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            Abstract
Enlargement or aneurysm of the aorta predisposes to dissection, an important cause of sudden death. We trained a deep learning model to evaluate the dimensions of the ascending and descending thoracic aorta in 4.6 million cardiac magnetic resonance images from the UK Biobank. We then conducted genome-wide association studies in 39,688 individuals, identifying 82 loci associated with ascending and 47 with descending thoracic aortic diameter, of which 14 loci overlapped. Transcriptome-wide analyses, rare-variant burden tests and human aortic single nucleus RNA sequencing prioritized genes including SVIL, which was strongly associated with descending aortic diameter. A polygenic score for ascending aortic diameter was associated with thoracic aortic aneurysm in 385,621 UK Biobank participants (hazard ratio = 1.43 per s.d., confidence interval 1.32â€“1.54, P = 3.3 Ã— 10âˆ’20). Our results illustrate the potential for rapidly defining quantitative traits with deep learning, an approach that can be broadly applied to biomedical images.
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                    Fig. 1: Study overview.[image: ]


Fig. 2: Genome-wide association study results for ascending and descending thoracic aorta diameter.[image: ]


Fig. 3: Gene-level association tests.[image: ]


Fig. 4: snRNA-seq analyses in human aorta.[image: ]


Fig. 5: Cumulative incidence of thoracic aortic aneurysm or dissection stratified by polygenic score.[image: ]
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                Data availability

              
              UK Biobank data is made available to researchers from universities and other research institutions with genuine research inquiries, following IRB and UK Biobank approval. Full GWAS summary statistics for ascending and descending thoracic aortic measurements are available at the Broad Institute Cardiovascular Disease Knowledge Portal (http://www.broadcvdi.org). Single nucleus RNA sequencing data are publicly available at the Broad Instituteâ€™s Single Cell Portal (accession no. SCP1265, https://singlecell.broadinstitute.org/single_cell) and at the National Center for Biotechnology Informationâ€™s Gene Expression Omnibus Database (accession no. GSE165824). The dbGAP accession number for aortic phenotypes used in FHS replication is phs000007.v30.p11. All other data are contained within the article and its supplementary information, or are available upon reasonable request to the corresponding author.

            

Code availability

              
              The code used to identify connected components is available as a Go library at https://github.com/carbocation/genomisc/tree/master/overlay and a README is provided in that folder to demonstrate library usage.
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Extended data

Extended Data Fig. 1 Aortic size by age and sex.
The length of the minor elliptical axis of aorta at its maximum size during the cardiac cycle (that is, the diameter) is shown for the ascending aorta (left) and the descending aorta (right). The x-axis represents the participantâ€™s age at the time of cardiac MRI, and the y-axis represents the size of aorta. Each point represents one personâ€™s measurements; men are plotted in turquoise and women in red. Sex-specific locally weighted scatterplot smoothing (LOESS) curves are overplotted. Each point represents one of the 42,518 participants who passed imaging quality control for at least one of the ascending or descending aorta measurements: 40,363 had accepted measurements for ascending aorta, and 41,415 had accepted measurements for descending aorta.


Extended Data Fig. 2 GWAS sample flow diagram.
The GWAS sample flow diagram depicts the sample filtering process that led to the specific samples being chosen for the ascending and descending aortic diameter GWAS.


Extended Data Fig. 3 GWAS QQ plots.
Quantile-quantile plots showing the theoretical distribution of P values under a uniform distribution (x-axis) versus the observed distribution within the sample (y-axis) are displayed for the ascending and descending aorta GWAS summary statistics. The plots are stratified by minor allele frequency (â€˜maf_binâ€™): â€˜commonâ€™ denotes SNPs with MAF > 0.05, low frequency with 0.005 < MAF â‰¤ 0.05, and rare with 0.001 < MAF â‰¤ 0.005. Variants with MAF < 0.001 were excluded from the analysis.


Extended Data Fig. 4 GWAS replication in the Framingham Heart Study.
a,b, For lead SNPs from the main UK Biobank GWAS that could be identified in a GWAS from FHS, each SNP is plotted based on the UK Biobank Z score (x-axis) and the FHS Z score (y-axis). 72 SNPs for ascending aortic diameter (a) and 41 SNPs for descending aortic diameter (b) could be identified in FHS and are plotted here. SNPs where the direction of effect is in agreement between FHS and UK Biobank are plotted in blue, while those with opposite direction of effect are marked in red.


Extended Data Fig. 5 Genetic correlation with continuous traits.
The genetic correlation between continuous traits and the ascending (top) and descending (bottom) thoracic aorta in the UK Biobank are represented in volcano plots. Of the 281 tested traits, genetic correlation with 257 traits was computable in the ascending aorta and with 256 traits in the descending aorta. The x-axis represents the magnitude of genetic correlation, while the y-axis represents the -log10 of the genetic correlation P value, based on ldsc. Traits achieving Bonferroni significance are colored red (for positive genetic correlation) or blue (for negative genetic correlation). The top 10 positively and negatively associated traits are labeled. The underlying data are available in Supplementary Table 10.


Extended Data Fig. 6 Cell type-specific gene expression at the WWP2 locus.
Cell-type specificity of genes with expression data within 500 kb of the lead SNP near WWP2. As with Fig. 4, the size of each square represents the average log2(Expr) for a gene across all nuclei in a given cluster. The color represents the log fold-change comparing the expression of the given gene in each cluster to all other clusters based on a formal differential expression model. A dot represents significant up- or down-regulation in the given cluster based on a Benjamini-Hochberg correction for multiple testing at FDR < 0.01. Expr, normalized nucleus-level expression calculated as the number of counts of a gene divided by the total number of counts in the nucleus and multiplied by 10,000; FC, fold-change.


Extended Data Fig. 7 MAGMA gene set associations.
Gene sets enriched in MAGMA analysis of the GWAS of the ascending (top) and descending (bottom) thoracic aorta are represented in volcano plots. The x-axis represents the magnitude of estimated effect of a pathway-based gene set on the aortic trait, while the y-axis represents the -log10 of the MAGMA association P value. Pathways achieving Bonferroni significance are colored red and labeled. The underlying data are available in Supplementary Tables 17 and 18.
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