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Background
Human physiology and disease are defined by complex
interactions between genetic and environmental factors.
While genome-wide association studies (GWASs) have
been successfully used to dissect many human traits, they
have not worked for studies of the heart. This likely
reflects the limitations in echocardiographic and tradi-
tional magnetic resonance phenotyping, as many cardiac
traits are known to be highly heritable. In an attempt to
overcome the limitations of human heart GWASs to date,
we developed high-resolution 3D-cardiac MRI (3D-CMR)
techniques combined with computational image analysis
and dense genotyping to examine the common genetic
determinants of cardiac structure and function.

Methods
Healthy volunteers (n = 1850; 55% females, mean age 41
± 13 years) were recruited prospectively to the Digital
Heart Project and underwent both standard CMR and
high-spatial resolution 3D-CMR (Philips 1.5T Achieva,
Best, Netherlands). Using a cardiac atlas-based software,
3D-CMR images were computationally processed and
quantitatively analysed. Anatomical and functional para-
meters including left ventricular shape, curvature, wall
thickness, wall stress, fractional wall thickening, mass
and ventricular volumes were extracted at over 46,000
points in each model. The 2D datasets were analysed
using commercially available software. Subjects were

genotyped using a standard SNP array and genotypes
were imputed against a combined UK10K / 1000 Gen-
omes reference panel, after which 9.4 million variants
were available for the GWAS. Bayesian latent factor ana-
lysis was used to reduce high dimensional 3D morpho-
logical and functional phenotypes into an informative
lower dimensional space (n = 100 factors). These factors
were used for single trait linear mixed model association
analysis. 2D metrics such as LV mass, volumes and ejec-
tion fraction were also subjected to GWAS.

Results
A large number (n>10) of genome-wide significant loci
were identified, which demonstrated strong associations
with regional differences in LV wall thickness and func-
tion. These regions are located in contiguous and biolo-
gically plausible areas of the ventricle (Figure 1). Several
of the top associations were found at loci encoding
important cardiac development genes. In contrast, there
were few significant associations uncovered by GWAS
of the 2D data.

Conclusions
3D-CMR combined with computational modeling and
dense genotyping provides novel and high-resolution
insights into the effects of genetic factors on the heart.
Our data demonstrates that common genetic variation is
associated with regional rather than global changes in
cardiac morphology and function, which would be
missed using traditional CMR- or echocardiography-
derived phenotypes, and reveals novel genes underlying
cardiac physiology.
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Figure 1 A 3D model of the left ventricle illustrating the strongest association between a SNP in the genome wide association study
and a Bayesian factor projection of wall thickness. The linear mixed model regression coefficients at each point are plotted in the epicardial
surface of the left ventricle with the right ventricle depicted as a mesh. This SNP is negatively associated with wall thickness in the basal and
mid septal regions and positively associated with wall thickness in the basal anterolateral area.
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