' ° ° [
‘/cfo biomedicines
EeI=1=)

Article

Deep Multiple Instance Learning Model to Predict Outcome of
Pancreatic Cancer Following Surgery

Caroline Truntzer 1'2*(, Dina Ouahbi ', Titouan Huppé !, David Rageot 12, Alis Ilie !, Chloe Molimard 3,

3

Francoise Beltjens 4, Anthony Bergeron 4, Angelique Vienot >, Christophe Borg 5, Franck Monnien 30,

Frédéric Bibeau 3, Valentin Derangére 1> and Francois Ghiringhelli

check for
updates

Citation: Truntzer, C.; Ouahbi, D.;
Huppé, T.; Rageot, D.; Ilie, A.;
Molimard, C.; Beltjens, F.; Bergeron,
A.; Vienot, A.; Borg, C.; et al. Deep
Multiple Instance Learning Model to
Predict Outcome of Pancreatic Cancer
Following Surgery. Biomedicines 2024,
12,2754. https://doi.org/10.3390/
biomedicines12122754

Academic Editor: Roberto Piergentili

Received: 30 September 2024
Revised: 25 November 2024
Accepted: 29 November 2024
Published: 2 December 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,6,%

Cancer Biology Transfer Platform, Georges-Francois Leclerc Cancer Centre—Unicancer, F-21000 Dijon, France
INSERM, LNC-UMR1231 Research Center, F-21000 Dijon, France

Department of Pathology, CHU Besangon, F-25000 Besangon, France

Department of Pathology, Georges-Frangois Leclerc Cancer Centre—Unicancer, F-21000 Dijon, France
Department of Medical Oncology, CHU Besangon, F-25000 Besancon, France

G R W N

Department of Medical Oncology, Centre Georges-Frangois Leclerc, F-21000 Dijon, France
*  Correspondence: ctruntzer@cgfl.fr (C.T.); fghiringhelli@cgfl.fr (F.G.)

Abstract: Background/Objectives: Pancreatic ductal adenocarcinoma (PDAC) is a cancer with very
poor prognosis despite early surgical management. To date, only clinical variables are used to
predict outcome for decision-making about adjuvant therapy. We sought to generate a deep learning
approach based on hematoxylin and eosin (H&E) or hematoxylin, eosin and saffron (HES) whole
slides to predict patients” outcome, compare these new entities with known molecular subtypes and
question their biological significance; Methods: We used as a training set a retrospective private cohort
of 206 patients treated by surgery for PDAC cancer and a validation cohort of 166 non-metastatic
patients from The Cancer Genome Atlas (TCGA) PDAC project. We estimated a multi-instance
learning survival model to predict relapse in the training set and evaluated its performance in the
validation set. RNAseq and exome data from the TCGA PDAC database were used to describe the
transcriptomic and genomic features associated with deep learning classification; Results: Based on
the estimation of an attention-based multi-instance learning survival model, we identified two groups
of patients with a distinct prognosis. There was a significant difference in progression-free survival
(PFS) between these two groups in the training set (hazard ratio HR = 0.72 [0.54;0.96]; p = 0.03) and
in the validation set (HR = 0.63 [0.42;0.94]; p = 0.01). Transcriptomic and genomic features revealed
that the poor prognosis group was associated with a squamous phenotype. Conclusions: Our study
demonstrates that deep learning could be used to predict PDAC prognosis and offer assistance in
better choosing adjuvant treatment.

Keywords: biomarker; pancreatic cancer; deep learning; prognostic

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fifth most common digestive cancer
in terms of incidence but it is one of the most lethal cancers, with an aggressive behavior
and being difficult to diagnose early [1-3]. The prognosis is very poor, with a 5-year overall
survival rate in PDAC cancer of approximately 10%. Moreover, more than half of the cases
are diagnosed at an advanced stage and are not candidates for surgery [4]. It is mostly a
disease of older adults, with more than 60% of cases diagnosed in patients over 65 years
old, with a median age at diagnosis of 71 years [5]. The incidence of pancreatic cancer is
increasing, reflecting the aging population, with an expected 20% increase in adults over
65 years by 2030. Pancreatic cancer is also projected to surpass colorectal cancer in western
countries [5].

The current standard of care for treating localized PDAC is based on surgery followed
by adjuvant therapy. Surgery is the only curative treatment for PDAC. Only 20% of patients
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are candidates for tumor resection, while the vast majority of patients are diagnosed with
locally advanced or metastatic disease and should therefore be considered for palliative
treatment strategies [6,7]. Surgery alone, however, does not cure a majority of patients;
median survival is around 10 months and early tumor relapse is observed in most patients.
Only 10% of patients are completely cured by surgery [3,8]. Adjuvant chemotherapy has
thus been developed during the last decades. Gemcitabine adjuvant therapy was the
standard of care for more than, 20 years and this treatment led to major improvements
in survival with around 30% of patients relapse-free after 2 years [9-11]. More recently,
adjuvant chemotherapy with modified folinic acid, fluorouracil, irinotecan and oxaliplatin
(mFOLFIRINOX) has strongly improved outcomes, achieving median overall survival of
54.4 months in the mFOLFIRINOX group and about half of the patients being relapse-free
after 2 years [12].

Prognostic markers aimed at predicting PDAC recurrence are still an unmet need.
Histological evaluation and clinical staging remain the gold standard in the determination
of the characteristics of tumor prognostic factors and adjuvant therapy. Emerging progno-
sis markers are in development, based on the histology-like analysis of fibroblastic tissue
whose characteristics are linked to outcome [13] or immune parameters [14]. Similarly,
transcriptomic classification by Bailey [15] defined four subtypes (squamous, pancreatic
progenitor, immunogenic and aberrantly differentiated endocrine (ADEX)), with the “squa-
mous” subtype having the worst outcome. More recently a transcriptome-based machine
learning algorithm was developed to predict response to gemcitabine or FOLFIRINOX [16].

Recent advances in deep learning for computational pathology have enabled the use
of whole-slide images (WSIs) to perform cancer diagnosis, analysis of mutational charac-
teristics or determination of prognostic factors in various pathologies. Such algorithms
require human expertise, and the detection of novel prognostic morphological features is
limited because of the need for human annotations [17]. Histopathological images represent
millions of pixels divided into smaller patches, commonly used as input for deep learning
models. Most strategies use weakly supervised learning, which relies on slide-level clinical
annotation. Weakly supervised learning refers to the fact that there is no a priori knowledge
of which patches within the slide are associated with the label of interest. In the context of
survival models, a single survival label corresponds to multiple image patches, with one or
more patches contributing towards the survival outcome. Thus, one purpose of the model
is to discern which patches are relevant to the prediction task. Information from multiple
patches in a WSI must then be aggregated to predict one class per slide. The multiple
instance learning (MIL) paradigm is one way to deal with this task. In MIL, each patch is
represented as an instance in a bag. Since WSIs have more than one patch, the bag contains
multiple instances, hence the name “multiple” instance learning. During training, only
global (slide-level) image labels are required for supervision. An aggregation mechanism is
then used to summarize all the information in instances to make a final prediction.

In this study, we used a survival prediction model based on the attention-guided deep
MIL proposed by Yao et al. [18] to determine the prognosis of PDAC treated by surgery;
we then characterized patients according to their prognostic groups using transcriptomic
and genomic features.

2. Materials and Methods
2.1. Patients

Two retrospective datasets were used in this study, namely, one training cohort (here-
after called the “Besancon cohort”), and one validation cohort (hereafter “TCGA dataset”).

The Besangon training cohort comprised 206 patients with histologically confirmed
PDAC, who underwent complete surgical resection at the University Hospital of Besangon,
France, between January 1998 and December 2018 [19]. HES diagnostic whole-slide im-
ages (WSIs) and clinical information were available for all of the patients. The database
was registered with the National French Commission for bioinformatics data and patient
liberty (CNIL) under the number 1906173 v 0. The study methodologies conformed to
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the standards set by the Declaration of Helsinki. Written informed consent for the use
of medical data for research purposes was provided by all patients with cancer at the
time of their first visit to the Department of Medical Oncology. Samples were provided
by the regional tumor bank of Franche-Comté (University Hospital of Besancon, France;
registration number BB-0033-00024). The project was approved by the scientific board of
the biobank (#F1860-PAC-MA).

The TCGA dataset comprises 191 H&E diagnostic WSIs from 166 patients, with
corresponding molecular (Whole Exome Sequencing (WES) and RNA sequencing) and
clinical data. WSIs at X20 magnification, RN Aseq raw counts and clinical data, including
Bailey classifications, were collected from TCGA via the NIH Genomic Data Commons
Data Portal (https:/ /portal.gdc.cancer.gov/, accessed on 5 July 2023). Data were generated
by the TCGA Research Network (https://www.cancer.gov/tcga, accessed on 5 July 2023).
The inclusion criteria were previously described (https://www.ncbi.nlm.nih.gov/projects/
gap/cgi-bin/study.cgi?study_id=phs000178.v11.p8, accessed on 5 July 2023).

The WES biomarkers were obtained from Knijnenburg et al. [20]. WES data were
available for 132 patients and RNAseq data for 160 patients.

2.2. HES Staining and Numerization

For the Besanc¢on cohort, HES-stained slides from Formalin-Fixed Paraffin-Embedded
(FFPE) specimens were digitized with a Nanozoomer HT2.0 (Hamamatsu Photonics, Hama-
matsu City, Japan) at20x magnification to generate WSI files in ndpi format. We parti-
tioned the WSIs into non-overlapping 402 x 402 pixel tiles at 0.5 mm/pixel resolution
using QuPath v.0.2.3.

2.3. Tile Pre-Processing

Tiles were removed if they contained more than 2/3 of white background. The color
channel values were normalized by Macenko [21] normalization to neutralize color differ-
ences between slides by bringing them into a common, normalized space. The Macenko
method is based on a transformation of the original image into an optical density (OD)
space. The primary stained vectors are then estimated using Singular Value Decomposition
(SVD), and the image is separated into its stain components. The last step is to normalize
these components to a reference distribution and reconstruct the normalized image.

To estimate the deep learning model, we used the Besangon cohort and randomly
divided it into training, validation and test sets, as recommended, using, respectively, 60%,
20% and 20% of the tiles. Tiles associated with a given slide were not separated but were
associated with one of these three sets to prevent the overlap of slides between sets.

2.4. Statistical Analysis
2.4.1. Software

R v4.2.2 was used for statistical analysis. Figures were performed using GraphPad
9.4.1. The deep learning model was implemented and trained using TensorFlow 2.1.0 and
Python 3.5. Calculations were performed using HPC resources from DNUM CCUB (Centre
de Calcul de I'Université de Bourgogne).

2.4.2. Deep Learning Survival Model

We used a survival prediction model using attention-guided deep MIL, as proposed by
Yao et al. [18]. Briefly, the following steps were taken. 1—clustering of tiles from WSIs using
k-means approach based on the use of the VGG16 neural network [22] previously trained
on ImageNet. These clusters correspond to different phenotypes providing morphology-
specific representation. 2—extraction of cluster (phenotype)-level information through
a Siamese MIL-based network from tile-level features. The use of this network allows
the individual phenotypes provided by the clusters to be taken into account. 3—use of
attention mechanism to aggregate these phenotypes features into patient-level information
with a trainable weighted average where weights are optimized by neural networks using
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the negative log partial likelihood of a Cox model as the loss function. The architecture of
Deep AttnMISL is presented in the original paper describing the model [18]. The output is
risk scores, corresponding to the probability of the survival event occurring. These scores
then allow the discrimination of patients into low- or high-risk groups.

2.4.3. Survival Analysis

For survival analysis, the prognostic value of the different variables was tested using
univariate or multivariate Cox regression models for progression-free survival (PFS) or
overall survival (OS). Univariate models were used to test the association between single
variables and the outcome, while multivariate models were used to test the association
of multiple variables as predictors. PFS was defined as time to the first relapse or death
from any cause. Survival probabilities were estimated using the Kaplan-Meier method,
and survival curves were compared using the log-rank test.

Subgroup analysis was conducted on the pooled cohorts to evaluate the effect of
adjuvant therapy.

Risk scores were dichotomized using the methodology of Hothorn et al. via the
maxstat R library [23]. Using a maximally selected log-rank statistic, this method provides
a statically proven optimal cut-off point that corresponds to the most significant relation
with the outcome. The resulting dichotomized score yields a variable with two modalities,
low or high, according to whether the risk score is above or below the cut-off value.

The flowchart depicted in Supplementary Figure S1 summarizes the different steps of
our study.

2.4.4. TCGA RNAseq Analysis

Raw counts already computed with STAR software [24] were downloaded through
TCGAbiolinks [25] R library. Gene-level counts were created with the DESeq?2 library [26].
Low-count genes were pre-filtered by removing genes with fewer than 5 reads. Genes
differentially expressed were then selected using the same R package. Gene set enrichment
analysis (GSEA) [27] was performed on resulting differential genes using Hallmarks of
cancer gene sets from MSigDB (https://www.gsea-msigdb.org/gsea/msigdb, accessed on
20 February 2024) and the fgsea R package [28].

2.4.5. TCGA Exome Analysis

Exome-derived biomarkers were taken from Knijnenburg et al. [20]. More precisely,
we investigated mutational signatures derived by the PanCancer Signature group [29],
mutational load, ploidy, aneuploidy score (total number of arm-level amplifications and
deletions), Homologous Repair Deficiency (HRD) score, two Loss of Heterozygosity (LOH)
scores (total number of segments with LOH events and fraction of genome containing LOH
events) and two Copy Number Alteration (CAN) scores (number of segments and fraction
of genome altered). The aneuploidy score corresponds to the total number of arm-level
amplifications and deletions. Precisions of how these biomarkers were estimated can be
found in Knijnenburg et al.

3. Results
3.1. Dataset Description

To test the performance of the deep learning model for the prediction of outcome in
PDAC, we used two large datasets with high-resolution WSIs. The Besangon cohort, used as
the training set, comprised 206 patients and contained 7,147,508 tiles, ranging from 11,052
to 56,446 tiles per slide (median = 34,890 tiles). The validation cohort came from the TCGA
database and contained 191 slides from 166 patients, with 3,671,750 tiles, ranging from 1128
to 46,304 tiles per slide (median = 18,578 tiles). Patients with neuroendocrine carcinoma
(N = 8) were excluded from analysis because this type of tumor was not included in the
Besangon cohort. In addition, these tumors have different treatment and prognosis than
adenocarcinoma and could therefore bias the analysis. WSIs from the training cohort used
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HES staining, while TCGA used H&E staining only. All the available clinical characteristics
of the patients are summarized in Table 1.

Table 1. Summary of clinical characteristics of patients from the Besancon (N = 206) and TCGA
(N = 166) cohorts.

Variables Besangon Cohort,  TCGA Cohor p-Value?
Sex data 0.43
F 103 (50%) 74 (45%)
M 101 (50%) 92 (55%)
Unknown 1 -
Age 67 (40, 86) 66 (36; 89)
Unknown 1 -
Neoadjuvant
treatment )
No 194 (95%) 165 (99%) 0.03
Yes 10 (5%) 1 (1%)
Unknown 1 -
Adjuvant treatment <1.1073
No 46 (24%) 51 (44%)
Yes 146 (76%) 66 (56%)
Unknown 13 49
Resection 0.003
0 161 (80%) 99 (65%)
1 37 (18%) 49 (32%)
2 2 (2%) 5 (3%)
Unknown 5 13
Histological grade 0.003
1 42 (21%) 23 (14%)
2 125 (61%) 90 (55%)
3 32 (16%) 50 (30.5%)
4 5 (2%) 1 (0.5)%
Unknown 1 2
Tumor status <1103
1 24 (14%) 6 (4%)
2 110 (64%) 23 (11%)
3 39 (23%) 137 (83%)
4 0 (0%) 4 (2%)
Node status <1103
0 49 (24%) 45 (27.5%)
1 83 (41%) 115 (72.5%)
2 72 (35%) 0
Unknown 1 2

1 Median (min, max); n (%); 2 Wilcoxon rank sum test; Pearson’s chi-squared test; Fisher’s exact test.

The training cohort includes 101 (50%) male patients while TCGA includes 96 (55%)
male patients. The mean age was 67 years old for the training dataset and 66 years for the
TCGA cohort. In the training cohort, 146 (76%) patients received adjuvant therapy while 66
(56%) patients for whom information was available received adjuvant therapy in TCGA.
Median OS was 21.9 months (95% CI 18.4; 25.7) and 19.2 (95% CI 16.5; 21.5) months for
the Besangon and TCGA cohorts, respectively. Median PFS was 10.10 months (95% CI 9.4;
11.5 months) for the Besancon cohort and 14.7 months (95% CI 12.6; 17.0 months) for the
TCGA cohort.

3.2. Estimation of the Attention-Guided Multiple Instance Learning Model

To estimate a robust deep learning model to learn survival patterns, the training
cohort was separated into internal training, validation and test sets, with a 60%—-20%-20%
distribution.



Biomedicines 2024, 12, 2754

6 of 16

As explained in Section 2, image patches were first clustered for each patient, leading
to phenotype clusters with patches sharing common appearance. For the k-means step,
k was set to 10 clusters. Examples of phenotype pattern visualization after clustering are
depicted on three WSIs from two distinct patients in Supplementary Figure S2.

To learn patient-level information from phenotype clusters, a Multiple Instance Fully
Convolutional Network (MI-FCN) running inside the deep learning architecture was used,
with weights being shared among them, as in the Siamese architecture [18]. The output of
the model is the hazard survival risk, corresponding to the probability of the progression-
free survival event occurring. The estimated risk scores were then used to classify patients
into low- or high-risk groups, based on the best cut-off strategy proposed by Hothorn
etal. [23].

We tested various models using 5-fold cross-validation and 10 to 80 epochs. Using the
Besangon cohort, the model yielding the best accuracy in the internal test set was retained
and showed an association between a high score and a good outcome. A high score was
associated with an HR of 0.72 [0.54;0.96]; p = 0.03 for PFS and 0.70 [0.52;0.94]; and p = 0.02
for OS in the training cohort (Figure 1A,B). In the TCGA validation set, using the same
threshold, a high score was associated with an HR of 0.62 [0.42;0.94]; p = 0.01 for PFS and
0.53 [0.38;0.81]; and p = 0.001 for OS (Figure 1C,D).
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Figure 1. Kaplan-Meier curves for progression-free and overall survival with patients stratified
according to the image-based prognostic (IBP) score in the Besangon cohort (A,B) and the TCGA
cohort (C,D).

Upon subgroup analysis in our study, our model remained significant in patients
treated with adjuvant therapy (HR = 0.62 [0.4;0.83]; p = 0.001), and close to significance
in untreated patients (HR = 0.70 [0.47;1.04]; p = 0.06); this analysis was conducted on the
pooled cohorts to increase statistical power (Figure 2).
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Figure 2. Kaplan-Meier curves for progression-free survival with patients stratified according to the
image-based prognostic (IBP) score in the pooled cohort for patients treated (A) or untreated with
adjuvant therapy (B).

3.3. Generation of a Composite Clinical and Image-Based Prognostic Score

We next explored the capacity to generate a prognostic composite model associating
an image-based prognostic (IBP) score and clinical features in the training set. To increase
the power of the analysis, we pooled the two cohorts. We built a multivariate model using
each clinical variable significantly associated with PFS by univariate Cox proportional
hazards analysis, namely, resection status, nodal status and histological grade; only nodal
status and histological grade remained significant in the multivariate model (Table 2). For
OS, the same three variables were significant in the univariate and multivariate models
(Supplementary Table S1).

Table 2. Univariate and multivariate Cox models for clinical variables and progression-free survival
in the Besangon and TCGA pooled cohorts.

Univariate Multivariate
Variables N HR! 95% CI 1 p-Value HR1! 95% CI ! p-Value
Histological grade 370
1 _ _ _ _
2 1.16 0.85, 1.60 0.35 1.37 0.98,1.91 0.063
3 1.87 1.29,2.70 <0.001 222 1.50, 3.30 <0.001
4 1.33 0.51,3.43 0.56 1.78 0.61,5.21 0.29
Age 372 1.01 1.00, 1.02 0.25
Sex 372
F _ _
M 0.86 0.69, 1.09 0.21
Tumor size status 343
1 _ _
2 1.26 0.80, 1.97 0.32
3 1.07 0.69, 1.67 0.77
Node status 370
0 _ _ _ _
1 1.34 1.00,1.79 0.053 1.25 0.92,1.70 0.15
2 2.03 1.45,2.83 <0.001 2.05 1.44,2.91 <0.001
Resection 356
0 _ _
1 1.56 1.20,2.03 0.001 1.52 1.16, 2.00 0.002
2 3.16 1.48,6.75 0.003 2.52 1.17,5.43 0.018
Adj. treatment 371
0 _ _
1 0.82 0.64,1.04 0.10

1 HR = hazard ratio, CI = confidence interval.
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We then generated a combined model with image-based and clinical prognostic vari-
ables. We observed that the combined score had a strong prognostic value for PFS and OS
(Table 3 and Supplementary Table S2).

Table 3. Univariate and multivariate Cox models for variables included in the combined model and
progression-free survival in the Besangon and TCGA pooled cohorts.

Univariate Multivariate
Variables N HR1 95% CI 1 p-Value HR1! 95% CI ! p-Value
Histological grade 370
1 _ _ _ _
2 1.16 0.85, 1.60 0.35 1.37 0.98,1.91 0.065
3 1.87 1.29,2.70 <0.001 2.28 1.54,3.38 <0.001
4 1.33 0.51,3.43 0.56 1.55 0.53,4.55 0.42
Resection 356
0 _ _ _ _
1 1.56 1.20,2.03 0.001 1.51 1.15,1.97 0.003
2 3.16 1.48,6.75 0.003 2.60 1.21,5.59 0.015
Node status 370
0 _ _ _ _
1 1.34 1.00,1.79 0.053 1.23 0.91, 1.68 0.18
2 2.03 1.45,2.83 <0.001 1.95 1.37,2.77 <0.001
IBP score 372
Low — — — —
High 0.67 0.53,0.85 <0.001 0.71 0.55,0.90 0.001

>

-
=)
1

Progression-free survival
o
¢, ]
1

1 HR = hazard ratio, CI = confidence interval.

AUC comparisons showed that the combined score had added value over the clin-
ical score (Likelihood Ratio test p = 0.005) and image-based score (Likelihood Ratio test:
p<1.1073).

However, when we split the patients into two groups of clinical risk of relapse, we
observed that the deep learning model yielded additional prognostic information only in
the low clinical risk score group for PFS and in both groups for OS (Figure 3).
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Figure 3. Cont.
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Figure 3. Kaplan-Meier curves for progression-free and overall survival with patients stratified
according to the image-based prognostic (IBP) score in the pooled cohort, respectively, for patients
with low (A,C) and high (B,D) clinical risk.

3.4. Interpretability of the Deep Learning Image Model

The attention mechanism in Deep AttnMISL makes it possible to detect important
phenotypes associated with patients” clinical outcomes. To determine the histological
pattern associated with the attention mechanism, we collected and examined the attention
weights as well as their corresponding patch images for several representative slides of
patients split into low or high IBP groups (Figure 4).

Figure 4. Cont.
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Attention map

Figure 4. HES images and corresponding attention maps reflecting attention weight patterns for
2 patients. Blue color corresponds to the highest-level attention tiles. Numbers 1 to 3 refer to 3 zones
on each slide that were highlighted and for which a zoom was provided.

We asked two pathologists to evaluate low- and high-attention weight regions to
add an interpretative layer to our results. Interpretations were hard to establish. On the
slides depicted in Figure 4, the peritumoral areas (1) (upper and lower slides) showed
high attention mainly on the fibrosis region and less on the epithelial cells. Some attention,
particularly on the upper slide, was focused on the mucin content. Little or no attention
was focused on the healthy regions such as the exocrine pancreatic glands, immune patches
((2) and (3) on upper slide), duodenum mucosa and muscularis propria ((2) and (3) on
lower slide).

For some slides, low attention was given to normal tissue and background, and high
attention was given to the tumor area; these observations were not valid for all slides. It
was hard to find homogeneous patterns of relapse. Moreover, some patterns that were
identified were not intuitive to pathologists. These observations are consistent with the
difficulty pathologists encounter in identifying patients with a low or high risk of relapse.

3.5. Description of Molecular Characteristics

To go further in the analysis of the biological differences between the two image-based
prognostic groups, we used whole exome and RNAseq from the TCGA dataset. Bailey
transcriptomic classification was obtained for 139 patients. Using this classification, patients
were split into four categories: squamous for 27 patients, immunogenic for 26 patients,
progenitor for 49 patients and ADEX for 37 patients. In this dataset, the squamous molecular
subtype was associated with poor PFS. The squamous and immunogenic subsets presented
a significantly lower IBP score compared to ADEX and progenitor type tumors. The low
IBP score population was significantly enriched in squamous and immunogenic tumors
compared to ADEX tumors (Figure 5A). However, the IBP score is not a perfect reflection
of molecular classification.
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Figure 5. (A) Left: Boxplot displaying image-based prognostic score depending on squamous
molecular subtype. Each point corresponds to the IBP score of one patient. Right: Barplot displaying
the repartition of molecular subtypes for patients with low and high image-based prognostic score.
(B) Volcano plot displaying differentially expressed genes, given IBP score. The vertical axis (y-axis)
corresponds to the mean expression value of log 10 of adjusted p value using Benjamini-Hochberg
FDR correction, and the horizontal axis (x-axis) displays the log 2 fold change value. Green dots on
the right (or left, respectively) are genes significantly upregulated (or downregulated) in patients
with high IBP score. (C) Pathway classification from RNA-seq results using gene set enrichment
analysis based on the hallmark of cancer database comparing patients with high vs low IBP scores.

NES: normalized enrichment score.

Using differential expression analysis, we compared gene expression between low
and high IBP scores (Figure 5B). With a cut-off of a log fold change of 2 and adjusted
p-value < 0.05, only high KRT4 expression and LINC00491 were associated with a low IBP
score. In contrast, 12 genes were significantly more highly expressed in patients with a high
IBP score. Using EnrichR software (v1) and the Reactome 2022 database, these 12 genes
were enriched in the Alfa-defensins pathway (p-value < 1.10~%). Using gene set enrichment
analysis and Hallmarks of cancer, we observed that oxidative-phosphorylation, E2F and
MYC targets, DNA repair and coagulation pathways were upregulated in high IBP score
tumors, while inflammatory response, gamma response, UV response, allograft rejection
and mesenchymal transition were upregulated in low IBP score tumors (Figure 5C).

Using genomic TCGA analysis, we observed that KRAS and TP53 are the most fre-
quently mutated genes (Supplementary Figure S3). No differences in single nucleotide
variants between the two IBP groups were observed. Using mutational signature analysis
of the WES data through SBS96 classification, we observed that only signatures 48 and 91
were highly expressed in the low IBP group. However, the SBS91 signature was expressed
only in three patients (all with low IBP score), and SBS48 was expressed only in seven
patients, leading us to consider these observations with caution.
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4. Discussion

This work presents an automated weakly supervised deep learning method to predict
PFS and OS of localized PDAC treated by surgery based on the analysis of a single whole
H&E or HES slide. Our digital marker allowed the automatic prediction of PFS and OS of
PDAC with an HR around 0.7 when comparing patients with low and high digital score. We
validated our results in an independent public dataset, thus strengthening our conclusions.
Using AUC, we could demonstrate that the deep learning model improved prediction
capacity when compared to clinical variables alone, thus suggesting its interest in clinical
practice. Upon subgroup analysis, the additive predictive information of the deep learning
model seemed more powerful in patients with good clinical-based prognostic and in
patients who received adjuvant therapy, thus suggesting that it could be a clinically relevant
tool to help with decisions regarding adjuvant therapy in patients with small tumors.

When trying to characterize IBP-based prognostic groups, we showed that high KRT4
and LINCO00491 expression was associated with a low IBP score. KRT4 is a marker of
squamous differentiation. This squamous differentiation is a well-known biomarker of poor
prognosis in pancreatic cancer [30]. The gene encodes for Keratin 4, a type II cytokeratin
consisting of basic or neutral proteins that are arranged in pairs of heterotypic keratin
chains, co-expressed during the differentiation of simple and stratified epithelial tissues.
In normal tissues, this cytokeratin is specifically expressed in esophageal epithelia, and
it is expressed in most squamous tumors. This could be linked to the observation that
the population with a low IBP score was significantly enriched in squamous subtypes,
associated with poor PFS. The mesenchymal transition pathway was also associated with
low IBP score. Among the genes involved in the EMT signature, we observed that 12 genes
(VCAN, COL11A1, ITGB5, TIMP3, INHBA, LRP1, MATN3, NOTCH2, CDH11, IGFBP3,
COL8A2, THBS2) were significantly (adjusted p-values below 0.05) associated with low
IBP. LINC00491 is a long non-coding RNA that was previously associated with aggressive
features of pancreatic cancer with high proliferation and invasive capacities [31]. In contrast,
a high IBP score is associated with high expression of alfa defensin-related genes. Alfa
defensin-related genes were previously described as being highly expressed in various
cancers and DEFA5 was described as a potent suppressor of cancer growth [32].

Deep learning strategies are emerging in pancreatic cancer. A recent review by Patel
et al. [33] gave an overview of the applications of deep learning (DL) in the diagnosis,
management and monitoring of patients diagnosed with pancreatic cancer. Most meth-
ods propose models for diagnosis rather than for prognosis. Among others, the authors
investigated applications in treatment response. They cited a study from Watson et al. [34]
conducted on 81 patients for whom preoperative cross-sectional imaging was available; the
authors proposed a composite model combining biomarkers derived from a preoperative
imaging model (CNN based on LeNet architecture) and a CA 19-9 model, achieving an
AUC of 0.79. To our knowledge, they did not provide any interpretation layer. A number
of studies used radiomic to determine pancreatic cancer prognostic factors [35-37]. A deep
learning-based computed tomograpy imaging-derived score enabled the prediction of OS
for patients with resectable PDAC. Similarly, a multiomics approach could also be analyzed
using a deep learning model to predict outcome. Using autoencoder integrated multiomics
of 146 patients with PDAC enabled the identification of two PDAC subtypes with dis-
tinct survival outcomes (median survival 10.1 and 22.7 months) [38]. Using pathological
slides, some models are available to improve tumor detection on histological slides or to
improve prediction [39]. In contrast, very few deep learning models were trained to predict
prognostic factors of PDAC. A recent paper showed interest in using machine learning
to predict survival in pancreatic neuroendocrine carcinoma [40]. In the field of PDAC,
Pacpaint software (v1.0.0) was developed as a multi-level artificial intelligence-based tool
using deep learning models to determine PDAC molecular subtypes, thus enabling intra-
tumor heterogeneity to be deciphered. Pacpaint highlights the presence of aggressive basal
contingent and thus helps to detect patients with a poor outcome [41]. Accordingly, in
our study, we observed that a low image-based deep learning score, associated with poor



Biomedicines 2024, 12, 2754

13 of 16

prognosis, was also associated with a higher incidence of the squamous phenotype upon
transcriptomic analysis but did not strictly reproduce the molecular classification of PDAC,
thus suggesting that our model may detect squamous features and probably some parame-
ters other than molecular classification. However, we could not define clear pathological
structures associated with outcome. In fact, the interpretation of low- and high-attention
weight regions derived from the model by pathologists was hard to establish. We believe
that this is consistent with the fact that currently, it is also difficult for pathologists to find
patterns associated with the risk of relapse. Our model may highlight particularities that
are not evident to the naked eye.

Only one recent report using pan-cancer data underlined the capacity to generate a
deep learning-based multimodal fusion algorithm that uses both H&E WSIs and molecular
profile features (mutation status, copy-number variation, RNA sequencing expression) to
measure and explain the relative risk of cancer death. The protocol used an attention-based
multiple instance learning model (AMIL) with WSIs in 14 types of cancers. In this study, the
AMIL could not predict PDAC survival with H&E WSIs alone, whereas the association of
H&E WSIs and molecular data was powerful in predicting survival [42]. In our study, our
model differs in the first clustering step, which allows the definition of different patterns
for each patient; these phenotype clusters are considered as the instance of the bag instead
of individual patches. Such a difference may explain the better discrimination power of
our deep learning tool.

Using the machine learning approach in a small dataset, Nimgaonkar et al. [43] showed
that an image analysis pipeline involving nuclei segmentation, the extraction of 816 features
describing nuclear morphology, and feature selection using least absolute shrinkage and
selection operator (LASSO) regression could be used to predict outcome in patients treated
with gemcitabine in an adjuvant setting. Upon subgroup analysis in our study, our model
remains significant in patients treated with adjuvant therapy, suggesting that deep learning
using H&E WSIs could be used to improve prediction of the efficacy of adjuvant therapy.

However, there were some limitations to our study. First, this study only included data
from retrospective and heterogeneous cohorts. The adjuvant treatment mainly consisted of
gemcitabine, which is not the current standard of care; FOLFIRINOX is now recommended
for these patients. Analysis of the predictive power of our deep learning model in a
prospective series of patients treated with FOLFIRINOX would provide more reliable
evidence of the actual predictive performance of the model.

5. Conclusions

In summary, we presented an automated histological-based deep learning model to
predict outcome in localized pancreatic cancer. This model added predictive information to
clinical data and confirmed the feasibility of using computational histopathology through
deep learning to improve pancreatic cancer management.
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under the central plot. Table S1: Univariate and multivariate Cox models for clinical variables and
overall survival in the Besangon and TCGA pooled cohorts; Table S2: Univariate and multivariate
Cox models for variables included in the combined model and overall survival in the Besangon and
TCGA pooled cohorts.

Author Contributions: Conceptualization, F.G., V.D. and C.T.; methodology, F.G., C.T. and V.D,;
formal analysis, C.T., D.O., TH., A.I.and D.R,; data curantion: C.M.; investigation: C.M., E.B. (Frédéric
Bibeau), A.B., A.V,, C.B., EM. and EB. (Frangoise Beltjens); writing—original draft preparation, F.G.
and C.T.; writing—review and editing, EG., C.T. and V.D.; supervision, FE.G. and C.T. All authors have
read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/biomedicines12122754/s1
https://www.mdpi.com/article/10.3390/biomedicines12122754/s1

Biomedicines 2024, 12, 2754 14 of 16

Funding: This research received no external funding.

Institutional Review Board Statement: The database was registered and declared to the National
French Commission for bioinformatics data and patient liberty (CNIL; No. of CNIL declaration:
1906173 v 0). The study methodologies conformed to the standards set by the Declaration of Helsinki.
Samples from the Besangon cohort were provided by the regional tumor bank of Franche-Comté
(teaching Hospital of Besangon, France; registration number BB-0033-00024). The project was ap-
proved by the scientific board of the biobank (#F1860-PAC-MA).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are available on request only, due to ethical reasons.

Acknowledgments: We wish to thank Fiona Ecarnot (EA3920, University of Franche-Comté, Besan-
con, France) for correcting the manuscript and for helpful comments.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Ferlay, ].; Colombet, M.; Bray, F. Cancer Incidence in Five Continents, Ci5Splus: IARC CancerBase No. 9. International Agency for
Research on Cancer [Internet]. Available online: https://ci5.iarc.who.int (accessed on 7 February 2022).

Sung, H.; Ferlay, |.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Cancer Statistics Review, 1975-2018—SEER Statistics. Available online: https:/ /seer.cancer.gov/archive/csr/1975_2018/ (ac-
cessed on 12 June 2023).

Wang, H.; Liu, J.; Xia, G,; Lei, S.; Huang, X.; Huang, X. Survival of pancreatic cancer patients is negatively correlated with age at
diagnosis: A population-based retrospective study. Sci. Rep. 2020, 10, 7048. [CrossRef]

Dotan, E.; Catalano, P; Lenchik, L.; Boutin, R.; Yao, X.; Marques, H.S.; Ioffe, D.; Zhen, D.B.; Li, D.; Wagner, L.I; et al. The GIANT
trial (ECOG-ACRIN EA2186) methods paper: A randomized phase II study of gemcitabine and nab-paclitaxel compared with
5-fluorouracil, leucovorin, and liposomal irinotecan in older patients with treatment-naive metastatic pancreatic cancer—Defining
a new treatment option for older vulnerable patients. J. Geriatr. Oncol. 2023, 14, 101474. [CrossRef]

Neoptolemos, J.P.; Kleeff, J.; Michl, P,; Costello, E.; Greenhalf, W.; Palmer, D.H. Therapeutic developments in pancreatic cancer:
Current and future perspectives. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 333-348. [CrossRef]

Hackert, T. Surgery for Pancreatic Cancer after neoadjuvant treatment. Ann. Gastroenterol. Surg. 2018, 2, 413-418. [CrossRef]
Patterns, Timing, and Predictors of Recurrence Following Pancreatectomy for Pancreatic Ductal Adenocarcinoma—PubMed.
Available online: https://pubmed.ncbi.nlm.nih.gov/28338509/ (accessed on 12 June 2023).

Neoptolemos, J.P.; Stocken, D.D.; Bassi, C.; Ghaneh, P; Cunningham, D.; Goldstein, D.; Padbury, R.; Moore, M.].; Gallinger,
S.; Mariette, C.; et al. Adjuvant chemotherapy with fluorouracil plus folinic acid vs gemcitabine following pancreatic cancer
resection: A randomized controlled trial. JAMA 2010, 304, 1073-1081. [CrossRef] [PubMed]

Sinn, M.; Bahra, M.; Liersch, T.; Gellert, K.; Messmann, H.; Bechstein, W.; Waldschmidt, D.; Jacobasch, L.; Wilhelm, M.; Rau,
B.M.; et al. CONKO-005: Adjuvant Chemotherapy With Gemcitabine Plus Erlotinib Versus Gemcitabine Alone in Patients After
RO Resection of Pancreatic Cancer: A Multicenter Randomized Phase III Trial. J. Clin. Oncol. 2017, 35, 3330-3337. [CrossRef]
[PubMed]

Oettle, H.; Post, S.; Neuhaus, P; Gellert, K.; Langrehr, J.; Ridwelski, K.; Schramm, H.; Fahlke, J.; Zuelke, C.; Burkart, C.; et al.
Adjuvant chemotherapy with gemcitabine vs observation in patients undergoing curative-intent resection of pancreatic cancer: A
randomized controlled trial. JAMA 2007, 297, 267-277. [CrossRef] [PubMed]

Conroy, T.; Hammel, P.; Hebbar, M.; Ben Abdelghani, M.; Wei, A.C.; Raoul, ].-L.; Choné, L.; Francois, E.; Artru, P; Biagi, ].].; et al.
FOLFIRINOX or Gemcitabine as Adjuvant Therapy for Pancreatic Cancer. N. Engl. |. Med. 2018, 379, 2395-2406. [CrossRef]
Zhang, T,; Ren, Y.; Yang, P.; Wang, J.; Zhou, H. Cancer-associated fibroblasts in pancreatic ductal adenocarcinoma. Cell Death Dis.
2022, 13, 897. [CrossRef]

Tan, H.N.C; Catedral, L.I.G.; San Juan, M.D. Prognostic Significance of Tumor-infiltrating Lymphocytes on Survival Outcomes of
Patients With Resected Pancreatic Ductal Adenocarcinoma: A Systematic Review and Meta-Analysis. . Immunother. 2021, 44,
29-40. [CrossRef] [PubMed]

Bailey, P.; Chang, D.K.; Nones, K; Johns, A.L.; Patch, A.-M.; Gingras, M.-C.; Miller, D.K.; Christ, A.N.; Bruxner, T.].C.; Quinn,
M.C.; et al. Genomic analyses identify molecular subtypes of pancreatic cancer. Nature 2016, 531, 47-52. [CrossRef] [PubMed]
Fraunhoffer, N.; Hammel, P.; Conroy, T.; Nicolle, R.; Bachet, J.-B.; Harlé, A.; Rebours, V.; Turpin, A.; Ben Abdelghani, M.; Mitry, E.;
et al. Development and validation of Al-assisted transcriptomic signatures to personalize adjuvant chemotherapy in patients
with pancreatic ductal adenocarcinoma. Ann. Oncol. 2024, 35, 780-791. [CrossRef]

Echle, A.; Rindtorff, N.T.; Brinker, T.J.; Luedde, T.; Pearson, A.T.; Kather, ].N. Deep Learning in Cancer Pathology: A New
Generation of Clinical Biomarkers. Br. . Cancer 2021, 124, 686—696. [CrossRef] [PubMed]


https://ci5.iarc.who.int
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://seer.cancer.gov/archive/csr/1975_2018/
https://doi.org/10.1038/s41598-020-64068-3
https://doi.org/10.1016/j.jgo.2023.101474
https://doi.org/10.1038/s41575-018-0005-x
https://doi.org/10.1002/ags3.12203
https://pubmed.ncbi.nlm.nih.gov/28338509/
https://doi.org/10.1001/jama.2010.1275
https://www.ncbi.nlm.nih.gov/pubmed/20823433
https://doi.org/10.1200/JCO.2017.72.6463
https://www.ncbi.nlm.nih.gov/pubmed/28817370
https://doi.org/10.1001/jama.297.3.267
https://www.ncbi.nlm.nih.gov/pubmed/17227978
https://doi.org/10.1056/NEJMoa1809775
https://doi.org/10.1038/s41419-022-05351-1
https://doi.org/10.1097/CJI.0000000000000331
https://www.ncbi.nlm.nih.gov/pubmed/32909965
https://doi.org/10.1038/nature16965
https://www.ncbi.nlm.nih.gov/pubmed/26909576
https://doi.org/10.1016/j.annonc.2024.06.010
https://doi.org/10.1038/s41416-020-01122-x
https://www.ncbi.nlm.nih.gov/pubmed/33204028

Biomedicines 2024, 12, 2754 15 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Yao, J.; Zhu, X.; Jonnagaddala, ].; Hawkins, N.; Huang, J. Whole slide images based cancer survival prediction using attention
guided deep multiple instance learning networks. Med. Image Anal. 2020, 65, 101789. [CrossRef]

Vienot, A.; Monnien, E; Truntzer, C.; Mougey, V.; Bouard, A.; Pallandre, J.-R.; Molimard, C.; Loyon, R.; Asgarov, K.; Averous, G.;
et al. SALL4-related gene signature defines a specific stromal subset of pancreatic ductal adenocarcinoma with poor prognostic
features. Mol. Oncol. 2023, 17, 1356. [CrossRef]

Knijnenburg, T.A.; Wang, L.; Zimmermann, M.T.; Chambwe, N.; Gao, G.E; Cherniack, A.D.; Fan, H.; Shen, H.; Way, G.P,; Greene,
C.S.; et al. Genomic and Molecular Landscape of DNA Damage Repair Deficiency across The Cancer Genome Atlas. Cell Rep.
2018, 23, 239-254.e6. [CrossRef]

Macenko, M.; Niethammer, M.; Marron, J.S.; Borland, D.; Woosley, ].T.; Guan, X.; Schmitt, C.; Thomas, N.E. A Method for
Normalizing Histology Slides for Quantitative Analysis. In Proceedings of the 2009 IEEE International Symposium on Biomedical
Imaging: From Nano to Macro, Boston, MA, USA, 28 June-1 July 2009; IEEE: Piscataway, NJ, USA, 2009; pp. 1107-1110.
Simonyan, K.; Zisserman, A. Very Deep Convolutional Networks for Large-Scale Image Recognition. arXiv 2015,
arXiv:1409.1556v6.

Hothorn, T.; Lausen, B. On the exact distribution of maximally selected rank statistics. Comput. Stat. Data Anal. 2003, 43, 121-137.
[CrossRef]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15-21. [CrossRef]

Colaprico, A.; Silva, T.C.; Olsen, C.; Garofano, L.; Cava, C.; Garolini, D.; Sabedot, T.S.; Malta, T.M.; Pagnotta, S.M.; Castiglioni,
I; et al. TCGAbiolinks: An R/Bioconductor Package for Integrative Analysis of TCGA Data. Nucleic Acids Res. 2016, 44, e71.
[CrossRef] [PubMed]

Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, TR,;
Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. USA 2005, 102, 15545-15550. [CrossRef]

Korotkevich, G.; Sukhov, V.; Budin, N.; Shpak, B.; Artyomov, M.N.; Sergushichev, A. Fast gene set enrichment analysis. bioRxiv
2021. preprint. [CrossRef]

Covington, K.R.; Shinbrot, E.; Wheeler, D.A. Mutation signatures reveal biological processes in human cancer. bioRxiv 2016.
preprint. [CrossRef]

Dreyer, S.B.; Rae, S.; Bisset, K.; Upstill-Goddard, R.; Gemenetzis, G.; Johns, A.L.; Dickson, E.J.; Mittal, A.; Gill, A.].; Duthie, E; et al.
The Impact of Molecular Subtyping on Pathological Staging of Pancreatic Cancer. Ann. Surg. 2023, 277, €396—e405. [CrossRef]
[PubMed]

Fang, Z.; Ruan, B.; Zhong, M.; Xiong, J.; Jiang, Y.; Song, Z. Silencing LINC00491 Inhibits Pancreatic Cancer Progression through
MiR-188-5p-induced Inhibition of ZFP91. ]. Cancer 2022, 13, 1808-1819. [CrossRef]

Zhao, X.; Lu, M; Liu, Z; Zhang, M.; Yuan, H,; Dan, Z.; Wang, D.; Ma, B; Yang, Y.; Yang, F; et al. Comprehensive analysis of alfa
defensin expression and prognosis in human colorectal cancer. Front. Oncol. 2023, 12, 974654. [CrossRef]

Patel, H.; Zanos, T.; Hewitt, D.B. Deep Learning Applications in Pancreatic Cancer. Cancers 2024, 16, 436. [CrossRef]

Watson, M.D.; Baimas-George, M.R.; Murphy, K.J.; Pickens, R.C.; Iannitti, D.A.; Martinie, ].B.; Baker, E.H.; Vrochides, D.; Ocuin,
L.M. Pure and Hybrid Deep Learning Models can Predict Pathologic Tumor Response to Neoadjuvant Therapy in Pancreatic
Adenocarcinoma: A Pilot Study. Am. Surg. 2021, 87, 1901-1909. [CrossRef] [PubMed]

Vezakis, I.; Vezakis, A.; Gourtsoyianni, S.; Koutoulidis, V.; Polydorou, A.A.; Matsopoulos, G.K.; Koutsouris, D.D. An Automated
Prognostic Model for Pancreatic Ductal Adenocarcinoma. Genes 2023, 14, 1742. [CrossRef]

Malcolm, J.A.; Tacey, M.; Gibbs, P; Lee, B.; Ko, H.S. Current state of radiomic research in pancreatic cancer: Focusing on study
design and reproducibility of findings. Eur. Radiol. 2023, 33, 6659-6669. [CrossRef]

Yao, J.; Cao, K.; Hou, Y.; Zhou, J.; Xia, Y.; Nogues, I.; Song, Q.; Jiang, H.; Ye, X,; Lu, J.; et al. Deep Learning for Fully Automated
Prediction of Overall Survival in Patients Undergoing Resection for Pancreatic Cancer: A Retrospective Multicenter Study. Ann.
Surg. 2023, 278, €68. [CrossRef] [PubMed]

Ju, J.; Wismans, L.V.; Mustafa, D.A.M.; Reinders, M.].T.; van Eijck, C.H.].; Stubbs, A.P.; Li, Y. Robust deep learning model for
prognostic stratification of pancreatic ductal adenocarcinoma patients. iScience 2021, 24, 103415. [CrossRef] [PubMed]

Wu, W.; Liu, X,; Hamilton, R.B.; Suriawinata, A.A.; Hassanpour, S. Graph Convolutional Neural Networks for Histologic
Classification of Pancreatic Cancer. Arch. Pathol. Lab. Med. 2023, 147, 1251-1260. [CrossRef] [PubMed]

Jiang, C.; Wang, K,; Yan, L.; Yao, H.; Shi, H.; Lin, R. Predicting the survival of patients with pancreatic neuroendocrine neoplasms
using deep learning: A study based on Surveillance, Epidemiology, and End Results database. Cancer Med. 2023, 12, 12413-12424.
[CrossRef] [PubMed]

Saillard, C.; Delecourt, F.; Schmauch, B.; Moindrot, O.; Svrcek, M.; Bardier-Dupas, A.; Emile, ].E; Ayadi, M.; Rebours, V.; de
Mestier, L.; et al. Pacpaint: A histology-based deep learning model uncovers the extensive intratumor molecular heterogeneity of
pancreatic adenocarcinoma. Nat. Commun. 2023, 14, 3459. [CrossRef]


https://doi.org/10.1016/j.media.2020.101789
https://doi.org/10.1002/1878-0261.13370
https://doi.org/10.1016/j.celrep.2018.03.076
https://doi.org/10.1016/S0167-9473(02)00225-6
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/nar/gkv1507
https://www.ncbi.nlm.nih.gov/pubmed/26704973
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1101/060012
https://doi.org/10.1101/036541
https://doi.org/10.1097/SLA.0000000000005050
https://www.ncbi.nlm.nih.gov/pubmed/36745763
https://doi.org/10.7150/jca.65071
https://doi.org/10.3389/fonc.2022.974654
https://doi.org/10.3390/cancers16020436
https://doi.org/10.1177/0003134820982557
https://www.ncbi.nlm.nih.gov/pubmed/33381979
https://doi.org/10.3390/genes14091742
https://doi.org/10.1007/s00330-023-09653-6
https://doi.org/10.1097/SLA.0000000000005465
https://www.ncbi.nlm.nih.gov/pubmed/35781511
https://doi.org/10.1016/j.isci.2021.103415
https://www.ncbi.nlm.nih.gov/pubmed/34901786
https://doi.org/10.5858/arpa.2022-0035-OA
https://www.ncbi.nlm.nih.gov/pubmed/36669509
https://doi.org/10.1002/cam4.5949
https://www.ncbi.nlm.nih.gov/pubmed/37165971
https://doi.org/10.1038/s41467-023-39026-y

Biomedicines 2024, 12, 2754 16 of 16

42. Chen, R]J.; Lu, M.Y,; Williamson, D.EK.; Chen, T.Y.; Lipkova, ]J.; Noor, Z.; Shaban, M.; Shady, M.; Williams, M.; Joo, B.; et al.
Pan-cancer integrative histology-genomic analysis via multimodal deep learning. Cancer Cell 2022, 40, 865-878.€6. [CrossRef]

43. Nimgaonkar, V.,; Krishna, V.; Krishna, V.; Tiu, E.; Joshi, A.; Vrabac, D.; Bhambhvani, H.; Smith, K.; Johansen, J.S.; Makawita,
S.; et al. Development of an artificial intelligence-derived histologic signature associated with adjuvant gemcitabine treatment
outcomes in pancreatic cancer. Cell Rep. Med. 2023, 4, 101013. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ccell.2022.07.004
https://doi.org/10.1016/j.xcrm.2023.101013

	Introduction 
	Materials and Methods 
	Patients 
	HES Staining and Numerization 
	Tile Pre-Processing 
	Statistical Analysis 
	Software 
	Deep Learning Survival Model 
	Survival Analysis 
	TCGA RNAseq Analysis 
	TCGA Exome Analysis 


	Results 
	Dataset Description 
	Estimation of the Attention-Guided Multiple Instance Learning Model 
	Generation of a Composite Clinical and Image-Based Prognostic Score 
	Interpretability of the Deep Learning Image Model 
	Description of Molecular Characteristics 

	Discussion 
	Conclusions 
	References

