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Purpose: To identify the clinical and genetic variables associated with rim

enhancement of pancreatic ductal adenocarcinoma (PDAC) and to develop a

dynamic contrast-enhanced (DCE) MRI-based radiomics model for predicting

the genetic status from next-generation sequencing (NGS)

Materials and methods: Patients with PDAC, who underwent pretreatment

pancreatic DCE-MRI between November 2019 and July 2021, were eligible in

this prospective study. Two radiologists evaluated presence of rim enhancement

in PDAC, a known radiological prognostic indicator, on DCE MRI. NGS was

conducted for the tissue from the lesion. The Mann-Whitney U and Chi-square

tests were employed to identify clinical and genetic variables associated with rim

enhancement in PDAC. For continuous variables predicting rim enhancement,

the cutoff value was set based on the Youden’s index from the receiver operating

characteristic (ROC) curve. Radiomics features were extracted from a volume-

of-interest of PDAC on four DCEmaps (Ktrans, Kep, Ve, and iAUC). A random forest

(RF) model was constructed using 10 selected radiomics features from a pool of

392 original features. This model aimed to predict the status of significant NGS

variables associated with rim enhancement. The performance of the model was

validated using test set.

Results: A total of 55 patients (32 men; median age 71 years) were randomly

assigned to the training (n = 41) and test (n = 14) sets. In the training set, KRAS,

TP53, CDKN2A, and SMAD4 mutation rates were 92.3%, 61.8%, 14.5%, and 9.1%,

respectively. Tumor size and KRAS variant allele frequency (VAF) differed between

rim-enhancing (n = 12) and nonrim-enhancing (n = 29) PDACs with a cutoff of

17.22%. The RF model’s average AUC from 10-fold cross-validation for predicting

KRAS VAF status was 0.698. In the test set comprising 6 tumors with low KRAS

VAF and 8 with high KRAS VAF, the RF model’s AUC reached 1.000, achieving a

sensitivity of 75.0%, specificity of 100% and accuracy of 87.5%.
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Conclusion: Rim enhancement of PDAC is associated with KRAS VAF derived

from NGS-based genetic information. For predicting the KRAS VAF status in

PDAC, a radiomics model based on DCE maps showed promising results.
KEYWORDS

pancreatic cancer, radiomics, genetics, dynamic contrast-enhanced imaging, magnetic
resonance imaging
Introduction

Pancreatic cancer is the fourth most common cancer with the

lowest 5-year relative survival rate (11%) in the United States (1).

MRI offers higher soft-tissue contrast, which is helpful for detecting

and characterizing small lesions in the pancreas and liver (2, 3). A

prior study attempted to find radiological findings that would

predict clinical outcome, and rim enhancement of pancreatic

ductal adenocarcinoma (PDAC) on MRI was an independent

predictor of poor outcome in patients who received surgery (4).

Lesions with rim enhancement showed more aggressive histologic

tumor grades, fewer visible acini, and more necrosis inside the

tumor than lesions without rim enhancement.

Although multiphase MRI is commonly utilized for pancreatic

imaging, dynamic contrast-enhanced (DCE) MRI with short

temporal resolution (< 10 seconds) has been investigated.

Previous research found that DCE MRI findings differed

significantly between pancreatic tumors and normal pancreas or

benign disease (5–8). The tumor’s characteristics are expected to be

quantitatively analyzed using DCE MRI parameters which are

correlated to pathological findings such as microvascular density

or fibrosis (8–11). Additionally, DCE MRI parameters are different

depending on the therapeutic response in PDAC patients (12, 13).

Radiomics is used to extract high-dimensional features and to

quantitatively assess details on radiological images that cannot be

seen visually (14, 15). In radiomics, features are selected based on

predefined mathematical calculations that explain the relationships

between signal intensities in pixels. A machine learning algorithm is

used to choose several important features from hundreds of

available ones and to construct a prediction model. Multiple

studies have been performed to discover key radiomics features or

to build radiomics models to predict pathologic characteristics or

patient outcomes in oncology (16, 17). Radiomics in the pancreas

has been used to differentiate pancreatic lesions from the normal

pancreas, classify pancreatic masses, and predict therapeutic

response or prognosis (18–20). Radiogenomics is a specialized

application that connects radiomics to genetic data (21, 22). DCE

MRI, however, has not been employed for radiomics or

radiogenomics research in the pancreas. We anticipated that the

quantitative analysis using radiomics in DCE MRI, which might

reflect the histologic features of the tumor, could potentially have a

correlation with qualitative MRI findings such as rim enhancement
02
or genetic characteristics. If the quantitative analysis of MRI is

related to genetic prognostic factors, it is expected that MRI

variables could serve as potential prognostic factors. Therefore,

the purpose of this study was to identify the clinical and genetic

variables associated with rim enhancement of PDAC as well as to

develop and test a radiomics model based on DCE MRI parametric

maps for predicting the status of important genetic factors.
Materials and methods

Patients

Our hospital’s institutional review board approved this

prospective study, and informed consent was obtained from

all participants.

Patients diagnosed with PDAC at our institution after July 2019,

and had their diagnosis pathologically confirmed via biopsy or

surgery, were eligible. From this group, we only included those who

underwent a pre-treatment pancreas MRI that would be used for

analysis. We set our target study participant count to 60 based on

precedent. This decision was informed by previous DCE MRI

studies on PDAC, where participant numbers ranged from 14 to

58, especially considering the unpredictability of correlating DCE

MRI results with genetic information (8, 10, 11, 23–25). Exclusion

criteria were as follows: (a) no pancreatic MRI prior to treatment;

(b) pancreatic MRI that did not include DCE MRI; (c) pancreatic

MRI at other institutions; and (d) refusal to participate in the study.

Clinical data from electronic medical records were collected,

including age, sex, initial carbohydrate antigen (CA) 19-9 level,

and clinical staging. The patients were randomly assigned into two

groups, i.e., training and test sets, in a 3:1 ratio.
MRI acquisition

A 3T MRI scanner (MAGNETOM Vida, Siemens Healthcare,

Erlangen, Germany) with a 30-channel surface coil and a 32-

channel or 72-channel spine coil was utilized for all MRI

examinations. A power injector operating used to deliver 0.1

mmol/kg gadoterate meglumine (Dotarem, Guerbet, Paris,

France) followed by a 20-mL saline flush for DCE MRI. The
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temporal resolution of DCE MRI was 13.5 seconds for the first two

images, 8.4 seconds for 180 seconds, and 13.5 seconds for the

remaining 121 seconds. The MRI sequences and parameters are

summarized in Supplementary Table E1. Pharmacokinetic maps

were generated from DCE MRI after automatic motion correction

and registration using a commercially available program (MR

Tissue4D in Syngo.via VB40B, Siemens Healthcare): volume

transfer constant (Ktrans), reverse reflux constant (Kep),

extravascular extracellular volume fraction (Ve). The initial area

under the curve (iAUC) was measured for the first 60 seconds. The

arterial input function was chosen by having the smallest chi2 value

as supplied by the program.
Image analysis

MR examinations were reviewed independently by two

abdominal radiologists. They measured tumor size based on DCE

MRI referring to all other sequences. They also evaluated whether

the tumor had rim enhancement on DCEMRI images, as defined in

a previous study: irregular ring-like enhancement with a relatively

hypo-enhancing central area (4). The discordant results were solved

by consensus, and the final decision was regarded as the gold

standard of tumor size and rim enhancement.
Next generation sequencing (NGS)

An expert pathologist reviewed the hematoxylin-eosin-stained

slides to determine the cancer area and normal pancreas tissue as

well as the existence of an adequate amount of tissue for NGS. The

Oncomine Comprehensive Assay Plus panel (Thermo Fisher

Scientific, USA) was used for NGS, which targeted 411 genes of

solid tumors. Tier I or II genetic alterations were detected using

standards and guidelines for the assessment and reporting of

sequence variants in cancer (26). The thresholds of variant allele

frequency for hotspot variants, single nucleotide variants (SNVs),

and insertions and deletions (indels) were ≥ 4%, ≥ 5% and ≥ 5%,

respectively. Copy number variation ≥ 4 was considered a gain

(amplification), and a variation < 0.7 was considered a

loss (deletion).
Tumor segmentation

One radiologist with 10 years of experience in abdominal

imaging performed 3D tumor segmentation on the pancreatic

phase of DCE MRI by referring to all available MR images.

Volume of interest (VOI) segmentation was performed manually

on all axial images of the tumor, using open source software ITK-

SNAP, version 3.8.0 (http://www.itksnap.org/) (27). If a patient had

multiple cancer lesions, tumor segmentation was performed on the

largest tumor. To assess intraobserver agreement, the radiologist

performed tumor segmentation again for each patient more than a

month after completing the first segmentation.
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Radiomics feature extraction

Software for radiomics analysis (Syngo. Via Frontier, Version

1.2.2; Siemens Healthineers) was used (28). This software package

was developed based on the PyRadiomics library, version 3.0.1

(https://github.com/Radiomics/pyradiomics) and scikit-learn

machine learning library (https://scikit-learn.org/stable/modules/

generated/sklearn.ensemble.RandomForestClassifier.html). Four

DCE parametric maps were simultaneously loaded into the

software with a segmentation mask. MR images were resampled

using B-Spline interpolation at a spatial resolution of 1 × 1 × 1 mm3.

The bin width was set as 25 to make a histogram of discretization of

the image gray levels. On each DCE parametric map, 110 original

features were extracted from a VOI. They included 18 first-order

features, 17 shape features and 75 texture features (gray level

dependence matrix [GLDM], gray level co-occurrence matrix

[GLCM], gray level run length matrix [GLRLM], gray level size

zone matrix [GLSZM], and neighboring gray tone difference matrix

(NGTDM) features). The software generated a cluster map to show

associations between the identified clusters of patients and features

using the Ward variance minimization algorithm to calculate the

cluster distances (Supplementary Figure E1).
Feature selection, radiomics model
development and testing

Radiomics features from four DCE parametric maps were

integrated. In the training set, features having an intraclass

correlation coefficient (ICC) of less than 0.75 between two VOIs

were removed (29). Radiomics features were reduced to a maximum

of 10 features using the classic minimum redundancy maximum

relevance (mRMR) method based on the R2 difference. The

algorithm selects the most relevant features for target

classification while minimizing feature redundancy. Using the

selected features, a random forest (RF) model for predicting the

significant genetic factor was built. The model was optimized using

tenfold cross-validation, and the average area under the receiver

operating characteristic curve (AUC), sensitivity, specificity and

accuracy were calculated. The model was optimized using tenfold

cross-validation and validated with a test set.
Statistical analysis

The Kolmogorov-Smirnov test was performed to evaluate the

normality of the continuous clinical variables, including age, tumor

size and CA19-9 level, and variant allele frequency (VAF) of four

most common mutations identified by NGS. Cohen’s kappa value

and ICC were used to assess interobserver agreement for rim

enhancement and tumor size measurement. The Dice similarity

coefficient was employed to assess spatial agreement between two

sets of VOIs of PDAC. Mann-Whitney U and Chi-square tests were

used to compare clinical and genetic factors between training and

test sets as well as between tumors with and without rim
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enhancement. The correlations among the significant factors were

evaluated using the Spearman correlation coefficient. Receiver

operating characteristic (ROC) curve analysis was assessed the

discriminative ability of continuous variables from NGS in

predicting the presence of rim enhancement. Youden’s index,

applied to the training set, determined the cutoff values for

significant factors linked to rim enhancement.

A radiomics model was built utilizing radiomics features from

DCE parametric maps to predict the status of the significant genetic

factor. The sensitivity, specificity, accuracy, and AUC of the

radiomics model were calculated in the test set and training set.

Statistical analyses were performed using SPSS software version

23.0 (IBM, Armonk, NY, USA) and GraphPad Prism version 8.0

(GraphPad Software, Inc., La Jolla, CA, USA). P <.05 was

considered statistically significant.
Results

Patients

From November 2019 to July 2021, 60 patients consented to

participate in this study. Five patients were excluded due to

unavailable NGS results because of insufficient amounts of tissue

(Figure 1). A total of 55 patients (32 men, median age 71 years,

interquartile range [IQR], 66–77]) were included. The median

CA19-9 level was 470.2 U/mL (IQR, 49.3–2972.0 U/mL).

Although two patients had two pancreatic cancer lesions, only the

largest lesion was included in the analysis. Resectable, borderline

resectable, locally advanced, and metastatic PDAC were diagnosed

in 16 (29.1%), 3 (5.5%), 7 (12.7%) and 29 (52.7%) patients,

respectively. Histological tumor grading was available for 29

patients: 8 had well-differentiated tumors, 18 had moderately

differentiated tumors, and 3 had poorly differentiated tumors.

Surgery was performed in 14 patients. In the training and test

sets, 41 and 14 patients were randomly assigned. Table 1
Frontiers in Oncology 04
summarizes the baseline characteristics of the patients. There

were no statistically significant differences in any clinical factor

between the training and test sets.
Image analysis and segmentation

The median tumor size in all patients was 3.5 cm (IQR, 2.3–5.0

cm). The ICC for the size measurement between two readers was

0.900. The two radiologists classified 19 and 17 tumors as positive

rim enhancement, respectively (k = 0.670). Following the resolution

of the disagreement, 18 patients (32.7%) were categorized as having

tumors with rim enhancement, including 12 patients in the training

set and 6 patients in the test set. In all cases, the Dice similarity

coefficient between the two sets of VOIs in all patients was 0.760.
Clinical and genetic factors between
tumors according to rim enhancement

In the training set, tumors with rim enhancement were

significantly larger than tumors without rim enhancement

(P = 0.021) (Table 2). Other clinical factors were not different

according to rim enhancement. As a result of NGS, a wide variety of

genetic mutations were discovered (Supplementary Figure E2). We

evaluated the four most common mutations in PDAC. KRAS, TP53,

CDKN2A, and SMAD4 mutation rates were 92.3%, 61.8%, 14.5%,

and 9.1%, respectively. The presence or absence of these mutations

was not different according to tumor rim enhancement. The VAF of

KRAS mutation was significantly higher in tumors with rim
FIGURE 1

Flow diagram of study participants.
TABLE 1 Clinical characteristics in the training and test sets.

Characteristics
Training set
(n = 41)

Test set
(n = 14)

P
value

Age (years) 72.0 (66.0–77.5) 69.0 (66.0–77.3) 0.756

Male patient 23 (56.1%) 9 (64.3%) 0.416

Body weight (kg) 60.0 (50.0–68.5) 61.5 (52.3–68.5) 0.977

CA 19-9 (U/mL)
421.1

(60.5–3184.5)
664.2

(20.9–2797.5)
0.885

Tumor size (cm) 3.6 (2.4–5.0) 2.8 (2.3–4.2) 0.422

Tumor location

Head 20 (48.8%) 6 (42.9%)
0.704

Body to tail 21 (51.2%0) 8 (57.1%)

Clinical staging

Resectable PDAC 10 (24.4%) 6 (42.9%)

0.291

Borderline
resectable PDAC

2 (4.9%) 1 (7.1%)

Locally
advanced PDAC

7 (17.1%) 0 (0%)

Metastatic PDAC 22 (53.7%) 7 (50.0%)
fron
Data are presented as median (interquartile range) or number (%).
CA, Carbohydrate antigen.
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enhancement than in others. The VAFs of other mutations did not

differ between the two groups. Spearman correlation test showed

that tumor size and KRAS VAF were not correlated (r = 0.275,

P = 0.082).
The cutoff value for positive
rim enhancement

Two factors (tumor size and KRAS VAF) that exhibited

significant differences between tumors with and without rim

enhancement were further evaluated with ROC curves. In the

training set, the cutoff values of tumor size and KRAS VAF for

predicting positive rim enhancement were > 3.9 cm and > 17.22%;

they had AUCs of 0.728 and 0.762, respectively. Based on the

established cutoff of KRAS VAF, 10 out of the 12 rim-enhancing

PDAC cases and 8 out of the 29 nonrim-enhancing PDAC cases

were classified with high KRAS VAF. In the test set, the AUCs for

the tumor size and KRAS VAF were 0.510 and 0.750, respectively

(Supplementary Figure E3). According to the KRAS VAF cutoff,

patients in the test set were divided into two groups, namely, low

KRAS VAF [n = 6] and high KRAS VAF [n = 8].
Development and testing of the
radiomics model

A radiomics model utilizing DCE parameters was developed to

predict KRAS VAF status. After excluding 17 features with low ICC

from each parametric map, 93 features were selected from each

DCEmap. Consequently, a total of 372 features were extracted from

the four DCE maps. From the training set, the ten most important

characteristics for predicting low and high KRAS VAF were chosen

(Supplementary Figure E4). The average AUC of the radiomics

model with 10-fold cross validation was 0.698. The model’s

sensitivity, specificity, and accuracy were 66.7%, 82.6% and 75.6%,

respectively. In the test set, the AUC of the model was 1.000

(Figure 2). The sensitivity, specificity and accuracy of the model

were 75.0%, 100% and 87.5%, respectively. The example cases are

depicted in Figures 3, 4.
Discussion

Our study evaluated the clinical and genetic factors that are

associated with rim enhancement of PDAC, which has been

identified as a predictive imaging feature for postsurgical

prognosis (4). Only tumor size and VAF of KRAS mutation were

associated with rim enhancement; the presence of any common

mutation in PDAC was not associated. We used a machine learning

model based on radiomics of DCE MRI to predict low and high

KRAS VAFs (cutoff 17.22%). A machine learning model

incorporating DCE parametric maps (Ktrans, Kep, Ve, iAUC)

produced excellent results with an AUC of 1.000 in the test set

that was randomly selected from the entire patient cohort. In this

study, we discovered genetic differences in PDAC based on rim
Frontiers in Oncology 05
enhancement and used DCE MRI radiomics to predict

genetic information.

KRAS, TP53, CDKN2A, and SMAD4 are well-known driver

mutations in PDAC. Recent advances in NGS technology enable

accurate genetic mutation profiling of PDAC even with a small

biopsy sample (30). The mutation rates of KRAS/TP53/CDKN2A/

SMAD in the entire patient group in our study were consistent with

previous results (31, 32). Because PDAC involves a very intricate

molecular process, single major genetic alterations have seldom

demonstrated therapeutic or prognostic implications in clinical

settings. Beyond the presence of mutations, quantitative genetic

variant analysis may be necessary to properly assess clinical

genomic information in PDAC.

In the current study, KRAS VAF levels were linked to PDAC

rim enhancement in MRI. VAF is defined as the percentage of

sequence reads in a particular sample that have a certain

deoxyribonucleic acid (DNA) variant. According to recent

research, patients with higher KRAS VAF exhibited greater tumor
TABLE 2 Differences in clinical characteristics and genetic information
according to rim enhancement in the training set.

Parameters
Rim

enhancement
(n = 12)

No rim
enhancement

(n = 29)

P
value

Clinical characteristics

Age (years) 71.0 (64.3–79.3) 72.0 (66.0–77.5) 0.767

Male patient 7 (58.3%) 16 (55.2%) 0.853

Body weight (kg) 71.0 (64.3–67.3) 60.0 (50.0–70.0) 0.372

CA 19-9 (U/mL)
1993.6

(99.9–16911.5)
261.8 (43.3–1265.9) 0.176

Tumor size (cm) 4.8 (4.2–6.0) 3.3 (2.2–4.9) 0.021

Clinical stage

Resectable PDAC 1 (8.3%) 9 (31.0%)

0.221

Borderline
resectable PDAC

1 (8.3%) 1 (3.4%)

Locally
advanced PDAC

1 (8.3%) 6 (20.7%)

Metastatic PDAC 9 (75.0%) 13 (44.8%)

Mutation profile

KRAS mutant 12 (100%) 25 (86.2%) 0.235

KRAS VAF (%) 27.3 (20.8–35.7) 13.2 (6.3–25.4) 0.008

TP53 mutant 9 (75.0%) 16 (55.2%) 0.236

TP53 VAF (%) 13.0 (0–40.1) 10.5 (0–21.8) 0.488

CDKN2A mutant 2 (16.7%) 4 (13.8%) 0.813

CDKN2A
VAF (%)

0 (0–0) 0 (0–0) 0.956

SMAD4 mutant 1 (8.3%) 3 (10.3%) 0.843

SMAD4 VAF (%) 0 (0–0) 0 (0–0) 0.944
front
Data are presented as median (interquartile range) or number (%).
PDAC, pancreatic ductal adenocarcinoma; CA, Carbohydrate antigen; VAF, variant
allele frequency.
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cellularity and worse survival outcomes (33, 34). There was no

significant relationship between the positivity of KRAS mutation

and survival outcome in a recent study on KRAS mutation in

resected pancreatic cancer specimens. Rather, inverse relationships

of KRAS VAF with survival outcomes were consistently reported

across strata of tumor cellularity levels (35). The same study

reported that a higher KRAS VAF was associated with a higher

frequency of neural/lymphatic invasion, increased tumor cellularity,

and decreased inflammatory cellularity. Mechanical evidence from

animal models supports our findings, which suggest that a higher
Frontiers in Oncology 06
rate of KRAS mutation contributes to rapid cancer progression and

metastasis (36, 37).

Rim-enhancing PDAC exhibited significantly greater

intratumoral necrosis and a higher aggressive grade as well as a

significantly worse survival result than nonrim-enhancing PDAC

(4). MRI-based intratumoral necrosis, defined as a region with fluid

signal intensity and poor contrast enhancement, was correlated

with more pathological intratumoral necrosis, higher tumor

cellularity and worse clinical outcome in another study (38). As a

result, the enhancement pattern may represent the histological

features of PDAC as well as the clinical outcome.

In our study, rim-enhancing PDAC exhibited significantly

higher levels of KRAS VAF than nonrim-enhancing PDAC.

While we did not investigate the direct association between

patient survival and high KRAS VAF, our results indicate that the

radiologically unfavorable prognostic finding is related to high

KRADS VAF, which has been associated with a worse prognosis

in prior research (35). However, no relationship was found between

the existence of major genetic mutations and the rim enhancement

of PDAC. The particular mutation in PDAC may not alter the

phenotype on radiological imaging, similar to earlier clinical

research in which KRAS mutation was not associated with the

patient’s prognosis (35).

Because the enhancement pattern is connected to NGS-based

genetic information, quantitative analysis for contrast enhancement

utilizing DCE MRI was applied in this study. As rim enhancement

indicates varying degrees of enhancement in the peripheral and

central areas of the tumor, the mean values of DCE parameters in

the entire tumor may not accurately reflect tumor enhancement.

Therefore, we used radiomics analysis of DCE parametric maps to

predict KRAS VAF status in PDAC. In a prior study, radiomics

models based on arterial and portal phase contrast-enhanced MRI

were developed to predict Mucin 4 expression levels (39). However,
FIGURE 3

A 68-year-old woman with pancreatic ductal adenocarcinoma in the pancreas head. A 2.3 cm tumor shows high signal intensity on axial T2-
weighted image (A) and diffusion-weighted image (B). Arterial (C) and portal (D) phase images of dynamic contrast-enhanced (DCE) MRI show rim
enhancement of the tumor. Ktrans (E), Kep (F), Ve (G), and iAUC (H) maps are displayed at the level of the tumor. The KRAS variant allele frequency
(VAF) of this lesion was 20.6%, and the patient was classified as having a high VAF level. The radiomics model based on DCE parameters predicted
the lesion as a high VAF tumor with a probability of 0.59.
FIGURE 2

ROC curve of the radiomics model for predicting high KRAS variant
allele frequency in the test set.
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no radiomics study of DCE parametric maps has been performed in

PDAC. To build a radiomics model, we combined three DCE

parametric maps (Ktrans, Kep, and Ve maps) and an iAUC map.

Furthermore, to simplify the radiomics model, we used only the

original features, excluding filtered features from processes like

wavelet and Laplacian of Gaussian filtering. The radiomics model

with 10 features selected from four different maps showed excellent

results in predicting high and low KRAS VAF tumors in the test set

with an AUC of 1.000. Although radiomics features may not be

directly interpreted as classical image findings, we can infer their

implications. Among the 10 selected features, tumors with high

KRAS VAF exhibited lower 10th percentile values on the Ve map,

indicating a tendency towards decreased signal intensity of the

tumor. Additionally, a higher value of size zone nonuniformity

normalized (SNZZ) on the Kep map suggested the presence of

heterogeneous zone size volumes in high KRAS VAF tumors. These

findings imply that the DCE-parameter-based radiomics model has

the potential to capture genetic or radiologic characteristics

of tumors.

There are several limitations to be noted regarding this study.

First, the number of patients in the cohort was small. This

prospective study explored genetic information and DCE MRI,

which are not routinely obtained during the management of PDAC

patients. Therefore, having a small number of participants was

inevitable. Second, we could not perform external validation using

public or outside data. It was difficult to find publicly available data

on patients, including DCE MRIs of the pancreas and genetic

information. Further prospective studies in other hospitals may

be necessary to generalize the results of this study. Third, we could

not evaluate the impact of KRAS VAF on patient survival. As some

research has shown that a high KRAS VAF is associated with poor

patient outcomes, it would be better to evaluate the impact of the
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KRAS VAF or DCE radiomics model on survival outcomes in our

cohort. However, this was impossible because variable treatment

methods were applied to the patients in this study. This issue should

be solved with a further study involving patients who undergo

homogeneous treatment. Fourth, the interobserver agreement for

rim enhancement was good, albeit relatively low (k = 0.670). In MRI

research, it has been reported as 0.85, whereas in CT research it was

0.64 and 0.766 (4, 40, 41). We speculate that differences in imaging

modality can cause the differences in interobserver agreement. Even

though we used to consensus results to reduce the variability

between radiologists, further studies with more readers with

different imaging modality would be helpful to generalize the

current results.

In conclusion, rim enhancement of PDAC is associated with

KRAS VAF among NGS-based genetic information. For predicting

the KRAS VAF status in PDAC, a radiomics model based on DCE

maps showed promising results.
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FIGURE 4

A 67-year-old woman with pancreatic ductal adenocarcinoma in the pancreas head. A 2.4 cm tumor shows high signal intensity on axial T2-
weighted image (A) and diffusion-weighted image (B). Arterial (C) and portal (D) phase images of dynamic contrast-enhanced (DCE) MRI show no
rim enhancement of the tumor. Ktrans (E), Kep (F), Ve (G), and iAUC (H) maps are displayed at the level of the tumor. The KRAS variant allele frequency
(VAF) of this lesion was 13.5%, and the patient was classified as having a low VAF level. The probability score of the radiomics model based on DCE
parameters was 0.12 and predicted the lesion as a low VAF tumor.
frontiersin.org

https://doi.org/10.3389/fonc.2024.1304187
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Choi et al. 10.3389/fonc.2024.1304187
institutional requirements. The participants provided their written

informed consent to participate in this study.
Author contributions

MC: Writing – review & editing, Writing – original draft,

Visualization, Investigation, Funding acquisition, Formal analysis,

Data curation, Conceptualization. SY: Writing – review &

editing, Writing – original draft, Supervision, Methodology,

Investigation, Formal analysis, Data curation, Conceptualization. YL:

Writing – review & editing, Formal analysis, Conceptualization.

EJ: Writing – review & editing, Formal analysis, Data curation.

SP: Writing – review & editing, Software, Resources. DH: Writing –

review & editing, Software, Resources. DN: Writing – review &

editing, Software, Resources.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by a Research Fund from Guerbet Korea Ltd. L.102.

The funder was not involved in the study design, collection,

analysis, interpretation of data, the writing of this article or the

decision to submit it for publication.
Frontiers in Oncology 08
Conflict of interest

SP, DH, and DN were employed by the company Siemens

Healthineers/Healthcare. MC is currently receiving a research grant

from Siemens Healthineers, but the research is not related to

this topic.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1304187/

full#supplementary-material
References
1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J
Clin. (2022) 72:7–33. doi: 10.3322/caac.21708

2. Jeon SK, Lee JM, Joo I, Lee DH, Ahn SJ, Woo H, et al. Magnetic resonance with
diffusion-weighted imaging improves assessment of focal liver lesions in patients with
potentially resectable pancreatic cancer on CT. Eur Radiol. (2018) 28:3484–93.
doi: 10.1007/s00330-017-5258-1

3. Choi SY, Kim YK, Min JH, Cha DI, Jeong WK, Lee WJ. The value of gadoxetic
acid-enhanced MRI for differentiation between hepatic microabscesses and metastases
in patients with periampullary cancer. Eur Radiol. (2017) 27:4383–93. doi: 10.1007/
s00330-017-4782-3

4. Lee S, Kim SH, Park HK, Jang KT, Hwang JA, Kim S. Pancreatic Ductal
Adenocarcinoma: Rim Enhancement at MR Imaging Predicts Prognosis after
Curative Resection. Radiology. (2018) 288:456–66. doi: 10.1148/radiol.2018172331

5. Zhang TT, Wang L, Liu HH, Zhang CY, Li XM, Lu JP, et al. Differentiation of
pancreatic carcinoma and mass-forming focal pancreatitis: qualitative and quantitative
assessment by dynamic contrast-enhanced MRI combined with diffusion-weighted
imaging. Oncotarget. (2017) 8:1744–59. doi: 10.18632/oncotarget.12120

6. Kim JH, Lee JM, Park JH, Kim SC, Joo I, Han JK, et al. Solid pancreatic lesions:
characterization by using timing bolus dynamic contrast-enhanced MR imaging
assessment–a preliminary study. Radiology. (2013) 266:185–96. doi: 10.1148/
radiol.12120111

7. Donati F, Boraschi P, Cervelli R, Pacciardi F, Lombardo C, Boggi U, et al. 3 T MR
perfusion of solid pancreatic lesions using dynamic contrast-enhanced DISCO
sequence: Usefulness of qualitative and quantitative analyses in a pilot study. Magn
Reson Imaging. (2019) 59:105–13. doi: 10.1016/j.mri.2019.03.001

8. Bali MA, Metens T, Denolin V, Delhaye M, Demetter P, Closset J, et al. Tumoral
and nontumoral pancreas: correlation between quantitative dynamic contrast-
enhanced MR imaging and histopathologic parameters. Radiology. (2011) 261:456–
66. doi: 10.1148/radiol.11103515

9. Wu L, Lv P, Zhang H, Fu C, Yao X, Wang C, et al. Dynamic contrast-enhanced
(DCE) MRI assessment of microvascular characteristics in the murine orthotopic
pancreatic cancer model. Magn Reson Imaging. (2015) 33:737–60. doi: 10.1016/
j.mri.2014.08.014
10. Ma W, Li N, Zhao W, Ren J, Wei M, Yang Y, et al. Apparent diffusion coefficient
and dynamic contrast-enhanced magnetic resonance imaging in pancreatic cancer:
characteristics and correlation with histopathologic parameters. J Comput Assist
Tomogr. (2016) 40:709–16. doi: 10.1097/RCT.0000000000000434

11. Klaassen R, Steins A, Gurney-Champion OJ, Bijlsma MF, van Tienhoven G,
Engelbrecht MRW, et al. Pathological validation and prognostic potential of
quantitative MRI in the characterization of pancreas cancer: preliminary experience.
Mol Oncol. (2020) 14:2176–89. doi: 10.1002/1878-0261.12688

12. Tang W, Liu W, Li HM, Wang QF, Fu CX, Wang XH, et al. Quantitative
dynamic contrast-enhanced MR imaging for the preliminary prediction of the response
to gemcitabine-based chemotherapy in advanced pancreatic ductal carcinoma. Eur J
Radiol. (2019) 121:108734. doi: 10.1016/j.ejrad.2019.108734

13. Akisik MF, Sandrasegaran K, Bu G, Lin C, Hutchins GD, Chiorean EG.
Pancreatic cancer: utility of dynamic contrast-enhanced MR imaging in assessment
of antiangiogenic therapy. Radiology. (2010) 256:441–9. doi: 10.1148/radiol.10091733

14. Gillies RJ, Kinahan PE, Hricak H. Radiomics: images are more than pictures,
they are data. Radiology. (2016) 278:563–77. doi: 10.1148/radiol.2015151169

15. Rogers W, Thulasi Seetha S, Refaee TAG, Lieverse RIY, Granzier RWY, Ibrahim
A, et al. Radiomics: from qualitative to quantitative imaging. Br J Radiol. (2020)
93:20190948. doi: 10.1259/bjr.20190948

16. Lambin P, Leijenaar RTH, Deist TM, Peerlings J, de Jong EEC, van Timmeren J,
et al. Radiomics: the bridge between medical imaging and personalized medicine. Nat
Rev Clin Oncol. (2017) 14:749–62. doi: 10.1038/nrclinonc.2017.141

17. Boon IS, Yap MH, Au Yong TPT, Boon CS. Radiomics: quantitative radiology
transforming oncology care. Br J Radiol. (2020) 93:20200333. doi: 10.1259/
bjr.20200333

18. Abunahel BM, Pontre B, Kumar H, Petrov MS. Pancreas image mining: a
systematic review of radiomics. Eur Radiol. (2021) 31:3447–67. doi: 10.1007/s00330-
020-07376-6

19. Virarkar M, Wong VK, Morani AC, Tamm EP, Bhosale P. Update on
quantitative radiomics of pancreatic tumors. Abdom Radiol (NY). (2022) 47:3118–60.
doi: 10.1007/s00261-021-03216-3
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fonc.2024.1304187/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1304187/full#supplementary-material
https://doi.org/10.3322/caac.21708
https://doi.org/10.1007/s00330-017-5258-1
https://doi.org/10.1007/s00330-017-4782-3
https://doi.org/10.1007/s00330-017-4782-3
https://doi.org/10.1148/radiol.2018172331
https://doi.org/10.18632/oncotarget.12120
https://doi.org/10.1148/radiol.12120111
https://doi.org/10.1148/radiol.12120111
https://doi.org/10.1016/j.mri.2019.03.001
https://doi.org/10.1148/radiol.11103515
https://doi.org/10.1016/j.mri.2014.08.014
https://doi.org/10.1016/j.mri.2014.08.014
https://doi.org/10.1097/RCT.0000000000000434
https://doi.org/10.1002/1878-0261.12688
https://doi.org/10.1016/j.ejrad.2019.108734
https://doi.org/10.1148/radiol.10091733
https://doi.org/10.1148/radiol.2015151169
https://doi.org/10.1259/bjr.20190948
https://doi.org/10.1038/nrclinonc.2017.141
https://doi.org/10.1259/bjr.20200333
https://doi.org/10.1259/bjr.20200333
https://doi.org/10.1007/s00330-020-07376-6
https://doi.org/10.1007/s00330-020-07376-6
https://doi.org/10.1007/s00261-021-03216-3
https://doi.org/10.3389/fonc.2024.1304187
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Choi et al. 10.3389/fonc.2024.1304187
20. Bartoli M, Barat M, Dohan A, Gaujoux S, Coriat R, Hoeffel C, et al. CT and MRI
of pancreatic tumors: an update in the era of radiomics. Jpn J Radiol. (2020) 38:1111–
24. doi: 10.1007/s11604-020-01057-6

21. Bodalal Z, Trebeschi S, Nguyen-Kim TDL, Schats W, Beets-Tan R.
Radiogenomics: bridging imaging and genomics. Abdom Radiol (NY). (2019)
44:1960–84. doi: 10.1007/s00261-019-02028-w

22. Kuo MD, Jamshidi N. Behind the numbers: Decoding molecular phenotypes
with radiogenomics–guiding principles and technical considerations. Radiology. (2014)
270:320–5. doi: 10.1148/radiol.13132195

23. Yao X, Zeng M, Wang H, Sun F, Rao S, Ji Y. Evaluation of pancreatic cancer by
multiple breath-hold dynamic contrast-enhanced magnetic resonance imaging at 3.0T.
Eur J Radiol. (2012) 81:e917–922. doi: 10.1016/j.ejrad.2012.05.011

24. Kim H, Arnoletti PJ, Christein J, Heslin MJ, Posey JA 3rd, Pednekar A, et al.
Pancreatic adenocarcinoma: a pilot study of quantitative perfusion and diffusion-
weighted breath-hold magnetic resonance imaging. Abdom Imaging. (2014) 39:744–52.
doi: 10.1007/s00261-014-0107-z

25. Fukukura Y, Kumagae Y, Fujisaki Y, Nakamura S, Dominik Nickel M, Imai H,
et al. Extracellular volume fraction with MRI: As an alternative predictive biomarker to
dynamic contrast-enhanced MRI for chemotherapy response of pancreatic ductal
adenocarcinoma. Eur J Radiol. (2021) 145:110036. doi: 10.1016/j.ejrad.2021.110036

26. Li MM, Datto M, Duncavage EJ, Kulkarni S, Lindeman NI, Roy S, et al.
Standards and guidelines for the interpretation and reporting of sequence variants in
cancer: A joint consensus recommendation of the association for molecular pathology,
American society of clinical oncology, and college of American pathologists. J Mol
Diagn. (2017) 19:4–23. doi: 10.1016/j.jmoldx.2016.10.002

27. Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC, et al. User-guided
3D active contour segmentation of anatomical structures: significantly improved
efficiency and reliability. Neuroimage . (2006) 31:1116–28. doi: 10.1016/
j.neuroimage.2006.01.015

28. Wels M, Lades F, Muehlberg A, Suehling M. General purpose radiomics for
multi-modal clinical research. Proceedings of SPIE: medical Imaging 2019 - computer-
aided diagnosis. Vol 10950. Bellingham, Wash: International Society for Optics and
Photonics (2019) 095046. doi: 10.1117/12.2511856

29. Park JE, Park SY, Kim HJ, Kim HS. Reproducibility and generalizability in
radiomics modeling: possible strategies in radiologic and statistical perspectives.
Korean J Radiol. (2019) 20:1124–37. doi: 10.3348/kjr.2018.0070

30. Nikas IP, Mountzios G, Sydney GI, Ioakim KJ, Won JK, Papageorgis P.
Evaluating pancreatic and biliary neoplasms with small biopsy-based next generation
Frontiers in Oncology 09
sequencing (NGS): doing more with less. Cancers (Basel). (2022) 14:397. doi: 10.3390/
cancers14020397

31. Hu HF, Ye Z, Qin Y, Xu XW, Yu XJ, Zhuo QF, et al. Mutations in key driver
genes of pancreatic cancer: molecularly targeted therapies and other clinical
implications. Acta Pharmacol Sin. (2021) 42:1725–41. doi: 10.1038/s41401-020-
00584-2

32. McIntyre CA, Lawrence SA, Richards AL, Chou JF, Wong W, Capanu M, et al.
Alterations in driver genes are predictive of survival in patients with resected pancreatic
ductal adenocarcinoma. Cancer. (2020) 126:3939–49. doi: 10.1002/cncr.33038

33. Heid I, Steiger K, Trajkovic-Arsic M, Settles M, Esswein MR, Erkan M, et al. Co-
clinical assessment of tumor cellularity in pancreatic cancer. Clin Cancer Res. (2017)
23:1461–70. doi: 10.1158/1078-0432.CCR-15-2432

34. Nauheim D, Moskal D, Renslo B, Chadwick M, Jiang W, Yeo CJ, et al. KRAS
mutation allele frequency threshold alters prognosis in right-sided resected pancreatic
cancer. J Surg Oncol. (2022) 126:314–21. doi: 10.1002/jso.26860

35. Suzuki T, Masugi Y, Inoue Y, Hamada T, Tanaka M, Takamatsu M, et al. KRAS
variant allele frequency, but not mutation positivity, associates with survival of patients
with pancreatic cancer. Cancer Sci. (2022) 113:3097–109. doi: 10.1111/cas.15398

36. Mueller S, Engleitner T, Maresch R, Zukowska M, Lange S, Kaltenbacher T, et al.
Evolutionary routes and KRAS dosage define pancreatic cancer phenotypes. Nature.
(2018) 554:62–8. doi: 10.1038/nature25459

37. Chan-Seng-Yue M, Kim JC, Wilson GW, Ng K, Figueroa EF, O’Kane GM, et al.
Transcription phenotypes of pancreatic cancer are driven by genomic events during
tumor evolution. Nat Genet. (2020) 52:231–40. doi: 10.1038/s41588-019-0566-9

38. Kim H, Kim DH, Song IH, Kim B, Oh SN, Choi JI, et al. Survival prediction after
curative resection of pancreatic ductal adenocarcinoma by imaging-based intratumoral
necrosis. Cancers (Basel). (2022) 14:5671. doi: 10.3390/cancers14225671

39. Deng Y, Li Y, Wu JL, Zhou T, Tang MY, Chen Y, et al. Radiomics models based
on multi-sequence MRI for preoperative evaluation of MUC4 status in pancreatic
ductal adenocarcinoma: a preliminary study. Quant Imaging Med Surg. (2022)
12:5129–39. doi: 10.21037/qims-22-112

40. Bai X, Wu L, Dai J, Wang K, Shi H, Lu Z, et al. Rim enhancement and
peripancreatic fat stranding in preoperative MDCT as predictors for occult metastasis
in PDAC patients. Acad Radiol. (2023) 30:2954–61. doi: 10.1016/j.acra.2023.03.007

41. Takaji R, Yamada Y, Matsumoto S, Kiyonaga M, Hongo N, Mori H, et al. Small
pancreatic ductal carcinomas on triple-phase contrast-enhanced computed
tomography: enhanced rims and the pathologic correlation. Abdom Radiol (NY).
(2018) 43:3374–80. doi: 10.1007/s00261-018-1645-6
frontiersin.org

https://doi.org/10.1007/s11604-020-01057-6
https://doi.org/10.1007/s00261-019-02028-w
https://doi.org/10.1148/radiol.13132195
https://doi.org/10.1016/j.ejrad.2012.05.011
https://doi.org/10.1007/s00261-014-0107-z
https://doi.org/10.1016/j.ejrad.2021.110036
https://doi.org/10.1016/j.jmoldx.2016.10.002
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.1117/12.2511856
https://doi.org/10.3348/kjr.2018.0070
https://doi.org/10.3390/cancers14020397
https://doi.org/10.3390/cancers14020397
https://doi.org/10.1038/s41401-020-00584-2
https://doi.org/10.1038/s41401-020-00584-2
https://doi.org/10.1002/cncr.33038
https://doi.org/10.1158/1078-0432.CCR-15-2432
https://doi.org/10.1002/jso.26860
https://doi.org/10.1111/cas.15398
https://doi.org/10.1038/nature25459
https://doi.org/10.1038/s41588-019-0566-9
https://doi.org/10.3390/cancers14225671
https://doi.org/10.21037/qims-22-112
https://doi.org/10.1016/j.acra.2023.03.007
https://doi.org/10.1007/s00261-018-1645-6
https://doi.org/10.3389/fonc.2024.1304187
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Rim enhancement of pancreatic ductal adenocarcinoma: investigating the relationship with DCE-MRI-based radiomics and next-generation sequencing
	Introduction
	Materials and methods
	Patients
	MRI acquisition
	Image analysis
	Next generation sequencing (NGS)
	Tumor segmentation
	Radiomics feature extraction
	Feature selection, radiomics model development and testing
	Statistical analysis

	Results
	Patients
	Image analysis and segmentation
	Clinical and genetic factors between tumors according to rim enhancement
	The cutoff value for positive rim enhancement
	Development and testing of the radiomics model

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


