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Genome-wide association studies (GWAS) have been extensively used to esti-
mate the signed effects of trait-associated alleles. One of the key challenges in
GWAS are confounding factors, such as population stratification, which can
lead to spurious genotype-trait associations. Recent independent studies [1,8,10]
failed to replicate the strong evidence of previously reported signals of directional
selection on height in Europeans in the UK Biobank cohort, and attributed the
loss of signal to cryptic relatedness in populations. Population structure causes
genuine genetic signals in causal variants to be mirrored in numerous non-causal
loci due to linkage disequilibrium (LD) [3], resulting in spurious associations.
Thus, it is important to account for LD in the computation of the distance
matrix [6]. One way to account for the LD structure is to use the squared Maha-
lanobis distance [5]. Here, we present CluStrat, a stratification correction algo-
rithm for complex population structure that leverages the LD-induced distances
between individuals. It performs agglomerative hierarchical clustering using the
Mahalanobis distance based Genetic Relationship Matrix (GRM) which captures
the population-level covariance of the genotypes. Thereafter, we apply sketching-
based randomized ridge regression on the clusters and perform a meta-analysis
to obtain the association statistics.

With the growing size of data, computing and storing the genome wide GRM
is a non-trivial task. We get around this overhead by computing the Mahalanobis
distance between two vectors efficiently without storing or inverting the covari-
ance matrix, but instead computing the corresponding rank-k leverage and cross-
leverage scores. We compute the rank-k Mahalanobis distance with respect to
the top k-left singular vectors of the genotype matrix, thus making the compu-
tation feasible for UK Biobank-scale datasets using methods such as TeraPCA [2]
to approximate the left singular vectors accurately and efficiently.
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We test CluStrat on a large simulation study of arbitrarily-structured,
admixed sub-populations by generating 100 GWAS datasets (with 1,000 indi-
viduals genotyped on one million genetic markers) from a quantitative trait
model (and it’s equivalent binary trait) based on previous work [9]. We simu-
lated 30 different scenarios, varying proportions of true genetic effect and admix-
ture and compared it’s performance to standard population structure correction
approaches such as EIGENSTRAT [7], GEMMA [11], and EMMAX [4]. We iden-
tified two to three-fold more true causal variants when compared to the above
methods for almost all scenarios, while trading off for a slightly higher spurious
associations, but, far less than the uncorrected Armitage trend χ2 test. Applying
CluStrat on WTCCC2 Parkinson’s disease (PD) data with a p-value threshold
set to 10−7, we identified loci mapped to a host of genes known to be associated
with PD such as BACH2, MAP2, NR4A2, SLC11A1, UNC5C to name a few.
In summary, CluStrat highlights the advantages of biologically relevant distance
metrics, such as the Mahalanobis distance, which seems to capture the cryptic
interactions within populations in the presence of LD better than the Euclidean
distance. Of independent interest is a simple, but not necessarily well-known,
connection between the regularized Mahalanobis distance-based GRM and the
leverage and cross-leverage scores of the genotype matrix. CluStrat source code
and user manual is available at: https://github.com/aritra90/CluStrat and the
full version is available at https://doi.org/10.1101/2020.01.15.908228.
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