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            Abstract
Genetic association results are often interpreted with the assumption that study participation does not affect downstream analyses. Understanding the genetic basis of participation bias is challenging since it requires the genotypes of unseen individuals. Here we demonstrate that it is possible to estimate comparative biases by performing a genome-wide association study contrasting one subgroup versus another. For example, we showed that sex exhibits artifactual autosomal heritability in the presence of sex-differential participation bias. By performing a genome-wide association study of sex in approximately 3.3 million males and females, we identified over 158 autosomal loci spuriously associated with sex and highlighted complex traits underpinning differences in study participation between the sexes. For example, the body mass index–increasing allele at FTO was observed at higher frequency in males compared to females (odds ratio = 1.02, P = 4.4 × 10−36). Finally, we demonstrated how these biases can potentially lead to incorrect inferences in downstream analyses and propose a conceptual framework for addressing such biases. Our findings highlight a new challenge that genetic studies may face as sample sizes continue to grow.
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                    Fig. 1: Manhattan plot for a GWAS of sex in 2,462,132 participants from 23andMe.[image: ]


Fig. 2: SNP heritability on the liability scale for sex across five studies.[image: ]


Fig. 3: Illustration of the concept and consequences of sex-differential participation bias.[image: ]


Fig. 4: Genetic correlation with being born female versus male and 38 traits in the UK Biobank and 23andMe.[image: ]


Fig. 5: PS distribution highlights sex-differential participation by educational level in the UK Biobank.[image: ]
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Extended data

Extended Data Fig. 1 Different participation bias scenarios that may lead to a correlation between sex and genetic variants.
S, selection (that is participation in the study); X, trait; Gx, genotype causing X. The assumed causal paths are shown in blue, and the induced correlations are shown in red. Three scenarios exist in which sex can become heritable due to selection. a, Sex causes X which in turn causes selection. b, X and sex influence the selection independently. c, The effect of X on selection is different between the two sexes. This is the scenario discussed in the paper. We have run simulations (Supplementary Fig. 3) and scenarios a and b are less likely to be observed because the effect of the trait on selection would need to be extremely large.


Extended Data Fig. 2 Effect size for association between SNPs and sex in 23andMe.
On the y-axis is the effect in the entire study population (n = 2,462,132), and on the x-axis is the effect only among those younger than 30 years (n = 320,366). Error bars represent the confidence intervals for the effect size estimates.


Extended Data Fig. 3 Effect of sex-differential participation bias on the genetic correlation between y0 and y1 when the phenotypes have h2 = 0.1 or h2 = 0.3.
Each line represents a different degree of participation bias, expressed as the odds ratio (OR) used for the sampling. The higher the OR, the higher the degree of participation bias. The x-axis represents different values for the parameter k that gives the sex-differential effect. The smaller k is, the higher is the degree of the sex-differential effect. Under no partecipation bias or sex-differential effect y0 and y1 have a genetic correlation equal to 0.


Extended Data Fig. 4 Effects of sex differential bias on the BMI→T2D relationship.
The forest plot shows the effect of sampling men and women differentially based on BMI. The x-axis represents different values of bias introduced. For higher values, heavier males and leaner women are randomly picked. The number on top of the segment represents the P-value of the difference in effect between the two sexes using the Z-score method. The bias becomes large enough to be detected as ‘significant’ even at the lower values of bias applied. The straight lines represent the effect of BMI on T2D estimated without any sample selection.
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