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            Abstract
The development of decision support systems for pathology and their deployment in clinical practice have been hindered by the need for large manually annotated datasets. To overcome this problem, we present a multiple instance learning-based deep learning system that uses only the reported diagnoses as labels for training, thereby avoiding expensive and time-consuming pixel-wise manual annotations. We evaluated this framework at scale on a dataset of 44,732 whole slide images from 15,187 patients without any form of data curation. Tests on prostate cancer, basal cell carcinoma and breast cancer metastases to axillary lymph nodes resulted in areas under the curve above 0.98 for all cancer types. Its clinical application would allow pathologists to exclude 65â€“75% of slides while retaining 100% sensitivity. Our results show that this system has the ability to train accurate classification models at unprecedented scale, laying the foundation for the deployment of computational decision support systems in clinical practice.
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                    Fig. 1: Overview of the data and proposed deep learning framework presented in this study.[image: ]


Fig. 2: Dataset size impact and model introspection.[image: ]


Fig. 3: Weakly supervised models achieve high performance across all tissue types.[image: ]


Fig. 4: Pathology analysis of the misclassification errors on the test sets.[image: ]


Fig. 5: Weak supervision on large datasets leads to higher generalization performance than fully supervised learning on small curated datasets.[image: ]


Fig. 6: Impact of the proposed decision support system on clinical practice.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A deep learning system for prostate cancer diagnosis and grading in whole slide images of core needle biopsies
                                        
                                    

                                    
                                        Article
                                         Open access
                                         01 March 2022
                                    

                                

                                Nitin Singhal, Shailesh Soni, â€¦ Arvind Ganpule

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Pathologist-level interpretable whole-slide cancer diagnosis with deep learning
                                        
                                    

                                    
                                        Article
                                        
                                         13 May 2019
                                    

                                

                                Zizhao Zhang, Pingjun Chen, â€¦ Lin Yang

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Yet Another Automated Gleason Grading System (YAAGGS) by weakly supervised deep learning
                                        
                                    

                                    
                                        Article
                                         Open access
                                         14 June 2021
                                    

                                

                                Yechan Mun, Inyoung Paik, â€¦ Hyeyoon Chang

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The publicly shared MSK breast cancer metastases dataset is available at http://thomasfuchslab.org/data/. The dataset consists of 130 de-identified WSIs of axillary lymph node specimens from 78 patients (see Extended Data Fig. 8). The tissue was stained with hematoxylin and eosin and scanned on Leica Biosystems AT2 digital slide scanners at MSK. Metastatic carcinoma is present in 36 whole slides from 27 patients, and the corresponding label is included in the dataset.

              The remaining data that support the findings of this study were offered to editors and peer reviewers at the time of submission for the purposes of evaluating the manuscript upon request. The remaining data are not publicly available, in accordance with institutional requirements governing human subject privacy protection.

            

Code availability

              
              The source code of this work can be downloaded from https://github.com/MSKCC-Computational-Pathology/MIL-nature-medicine-2019.
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Extended data

Extended Data Fig. 1 Geographical distribution of the external consultation slides submitted to MSKCC.
We included in our work a total of 17,661 consultation slides: 17,363 came from other US institutions located across 48 US states, Washington DC and Puerto Rico; 248 cases came from international institutions spread across 44 countries in all continents. a, Distribution of consultation slides coming from other US institutions. Top, geographical distribution of slides in the continental United States. Red points correspond to pathology laboratories. Bottom, consultation slides distribution per state (including Washington DC and Puerto Rico). b, Distribution of consultation slides coming from international institutions. Top, geographical locations of consultation slides across the world (light gray, countries that did not contribute slides; light blue, countries that contributed slides; dark blue, United States). Bottom, distribution of external consultation slides per country of origin (excluding the United States).


Extended Data Fig. 2 MIL model classification performance for different cancer datasets.
Performance on the respective test datasets was measured in terms of AUC. a, Best results were achieved on the prostate dataset (nâ€‰=â€‰1,784), with an AUC of 0.989 at 20Ã— magnification. b, For BCC (nâ€‰=â€‰1,575), the model trained at 5Ã— performed the best, with an AUC of 0.990. c, The worst performance came on the breast metastasis detection task (nâ€‰=â€‰1,473), with an AUC of 0.965 at 20Ã—. The axillary lymph node dataset is the smallest of the three datasets, which is in agreement with the hypothesis that larger datasets are necessary to achieve lower error rates on real-world clinical data.

                          Source data
                        


Extended Data Fig. 3 t-SNE visualization of the representation space for the BCC and axillary lymph node models.
Two-dimensional t-SNE projection of the 512-dimensional representation space were generated for 100 randomly sampled tiles per slide. a, BCC representation (nâ€‰=â€‰144,935). b, Axillary lymph nodes representation (nâ€‰=â€‰139,178).

                          Source data
                        


Extended Data Fig. 4 Performance of the MIL-RF model at multiple scales on the prostate dataset.
The MIL model was run on each slide of the test dataset (nâ€‰=â€‰1,784) with a stride of 40 pixels. From the resulting tumor probability heat map, hand-engineered features were extracted for classification with the random forest (RF) model. The best MIL-RF model (ensemble model; AUCâ€‰=â€‰0.987) was not statistically significantly better than the MIL-only model (20Ã— model; AUCâ€‰=â€‰0.986; see Fig. 3), as determined using DeLongâ€™s test for two correlated ROC curves.

                          Source data
                        


Extended Data Fig. 5 ROC curves of the generalization experiments summarized in Fig. 5.
a, Prostate model trained with MIL on MSK in-house slides tested on: (1) an in-house slides test set (nâ€‰=â€‰1,784) digitized on Aperio scanners; (2) an in-house slides test set digitized on a Philips scanner (nâ€‰=â€‰1,274); and (3) external slides submitted to MSK for consultation (nâ€‰=â€‰12,727). b,c, Comparison of the proposed MIL approach with state-of-the-art fully supervised learning for breast metastasis detection in lymph nodes. For b, the breast model was trained on MSK data with our proposed method (MIL-RNN) and tested on the MSK breast data test set (nâ€‰=â€‰1,473) and on the test set of the CAMELYON16 challenge (nâ€‰=â€‰129), and achieved AUCs of 0.965 and 0.895, respectively. For c, the fully supervised model was trained on CAMELYON16 data and tested on the CAMELYON16 test set (nâ€‰=â€‰129), achieving an AUC of 0.930. Its performance dropped to AUCâ€‰=â€‰0.727 when tested on the MSK test set (nâ€‰=â€‰1,473).


Extended Data Fig. 6 Decision support with the BCC and breast metastases models.
For each dataset, slides are ordered by their probability of being positive for cancer, as predicted by the respective MIL-RNN model. The sensitivity is computed at the case level. a, BCC (nâ€‰=â€‰1,575): given a positive prediction threshold of 0.025, it is possible to ignore roughly 68% of the slides while maintaining 100% sensitivity. b, Breast metastases (nâ€‰=â€‰1,473): given a positive prediction threshold of 0.21, it is possible to ignore roughly 65% of the slides while maintaining 100% sensitivity.

                          Source data
                        


Extended Data Fig. 7 Example of a slide tiled on a grid with no overlap at different magnifications.
A slide represents a bag, and the tiles constitute the instances in that bag. In this work, instances at different magnifications are not part of the same bag. mpp, microns per pixel.


Extended Data Fig. 8 The publicly shared MSK breast cancer metastases dataset is representative of the full MSK breast cancer metastases test set.
We created an additional dataset of the size of the test set of the CAMEYON16 challenge (130 slides) by subsampling the full MSK breast cancer metastases test set, ensuring that the models achieved similar performance for both datasets. Left, the model was trained on MSK data with our proposed method (MIL-RNN) and tested on: the full MSK breast data test set (nâ€‰=â€‰1,473; AUCâ€‰=â€‰0.968), the public MSK dataset (nâ€‰=â€‰130; AUCâ€‰=â€‰0.965); and the test set of the CAMELYON16 challenge (nâ€‰=â€‰129; AUCâ€‰=â€‰0.898). Right, the model was trained on CAMELYON16 data with supervised learning18 and tested on: the test set of the CAMELYON16 challenge (nâ€‰=â€‰129; AUCâ€‰=â€‰0.932); the full MSK breast data test set (nâ€‰=â€‰1,473; AUCâ€‰=â€‰0.731); and the public MSK dataset (nâ€‰=â€‰130; AUCâ€‰=â€‰0.737). Error bars represent 95% confidence intervals for the true AUC calculated by bootstrapping each test set.
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