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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: ]
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                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.





Supplementary Information
Supplementary Information
Supplementary Table 1


Reporting Summary




Source data
Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 5

Source Data Fig. 6

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 6




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Campanella, G., Hanna, M.G., Geneslaw, L. et al. Clinical-grade computational pathology using weakly supervised deep learning on whole slide images.
                    Nat Med 25, 1301â€“1309 (2019). https://doi.org/10.1038/s41591-019-0508-1
Download citation
	Received: 23 October 2018

	Accepted: 03 June 2019

	Published: 15 July 2019

	Issue Date: August 2019

	DOI: https://doi.org/10.1038/s41591-019-0508-1


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Milestone

                                
                                    Cancer Milestones
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    No pixel-level annotations needed
                

                
	Jeroen van der Laak
	Francesco Ciompi
	Geert Litjens



                
    
        
            Nature Biomedical Engineering
        
        News & Views
        
        
            17 Oct 2019
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Nature Medicine Classic Collection
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Medicine (Nat Med)
                
                
    
    
        ISSN 1546-170X (online)
    
    


                
    
    
        ISSN 1078-8956 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
