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Background/Objectives: There is no predictive model available to address early

stage malignant intraductal papillary mucinous neoplasm (IPMN) including high

grade dysplasia (HGD) and pT1a (invasive component≤0.5 cm). The aim of this

study was to establish an objective and sufficient model to predict the degree of

malignancy in patients with IPMN, which can be easily applied in daily practice and

adopted for any type of lesion.

Methods: A retrospective cohort study of 309 patients who underwent surgical

resection for IPMN was performed. Members of the cohort were randomly

allocated to the training or testing set. A detection tree model and random

forest model were used for a 3-class classification to distinguish low grade

dysplasia (LGD), HGD/pT1a IPMN, and invasive intraductal papillary mucinous

cancer (I-IPMC) beyond pT1a.

Results: Of the 309 patients, 54 (17.4%) had early stage malignancy (19 HGD, 35

pT1a), 49 (15.9%) had I-IPMC beyond pT1a, and 206 (66.7%) had LGD IPMN. We

proposed a 3-class classification model using a random forest algorithm, and the

model had an accuracy of 99.5% with the training set, and displayed an accuracy of

96.0% with the testing set. We used SHAP for interpretation of the model and

showed the top five factors (mural nodule size, main pancreatic duct diameter,

CA19-9 levels, lesion edge and common bile duct dilation) were most likely to

influence the 3-class classification results in terms of interpretation of the random

forest model.

Conclusions: This predictive model will help assess an individual’s risk for different

stages of IPMN malignancy and may help identify patients with IPMN who require

surgery.
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Introduction

Intraductal papillary mucinous neoplasms (IPMNs) are precursor

lesions of pancreatic adenocarcinoma (1). Classification of low grade

dysplasia (LGD), high grade dysplasia (HGD), and invasive

intraductal papillary mucinous carcinoma (I-IPMC) is based on the

degree of cyto-architectural dysplasia in accordance with the World

Health Organization (WHO) classification system published in 2019

(2). Several reports have shown that I-IPMC has characteristics

similar to pancreatic ductal adenocarcinoma (PDAC), including

potential lymph node (LN) or distant metastasis, postoperative

recurrence, and poor survival (3–9). Depending on the grade of

IPMN during the progression from noninvasive IPMN to invasive

IPMC, the choice of treatment varies from a conservative approach to

radical pancreatectomy with LN dissection (10). Therefore, it is

important to determine the grade of IPMN accurately to optimize

the therapy and follow-up strategy. Preoperative distinction of IPMN

grade is not easy, even when multiple modalities are used (10–17).

Several guidelines propose radiological and clinical criteria to assess

the risk of HGD and cancer in patients affected by IPMN (18–21),

such as the International Consensus Guidelines (ICG) published in

2012, in which predictors of malignancy were categorized as high risk

stigmata and worrisome features (18). However, the predicting model

still does not identify the degree of malignancy in patients with IPMN.

Although HGD is not malignant, HGD-IPMN has been shown to

exhibit an increased risk of subsequent development of pancreatic

cancer in a few studies. Therefore, HGD and I-IPMC were studied

together in various guidelines (9, 18–24). However, the median

overall survival for patients who underwent pancreatic resection for

IPMN with HGD was similar to the survival of patients with LGD,

and superior to that of patients with IPMN-associated PDAC (22).

Thus, early recognition of HGD is important to improve prognosis of

the disease.

The recent consensus is that the malignant potential of IPMN is

dependent on the presence and extent of invasive cancer (24–30).

However, I-IPMC categorized by the Armed Forces Institute of

Pathology (AFIP) and WHO classifications covers cancer with

variable biological behaviors, with the 5-year survival rate varying

substantially between 36% and 90% (2, 24–30). This may be due to

the heterogeneity of I-IPMC, including biological behavior and an

invasive component of various sizes. Invasion of ≤ 0.5 cm presents with

excellent prognosis whereas the prognosis for IPMN at an advanced

stage of invasion is as poor as that of conventional PDAC (2). In

addition, no LN metastasis was observed in patients with early stage

invasion ≤ 5 mm (31, 32). Thus, it would be more appropriate to stage

invasive carcinomas with conventional staging protocols according to

WHO (2019) and then further substage the pT1 category (early

invasion ≤ 2 cm) into pT1a for those with an invasive component ≤

5 mm (2). This is important for the early detection of pancreatic cancer.

HGD and pT1a are considered as the early stage of malignant

IPMN. The ability to distinguish HGD or pT1a IPMN from LGD

IPMN will help physicians treat IPMN patients in which it is difficult

to identify by clinical and radiological characteristics, allowing for

clear surgical indications and the ability to cure pancreatic cancer at

an embryonic stage. Many reports have attempted to identify

predictive factors for HGD and I-IPMC that might influence the

management of IPMN patients by logistic regression analysis and
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nomogram (10, 16, 17, 31, 32). However, there have been no reports

of a subdivided model to predict HGD/pT1a in patients with IPMN

that could be widely applied in clinical practice. Therefore, it is

necessary to find a simple and objective method to discriminate

LGD or HGD/pT1a IPMN and advanced IPMC accurately based on

clinical and radiological data.

Decision tree classification algorithms are an inductive learning

method that can produce a tree-type classification model from given

training samples. Each non-leaf node in the tree shows which feature

is used to judge the category, and each leaf node represents the final

category. The root node to each leaf node forms a path

for classification.

Model interpretation is often essential to illustrate a machine

learning model, especially in medical research. The factors which have

strong significance in a classification or regression model can help

medical workers attach importance to certain factors. An intuitive

interpretation of a model can be easily understood. Scott ML et al.

developed the method of calculating the SHAP value for

interpretation of these models (33). The significance is illustrated

by the absolute SHAP value; larger values have stronger significance.

Ensemble learning is a commonmethod inmachine learning.While

learning, multiple models or classifiers are produced independently and

ensembled into a final prediction model. The ensemble model usually

performs better than any independent prediction model. The random

forest algorithm is a combination of bagging and decision tree. Each tree

is produced by part of the training sample and features. The final

random forest model ensembles the decision trees by voting. Therefore,

the random forest model has a higher accuracy.
Methods

Patients

Between December 2008 and October 2018, 372 consecutive

patients underwent surgical resection for pathologically confirmed

IPMN of the pancreas at Ruijin Hospital, Shanghai Jiaotong

University School of Medicine were included. A total of 63 patients

were excluded from the study because they had a histological diagnosis

concomitant with PDAC (n = 41) or some essential preoperative

examinations were not performed before surgery (n = 22). Finally, a

total of 309 patients were included in the study. The patients’

demographic information, clinicopathological features, and imaging

findings were retrieved and systematically entered into a Microsoft

Excel spreadsheet. The study was approved by the ethics committee of

Ruijin Hospital, Shanghai Jiaotong University School of Medicine.
Preoperative examinations

All patients underwent clinical evaluation, laboratory testing,

including serum tumor marker levels (carcinoembryonic antigen

[CEA] and carbohydrate antigen 19-9 [CA19-9], carbohydrate

antigen 125 [CA125], and alpha-fetoprotein [AFP]), pancreatic

magnetic resonance imaging (MRI)/MRCP, and computed

tomography (CT) before surgery. The morphological type,

maximum branch duct cyst size, main pancreatic duct (MPD)
frontiersin.org

https://doi.org/10.3389/fonc.2023.1087852
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


He et al. 10.3389/fonc.2023.1087852
diameter, mural nodule size, and internal septations were determined

by pancreatic MRI/MRCP. In addition, among the patients who had

multifocal pancreatic cystic lesions (two or more), only the largest cyst

was measured according to the methods in this study. When there is

suspicion of malignant IPMN, assessment of vascular involvement,

peritoneal, or metastatic disease were determined by CT. Lesion edge

is defined as the radiographic boundary between the lesion and

surrounding pancreas whether the edge is clear (Figures 1, 2) (34).

Alternative imaging modalities such as endoscopic ultrasound(EUS)

and endoscopic retrograde cholangiopancreatography (ERCP) are

increasingly being used in the diagnosis of IPMN, but these adjunct

diagnostic techniques were not included in this cohort, as data were

only available for some of the patients. If surgery is considered,

endoscopic ultrasonography-guided fine needle aspiration and biopsy

are not routinely performed because of concerns about the possibility

of seeding tumor cells along the needle track and high risk of adverse
Frontiers in Oncology 03
events (intracystic bleeding, acute pancreatitis , fever/infection, et al)

(35–38).

Based on preoperative imaging analyses, we classified tumors as

main duct (MD), branch duct (BD), or mixed type (MT) IPMN. MD-

IPMN was defined as segmental or diffuse dilation of the MPD (> 5

mm). Branch duct IPMN was defined as pancreatic cysts of > 5 mm in

diameter that communicate with the MPD, and MT-IPMN patients

meet the criteria for both MD-IPMN and BD-IPMN (18). The

locations of lesions, according to anatomical characteristics,

included the pancreatic head and/or uncinate process, pancreatic

neck, pancreatic body, pancreatic tail, and diffuse (when the lesions

involved more than one segment of the anatomical location) (39).

Common bile duct (CBD) dilatation was defined as dilation greater

than 7 mm in patients younger than 60 years, 9 mm in patients older

than 60 years, and 10 mm in patients who had undergone a

cholecystectomy, with the exception of CBD stones (39, 40).
Surgical indications

Surgery was performed in the patients with IPMN who met at

least one of the following criteria: (1) presence of symptom (jaundice,

abdominal pain, back pain, weight loss); (2) MD-IPMN (18, 19); (3)

MT-IPMN with a MPD diameter of > 7 mm (41); (4) gradual increase

in the BD cyst size (total growth ≥10 mm) during follow-up (42); (5)

BD or MT IPMN with contrast-enhancing mural nodules size greater

than 5 mm (43); and (6) histologically proven invasive IPMN based

on EUS-guided biopsy.
Pathological diagnosis

Pancreatic specimens were serially sectioned at 5-mm intervals,

and whole slides were reviewed and graded by a specialized

pathologist blinded to clinical outcomes. The grades were LGD,

HGD, or I-IPMC, based on the degree of cyto-architectural

dysplasia in accordance with the WHO classification system (2).

When more than one pathologic type was present in the same patient,

the highest degree of dysplasia was recorded. I-IPMC was defined as

the presence of a continuous invasive component from HGD in

pathological findings to distinguish it from PDAC concomitant with

IPMN. I-IPMC tumors were staged according to the Tumor, Node,

and Metastasis Classification of Malignant Tumors published by the

International Union against Cancer (44), and thereafter the substage

of the T1 category of I-IPMC was classified as T1a (invasive

component ≤ 5 mm), T1b (invasive component > 5 mm and ≤ 10

mm), or T1c (invasive component > 10 mm and ≤ 20 mm), according

to the revised ICG in 2012 and the 2019 WHO classification system

(2, 18). The type of I-IPMC was classified as tubular or colloid based

on differentiation of the invasive components (18).
Follow-up

In general, patients with I-IPMC and non-invasive IPMN were

followed for recurrence or progression every 3–6 or 6–12 months,

respectively, with imaging studies that included at least one of the
FIGURE 1

This patient was histologically diagnosed with BD-IPMN. CT with sharp
margins of a cystic lesion (blue arrow) in the head of the pancreas.
FIGURE 2

This patient was histologically diagnosed with malignant MT-IPMN. CT
with unsharp margins of a cystic lesion (blue arrow) in the uncinate
process of the pancreas.
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following: CT scan, MRI, or EUS. Survival time was calculated from

the time of surgical resection to death, or the end of follow-up

(December 2018), whichever came first. Censoring occurred for

patients who were still alive or who died as a result of other reasons

at the last follow-up.
Statistical analysis

To perform model development and testing independently, the

cohort was randomly divided into a model development (MD) set and

a test set (2:1) in each random seed. Categorical variables are

expressed in frequencies and percentages (%) and comparison of

ratios was tested by chi-square test. Continuous variables were

expressed as mean ± standard deviation (SD) or median and range

depending on data contribution. Continuous variables were

compared using the Mann-Whitney U-test or paired Student t-test.

Postoperative overall survival rates were calculated using the Kaplan–

Meier method . Bonferroni ’ s correc t ion was used for

pairwise comparisons.

For the tree-type model in our study, we calculate the SHAP value

of a trained model given certain pairs of input and output. In

particular, the categorical features are all transferred into one hot

vector and are concatenated with numerical features. To show the

components of each one hot vector, we add numbers at the end of the

features for each category. We use the Python package SHAP for

calculation, and show the top factors that have the largest absolute

SHAP value. Python 3.7 and the function TreeExplainer in SHAP

0.38.1 were used.
Results

Patient characteristics

A total of 372 patients underwent pancreatic surgical resection for

IPMN. Sixty-three patients were excluded from the study because

they had a histological diagnosis concomitant with PDAC (n = 41) or

some essential preoperative examinations were not performed before

surgery (n = 22). Finally, a total of 309 patients were included in the

study. Demographic information, clinicopathological features, and

imaging findings of the 309 patients are shown in Table 1. No one

patient had undergone neoadjuvant chemotherapy prior to operation.

Their median (range) age was 62 (27–84) years, and 170 patients

(55.0%) were male. With regard to radiographic morphological types,

167 patients (54.0%) had BD-IPMN, 38 (12.3%) had MD-IPMN, and

104 (33.7%) had MT-IPMN. Total pancreatectomy was performed in

16 (5.2%) patients, pancreatic duodenectomy in 167 (54.0%) patients,

distal pancreatectomy in 75 (24.3%) patients, and central

pancreatectomy in 51 (16.5%) patients. Final pathological diagnosis

showed that 206 (66.7%) patients had LGD, 19 (6.1%) patients had

HGD, 35 (11.3%) patients had pT1a IPMC, and 49 (15.9%) patients

had I-IPMC beyond pT1a. Among 84 patients with I-IPMC, 18

(21.4%) patients had LN metastasis. No LN metastasis was

observed in the pT1a IPMC group.
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Training and testing subgroups

The training and testing sets contained 210 (68%) and 99 (32%)

patients, respectively. No clinical or pathological variables were

statistically different between the training and test sets, suggesting

similarity in the cohorts. Complete demographic and pathological

results stratified by training and testing subgroups can be found

in Table 1.
Postoperative survival in the
training subgroup

In the training set, 41 (13%) patients died with a median follow-

up time of 99 months (IQR, 2–120). The estimated overall 5-year

survival rate was 95.1% for patients with IPMN with LGD, 61.5% for

patients with HGD, 55.0% for patients with pT1a, and 40.6% for

patients with I-IPMC beyond pT1a. There was no difference in

median OS between HGD IPMN and pT1a IPMC (65.39 vs. 68.62

months, P = 0.178) (Figure 3A). So, HGD and pT1a were integrated

into the HGD/pT1a group for analysis. When the median OS of

HGD/pT1a IPMNwas compared with that of LGD IPMN, there was a

marked significant difference (71.55 vs. 108.87 months, P = 0.000,).

There was also a marked significant difference when the median OS of

HGD/pT1a IPMN was compared with that of I-IPMC beyond pT1a

(71.55 vs. 50.57 months, P = 0.005) (Figure 3B).
Factors associated with subtypes of IPMN in
the training set in univariate analyses

The variables included in the univariate analysis are shown in

Table 2. For IPMN, HGD, pT1a, and invasive malignancy beyond

pT1a were more prevalent in patients who presented with mixed type,

presence of mural nodules, MPD, and common bile duct dilatation

than LGD IPMN whereas LGD IPMN was more common with

branch duct type (P < 0.05). I-IPMC beyond the pT1a group was

significantly more prevalent when presented with concomitant new-

onset diabetes mellitus (DM), unclear focus boundary, elevated serum

CA19-9, and obstructive jaundice as compared with LGD, HGD, and

pT1a IPMN groups for which there was no statistical difference

among LGD, HGD and pT1a IPMN groups. Our study showed no

significant differences in all variables between patients with HGD

IPMN and pT1a IPMC, except for distal pancreatic atrophy which

was more common in pT1a IPMC.
The 3-class classification results of training
and testing sets including LGD, HGD/pT1a
IPMN and IPMC beyond pT1a

In the decision tree model, we used cross entropy as the

information gain and set the maximum depth of the tree as 5. In

the training set, an accuracy of 92.4% was reported (194 of 210

correct), and with the testing set, an accuracy of 86.9% (86 of 99
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TABLE 1 Clinical characteristics of patients between the training set and testing set.

Total Training set Testing set

n=309 n=210 n=99 X2 P value

Sex 0.129 0.806

Male 170 (55%) 117 (55.7%) 53 (53.5%)

Female 139 (45%) 93 (44.3%) 46 (46.5%)

Age (mean±SD)
61.80±

8.64 (84,27)
61.37±8.35 (84,27)

62.72±
9.20 (81,30)

0.202

Tumor location 5.374 0.071

Head of pancreas 164 (53.1%) 118 (56.2%) 46 (46.5%)

Body and tail of pancreas 97 (31.4%) 66 (31.4%) 31 (31.3%)

Grade of differentiation 48 (15.5%) 26 (12.4%) 22 (22.2%)

Pathological diagnosis

IPMN and Low-grade 206 (66.7%) 139 (66.2%) 67 (67.7%)

High-grade dysplasia 19 (6.1%) 13 (6.2%) 6 (6.1%)

pT1a IPMC 35 (11.3%) 24 (11.4%) 11 (11.1%)

Tubular 26 17 9

Colloid 9 7 2

Invasion beyond pT1a IPMC 49 (15.9%) 34 (16.2%) 15 (15.2%)

Tubular 38 25 13

Colloid 11 9 2

T stage a

T1a 35 (41.7%) 24 (41.4%) 11 (42.3%)

T1b 0 (0%) 0 (0%) 0 (0%)

T1c 9 (10.7%) 4 (6.9%) 5 (19.2%)

T2 24 (28.6%) 19 (32.8%) 5 (19.2%)

T3 16 (19.0%) 11 (19.0%) 5 (19.2%)

T4 0 (0%) 0 (0%) 0 (0%)

N stage, N1b 18 (21.4%) 12 (20.7%) 6 (23.1%)

M stage, M1 0 (0%) 0 (0%) 0 (0%)

UICC stage c

IA 42 (50%) 27 (46.6%) 15 (57.7%)

IB 12 (14.3%) 11 (19.0%) 1 (3.8%)

IIA 12 (14.3%) 8 (13.8%) 4 (15.4%)

IIB 18 (21.4%) 12 (20.7%) 6 (23.1%)

III 0 0 0

IV 0 0 0

Morphological types on imaging findings 0.415 0.855

Branch duct 167 (54%) 111 (52.9%) 56 (56.6%)

Main duct 38 (12.3%) 27 (12.9%) 11 (11.1%)

Mixed 104 (33.7%) 72 (34.3%) 32 (32.3%)

(Continued)
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correct). The confusion matrix of the decision tree model on the

testing set is shown in Figure 3C. On the decision tree model, we have

made an internal validation on our own dataset by a 10-fold cross

validation experiment, and an average accuracy of 78.1% is reported.

In the random forest model, we used cross entropy as the

information gain and set the number of trees as 30, and the

random features chosen for each tree is set as the square root of the

total number of features. The random forest model has an accuracy of

99.5% (209 of 210 correct) and 96.0% with the testing set (95 of 99

correct). The confusion matrix of the random forest model on the

testing set is also shown in Figure 3C. An internal cross validation is

also conducted on the random forest model, and the average accuracy

is 90.6%.
Frontiers in Oncology 06
The decision tree model has strong interpretation; our trained

decision tree model is shown in Figure 4. The nodes at the top part of

the trees, as the mural nodule size, CBD dilation, and serum CA19-9

levels, were the most important factors of the model. For

interpretability of the random forest model with respect to the

input factors, we used the estimated SHAP value, which is shown

in Figure 5. The blue, green, and pink bars represent the mean |SHAP

value| for the classes LGD IPMN, HGD/pT1a IPMN, and I-IPMC

beyond pT1a, respectively. Longer bars imply stronger significance,

and only the top 15 factors in order are shown. Among them, the

mural nodule size, MPD diameter, serum CA19-9 levels, lesion edge

clear, and CBD dilation were the most important factors that

influenced the classification results in the interpretation of the
TABLE 1 Continued

Total Training set Testing set

Surgical procedures 4.477 0.215

Total pancreatectomy 16 (5.2%) 8 (3.8%) 8 (8.1%)

Pancreaticoduodenectomy 167 (54%) 117 (55.7%) 50 (50.5%)

Distal pancreatectomy 75 (24.3%) 54 (25.7%) 21 (21.2%)

Central pancreatectomy 51 (16.5%) 31 (14.8%) 20 (20.2%)
fronti
aT stage indicates the depth of the invasive component. T1a was defined as a depth of 5 mm; T1b as > 5 mm and <10 mm; and T1c as ≥ 10 mm and ≤ 20 mm.
bNo lymph node metastasis in the pT1a IPMC group.
cThe pathological stage was determined by the 7th edition of the Tumor, Node, and Metastasis.
B

C

A

FIGURE 3

(A). Kaplan–Meier survival estimates of patients with LGD, HGD, pT1a, or I-IPMC beyond the pT1a group undergoing surgical resection of IPMN (Graph 1).
(B). Kaplan–Meier survival estimates of patients with LGD, HGD/pT1a, or I-IPMC beyond the pT1a group undergoing surgical resection of IPMN (Graph 2).
(C). Confusion matrix of the decision tree model (A) and the random forest model (B) on the testing set. The confusion matrix of on the testing set.
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TABLE 2 Univariate analysis of preoperative (clinical or radiological) findings associated with subtypes of IPMNs in the training set.

Pathological Diagnosis (1)Patients With
LGD IPMN (n=139)

(2)Patients With
HGD IPMN (n=13)

(3) Patients With
p1Ta IPMN (n=24)

(4)Patients With I-IPMC
beyond pT1a (n=34)

P
Value

Mean age (range), yrs 60.3 (80,27)a 66.0 (70,56) 64.5 (76,41) 65.3 (84,53)a 0.014

Male % 80 (57.6%) 5 (38.5%) 16 (66.7%) 16 (47.1%) 0.266

BMI,kg/m2 (range) 22.3 (30.0,14.4) 21.3 (24.6,17.3) 21.8 (26.3,16.4) 21.6 (27.2,15.2) 0.466

Initial symptoms 0.01

Jaundice 2 (1.4%) 0 (0.0%) 0 (0.0%) 2 (5.9%)

Weight loss 5 (3.6%) 0 (0.0%) 3 (12.5%) 2 (5.9%)

Abdominal pain 69 (49.6%) 10 (76.9%)d 9 (37.5%)d 20 (58.8%)

Back pain 4 (2.9%) 0 (0.0%) 3 (12.5%) 4 (11.8%)

No chief complaints 59 (42.4%)a 3 (23.1%) 11 (45.8%) 6 (17.6%)a

Duration of symptoms, months 10.8 (120,0.1) 8.8 (60.0,0.3) 4.9 (30,0.3) 3.7 (24,0.3) 0.11

Family history of pancreatic
cancer

6 (4.3%) 0 (0.0%) 1 (4.2%) 1 (2.9%) 0.875

Diabetes 37 (26.6%)a 2 (15.4%) 8 (33.4%) 18 (53.0%)a 0.005

New-onset DM 23 (16.5%)a 1 (7.7%) 4 (16.7%) 16 (47.1%)a

Long-standing DM 14 (10.1%) 1 (7.7%) 4 (16.7%) 2 (5.9%)

HBV 14 (10.1%) 2 (5.4%) 0 (0.0%) 3 (8.8%) 0.362

Acute pancreatitis 22 (15.8%) 0 (0.0%) 5 (20.8%) 6 (18.2%) 0.386

tumor location 0.003

Non diffuse 128 (92.1%) 12 (92.3%) 15 (62.5%) 29 (85.3%)

Head 78 (56.1%) 7 (53.8%) 11 (45.8%) 22 (64.7%)

Body/tail 50 (36.0%) 5 (38.5%) 4 (16.7%) 7 (20.6%)

Diffuse 11 (7.9%)a 1 (7.7%) 9 (37.5%) 5 (14.7%)a

Morphological types on imaging
findings

<0.001

Main duct/Mixed 45 (32.4%) 11 (84.6%) 21 (87.5%) 22 (64.7%)

Main duct 14 (10.1%) 0 (0.0%) 5 (20.8%) 8 (23.5%)

Mixed 31 (22.3%)bf 11 (84.6%)f 16 (66.7%)b 14 (41.2%)

Branch duct 94 (67.6%)abf 2 (15.4%)f 3 (12.5%)b 12 (35.3%)a

Maximum size, median
(range), cm

2.8 (19.6,1.0)b 3.6 (5.8,0.7) 4.0 (8.5,1.2)b 3.2 (8.8,1.73) 0.027

Presence of mural
nodule, %

32 ( 23.0%)abf 10 (76.9%)f 21 (87.5%)b 30 (88.2%)a <0.001

Maximum size of
mural nodule, median
(range), mm

2.0 (4.3,0.0)abf 0.9 (1.9,0.0)cf 1.1 (3.5,0.0)be 1.6 (4.5,0.0)ace <0.001

Lesion edge Clear,% 120 (86.3%) ab 10 (76.9%)c 11 (45.8%)b 5 (14.7%)ac <0.001

Maximum diameter of main
pancreatic duct, median (range), cm

0.4 (2.9,0.1)abf 1.1 (4.3,0.4)f 1.3 (3.9,0.5)be 0.84 (3.0,0.2)ae <0.001

CBD dilatation,% 1 (0.7%) ab 1 (7.7%)c 9 (37.5%)b 17 (50%)ac <0.001

Distal pancreatic atrophy,% 25 (18.0%)ab 4 (30.8%)d 20 (83.3%)bd 22 (64.7%)a <0.001

Serum CA19-9, U/mL 28.0 (1141.9,0.2)a 20.3 (136.0,3.3)c 63.6 (460.4,5.0)e 348.8 (4446.2,1.1)ace <0.001

Serum CEA, ng/Ml 2.6 (17.1,0.6)a 4.2 (20.4,1.0) 4.8 (15.9,0.7) 7.4 (96.0,1.2)a 0.006

(Continued)
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random forest model. There were some discrepancies in the range of

the importance of factors for the random forest model between the

decision tree model, which a higher accuracy indicated a more

comprehensive interpretation than a single decision tree.
Discussion

The current consensus regarding the malignant potential of

IPMN is that its aggressiveness is dependent on the presence of

invasive cancer, the extent of cancer invasion, and the biological

characteristics of cancer cells (24–30). These findings suggest that the

therapeutic strategy for IPMN should differ according to the grade.

Therefore, it is becoming more important to accurately categorize

IPMN preoperatively into its corresponding pathological subtypes.

Previous studies have focused on I-IPMC, but did not focus on the

early stage of malignant IPMN. However, in the clinic, such patients

are the most difficult to identify in time, and if identified earlier, the

prognosis of patients will be greatly improved. In our study, HGD

IPMN shows similar optimistic postoperative outcome to pT1a

IPMC, whereas I-IPMC beyond pT1a has a poorer outcome

compared with HGD/pT1a IPMN. The postoperative survival and

5-year survival rate of IPMN were nearly consistent with previous

reports (22, 45). Moreover, there were no significant differences

between most variables between HGD IPMN and pT1a IPMC in

the present study. Therefore, we believe that pT1a and HGD behave

similarly and both have excellent prognoses; thus, we integrated both

pT1a and HGD into HGD/pT1a IPMN in the present study.

However, performing grade classification preoperatively is generally

difficult, and preoperative discrimination between IPMN with HGD/

pT1a and LGD is nearly impossible. Several predictive factors for
Frontiers in Oncology 08
malignant IPMN have been reported, including dilated branch (30

mm), MPD dilatation, the presence of mural nodules, elevated CEA,

and elevated CA19-9. These factors, however, were not able to

differentiate HGD/pT1a from LGD lesions. Similarly, Kang et al.

found that adding diffusion-weighted images to MRCP improved the

ability to detect invasive malignancy in IPMN (46). In a recent study,

the authors found that the use of contrast-enhanced harmonic EUS

(CH-EUS) provided an increased diagnostic yield in the identification

of malignant features of mural nodules within pancreatic cystic

neoplasms (PCNs) (47). However, defining the degree of dysplasia

in IPMN was not possible with imaging and classical tumor markers

or EUS characteristics alone. In this study, we focused on establishing

a pioneering system that combines the features into a patient-specific

risk using unique clinical and standardized preoperative examination

modalities and standardized pathological diagnostic criteria by tree

models to perform accurate grade classification preoperatively.

The present study found 16 variables to be independently

associated with the progression from LGD to HGD and pT1a to

invasive carcinoma (Table 2). Among them, accompanied by an

unclear focus boundary, DM (especially new-onset DM), elevated

serum CA19-9, and obstructive jaundice are obvious in the advanced

stage of invasive IPMC, but are not common in HGD or pT1a IPMC.

Many previous studies and guidelines have suggested that elevated

serum CA19-9, DM, and obstructive jaundice are risk predictors of

malignant IPMN (18, 20, 28, 45, 48, 49). However, HGD and pT1a

IPMN have not been previously analyzed separately from malignant

IPMN. Thus, in the present study, we found the three factors could

not be used as a sign of early malignancy, and their appearance often

indicates that the disease is at an advanced stage of invasion.

Moreover, our study suggests the presence of mural nodules should

be regarded as highly suspicious of invasive carcinoma or HGD in all
FIGURE 4

Illustration of the decision tree model.
TABLE 2 Continued

Pathological Diagnosis (1)Patients With
LGD IPMN (n=139)

(2)Patients With
HGD IPMN (n=13)

(3) Patients With
p1Ta IPMN (n=24)

(4)Patients With I-IPMC
beyond pT1a (n=34)

P
Value

Serum CA125, U/mL 10.3 (62.8,2.0)a 16.8 (70.6,7.7) 14.9 (41.1,4.2) 21.2 (269.9,4.4)a 0.029

Serum AFP, ng/mL 3.5 (41.9,0.8) 3.4 (6,1.2) 3.2 (7.9,1.2) 3.3 (24.0,1.0) 0.963

Liver function <0.001

Obstructive jaundice 1 (0.7%)a 0 (0.0%) 2 (14.3%) 11 (32.4%)a
fronti
Categorical values are expressed as percentages, and P values calculated with Chi square analysis. Continuous variables are shown as median and interquartile ranges and compared with ANOVA. P-
values denote comparisons among the four groups. ab and cdef signify P < 0.05 for pairwise comparisons. a:1-4, b:1-3, c:2-4, d:2-3, e:3-4, and f:1-2.
BMI, body mass index; DM, diabetes mellitus; HBV, hepatitis B virus; CBD, common bile duct; CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; CA125, carbohydrate antigen 125;
AFP, alpha-fetoprotein; LGD, low grade dysplasia; HGD, high grade dysplasia; p1Ta, invasive component ≤ 5 mm; IPMN, intraductal papillary mucinous neoplasm; I-IPMC, invasive intraductal
papillary mucinous carcinoma; NA, not applicable.
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morphological types, which is consistent with a malignant predictor

in several reports (32, 43, 48, 50, 51). However, we also found that

nearly 12–23% of cases of IPMN in the HGD and I-IPMC groups had

no mural nodules; thus, other factors need to be considered. CBD

diameter ≥ 15 mm and MPD dilatation are two specific signs of HGD

and invasive disease (LGD vs. HGD vs. pT1a vs. I-IPMC beyond pT1a,

1 [0.7%] vs. 1 [7.7%] vs. 9 [37.5%] vs. 17[50.0%], p = 0.000; 0.4 (2.9,

0.1) vs. 1.1 (4.3, 0.4) vs. 1.3 (3.9, 0.5) vs. 0.84 (3.0, 0.2), p = 0.000).

Although MT-IPMN was also associated with malignant disease (P =

0.000), the pathology of 35.3% of BD-IPMN was I-IPMC beyond

pT1a. Assessing the malignant risk of BD-IPMN will require

further investigation.

To observe the influence of high-risk factors, we used the

interpretability method for tree models, which can help improve

clinician understanding of IPMNs and important characteristics for

diagnosis. As shown in Figure 4, the nearest nodes to the root of the

decision tree have the greatest influence on the classification. For a

simple analysis, we can see the key to distinguishing benign from

malignant IPMN is mural nodules. If the mural nodule size is less

than 0.575 cm, LGD IPMN is more likely. If the mural nodule size is

greater than 0.575 cm, and CA19-9 is greater than 26.85 U/ml, IPMC

is more likely. If the mural nodule size is greater than 0.575 cm, but

CA19-9 is less than 26.85 U/ml, no history of diabetes, and CEA is

greater than 5.245 ng/ml, HGD/pT1a is more likely; if CEA is less

than 5.245 ng/ml, LGD is more likely. From this, we can see the

appearance of mural nodules( >0.575 cm) suggests early or advanced

stage malignant IPMC and elevated serum CA19-9 reflects an

advanced stage of invasive IPMC, which is similar to the recently

published paper (52). In addition, the mural nodules of our decision

tree algorithm was 5.75mm, and it can also be considered as a cutoff

value, which was closed to previous studies (4, 43, 53),and the high

accuracy of our model showed unique practical significance in our

classification of LGD, HGD/pT1a and I-IPMC beyond pT1a. In the

random forest model, which had a higher accuracy, the SHAP value

was used for interpretation. As in Figure 5, the mural nodule size,
Frontiers in Oncology 09
MPD diameter, serum CA19-9 levels, whether the lesion edge was

clear, and the presence of CBD dilatation all influenced the random

forest classification model. The decision tree provided an outstanding

prediction capability for each stage for IPMN, with an accuracy of

86.9% on the testing set. The random forest model also showed high

diagnostic ability with an accuracy of 96.0% on the testing set.

The random forest model uses the ensemble learning method,

which assembles multiple decision trees, and as a result, is more

accurate for this 3-class classification task. Comprehensive

classification, including benign, early malignant, and advanced

invasive, is convenient for clinical decisions. Additionally, we have

made a convenient software for this random forest model for

clinicians. By inputting relative captured features, the predicted

class of IPMN of a single patient can be shown.

There are some limitations to the present study. First, this model

was developed in a population of patients who were subsequently

treated surgically. Hence, the cohort may not accurately represent

patients with the whole IPMN population, and the cases could have

selection bias. Second, prospective investigations conducted at

multiple institutions are necessary for validating the results

obtained in the current study. Finally, HGD and pT1a IPMN

patients were relatively few. Therefore, internal validation (10-fold

cross-validation) was used to evaluate the diagnostic performance for

the invasion potency of IPMN because we could not collect enough

patients to perform AI when patients were separated into groups for

training and test data, and the results of the cross-validation have also

shown high accuracy in classifying LGD, HGD/pT1a, and I-IPMC

beyond pT1a, which better proves the efficiency of our AI models.

Overall, a simple and objective predictive model for IPMN of each

stage that can be used for any lesion type was constructed. This

predictive model provides important information for clinicians and

patients in assessing an individual’s risk for early stage malignant

IPMN and may help identify masses that appear benign but

require surgery.
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Negative branch-duct IPMNs: When to worry? a study from the French surgical
association (AFC). Ann Surg Oncol (2018) 25:1017–25. doi: 10.1245/s10434-017-6318-0

50. Seo N, Byun JH, Kim JH, Kim HJ, Lee SS, Song KB, et al. Validation of the 2012
international consensus guidelines using computed tomography and magnetic resonance
imaging: Branch duct and main duct intraductal papillary mucinous neoplasms of the
pancreas. Ann Surg (2016) 263:557–64. doi: 10.1097/SLA.0000000000001217

51. Moris M, Raimondo M, Woodward TA, Skinner V, Arcidiacono PG, Petrone MC,
et al. Risk factors for malignant progression of intraductal papillary mucinous neoplasms.
Dig Liver Dis (2015) 47:495–501. doi: 10.1016/j.dld.2015.03.007

52. Xu Y, Xie C, Gao Z, Zhang M, Zhan M. Nomogram to predict malignancy in
branch duct type intraductal papillary mucinous neoplasms.Med (Baltimore). (2022) 101
(38):e30627. doi: 10.1097/MD.0000000000030627

53. Anand N, Sampath K, Wu BU. Cyst features and risk of malignancy in intraductal
papillary mucinous neoplasms of the pancreas: a metaanalysis. Clin Gastroenterol Hepatol
(2013) 11:913–21. doi: 10.1016/j.cgh.2013.02.010
frontiersin.org

https://doi.org/10.1097/01.sla.0000128306.90650.aa
https://doi.org/10.1097/MPA.0b013e3181bab60e
https://doi.org/10.1097/MPA.0b013e3181bab60e
https://doi.org/10.1097/MPA.0b013e31827a7b84
https://doi.org/10.1016/j.ejro.2020.100278
https://doi.org/10.1016/j.ejro.2020.100278
https://doi.org/10.1046/j.1440-1746.2003.03040.x
https://doi.org/10.1055/s-0031-1291716
https://doi.org/10.1016/S0016-5107(05)00082-9
https://doi.org/10.1055/a-1831-5385
https://doi.org/10.1148/radiology.214.1.r00ja35173
https://doi.org/10.1148/radiology.214.1.r00ja35173
https://doi.org/10.1007/s00268-015-3062-0
https://doi.org/10.1007/s00268-015-3062-0
https://doi.org/10.1007/s10620-015-3679-8
https://doi.org/10.1007/s10620-015-3679-8
https://doi.org/10.1097/SLA.0b013e3182444231
https://doi.org/10.1002/cncr.25537
https://doi.org/10.1097/PAS.0b013e3181484f1e
https://doi.org/10.1097/PAS.0b013e3181484f1e
https://doi.org/10.1002/jmri.24022
https://doi.org/10.1016/j.gie.2021.06.028
https://doi.org/10.1097/SLA.0b013e31829385f7
https://doi.org/10.1097/SLA.0b013e31829385f7
https://doi.org/10.1245/s10434-017-6318-0
https://doi.org/10.1097/SLA.0000000000001217
https://doi.org/10.1016/j.dld.2015.03.007
https://doi.org/10.1097/MD.0000000000030627
https://doi.org/10.1016/j.cgh.2013.02.010
https://doi.org/10.3389/fonc.2023.1087852
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	A model for predicting degree of malignancy in patients with intraductal papillary mucinous neoplasm
	Introduction
	Methods
	Patients
	Preoperative examinations
	Surgical indications
	Pathological diagnosis
	Follow-up
	Statistical analysis

	Results
	Patient characteristics
	Training and testing subgroups
	Postoperative survival in the training subgroup
	Factors associated with subtypes of IPMN in the training set in univariate analyses
	The 3-class classification results of training and testing sets including LGD, HGD/pT1a IPMN and IPMC beyond pT1a

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


