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            Abstract
Compared with linear mixed model-based genome-wide association (GWA) methods, generalized linear mixed model (GLMM)-based methods have better statistical properties when applied to binary traits but are computationally much slower. In the present study, leveraging efficient sparse matrix-based algorithms, we developed a GLMM-based GWA tool, fastGWA-GLMM, that is severalfold to orders of magnitude faster than the state-of-the-art tools when applied to the UK Biobank (UKB) data and scalable to cohorts with millions of individuals. We show by simulation that the fastGWA-GLMM test statistics of both common and rare variants are well calibrated under the null, even for traits with extreme caseâ€“control ratios. We applied fastGWA-GLMM to the UKB data of 456,348 individuals, 11,842,647 variants and 2,989 binary traits (full summary statistics available at http://fastgwa.info/ukbimpbin), and identified 259 rare variants associated with 75 traits, demonstrating the use of imputed genotype data in a large cohort to discover rare variants for binary complex traits.
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                    Fig. 1: Comparison of runtime and memory usage between fastGWA-GLMM and SAIGE.[image: ]


Fig. 2: Runtime and memory usage of fastGWA-GLMM in the pseudo-cohort of two million individuals.[image: ]


Fig. 3: FPR computed from the null variants.[image: ]
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                Data availability

              
              The individual-level genotype and phenotype data are available through formal application to the UKB (http://www.ukbiobank.ac.uk). GWAS summary statistics for the 2,989 binary traits from our analysis of the UKB data are fully available at http://fastgwa.info/ukbimpbin and the GWAS Catalog (GCP ID: GCP000224). Source data are provided with this paper.

            

Code availability

              
              FastGWA-GLMM, fastGWA-BB and ACAT-V are integrated in the GCTA software package (v.1.93.3), available at https://yanglab.westlake.edu.cn/software/gcta. The source code of GCTA v.1.93.3 is available at https://doi.org/10.5281/zenodo.5226943, and the analysis code to produce the major results presented in the paper is available at https://doi.org/10.5281/zenodo.5501110.
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Extended data

Extended Data Fig. 1 Runtime of fastGWA-GLMM for 8 traits with different prevalence levels.
The x-axis represents the sample size, and the y-axis represents the total runtime in hour units. Different traits are labelled with different colours. The data used in this test consisted of 11,842,647 variants. All tests were performed in the same computing environment: 80 GB memory and 8 CPUs (Intel Xeon Gold 6148). Each test was repeated 5 times for an average.


Extended Data Fig. 2 FPR for SAIGE, fastGWA-GLMM and REGENIE quantified using the null common variants in simulations.
Three methods, SAIGE, fastGWA-GLMM, and REGENIE, are compared. The y-axis represents the FPR computed from the null common variants (that is, all the common variants on the even chromosomes), and the x-axis represents different levels of prevalence of the simulated binary phenotypes (prevalence \(= n_{case}/(n_{case} + n_{control})\)). FPR is evaluated at five different alpha levels (Î±=0.05, 0.005, 5Ã—10âˆ’4, 5Ã—10âˆ’5, and 5Ã—10âˆ’6), as shown in panels from a) to e), respectively. The dashed lines indicate the expected FPRs (that is, the alpha levels). Each boxplot represents the distribution of FPR across 100 simulation replicates. The line inside each box indicates the median value, notches indicate the 95% confidence interval, central box indicates the interquartile range (IQR), whiskers indicate data up to 1.5 times the IQR, and outliers are shown as separate dots. In all the analyses, we used a one-sided \(\chi _{\mathrm{d.f.} = 1}^2\) statistic to test against the null hypothesis of no association.
Source data


Extended Data Fig. 3 FPR for SAIGE, fastGWA-GLMM and REGENIE quantified using the rare null variants in simulations.
Three methods, SAIGE, fastGWA-GLMM, and REGENIE, are compared. The y-axis represents the FPR computed from the null rare variants (that is, all the rare variants on the even chromosomes), and the x-axis represents different levels of prevalence of the simulated binary phenotypes (prevalence \(= n_{case}/(n_{case} + n_{control})\)). FPR is evaluated at five different alpha levels (Î±=0.05, 0.005, 5Ã—10âˆ’4, 5Ã—10âˆ’5, and 5Ã—10âˆ’6), as shown in panels from a) to e), respectively. The dashed lines indicate the expected FPRs (that is, the alpha levels). Each boxplot represents the distribution of FPR across 100 simulation replicates. The line inside each box indicates the median value, notches indicate the 95% confidence interval, central box indicates the interquartile range (IQR), whiskers indicate data up to 1.5 times the IQR, and outliers are shown as separate dots. In all the analyses, we used a one-sided \(\chi _{\mathrm{d.f.} = 1}^2\) statistic to test against the null hypothesis of no association.
Source data


Extended Data Fig. 4 Comparison of power (as measured by the mean Ï‡2 value of the causal variants) between SAIGE, fastGWA-GLMM and REGENIE.
The y-axis represents the mean Ï‡2 value of the causal variants (10,000 common and 1,000 rare causal variants on the odd chromosomes), and the x-axis represents different levels of prevalence of the simulated binary phenotypes (prevalence \(= n_{case}/(n_{case} + n_{control})\)). Apart from being evaluated for the 11,000 variants altogether in panel (a), the mean Ï‡2 value is also evaluated for common (MAF â‰¥ 0.01) and rare (MAF < 0.01) causal variants separately, as shown in panels b) and c), respectively. Each boxplot represents the distribution of mean Ï‡2 across 100 simulation replicates. The line inside each box indicates the median value, notches indicate the 95% confidence interval, central box indicates the interquartile range (IQR), whiskers indicate data up to 1.5 times the IQR, and outliers are shown as separate dots. In all the analyses, we used a one-sided \(\chi _{\mathrm{d.f.} = 1}^2\) statistic to test against the null hypothesis of no association.
Source data


Extended Data Fig. 5 FPR for fastGWA-GLMM and other methods quantified using all the null variants in simulations.
The y-axis represents the FPR computed from the null variants (that is, all the variants on the even chromosomes), and the x-axis represents different levels of prevalence of the simulated binary phenotypes (prevalence \(= n_{case}/(n_{case} + n_{control})\)). FPR is evaluated at five different alpha (P value threshold) levels (Î±=0.05, 0.005, 5Ã—10âˆ’4, 5Ã—10âˆ’5, and 5Ã—10âˆ’6), as shown in panels from a) to e), respectively. The dashed lines indicate the expected FPRs (that is, the alpha levels). Each boxplot represents the distribution of FPR across 100 simulation replicates. The line inside each box indicates the median value, notches indicate the 95% confidence interval, central box indicates the interquartile range (IQR), whiskers indicate data up to 1.5 times the IQR, and outliers are shown as separate dots. In all the analyses, we used a one-sided \(\chi _{\mathrm{d.f.} = 1}^2\) statistic to test against the null hypothesis of no association.
Source data


Extended Data Fig. 6 FPR for fastGWA-GLMM and fastGWA-GLMM-Ped quantified using all the null variants in simulations.
FastGWA-GLMM-Ped: fastGWA-GLMM using the pedigree relatedness matrix. fastGWA-GLMM: fastGWA-GLMM using the sparse GRM. The y-axis represents the FPR computed from the null variants (that is, all the variants on the even chromosomes), and the x-axis represents different levels of prevalence of the simulated binary phenotypes (prevalence \(= n_{case}/(n_{case} + n_{control})\)). FPR is evaluated at five different alpha levels (Î±=0.05, 0.005, 5Ã—10âˆ’4, 5Ã—10âˆ’5, and 5Ã—10âˆ’6), as shown in panels from a) to e), respectively. The dashed lines indicate the expected FPRs (that is, the alpha levels). Each boxplot represents the distribution of FPR across 100 simulation replicates. The line inside each box indicates the median value, notches indicate the 95% confidence interval, central box indicates the interquartile range (IQR), whiskers indicate data up to 1.5 times the IQR, and outliers are shown as separate dots. In all the analyses, we used a one-sided \(\chi _{\mathrm{d.f.} = 1}^2\) statistic to test against the null hypothesis of no association.
Source data


Extended Data Fig. 7 Mean Ï‡2 value of the causal variants for fastGWA-GLMM and fastGWA-GLMM-Ped under different simulation scenarios.
FastGWA-GLMM-Ped: fastGWA-GLMM using the pedigree relatedness matrix. fastGWA-GLMM: fastGWA-GLMM using the sparse GRM. The y-axis represents the mean Ï‡2 value of the causal variants (10,000 common and 1,000 rare causal variants on the odd chromosomes), and the x-axis represents different levels of prevalence of the simulated binary phenotypes (prevalence \(= n_{case}/(n_{case} + n_{control})\)). Apart from being evaluated for the 11,000 variants altogether in panel a), the mean Ï‡2 value is also evaluated for common (MAF â‰¥ 0.01) and rare (MAF < 0.01) causal variants separately, as shown in panels b) and c) respectively. Each boxplot represents the distribution of mean Ï‡2 across 100 simulation replicates. The line inside each box indicates the median value, notches indicate the 95% confidence interval, central box indicates the interquartile range (IQR), whiskers indicate data up to 1.5 times the IQR, and outliers are shown as separate dots. In all the analyses, we used a one-sided \(\chi _{\mathrm{d.f.} = 1}^2\) statistic to test against the null hypothesis of no association.
Source data


Extended Data Fig. 8 False positive rate (FPR) for ACAT-V, fastGWA-BB, and REGENIE-Burden under different simulation scenarios.
Three gene-based test methods are compared in this analysis, that is, ACAT-V (implemented in GCTA), fastGWA-BB, and REGENIE-Burden. The y-axis represents the FPR computed from the null genes (that is, all the 1,224 genes on chromosome 1 under the null simulation scenarios), and â€œPrevâ€� on the x-axis represents different levels of simulated prevalence of the binary trait. The prevalence is defined as \(n_{case}/(n_{case} + n_{control})\)). FPR is evaluated at five different alpha levels (Î±=0.05, 0.01, 0.005, 0.001, and 5Ã—10âˆ’4), as shown in panels from a) to e), repectively. The dashed lines indicate the expected FPRs (that is, the alpha levels). Each boxplot represents the distribution of FPR across 100 simulation replicates. The line inside each box indicates the median value, notches indicate the 95% confidence interval, central box indicates the interquartile range (IQR), whiskers indicate data up to 1.5 times the IQR, and outliers are shown as separate dot. In all the analyses, we used a one-sided \(\chi _{\mathrm{d.f.} = 1}^2\) statistic to test against the null hypothesis of no association.
Source data


Extended Data Fig. 9 Statistical power for ACAT-V, fastGWA-BB, and REGENIE-Burden under different simulation scenarios.
Three gene-based test methods are compared in this analysis, that is, ACAT-V (implemented in GCTA), fastGWA-BB, and REGENIE-Burden. The y-axis represents the power, defined as the proportion of the 100 simulated causal genes on chromosome 1 with P values less than the significance threshold after Bonferroni correction (that is, 0.05/1224=4.1Ã—10âˆ’5, where 1,224 is the number of genes used in the simulation), and â€œPrevâ€� on the x-axis represents different levels of simulated prevalence of the binary trait. The prevalence is defined as \(n_{case}/(n_{case} + n_{control})\)). We varied the proportion of variants being causal in a gene (5%, 20%, or 50%) and the directions of variant effects (random or consistent), as labelled in the title of each panel. Each boxplot represents the distribution of power across 100 simulation replicates. The line inside each box indicates the median value, notches indicate the 95% confidence interval, central box indicates the interquartile range (IQR), whiskers indicate data up to 1.5 times the IQR, and outliers are shown as separate dot. In all the analyses, we used a one-sided \(\chi _{\mathrm{d.f.} = 1}^2\) statistic to test against the null hypothesis of no association.
Source data


Extended Data Fig. 10 Area under the curve (AUC) for ACAT-V, fastGWA-BB, and REGENIE-Burden under different simulation scenarios.
Three gene-based test methods are compared in this analysis, that is, ACAT-V (implemented in GCTA), fastGWA-BB, and REGENIE-Burden. The y-axis represents the AUC (that is, the area under the receiver operating characteristic (ROC) curve), and â€œPrevâ€� on the x-axis represents different levels of simulated prevalence of the binary trait. The prevalence is defined as \(n_{case}/(n_{case} + n_{control})\)). We varied the proportion of variants being causal in a gene (5%, 20% or 50%) and the directions of variant effects (random vs. consistent), as labelled in the title of each panel. Each boxplot represents the distribution of AUC across 100 simulation replicates. The line inside each box indicates the median value, notches indicate the 95% confidence interval, central box indicates the interquartile range (IQR), whiskers indicate data up to 1.5 times the IQR, and outliers are shown as separate dot. In all the analyses, we used a one-sided \(\chi _{\mathrm{d.f.} = 1}^2\) statistic to test against the null hypothesis of no association.
Source data
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