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            Abstract
Malignant mesothelioma (MM) is an aggressive cancer primarily diagnosed on the basis of histological criteria1. The 2015 World Health Organization classification subdivides mesothelioma tumors into three histological types: epithelioid, biphasic and sarcomatoid MM. MM is a highly complex and heterogeneous disease, rendering its diagnosis and histological typing difficult and leading to suboptimal patient care and decisions regarding treatment modalities2. Here we have developed a new approach—based on deep convolutional neural networks—called MesoNet to accurately predict the overall survival of mesothelioma patients from whole-slide digitized images, without any pathologist-provided locally annotated regions. We validated MesoNet on both an internal validation cohort from the French MESOBANK and an independent cohort from The Cancer Genome Atlas (TCGA). We also demonstrated that the model was more accurate in predicting patient survival than using current pathology practices. Furthermore, unlike classical black-box deep learning methods, MesoNet identified regions contributing to patient outcome prediction. Strikingly, we found that these regions are mainly located in the stroma and are histological features associated with inflammation, cellular diversity and vacuolization. These findings suggest that deep learning models can identify new features predictive of patient survival and potentially lead to new biomarker discoveries.
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                    Fig. 1: MesoNet layout.[image: ]


Fig. 2: Comparison of the performance between MesoNet and other histology-based models to predict MM patient overall survival.[image: ]


Fig. 3: Extraction of extremal tiles associated with prognosis to identify regions of interest.[image: ]


Fig. 4: Histological characterization and localization of tiles of interest in EMM patients with a poor prognosis.[image: ]
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                Data availability

              
              The external validation TCGA dataset is publicly available at the TCGA portal (https://portal.gdc.cancer.gov). We provide a manifest linking to the sample IDs considered in the study (Supplementary Table 4). The MESOBANK/MESOPATH dataset that supports the findings of this study is available from the Centre Léon Bérard, but restrictions apply to its availability (used with permission for the current study), and so it is not publicly available. The data, or a test subset, may be available from the Centre Léon Bérard subject to ethical approvals.

            

Code availability

              
              The code used for training the models has a large number of dependencies on internal tooling and its release is therefore not feasible. However, all experiments and implementation details are described thoroughly in the Methods so that it can be independently replicated with non-proprietary libraries.
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Extended data

Extended Data Fig. 1 MesoNet layout.
Our prognosis prediction is composed of five steps. (1) The ‘tiling’ process divides the whole slide image into small tiles of 224 × 224 pixels. (2) Features are then extracted from each tile using ResNet-50. (3) Features are then auto-encoded to reduce the dimension to 512 features per tile. (4) We use a convolutional 1D layer to score each tile. (5) Tiles associated with the largest and lowest scores are then retained to train a multilayer perceptron (MLP) to predict overall survival of the patient.


Extended Data Fig. 2 Comparison of the performance between MesoNet and models including additional non-pathology variables such as age and sex to predict MM patient overall survival.
The c index distribution for different predictive models. For the box plots, whiskers represent the minima and maxima. The middle line within the box represents the median. The upper and lower boundaries of the whiskers represent the 25th and 75th percentiles, respectively. A two-sided t-test was performed to determine significance.


Extended Data Fig. 3 Robustness of MesoNet to tissue sampling.
Distributions of variability of the MesoNet prediction for the 167 patients where multiple biopsies were available. The boxplot on the left side represents the distribution of maximal intra-individual variability, that is, the absolute difference between the minimum score and maximum score predicted for all the slides from a single patient for all patients with multiple biopsies (n = 167 patients). The boxplot on the right side represents the inter-individual variability, that is, the absolute difference between the mean of the scores for all the slides of a given patient to the mean of the score for all patients with multiple biopsies (n = 167 patients). For the two boxplots, whiskers represent the minima and maxima. The middle line within the box represents the median. The upper and lower boundaries of the whiskers represent the 25th and 75th percentiles, respectively. Significance was calculated using a two-sided t-test (P = 9.66 × 10−20).


Extended Data Fig. 4 Histological review of tiles of interest.
a, Schematic of the reviewing process. b, Repartition of features of interests in low survival tiles (n = 42) and high survival tiles (n = 42). c, Tiles of low survival with a transitional pattern. d, Tiles of unknown significance, TUS. Scale bars, 112 µm.


Extended Data Fig. 5 Illustration of predictive and non-predictive tiles selection.
Similarity of predictive and non-predictive tiles to a given predictive tile of interest, calculated based on the vector of coefficients obtained with ResNet-50. Similar predictive and non-predictive tiles are then reviewed manually for each extremal tile by pathologists. Scale bars, 112 µm.


Extended Data Fig. 6 Comparative histological analysis of predictive and non-predictive tiles.
Histogram of histological features associated with either predictive or non-predictive tiles that are similar to extremal tiles of high and low survival (n = 42). The review was performed independently by two mesothelioma pathologists.


Extended Data Fig. 7 Biological correlates.
Correlation between MesoNet risk score and the Ki67 expression (n = 54 samples), the ploidy level (n = 36 samples), the EMT score (n = 36 samples) and the leukocyte fraction (n = 36 samples) available for the TCGA dataset.
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