 9 (CA19-9) is known 
for its role in predicting tumor prognosis, its utility as 
an independent marker for LNM is hampered by limited 
sensitivity and specificity [13].

MRI has unique soft tissue resolution and multi-param-
eter imaging capabilities compared with CT, offering 
potential benefits in the assessment of biological behavior 
and prognosis of PDAC [14]. Furthermore, several func-
tional MRI techniques, such as diffusion-weighted imag-
ing (DWI) and dynamic contrast-enhanced (DCE) MRI, 
can reflect the heterogeneity of the tumor microenviron-
ment through quantitative parameters, to some extent 
compensating for the limitations of traditional assess-
ments that rely on lymph node and tumor size/morphol-
ogy [15, 16]. Currently, most studies focus on analyzing 
the MRI characteristics of overall lymph node metastasis 
in pancreatic cancer patients [17, 18]. Research evaluat-
ing the risk of OLNM in sPDAC remains scarce. Criti-
cally, the combined predictive value of imaging features 
like ADC and clinical markers such as CA19-9 is poorly 
established, representing a key gap in preoperative risk 
stratification.

Preoperative OLNM risk assessment in sPDAC is 
crucial for staging, therapy, and prognosis. Thus, our 
study aimed to delineate the clinical and MRI features 
of sPDAC exhibiting OLNM, and their correlation with 
pathological characteristics and prognostic outcomes.

Materials and methods
This retrospective study was approved by the Institu-
tional Review Committee of Zhongshan Hospital, Fudan 
university (No. B2024-250R) with a waiver of informed 
consent due to its retrospective nature. This study was 
performed in accordance with the Declaration of Helsinki 
and observed the Guidelines for Transparent Reporting 
of a Multivariable Prediction Model for Individual Prog-
nosis or Diagnosis guidelines. Clinical trial number: not 
applicable.

A comprehensive review and selection process was 
conducted on patients diagnosed with pathologically ver-
ified PDAC spanning from September 2014 and Septem-
ber 2023. Subsequently, 135 eligible PDAC participants 
were included, meeting the predetermined enrollment 
standards: (a) pathologically and surgically confirmed 
sPDAC with a maximum diameter not exceeding 2  cm; 
(b) All enrolled patients had pathologically confirmed 
lymph node status, with no radiologically detected lymph 
node (short-axis diameter > 1 cm). (c) available preopera-
tive multi-sequence MRI image encompassing pre-con-
trast T1-weighted image, three-phases contrast image, 
T2-weighted sequences, and diffusion-weighted imaging 
(DWI) and apparent diffusion coefficient (ADC) proto-
cols; (d) accessible complete clinical-pathological data; 
(e) available follow-up information including OS and 
DFS. The criteria for inclusion and exclusion are outlined 
in Fig. 1.

MRI protocol
Given the prolonged timeline of the study, MRI scans 
were performed on different 1.5-T or 3.0-T MRI systems. 
Detailed information about the MRI protocols is pro-
vided in Table S1.

Clinical data analysis
The research evaluated an array of demographic and lab-
oratory parameters, such as age, gender, body mass index 
(BMI), presence of diabetes, hypertension, serum con-
centrations of CA 19 − 9 and carcinoembryonic antigen 
(CEA), total bilirubin (TBil), and albumin levels.

Radiological features analysis
Two abdominal radiologists, with 10 and 23 years of 
experience in abdominal MRI respectively, performed a 
retrospective review of the imaging data without knowl-
edge of additional clinical or pathological details. Each 
radiologist assessed the imaging characteristics of the 
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PDAC cases independently. Discrepancies in their evalu-
ations were addressed by a third senior radiologist with 
31 years of expertise in pancreatic MRI, who reviewed 
the images to achieve a final consensus.

As for qualitative MRI features, two independent 
reviewers independently and meticulously assessed the 
direct imaging features, including tumor site (head/
uncinate or tail/body), margin (well-defined/ill-defined). 
Signal intensity on T2WI, diffusion-weighted (DWI), 
unenhanced T1WI, arterial (AP), portal venous (VP), and 
delayed phase (DP) sequences were categorized as hyp-, 
iso- or hyper-intense relative to the adjacent pancreatic 
parenchyma. Concomitant imaging findings, encompass-
ing common bile duct dilatation, main pancreatic duct 
dilatation, and intrahepatic bile duct dilatation, superior 
mesenteric vein (SMV)/portal vein (PV) invasion, as well 
as pancreatic atrophy, peripancreatic fat invasion, cystic 
changes, necrosis, and rim enhancement, were recorded. 
The detailed image definition was described in Appendix 
S1.

For quantitative assessment, we measured the apparent 
diffusion coefficient (ADC) using DWI. To capture the 
most representative area of the tumor, we manually drew 
regions of interest (ROIs) on the images, focusing on the 
slice of where the tumor appeared largest. To minimize 
variability and increase confidence in our findings, three 
experienced radiologists independently measured the 
ADC, and we used the average of their measurements for 
our statistical analysis.

Pathological features analysis
Tumor staging, including pT and pN categories, was 
recorded based on the eighth edition of the American 
Joint Committee on Cancer (AJCC) staging system. Addi-
tionally, detailed pathological assessments, encompassing 

pathological grade, pathological fatty infiltration (PFI), 
lymphovascular invasion (LVI), peripheral nerve infiltra-
tion (PNI), and Ki-67 index, were also documented.

Prognosis data analysis
Prognostic data, including disease-free survival (DFS) 
and overall survival (OS), were recorded for evaluation. 
DFS refers to the time elapsed from the start of surgery 
to the detection of recurrence. Recurrence was classified 
into local relapses, new multicentric lesions, lymph node 
involvement, or distant metastatic spread. OS is charac-
terized as the period from the date of surgery to either 
death from any cause or the most recent follow-up. The 
median OS and DFS follow-up period were 1.77 (inter-
quartile range, 0.77–2.94) years and 1.01 (interquartile 
range, 0.51–2.20) years, respectively.

Statistical analysis
Continuous variables were presented as mean ± SD or 
median (IQR) based on normality determined by Sha-
piro-Wilk or Kolmogorov-Smirnov tests, with group 
comparisons performed using Student’s t-test or Mann-
Whitney U test, respectively. For the assessment of 
differences in clinical, pathological and radiological char-
acteristics between two groups, t-test/Mann-Whitney U 
tests and chi-squared tests were applied. To explore the 
OLNM prediction potential of clinical and radiological 
features, both univariate and multivariate logistic regres-
sion models were constructed. Potential predictors were 
first screened using univariate analysis, and those with 
a P-value < 0.05 were included in a multivariate logistic 
regression model using a backward stepwise selection 
method to determine the final predictors, for which odds 
ratios (ORs) and 95% confidence intervals (CIs) were cal-
culated. Receiver operating characteristic (ROC) analysis 

Fig. 1  The study selection flowchart illustrating patient inclusion and exclusion criteria
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was conducted to assess discriminative ability, with com-
parisons of the area under the curve (AUC) performed 
using DeLong’s test. The impact of OLNM on small 
pancreatic cancer survival was evaluated using Kaplan-
Meier survival analysis and log-rank tests for prognos-
tic differences. The inter-rater reliability of MRI feature 
interpretations was quantified using Cohen’s kappa (κ) 
or intraclass correlation coefficients (ICC), with agree-
ment levels categorized as follows: 0.00–0.20, negligible; 
0.21–0.40, slight; 0.41–0.60, intermediate; 0.61–0.80, 
substantial; and 0.81–1.00, almost perfect. A significant 
threshold of P < 0.05 was adopted for all statistical tests. 
All statistical analyses were executed using R (version 
4.4.1).

Results
Patient characteristics
In this study, we performed a retrospective analysis of 
1456 PDAC patients in our hospital between Septem-
ber 2014 and September 2023. Among them, 1321 were 
removed from the study population because they failed 
to meet the specified inclusion criteria (Fig.  1). Ulti-
mately, 135 patients with sPDAC were included in this 
study. The median age of the cohort was 65.0 years (inter-
quartile range [IQR], 59.0–69.0 years), with a female to 
male ratio of 59:76. Patients were subsequently catego-
rized into non-OLNM (n = 92, 68.1%) and OLNM PDAC 
(n = 43, 31.9%) groups. Elevated CA19-9 (> 100 U/mL) 
was observed in 48.9% (66/135) of patients, with signifi-
cantly higher proportions in OLNM of sPDAC patients 
(69.8%, 30/43) than non-OLNM of sPDAC patients 
(39.1%, 36/92; P = 0.002). Similarly, TBiL (> 22.2 µmol/L) 
occurred in 40.0% (54/135), again more frequently in 
OLNM (58.1%, 25/43) versus non-OLNM groups (31.5%, 
29/92; P = 0.006). Analysis revealed that the OLNM 
groups did not differ significantly with respect to age, sex, 
BMI, diabetes, hypertension, albumin, CEA, and type of 
operation (P = 0.197–0.921; Table 1).

Radiological characteristics for predicting OLNM of sPDAC
Among the assessed imaging features, common bile duct 
dilatation and intrahepatic bile duct dilatation emerged 
as statistically significant predictors of OLNM in sPDAC. 
common bile duct dilatation was present in 45.9% 
patients (62/135), with a higher prevalence in the OLNM 
group (60.5%, 26/43) compared to the non-OLNM group 
(39.1%, 36/92) (P = 0.033). Similarly, intrahepatic bile duct 
dilatation was observed in 42.2% patients (57/135), with 
a markedly greater presence in the OLNM group (60.5%, 
26/43) than in the non-OLNM group (33.7%, 31/92), 
demonstrating a stronger association (P = 0.006). Addi-
tionally, the apparent diffusion coefficient (ADC) showed 
a significant difference (P = 0.012), with a median value 
of 1.43 [IQR:1.24, 1.64] ×10⁻³ mm²/s across all patients, 

slightly higher in the non-OLNM group (1.49 [1.27, 1.79] 
×10⁻³ mm²/s) compared to the OLNM group (1.4 [1.23, 
1.55] ×10⁻³ mm²/s). In contrast, other radiological fea-
tures did not exhibit statistically significant associations 
with OLNM (P values ranging from 0.220 to 0.885).

Interobserver agreement
The interobserver concordance for MRI features in 
sPDAC showed substantial agreement was observed 
for peripancreatic fat infiltration (κ = 0.792, 95% CI: 
0.689–0.895), signal intensity in T1WI (κ = 0.78, 95% 
CI: 0.595–0.966), SMV/PV invasion (κ = 0.731, 95% CI: 
0.564–0.897), and necrosis (κ = 0.719, 95% CI: 0.547–
0.892), and almost perfect agreement across the remain-
ing variables, with κ coefficients ranging from 0.822 to 
0.941. For the ADC measurements, the ICC between the 
three radiologists ranged from 0.620 (95% confidence 
interval (CI): 0.505–0.714) to 0.783 (95% CI: 0.709–
0.841), indicating substantial agreement (Table S2).

Univariate and multivariate analyses for risk clinical-
radiological features between two groups
Univariate analysis revealed that high TBil (> 20.4 
µmol/L), CA19-9 (> 100 U/mL), common bile duct dila-
tation, intrahepatic bile duct dilatation, and lower ADC 
values were significant predictors of OLNM in sPDAC, 
with ORs ranging from 0.204 to 3.59 (P = 0.001–0.022). 
In multivariate analysis, High CA19-9 level (> 100 U/
mL) (OR = 2.404, 95% CI: 1.051–5.666, P = 0.040) and low 
ADC values (OR = 0.243, 95% CI: 0.061–0.814, P = 0.031) 
remained significant, suggesting their independent pre-
dictive value (Table  2). Other clinical factors, including 
age, BMI, sex, diabetes, hypertension, and various imag-
ing features (e.g., tumor location, margin) were non-sig-
nificant (P = 0.096–0.921) (Figs. 2 and 3).

Building on these findings, a combined clinical-radio-
logical predictor was developed, showing the significantly 
elevated AUC of 0.740, outperforming CA19-9 alone 
(AUC = 0.653, P = 0.021) and ADC alone (AUC = 0.635, 
threshold value = 1.597 × 103 mm2/s, P = 0.035) in predict-
ing OLNM of sPDAC (Table 3; Fig. 4).

Pathological features and prognostic outcomes in sPDAC 
with occult lymph node metastasis
As for pathological features analysis, several significant 
pathological differences were observed between groups 
(Table  4). Among patients with sPDAC undergoing 
OLNM, pN1 metastasis was predominant (86.0%, 37/43), 
followed by pN2 (14.0%, 6/43); all non-OLNM cases 
were classified as pN0. Similarly, most of these patients 
were classified as AJCC stage II (86.0%, 37/43), with the 
remaining 14.0% (6/43) categorized as stage III. More-
over, patients in OLNM group showed higher LVI (44.2% 
vs. 21.7%, P = 0.013) and PFI (86.0% vs. 68.5%, P = 0.030), 
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Characteristic All (N = 135) Non-OLNM 
(N = 92)

OLNM 
(N = 43)

P-value

Clinical features
Age (years) 65.0 [59.0, 69.0] 66.0 [59.0, 69.5] 65.0 [59.0, 68.0] 0.489
BMI (kg/m2) 22.6 [20.5, 24.2] 22.7 [20.7, 24.3] 22.5 [20.3, 23.8] 0.187
Sex 0.393
  Female 59 (43.7%) 43 (46.7%) 16 (37.2%)
  Male 76 (56.3%) 49 (53.3%) 27 (62.8%)
Diabetes 0.906
  Absence 98 (72.6%) 66 (71.7%) 32 (74.4%)
  Presence 37 (27.4%) 26 (28.3%) 11 (25.6%)
Hypertension 0.536
  Absence 78 (57.8%) 51 (55.4%) 27 (62.8%)
  Presence 57 (42.2%) 41 (44.6%) 16 (37.2%)
TBil (µmol/L) 0.006
  ≤ 20.4 81 (60.0%) 63 (68.5%) 18 (41.9%)
  > 20.4 54 (40.0%) 29 (31.5%) 25 (58.1%)
Albumin (g/L) 0.921
  ≤ 37 126 (93.3%) 86 (93.5%) 40 (93.0%)
  > 37 9 (6.7%) 6 (6.5%) 3 (7.0%)
CA19-9 (U/mL) 0.002
  ≤ 100 69 (51.1%) 56 (60.9%) 13 (30.2%)
  > 100 66 (48.9%) 36 (39.1%) 30 (69.8%)
CEA (ng/mL) 0.678
  ≤ 5 108 (80.0%) 75 (81.5%) 33 (76.7%)
  > 5 27 (20.0%) 17 (18.5%) 10 (23.3%)
Type of Operation 0.219
  Pancreatoduodenectomy 89 (65.9%) 57 (62.0%) 32 (74.4%)
  Distal pancreatectomy 46 (34.1%) 35 (38.0%) 11 (25.6%)
Radiological features
Tumor Location 0.707
  head/uncinate 96 (71.1%) 64 (69.6%) 32 (74.4%)
  tail/body 39 (28.9%) 28 (30.4%) 11 (25.6%)
Margin 0.630
  Well-defined 76 (56.3%) 50 (54.3%) 26 (60.5%)
  Ill-defined 59 (43.7%) 42 (45.7%) 17 (39.5%)
Rim Enhancement 0.553
  Absence 88 (65.2%) 62 (67.4%) 26 (60.5%)
  Presence 47 (34.8%) 30 (32.6%) 17 (39.5%)
Signal in T2WI 0.525
  Iso-/hypointense 59 (43.7%) 38 (41.3%) 21 (48.8%)
  Hyperintense 76 (56.3%) 54 (58.7%) 22 (51.2%)
Signal in DWI 0.553
  Iso-/hypointense 47 (34.8%) 30 (32.6%) 17 (39.5%)
  Hyperintense 88 (65.2%) 62 (67.4%) 26 (60.5%)
Signal in T1WI 0.395
  Iso-/hyper-intense 13 (9.6%) 7 (7.6%) 6 (14.0%)
  Hypointense 122 (90.4%) 85 (92.4%) 37 (86.0%)
Signal in AP 0.487
  Iso-/hyper-intense 35 (25.9%) 26 (28.3%) 9 (20.9%)
  Hypointense 100 (74.1%) 66 (71.7%) 34 (79.1%)
Signal in VP 0.606
  Iso-/hyper-intense 75 (55.6%) 53 (57.6%) 22 (51.2%)
  Hypointense 60 (44.4%) 39 (42.4%) 21 (48.8%)

Table 1  The baseline clinical-radiological features in sPDAC
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while PNI was similar (P = 0.270). Other pathological fac-
tors, including SMAD4 mutation, pathological grade, and 
Ki-67 index, showed no significant differences (P = 0.160–
0.904, respectively).

For prognostic analysis, in our study, sPDAC with 
OLNM demonstrated significantly worse OS and DFS 
rates compared to those with non-OLNM (P = 0.034 and 
0.043, respectively). Detailed analysis revealed that 1-, 
3-, and 5-year OS rates for sPDAC patients with OLNM 
were 77.7%, 55.8%, and 25.8%, compared to 86.7%, 55.8%, 
and 47.4% for patients with non-OLNM (Fig. 5a). Consis-
tent with these findings, the 1-, 3-, and 5-year DFS rates 
were also lower in the OLNM group (47.7%, 33.7%, and 
14.5%) than in the non-OLNM group (70.2%, 43.8%, and 
39.9%) (Fig. 5b).

Discussion
In this study, we investigated the clinical and MRI pre-
dictive features associated with OLNM in sPDAC 
(≤ 2 cm) and determined their implications for pathology 

and prognosis. The findings revealed that sPDAC with 
OLNM displayed a more aggressive biological pheno-
type, characterized by significantly higher rates of LVI 
(44.2%) and PFI (86.0%), as well as poor OS and DFS, 
compared to those with non-OLNM. Additionally, ele-
vated CA19-9 levels (OR = 2.404,) and low ADC values 
(OR = 0.243) emerged as independently significant pre-
dictors of OLNM in sPDAC patients. Notably, the combi-
nation of CA19-9 and ADC values demonstrates the best 
discriminatory power (AUC = 0.740) compared to indi-
vidual markers.

Although LNM in PDAC has been widely studied, 
OLNM in sPDAC (≤ 2  cm) remains underexplored. In 
PDAC broadly, radiologically detected lymph node and 
tumor size are key preoperative LNM risk indicators [19, 
20]. However, in this early stage sPDAC cohort, evalu-
ating preoperatively radiologically occult lymph node 
metastasis presents distinct clinical challenges [21, 22]. In 
our cohort, sPDAC with OLNM exhibited more aggres-
sive pathological features, including higher rates of LVI 

Characteristic All (N = 135) Non-OLNM 
(N = 92)

OLNM 
(N = 43)

P-value

Signal in DP 0.325
  Iso-/hyper-intense 97 (71.9%) 69 (75.0%) 28 (65.1%)
  Hypointense 38 (28.1%) 23 (25.0%) 15 (34.9%)
Common Bile Duct Dilatation 0.033
  Absence 73 (54.1%) 56 (60.9%) 17 (39.5%)
  Presence 62 (45.9%) 36 (39.1%) 26 (60.5%)
Intrahepatic Bile Duct Dilatation 0.006
  Absence 78 (57.8%) 61 (66.3%) 17 (39.5%)
  Presence 57 (42.2%) 31 (33.7%) 26 (60.5%)
Main Pancreatic Duct Dilatation 0.472
  Absence 45 (33.3%) 33 (35.9%) 12 (27.9%)
  Presence 90 (66.7%) 59 (64.1%) 31 (72.1%)
SMV/PV Invasion 0.885
  Absence 117 (86.7%) 80 (87.0%) 37 (86.0%)
  Presence 18 (13.3%) 12 (13.0%) 6 (14.0%)
Pancreatic Tail Atrophy 0.245
  Absence 83 (61.5%) 53 (57.6%) 30 (69.8%)
  Presence 52 (38.5%) 39 (42.4%) 13 (30.2%)
Peripancreatic Fat Infiltration 0.220
  Absence 59 (43.7%) 44 (47.8%) 15 (34.9%)
  Presence 76 (56.3%) 48 (52.2%) 28 (65.1%)
Necrosis 0.818
  Absence 119 (88.1%) 82 (89.1%) 37 (86.0%)
  Presence 16 (11.9%) 10 (10.9%) 6 (14.0%)
Cystic Degeneration 0.225
  Absence 117 (86.7%) 77 (83.7%) 40 (93.0%)
  Presence 18 (13.3%) 15 (16.3%) 3 (7.0%)
ADC (×10− 3 mm2/s) 1.43 [1.24, 1.64] 1.49 [1.27, 1.79] 1.4 [1.23, 1.55] 0.012
sPDAC = small pancreatic ductal adenocarcinoma, OLNM = occult lymph node metastasis, BMI = body mass index; TBil = total bilirubin, CA 19 − 9 = cancer antigen 
19 − 9, CEA = carcinoembryonic antigen, DWI = diffusion weight imaging, AP = arterial phase, VP = venous phase, DP = delayed phase, SMV = superior mesenteric vein, 
PV = portal vein, ADC = apparent diffusion coefficient

Table 1  (continued) 
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and PFI, reflecting greater invasiveness. Additionally, the 
OLNM group demonstrated a 1.85-fold increased risk 
of 5-year mortality and a 2.78-fold worse DFS compared 
to the non-OLNM group. Insufficient recognition of 
OLNM can lead to understaging, suboptimal treatment, 
and adverse prognostic outcomes, underscoring its clini-
cal significance [23]. These findings strengthen lymph 
node involvement, even when occult at early stage, is a 
key determinant of recurrence and mortality in PDAC, 
reinforcing the need for early identification to guide ther-
apeutic strategies, such as extended lymphadenectomy 
or neoadjuvant therapy, which have shown promise in 
improving outcomes in node-positive PDAC [24].

Even when undetectable via standard size-threshold 
imaging protocols, MRI with its superior multisequence 
and functional imaging capabilities offers distinct advan-
tages over CT in characterizing PDAC behavior [25]. 
DWI facilitates the observation of water molecule diffu-
sion at a microscopic level, offering valuable information 

about tumor vitality and microstructural characteristics 
[26]. In the context of hepato-biliary-pancreatic malig-
nancies, reduced ADC values have been linked to 
increased tumor grade, poor cellular differentiation, and 
unfavorable prognosis, serving as a broad indicator of 
tumor aggressiveness [27, 28]. Ju Hee Lee et al. have dem-
onstrated that the ADC values of metastatic lymph nodes 
in pancreaticobiliary cancers are significantly lower 
than those of non-metastatic lymph nodes [20]. While 
direct ADC measurement is not feasible in patients with 
OLNM, these results highlight the potential of ADC as 
a diagnostic tool for assessing the risk of LNM. Another 
prior research demonstrated that diffusion kurtosis 
imaging (DKI)-derived mean diffusivity (MD) was sig-
nificantly reduced in PDAC accompanied by small LNM, 
suggesting microstructural changes correlated with 
metastatic progression [29]. Our study confirms that 
the DWI-derived ADC value is an independent predic-
tor of OLNM in sPDAC, likely by reflecting the tumor’s 

Table 2  Univariate and multivariate analyses for clinical-radiological predictors for OLNM of sPDAC
Characteristics Univariate 

analysis
Multi-
variate 
analysis

OR CI_lower CI_upper P OR CI_lower CI_upper P
Age 0.984 0.948 1.021 0.392
BMI (kg/m2) 0.887 0.766 1.017 0.096
Sex [Male] 1.481 0.711 3.154 0.300
Diabetes [presence] 0.873 0.373 1.952 0.745
Hypertension [presence] 0.737 0.346 1.538 0.421
TBil [> 20.4 µmol/L] 3.017 1.438 6.466 0.004 1.878 0.602 5.916 0.274
Albumin [> 37 g/L] 1.075 0.218 4.295 0.921
CA19-9 [> 100 U/mL] 3.59 1.685 7.988 0.001 2.404 1.051 5.666 0.040
CEA 1.337 0.539 3.194 0.519
Type of Operation [Pancreatoduodenectomy] 0.56 0.243 1.225 0.157
Tumor Location [head/uncinate] 0.786 0.337 1.746 0.563
Margin [Ill-defined] 0.778 0.368 1.617 0.505
Rim enhancement [presence] 1.351 0.632 2.858 0.432
Signal in T2WI [hyperintense] 0.737 0.355 1.53 0.412
Signal in DWI [hyperintense] 0.74 0.35 1.581 0.432
Signal in T1WI [hypointense] 0.508 0.158 1.675 0.251
Signal in AP [hypointense] 1.488 0.644 3.684 0.367
Signal in VP [hypointense] 1.297 0.626 2.692 0.483
Signal in DP [hypointense] 1.607 0.726 3.516 0.236
Common Bile Duct Dilatation [presence] 2.379 1.143 5.062 0.022 0.322 0.014 2.769 0.365
Intrahepatic Bile Duct Dilatation [presence] 3.009 1.436 6.46 0.004 5.252 0.59 118.794 0.183
Main Pancreatic Duct Dilatation [presence] 1.445 0.666 3.272 0.362
SMV/PV Invasion [presence] 1.081 0.353 3.015 0.885
Pancreatic Tail Atrophy [presence] 0.589 0.266 1.255 0.178
Peripancreatic Fat Infiltration [presence] 1.711 0.818 3.681 0.160
Necrosis [presence] 1.33 0.425 3.859 0.606
Cystic Degeneration [presence] 0.385 0.086 1.252 0.149
ADC (×10− 3 mm2/s) 0.204 0.06 0.593 0.006 0.243 0.061 0.814 0.031
sPDAC = small pancreatic ductal adenocarcinoma, OLNM = occult lymph node metastasis, BMI = body mass index; TBil = total bilirubin, CA 19 − 9 = cancer antigen 
19 − 9, CEA = carcinoembryonic antigen, DWI = diffusion weight imaging, AP = arterial phase, VP = venous phase, DP = delayed phase, SMV = superior mesenteric vein, 
PV = portal vein, ADC = apparent diffusion coefficient
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underlying aggressive biological behavior and playing a 
significant role in its preoperative evaluation. Moreover, 
further research integrating advanced functional MRI 
parameters such as IVIM and DKI holds promise for pro-
viding even more nuanced insights into the microstruc-
tural changes associated with OLNM.

In addition to functional MRI parameters, conven-
tional qualitative features including common bile duct 
and intrahepatic bile duct dilatation are more frequent in 
sPDAC with OLNM, potentially reflecting a more inva-
sive growth pattern. While these qualitative features were 
significant in univariate analysis, their predictive value 
diminished in the multivariate model, suggesting that 
qualitative features may have limited ability to capture 
underlying tumor biology in patients with early-stage 
small lesions. Besides, while other MRI features such 

as T2 signal intensity, rim enhancement, etc., were also 
evaluated, ADC proved to be the most robust indepen-
dent risk factor.

CA19-9 level, a clinically validated marker for aggres-
sive PDAC, is strongly associated with tumor staging, 
disease progression and the likelihood of metastasis [30]. 
Multiple studies have demonstrated that elevated preop-
erative CA19-9 levels are associated with an increased 
likelihood of lymph node metastasis in resectable pan-
creatic adenocarcinoma [31, 32]. Jianchen Ge and col-
leagues identified CA19-9 as an independent predictor 
of occult metastasis in pancreatic cancer [33]. Another 
meta-analysis revealed that preoperative mean CA19-9 
levels were significantly elevated in patients with meta-
static pancreatic cancer compared to those without 
metastasis; however, a consensus on the optimal cutoff 

Fig. 2  A patient with a 1.3-cm pancreatic ductal adenocarcinoma, baseline CA19-9: 14.7 U/mL, stage pT1N0M0. (a) Pre-contrast T1WI image shows a hy-
pointense mass (red triangle). (b) The T1WI in delayed phase exhibits relative hyperintense. (c) Diffusion-weighted image (b = 500 s/mm2) shows a hyper-
intense mass (red triangle). (d) The apparent diffusion coefficient (ADC) map exhibits relative hypointensity (mean ADC = 1.726 × 103 mm2/s; red triangle)
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threshold remains elusive. In line with these findings, our 
results affirm that an elevated CA19-9 level is a power-
ful independent clinical predictor for OLNM in sPDAC. 
More importantly, the further combination of CA19-9 
and ADC outperformed individual predictors, suggest-
ing a synergistic role for these markers in OLNM risk 
assessment in sPDAC. Elevated CA19-9 likely indicates 
systemic tumor burden and metastatic potential, while 

ADC offers localized insights into the tumor microen-
vironment. This integrated clinical-radiological model 
addresses the key limitation of size-based imaging by 
combining functional MRI parameters with serological 
biomarkers, which enables more accurate evaluation of 
tumor biology, reducing understaging rates and optimiz-
ing patient selection for intensive therapies.

Table 3  Predictive performance of the risk clinical-radiological features for OLNM in sPDAC
Parameters AUC P value Threshold Sensitivity Specificity PPV NPV
Combined 0.740 NA NA 0.837 0.565 0.474 0.881
CA19-9 0.653 0.021 NA 0.698 0.609 0.455 0.812
ADC 0.635 0.035 1.597(×103 mm2/s) 0.907 0.391 0.411 0.900
sPDAC = small pancreatic ductal adenocarcinoma, OLNM = occult lymph node metastasis, AUC = area under the curve; PPV = Positive Predictive Value NPV = Negative 
Predictive Value; ADC = apparent diffusion coefficient; NA = not applicable

Fig. 3  A patient with a 1.5-cm pancreatic ductal adenocarcinoma, baseline CA19-9 111.6 U/mL, stage pT1N1M0. (a) Pre-contrast T1WI shows a hypoin-
tense mass (red triangle). (b) The T1WI in delayed phase exhibits relative hypointense. (c) Diffusion-weighted image (b = 500 s/mm2) shows a hyperintense 
mass (red triangle). (d) The apparent diffusion coefficient (ADC) map exhibits relative hypointensity (mean ADC = 1.248 × 103 mm2/s; red triangle)
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There are several limitations in this study. First, due to 
the limited number of participants from single-center 
and the potential for selection bias inherent in its ret-
rospective nature, the findings necessitate validation 
through a more extensive investigation. Second, our 
study only employed standard DWI and ADC, exclud-
ing advanced functional imaging techniques. However, 
the use of standard quantitative functional MRI param-
eters eliminated the need for specialized hardware or 
proprietary software, potentially enhancing its clinical 

accessibility and routine application. Next, the use of 
data acquired over a long period from various MRI scan-
ners (both 1.5T and 3.0T), which introduces potential 
variability in ADC measurements. Consequently, our 
findings require robust validation in multi-center, multi-
protocol settings to ensure their broader applicability and 
reproducibility. Lastly, the participants from only single 
center were analyzed in this study. Subsequent multi-
institutional investigations incorporating external valida-
tion cohorts are essential.

Fig. 4  ROC curves for predicting occult lymph node metastasis (OLNM) in small PDAC patients for single and combined clinical-radiological parameters
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In summary, our study demonstrates that sPDACs 
with OLNM display aggressive tumor biology, character-
ized by adverse pathological features (including PFI and 
LVI) and significantly worse OS and DFS rates. Elevated 
CA19-9 levels and reduced ADC values correlated with 
OLNM in sPDAC, and their combination demonstrated 
optimal predictive performance. Therefore, integrated 

clinical and MRI features may refine OLNM identifica-
tion in early-stage sPDAC, critically informing aggressive 
treatment strategies, such as extended lymphadenec-
tomy, or neoadjuvant chemotherapy for improved onco-
logical outcomes.

Table 4  Analysis of pathologic features associated with OLNM in sPDAC
Characteristic All (N = 135) Non-OLNM 

(N = 92)
OLNM 
(N = 43)

P-value

SMAD4 Mutation 0.777
  Negative 51 (37.8%) 36 (39.1%) 15 (34.9%)
  Positive 84 (62.2%) 56 (60.9%) 28 (65.1%)
Pathological Grade 0.160
  Well/moderate-differentiated 70 (51.9%) 52 (56.5%) 18 (41.9%)
  Ill-differentiated 65 (48.1%) 40 (43.5%) 25 (58.1%)
Ki-67 index 0.904
  Low 92 (68.1%) 63 (68.5%) 29 (67.4%)
  High 43 (31.9%) 29 (31.5%) 14 (32.6%)
LVI 0.013
  Absence 96 (71.1%) 72 (78.3%) 24 (55.8%)
  Presence 39 (28.9%) 20 (21.7%) 19 (44.2%)
PNI 0.270
  Absence 28 (20.7%) 22 (23.9%) 6 (14.0%)
  Presence 107 (79.3%) 70 (76.1%) 37 (86.0%)
PFI 0.030
  Absence 35 (25.9%) 29 (31.5%) 6 (14.0%)
  Presence 100 (74.1%) 63 (68.5%) 37 (86.0%)
sPDAC = small pancreatic ductal adenocarcinoma, OLNM = occult lymph node metastasis, LVI = lymphovascular invasion, PNI = peripheral nerve infiltration, 
PFI = pathological fatty infiltration

Fig. 5  Kaplan-Meier survival analysis comparing overall survival (OS) and disease-free survival (DFS) between small PDAC patients with occult lymph 
node metastasis (OLNM) and non-OLNM patients. Small PDAC patients with OLNM demonstrated significantly worse OS (a) and DFS (b) compared to 
non-OLNM patients (P = 0.034 and 0.043, respectively)
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