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            Abstract
A principal challenge in the analysis of tissue imaging data is cell segmentationâ€”the task of identifying the precise boundary of every cell in an image. To address this problem we constructed TissueNet, a dataset for training segmentation models that contains more than 1â€‰million manually labeled cells, an order of magnitude more than all previously published segmentation training datasets. We used TissueNet to train Mesmer, a deep-learning-enabled segmentation algorithm. We demonstrated that Mesmer is more accurate than previous methods, generalizes to the full diversity of tissue types and imaging platforms in TissueNet, and achieves human-level performance. Mesmer enabled the automated extraction of key cellular features, such as subcellular localization of protein signal, which was challenging with previous approaches. We then adapted Mesmer to harness cell lineage information in highly multiplexed datasets and used this enhanced version to quantify cell morphology changes during human gestation. All code, data and models are released as a community resource.
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                    Fig. 1: A human-in-the-loop approach enables scalable, pixel-level annotation of large image collections.[image: ]


Fig. 2: Mesmer delivers accurate nuclear and whole-cell segmentation in multiplexed images of tissues.[image: ]


Fig. 3: Mesmer performs whole-cell segmentation across tissue types and imaging platforms with human-level accuracy.[image: ]


Fig. 4: Mesmer enables accurate analysis of multiplex imaging data.[image: ]


Fig. 5: Lineage-aware segmentation enables morphological profiling of cells in the decidua during human pregnancy.[image: ]


Fig. 6: Cloud-native and on-premise software facilitates deployment of Mesmer.[image: ]
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                Data availability

              
              The TissueNet dataset is available at https://datasets.deepcell.org/ for noncommercial use.

            

Code availability

              
              All software for dataset construction, model training, deployment and analysis is available on our github page https://github.com/vanvalenlab/intro-to-deepcell. All code to generate the figures in this paper is available at https://github.com/vanvalenlab/publication-figures/tree/master/2021-Greenwald_Miller_et_al-Mesmer.
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Extended data

Extended Data Fig. 1 DeepCell Label annotation workflow.
a, How multichannel images are represented and edited in DeepCell Label. b, Scalable backend for DeepCell Label that dynamically adjusts required resources based on usage, allowing concurrent annotators to work in parallel. c, Human-in-the-loop workflow diagram. Images are uploaded to the server, run through Mesmer to make predictions, and cropped to facilitate error correction. These crops are sent to the crowd to be corrected, stitched back together, run through quality control to ensure accuracy, and used to train an updated model.


Extended Data Fig. 2 Mesmer benchmarking.
a, PanopticNet architecture. Images are fed into a ResNet50 backbone coupled to a feature pyramid network. Two semantic heads produce pixel-level predictions. The first head predicts whether each pixel belongs to the interior, border, or background of a cell, while the second head predicts the center of each cell. b, Relative proportion of preprocessing, inference, and postprocessing time in PanopticNet architecture. c, Evaluation of precision, recall, and Jaccard index for Mesmer and previously published models (right) and models trained on TissueNet (left). d, Summary of TissueNet accuracy for Mesmer and selected models to facilitate future benchmarking efforts e,f Breakdown of most prevalent error types (e) and less prevalent error types (f) for Mesmer and previously published models illustrates Mesmerâ€™s advantages over previous approaches. g, Comparison of the size distribution of prediction errors for Mesmer (left) with nuclear segmentation followed by expansion (right) shows that Mesmerâ€™s predictions are unbiased.


Extended Data Fig. 3 TissueNet accuracy comparisons.
a, Accuracy of specialist models trained on each platform type (rows) and evaluated on data from other platform types (columns) indicates good agreement within immunofluorescence and mass spectrometry-based methods, but not across distinct methods. b, Accuracy of specialist models trained on each tissue type (rows) and evaluated on data from other tissue types (columns) demonstrates that models trained on only a single tissue type do not generalize as well to other tissue types. c, Quantification of F1 score as a function of the size of the dataset used for training. d-h, Quantification of individual error types as a function of the size of the dataset used for training. i, Representative images where Mesmer accuracy was poor, as determined by the image specific F1 score. j, Impact of image blurring on model accuracy. k, Impact of image downsampling and then upsampling on model accuracy. l, Impact of adding random noise to image on model accuracy. All scale bars are 50â€‰Î¼M.


Extended Data Fig. 4 3D segmentation.
Proof of principle for using Mesmerâ€™s segmentation predictions to generate 3D segmentations. A z-stack of 3D data is fed to Mesmer, which generates separate 2D predictions for each slice. We computationally link the segmentations predictions from each slice to form 3D objects. This approach can form the basis for human-in-the-loop construction of training data for 3D models.





Supplementary information
Reporting Summary




Rights and permissions
Reprints and permissions


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



Cite this article
Greenwald, N.F., Miller, G., Moen, E. et al. Whole-cell segmentation of tissue images with human-level performance using large-scale data annotation and deep learning.
                    Nat Biotechnol 40, 555â€“565 (2022). https://doi.org/10.1038/s41587-021-01094-0
Download citation
	Received: 01 March 2021

	Accepted: 14 September 2021

	Published: 18 November 2021

	Issue Date: April 2022

	DOI: https://doi.org/10.1038/s41587-021-01094-0


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
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Spatial multi-omics: novel tools to study the complexity of cardiovascular diseases
                                    
                                

                            
                                
                                    	Paul Kiessling
	Christoph Kuppe


                                
                                Genome Medicine (2024)

                            
	
                            
                                
                                    
                                        Task design for crowdsourced glioma cell annotation in microscopy images
                                    
                                

                            
                                
                                    	Svea Schwarze
	Nadine S. Schaadt
	Friedrich Feuerhake


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Multiplex protein imaging in tumour biology
                                    
                                

                            
                                
                                    	Natalie de Souza
	Shan Zhao
	Bernd Bodenmiller


                                
                                Nature Reviews Cancer (2024)

                            
	
                            
                                
                                    
                                        MAPS: pathologist-level cell type annotation from tissue images through machine learning
                                    
                                

                            
                                
                                    	Muhammad Shaban
	Yunhao Bai
	Faisal Mahmood


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Innate and adaptive immune cell interaction drives inflammasome activation and hepatocyte apoptosis in murine liver injury from immune checkpoint inhibitors
                                    
                                

                            
                                
                                    	Layla Shojaie
	Jacob M. Bogdanov
	Lily Dara


                                
                                Cell Death & Disease (2024)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    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
                                
                            
	
                                
                                    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 Biotechnology (Nat Biotechnol)
                
                
    
    
        ISSN 1546-1696 (online)
    
    


                
    
    
        ISSN 1087-0156 (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: ]
