







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature genetics

	analyses

	
                                    article


    
        
        
            
            
                
                    	Analysis
	Published: 23 March 2020



                    Evaluating and improving heritability models using summary statistics

                    	Doug SpeedÂ 
            ORCID: orcid.org/0000-0002-0096-97651,2,3, 
	John Holmes4 & 
	David J. BaldingÂ 
            ORCID: orcid.org/0000-0002-1480-61153,4Â 



                    

                    
                        
    Nature Genetics

                        volumeÂ 52,Â pages 458â€“462 (2020)Cite this article
                    

                    
        
            	
                        9302 Accesses

                    
	
                        67 Citations

                    
	
                            50 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Genetic association study
	Genetics research


    


                
    
    

    
    

                
            


        
            Abstract
There is currently much debate regarding the best model for how heritability varies across the genome. The authors of GCTA recommend the GCTA-LDMS-I model, the authors of LD Score Regression recommend the Baseline LD model, and we have recommended the LDAK model. Here we provide a statistical framework for assessing heritability models using summary statistics from genome-wide association studies. Based on 31 studies of complex human traits (average sample size 136,000), we show that the Baseline LD model is more realistic than other existing heritability models, but that it can be improved by incorporating features from the LDAK model. Our framework also provides a method for estimating the selection-related parameter Î± from summary statistics. We find strong evidence (Pâ€‰<â€‰1â€‰Ã—â€‰10âˆ’6) of negative genome-wide selection for traits, including height, systolic blood pressure and college education, and that the impact of selection is stronger inside functional categories, such as coding SNPs and promoter regions.
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                    Fig. 1: Genetic architecture estimates from different heritability models.


Fig. 2: Evidence of selection.



                


                
                    
                
            

            
                Data availability

              
              We performed the UKBb GWAS using data applied for and downloaded via the UK Biobank website (www.ukbiobank.ac.uk). We obtained summary statistics for the 17 public GWAS studies from the websites of the corresponding studies. We downloaded the 1000 Genome Project data from the LDSC website (www.github.com/bulik/ldsc).
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Extended data

Extended Data Fig. 1 Comparison of likelihoods.
Plots compare likelihood ratio test (LRT) statistics (twice the improvement in log likelihood relative to the null model) computed using the likelihood from restricted maximum likelihood (REML) with those from loglSS, our new approximate likelihood, and loglOld, the approximate likelihood we reported in the original version of SumHer (see Supplementary Note for details). We only analyze the 14 UKBb GWAS, because to perform REML requires individual-level data, and we only consider the GCTA, LDAK and LDAK-Thin Models, because REML is only feasible for simple heritability models. To ensure a fair comparison, when running SumHer we restrict the reference panel to the 4.7â€‰M GWAS SNPs. The bottom plots are zoomed versions of the top plots (obtained by excluding height, the most heritable trait). We see that the LRT statistics from loglSS are highly concordant with those from REML, indicating that the weights used when calculating loglSS perform well. We observe lower concordance between the LRT statistics from loglOld and those from REML, reflecting that loglOld was based on the assumption that test statistics were Gaussian distributed, rather than Gamma distributed.


Extended Data Fig. 2 Estimated proportions of SNP heritability.
This is an expanded version of Fig. 1d, and shows that estimates of functional enrichments tend to converge as the heritability model becomes more complex. Plots report the estimated proportion of SNP heritability contributed by each category of SNPs, averaged across either the 14 UKBb or 17 Public GWAS (vertical segments indicate 95% confidence intervals). Bars indicate the heritability model used and are ordered by number of parameters (see Supplementary Table 13 for definitions): GCTAâ€‰+â€‰1Fun Model (two parameters, used by Gusev et al.12), LDAKâ€‰+â€‰1Fun Model (two parameters, Speed et al.1), LDAKâ€‰+â€‰24Fun Model (25 parameters, Speed et al.4), Baseline Model (53 parameters, Finucane et al.9), BLD-LDAK and BLD-LDAKâ€‰+â€‰Alpha Models (66 and 67 parameters, this paper) and Baseline LD Model (75 parameters, Gazal et al.10). The estimated enrichment of a category is obtained by dividing its estimated proportion of SNP heritability by the proportion of SNPs it contains (horizontal dashed lines). Numerical values are provided in Supplementary Tables 5 & 6.


Extended Data Fig. 3 Reduced-complexity heritability models.
The seven-parameter BLD-LDAK-Lite is a reduced version of the BLD-LDAK Model, obtained by removing two of the nine continuous annotations and all 57 binary annotations (Supplementary Table 8 explains how we used forward stepwise selection to decide which of the continuous annotations to retain). The nine-parameter BLD-LDAK-Lite+1Fun Model adds to the BLD-LDAK-Lite Model one function indicator and the corresponding 500â€‰base pair buffer, while the eight-parameter BLD-LDAK-Lite+Alpha Model is the same as the BLD-LDAK-Lite Model, except annotations are scaled by [fj(1-fj)]1+Î±. These plots show that estimates of SNP heritability and confounding bias from the BLD-LDAK-Lite Model, and average estimates of functional enrichments from the BLD-LDAK-Lite+1Fun Model are close to the those from the BLD-LDAK Model, while estimates of Î± from the BLD-LDAK-Lite+Alpha Model are close to those from the BLD-LDAKâ€‰+â€‰Alpha Model. Numbers indicate how many of the pairs of estimates are inconsistent either nominally or after Bonferroni correction. Numerical values are provided in Supplementary Tables 3â€“7.


Extended Data Fig. 4 Comparison with GRE.
Hou et al.21 proposed GRE, a method for estimating SNP heritability without specifying a heritability model. GRE requires individual level data and that there are more individuals than the number of SNPs on the largest chromosome. Here we compare estimates from GRE to those from SumHer for the 14 UKBb GWAS. To run GRE, we follow the instructions at www.github.com/bogdanlab/h2-GRE; to satisfy the sample size requirement, we use only the 623k directly-genotyped SNPs (Hou et al. did likewise). For SumHer, we consider ten heritability models; to enable a fair comparison with GRE, we always restrict the reference panel to genotyped SNPs. The first three plots compare estimates of SNP heritability from GRE and SumHer. It is noticeable that when using only genotyped SNPs, changing the heritability model has a much smaller impact on estimates of SNP heritability than when using imputed SNPs (Supplementary Table 3); this reflects that with fewer SNPs, the impact of the prior assumptions is reduced. Nonetheless, if we consider GRE estimates to be the â€˜gold standardâ€™, then this analysis indicates that the LDAK-Thin, GCTA-LDMS-R, GCTA-LDMS-I, BLD-LDAK, BLD-LDAKâ€‰+â€‰Alpha and Baseline LD Models produce more accurate estimates of SNP heritability than the GCTA, LDAK, LDAKâ€‰+â€‰24Fun and Baseline Models. In the fourth plot, the solid and dashed lines mark the point estimate and 95% confidence intervals for the gradient when regressing onto the Akaike Information Criterion (AIC) the absolute difference between estimates from SumHer and GRE (when performing this regression, we include an indicator for trait, to reflect that AIC will tend to be lower for more heritable traits). If we again consider GRE estimates to be the gold standard, then the fact that the gradient is significantly positive (Pâ€‰<â€‰10âˆ’6) indicates that lower AIC implies more accurate estimates of SNP heritability.


Extended Data Fig. 5 Comparison of weighted least-squares and maximum likelihood solvers.
The plots compare likelihood ratio test (LRT) statistics (twice the improvement in log likelihood relative to the null model), computed using loglSS, our approximate model likelihood. We consider six heritability models (see Supplementary Table 13 for definitions), estimating parameters using either maximum likelihood (our recommended approach) or weighted least-squares regression (the approach used by LDSC and previously by SumHer). Note that when we estimate parameters for the Baseline and Baseline LD Models using weighted least-squares regression, we frequently obtain negative E[Sj]; so that we can compute loglSS, we replace these with 10âˆ’6. These plots show that for the GCTA, GCTA-LDMS-I, LDAK and LDAKâ€‰+â€‰24Fun Models (the simpler models), the two solvers result in near-identical model fit. However, for the Baseline and Baseline LD Models (the more complex models), weighted least-squares regression often results in a worse fit, because it does not respect that test statistics are approximately Gamma distributed. Note that the reason we observe discordance between the weighted least-squares estimates from LDSC and SumHer (mainly evident for the Baseline Model), is because the SumHer weighted least-squares solver is always iterative, whereas the LDSC solver is iterative when provided with a single-parameter heritability model, but one-step when provided with a multi-parameter model.


Extended Data Fig. 6 Reduced quality control for UKBb GWAS.
For our main analysis of the UKBb GWAS, we first identified individuals with values for all 14 phenotypes, then filtered so that no pair remained with allelic correlation >0.02 (Supplementary Note 6). As a secondary analysis, we instead identified individuals with values for any of the 14 phenotypes, then filtered so that no pair remained with allelic correlation >0.03125. This increased the number of individuals from 130,080 to 246,655, with on average 236k phenotypic values per GWAS (range 201k to 247k). The first plot shows that increasing the sample size does not change the ranking of models based on the Akaike Information Criterion. The remaining three plots shows that it does not significantly change estimates of SNP heritability or average functional enrichments from the BLD-LDAK Model, nor estimates of the selection-related parameter Î± from the BLD-LDAKâ€‰+â€‰Alpha Model (horizontal and vertical segments indicate 95% confidence intervals; numbers indicate how many of the pairs of estimates are inconsistent either nominally or after Bonferroni correction).





Supplementary information
Supplementary Information
Supplementary Note and Tables 1â€“16


Reporting Summary




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Speed, D., Holmes, J. & Balding, D.J. Evaluating and improving heritability models using summary statistics.
                    Nat Genet 52, 458â€“462 (2020). https://doi.org/10.1038/s41588-020-0600-y
Download citation
	Received: 30 July 2019

	Accepted: 24 February 2020

	Published: 23 March 2020

	Issue Date: April 2020

	DOI: https://doi.org/10.1038/s41588-020-0600-y


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

                
                    	
                            
                                
                                    
                                        Heritability and recursive influence of host genetics on the rumen microbiota drive body weight variance in male Hu sheep lambs
                                    
                                

                            
                                
                                    	Weimin Wang
	Yukun Zhang
	Fadi Li


                                
                                Microbiome (2023)

                            
	
                            
                                
                                    
                                        A phenome-wide scan reveals convergence of common and rare variant associations
                                    
                                

                            
                                
                                    	Dan Zhou
	Yuan Zhou
	Eric R. Gamazon


                                
                                Genome Medicine (2023)

                            
	
                            
                                
                                    
                                        A method for an unbiased estimate of cross-ancestry genetic correlation using individual-level data
                                    
                                

                            
                                
                                    	Md. Moksedul Momin
	Jisu Shin
	S. Hong Lee


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Participation bias in the UK Biobank distorts genetic associations and downstream analyses
                                    
                                

                            
                                
                                    	Tabea Schoeler
	Doug Speed
	ZoltÃ¡n Kutalik


                                
                                Nature Human Behaviour (2023)

                            
	
                            
                                
                                    
                                        Gene-environment interaction explains a part of missing heritability in human body mass index
                                    
                                

                            
                                
                                    	Hae-Un Jung
	Dong Jun Kim
	Bermseok Oh


                                
                                Communications Biology (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    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
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    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 Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








