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            Key Points

                	
                  Genome-wide association studies are systematic, well-powered surveys to explore the relationships between sites of common genome sequence variation and disease predisposition on a genome-wide scale.

                
	
                  The capacity to undertake genome-wide association studies has resulted in spectacular advances in the understanding of the genetic basis of common phenotypes of biomedical importance, such as diabetes, asthma and some cancers.

                
	
                  Application of this approach to large, well-characterized data sets has revealed over 50 disease-susceptibility loci and has provided valuable insights into the allelic architecture of multifactorial traits.

                
	
                  The implementation of such studies requires meticulous attention to all stages of the experimental process, from the ascertainment of the samples through to analysis and interpretation of the findings. There is considerable potential for a wide variety of errors and biases to result in spurious associations if precautions are not taken.

                
	
                  Extensive replication of positive findings remains the best guarantee against erroneous claims of association. The demand for large-scale replication is leading to extensive international collaborations between groups.

                
	
                  Nonetheless, substantial challenges remain as researchers seek more complete descriptions of the susceptibility architecture of traits of interest, and to translate the information gathered into improvements in clinical management.

                


              

Abstract
The past year has witnessed substantial advances in understanding the genetic basis of many common phenotypes of biomedical importance. These advances have been the result of systematic, well-powered, genome-wide surveys exploring the relationships between common sequence variation and disease predisposition. This approach has revealed over 50 disease-susceptibility loci and has provided insights into the allelic architecture of multifactorial traits. At the same time, much has been learned about the successful prosecution of association studies on such a scale. This Review highlights the knowledge gained, defines areas of emerging consensus, and describes the challenges that remain as researchers seek to obtain more complete descriptions of the susceptibility architecture of biomedical traits of interest and to translate the information gathered into improvements in clinical management.
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Glossary
	Genome-wide association (GWA) studies
	
                  Studies in which a dense array of genetic markers, which captures a substantial proportion of common variation in genome sequence, is typed in a set of DNA samples that are informative for a trait of interest. The aim is to map susceptibility effects through the detection of associations between genotype frequency and trait status.

                
	Case–control design
	
                  An association study design in which the primary comparison is between a group of individuals (cases), ascertained for the phenotype of interest and that are presumed to have a high prevalence of susceptibility alleles for that trait, and a second group (controls), not ascertained for the phenotype and considered likely to have a lower prevalence of such alleles.

                
	Selection bias
	
                  Bias arising from the fact that the samples ascertained for the study (particularly controls) might not be representative of the wider population that they are purported to represent.

                
	Misclassification bias
	
                  Bias resulting from the failure to correctly assign individuals to the relevant group in a casecontrol study; for example, the presence of some individuals who meet the criteria for being cases in a population-based control sample.

                
	Population stratification
	
                  The presence in study samples of individuals with different ancestral and demographic histories: if cases and controls differ with respect to these features, markers that are informative for them might be confounded with disease status and lead to spurious associations.

                
	Cryptic relatedness
	
                  Evidence typically gained from analysis of GWA data that, despite allowance for known family relationships, individuals in the study sample have residual, non-trivial degrees of relatedness, which can violate the independence assumptions of standard statistical techniques.

                
	Family-based association methods
	
                  A suite of analytical approaches in which association testing is performed within families: such approaches offer protection from population substructure effects but at the price of reduced power.

                
	Pleiotropy
	
                  The phenomenon whereby a single allele can affect several distinct aspects of the phenotype of an organism, often traits not previously thought to be mechanistically related.

                
	Linkage disequilibrium
	
                  (LD). The nonrandom allocation of alleles at nearby variants to individual chromosomes as a result of recent mutation, genetic drift or selection, manifest as correlations between genotypes at closely linked markers.

                
	Copy number variant
	
                  (CNV). A class of DNA sequence variant (including deletions and duplications) in which the result is a departure from the expected diploid representation of DNA sequence.

                
	DNA pooling approaches
	
                  Association studies that are conducted using estimates of allele frequencies derived from pools of DNA compiled from multiple subjects rather than individual DNA samples.

                
	Informative missingness
	
                  If patterns of missing data are nonrandom with respect to both genotype and trait status, then analysis of the available genotypes can result in misleading associations where none truly exists.

                
	Signal intensity (cluster) plots
	
                  Plots of raw intensity data for individual variants that are generated by the genotyping platform and represent the extent to which the various genotypes can be discriminated: these provide a useful visual diagnostic for the genotyping data quality.

                
	Hardy–Weinberg equilibrium
	
                  (HWE). A theoretical description of the relationship between genotype and allele frequencies that is based on expectation in a stable population undergoing random mating in the absence of selection, new mutations and gene flow: in the context of genetic studies, departures from equilibrium can be used to highlight genotyping errors.

                
	Quantile-quantile plot
	
                  (Q-Q plot). In the context of GWA studies, a Q-Q plot is a diagnostic plot that compares the distribution of observed test statistics with the distribution expected under the null.

                
	Cochran–Armitage test
	
                  A genotype-based contingency-table test for association that is well suited to the detection of trends across ordinal categories (in this case, genotypes).

                
	Frequentist
	
                  A school of statistics that uses p values and combines them with hypothesis testing to make inferences.

                
	Bayes' factors
	
                  The Bayesian alternative to classical frequentist approaches to hypothesis testing, essentially equivalent to likelihood ratio tests: prior and posterior information are combined in a ratio that measures the strength of the evidence in favour of one model rather than the other.

                
	False-positive report probability
	
                  The probability that a reported association between a genetic variant and a trait of interest is not true.

                
	Haplotype-based methods
	
                  Association methods that rely on the relationship between the distribution of estimated haplotype frequencies and trait status, rather than each individual variant in turn.

                
	Imputation methods
	
                  A set of approaches for filling in missing genotype data using a sparse set of genotypes (for example, from a GWA scan) and a scaffold of linkage disequilibrium relationships (as provided by the HapMap).

                
	Mendelian randomization
	
                  An analytical approach that allows one to test for a causal relationship between two phenotypes that show observational associations, but are subject to confounding: Mendelian randomization makes use of the random segregation of susceptibility alleles at meiosis to explore causality in a model that is freed from most sources of confounding.

                



Rights and permissions
Reprints and permissions


About this article
Cite this article
McCarthy, M., Abecasis, G., Cardon, L. et al. Genome-wide association studies for complex traits: consensus, uncertainty and challenges.
                    Nat Rev Genet 9, 356–369 (2008). https://doi.org/10.1038/nrg2344
Download citation
	Issue Date: May 2008

	DOI: https://doi.org/10.1038/nrg2344


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

                
                    	
                            
                                
                                    
                                        Causal relationship between sarcopenia and osteoarthritis: a bi-directional two-sample mendelian randomized study
                                    
                                

                            
                                
                                    	Jiyong Yang
	Peng Liu
	Wengang Liu


                                
                                European Journal of Medical Research (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)

                            
	
                            
                                
                                    
                                        Combination of GWAS and FST-based approaches identified loci associated with economic traits in sugarcane
                                    
                                

                            
                                
                                    	Le Wang
	Shadame Yeo
	G. H. Yue


                                
                                Molecular Genetics and Genomics (2023)

                            
	
                            
                                
                                    
                                        Phenotype Design Space Provides a Mechanistic Framework Relating Molecular Parameters to Phenotype Diversity Available for Selection
                                    
                                

                            
                                
                                    	Michael A. Savageau


                                
                                Journal of Molecular Evolution (2023)

                            
	
                            
                                
                                    
                                        Powerful, scalable and resource-efficient meta-analysis of rare variant associations in large whole genome sequencing studies
                                    
                                

                            
                                
                                    	Xihao Li
	Corbin Quick
	Xihong Lin


                                
                                Nature Genetics (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    20th Anniversary
                                

                            
                        

                    
                        
                            
                                Series

                                
                                    Study designs
                                

                            
                        

                    
                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    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
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Credits
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Publishing model
                                
                            
	
                                
                                    Editorial input and checks
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    Webcasts
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Calendars
                                
                            
	
                                
                                    Conferences
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                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 Reviews Genetics (Nat Rev Genet)
                
                
    
    
        ISSN 1471-0064 (online)
    
    


                
    
    
        ISSN 1471-0056 (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 — 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: ]
