Supplementary Information

Materials and Methods: Craniometric (Skull) Measures

Craniometric data. 1170 male crania (skulls) from 27 European populations were analyzed, including 1005 individuals with complete data and 169 with three or fewer missing measurements that were imputed with a random forest algorithm in R. This missing data criterion was selected to provide a balance between increased sample size and increased measurement noise. 281 individuals with four or more missing measurements were excluded from our analyses. We excluded crania that were obtained on individuals living more than 1000 years ago to alleviate noise associated with decay and measurement artifacts and increase the likelihood of using higher quality specimens. Each of 37 measurements within each population was tested for normality with a univariate Shapiro-Wilks test, and four crania were removed as outliers.

Craniometric distance. A multivariate analogue of Levene’s test (betadisper in the R package vegan) confirmed homoscedasticity of the 37 measures across all populations. This justified using a single covariance matrix in the pairwise distance calculations, which was required in order for generalized distances to be symmetrical, i.e. A➞B = B➞A. Ordinations of the craniometric distance matrix were generated by non-metric multidimensional scaling (MDS), which was initialized by the principal coordinates analysis solution with 100 random restarts of the analysis. Stress was plotted versus solution order, and a four-dimensional ordination (stress = 0.11) was selected since higher order solutions provided diminishing reductions in stress. A Shepard plot confirmed that this ordination captured the ranks of distances between populations with no obvious outliers.

Spatial autocorrelation and distance matrix tests. An omni-directional Mantel correlogram between craniometric and geographic distance matrices was computed using nine distance bins (N = 72 per bin; Fig. S3A), and a directional correlogram was computed using four distance bins (N < 40 per bin; Fig. S3B) in two orthogonal directions to test for anisotropy of spatial autocorrelation (a positive rM statistic corresponded to positive correlation). The craniometric distance matrix was spatially detrended by computing the residuals of a multiple linear regression with longitude, latitude, and latitude squared as significant predictors, from which a Mantel correlogram was generated (Fig. S3C). Correlations in each distance class were tested for significance by permutation testing and adjusted by progressive Bonferonni correction [1].

Craniometric ordination. Craniometric and geographic ordinations were aligned using Procrustes analyses, and the significance of the correlation between them was assessed via permutation testing (t = 0.65, P < 0.0001). The coordinates of each population estimated from craniometric distances were plotted, and points were labeled by cluster membership based on hierarchical agglomerative complete linkage of the Mahalanobis distance matrix. In addition, average hierarchical clustering of population correlations based on 37 cranial measures revealed similar population clusters (Fig. S1B). Multi-scale bootstrapping (Fig. S1B) and a silhouette plot (Fig. S1A) showed indistinct membership of clusters, with some populations bordering two clusters. A minimum spanning tree was overlaid on the plot to emphasize that the ordination preserved many relative distances.

Cranial classification. Classifier performance was assessed via leave-one-out cross-validation on the male crania data (treated as a training set) and then applied to the female crania data (treated as a test or replication data set). The significance of the resulting confusion matrices was assessed by a Monte Carlo approximation of Fisher’s exact test. In order to assess classifier performance in all 27 populations in the study we performed an additional analysis using only the male crania. We split male crania data into a training (75% of skulls) and a test (25%) data set and analyzed classifier performance as a function of predicted distance errors (Fig. S2). The classification performance using this male skulls test set appeared qualitatively similar to the classification performance using the female skulls test set (Fig. 1E).

Geographic variation. Population eigenvalues for the first constrained axis of a redundancy analysis were interpolated by kriging to create an isocline map of Europe. Geographic coordinates were transformed with a Lambert azimuthal equal area projection before kriging. A semi-variogram was fit with a linear model (nugget = 0.14, slope = 2.66), and these parameters were used in an ordinary kriging model. Cross-validation indicated that predicted values were highly correlated with observed values (r = 0.88). More complex kriging models that accounted for anisotropy and linear trend gave similar results.

Materials and Methods: MRI Measures and Genotype Information

ADNI subjects. Data used in the preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (www.loni.ucla.edu/ ADNI). The ADNI was launched in 2003 by the National Institute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies and non-profit organizations, as a $60 million, 5-year public-private partnership. The primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI), positron emission tomography (PET), other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of mild cognitive impairment (MCI) and early Alzheimer’s disease (AD). Determination of sensitive and specific markers of very early AD progression is intended to aid researchers and clinicians to develop new treatments and monitor their effectiveness, as well as lessen the time and cost of clinical trials.

The Principle Investigator of this initiative is Michael W. Weiner, M.D., VA Medical Center and University of California, San Francisco. ADNI is the result of efforts of many co-investigators from a broad range of academic institutions and private corporations, and subjects have been recruited from over 50 sites across the U.S. and Canada. The initial goal of ADNI was to recruit 800 adults, ages 55 to 90, to participate in the research — approximately 200 cognitively normal older individuals to be followed for 3 years, 400 people with MCI to be followed for 3 years, and 200 people with early AD to be followed for 2 years. For up-to-date information see www.adni-info.org.

Genotyping. ADNI samples were genotyped with the Illumina Human610-Quad BeadChip and were included if they had a >90% genotyping rate. PLINK [2] was used to predict sex, and subjects with conflicting sex annotation were excluded.
MRI processing. All scans were first corrected for scanner- and site specific spatial distortions, based on information provided for each system by the scanner manufacturers [3]. The two 3D T1-weigted scans were then rigid body registered to each other (motion corrected) and subsequently averaged together to increase the signal to noise ratio. Next, subcortical and cortical segmentation were performed for each subject [4]. The Brain Volume measure was calculated as the sum of the volumes for all cortical and subcortical gray and white matter ROIs [5].

After MRI segmentation, voxels identified as either brain or ventricles were set equal to 1, and all other voxels were set equal to 0. This binary mask was repeatedly smoothed with a Gaussian kernel to produce a simply connected uniform mask, covering all sulci, whose boundary smoothly tapered from 1 to 0 over the length of a few voxels. The Intracranial Volume (ICV) measure was approximated as the volume of this mask.

Cortical thickness measures were obtained by calculating the distance between those surfaces at numerous points (vertices) across the cortical mantle [6]. Continuous maps of cortical surface area were obtained by computing the area of each triangle of a standardized tessellation, mapped to each subject’s native space using a spherical atlas registration procedure [4]. This provides point-by-point estimates of the relative areal expansion or compression of each location in atlas space. Cortical maps were smoothed with a full-width-half-maximum Gaussian kernel of 30 mm and mapped into a standardized spherical atlas space, using a non-rigid high-dimensional spherical averaging method to align cortical folding patterns [4]. This procedure provides accurate matching of morphologically homologous cortical locations across subjects on the basis of each individual’s anatomy while minimizing metric distortion. The maps produced are not restricted to the voxel resolution of the original images and are thus capable of detecting sub-millimeter differences between groups [6].

Ancestry estimation using the genotype information. PLINK was used to merge ADNI genotypes with 34 European reference populations from POPRES, HGDP, and HapMap. Single nucleotide polymorphisms (SNPs) with >2% missingness and individuals with >90% missing genotypes were removed to generate a consensus file with 71,466 SNPs. SNPs were pruned based on linkage disequilibrium (R2 > 0.5, 50 SNP window, 5 SNP slide increment) in order to remove redundant markers that might skew ancestry estimates, leaving 59,908 SNPs. In a separate analysis, PLINK was used to merge ADNI genotypes with two HapMap populations (CEU, TSI) and a publically available data set of normal controls from New York with self-reported NW and SE European and Ashkenazi Jewish ancestry. Illumina HumanHap300 genome-wide genotype data was downloaded from the InTraGenDB web site (https://intragen.c2b2.columbia.edu). The consensus file contained 280,998 SNPs, and the final pruned file contained 170,922 SNPs.

Principal components analysis. The smartpca software [7] was used to find the first ten eigenvectors that explained the most variance in the reference genotypes. All individuals, including those from the ADNI data set, were projected along these eigenvectors. Individuals with eigenvalues along the first five components that were more than six standard deviations from the mean were removed as outliers (smartpca default setting). Using this procedure, 33 individuals (2.3%) from the European reference populations were removed, while only 3 individuals (0.5%) from the ADNI study were removed. 10% of SNPs with the largest loadings on the first two principal components were removed, including SNPs within the lactase enzyme and other genes known to have alleles that vary in frequency across Europe. Smartpca was run again using the remaining 53,704 SNPs, and the first two principal components, explaining 0.33% and 0.13% of the variation, were highly correlated (r = 0.99) with components from the initial analysis and therefore represented genome-wide variation and were used for further analysis.

For each reference population, the average and standard deviation of the first two principal components of all individuals in that population were calculated. Procrustes analysis was used to align these average principal component coordinates to longitude and latitude coordinates of the populations. A -18° rotation resulted in an optimal alignment and was similar to the -16° rotation observed by Novembre et al. 


[8] ADDIN EN.CITE . Therefore, the addition of the ADNI subjects to the principal components analysis likely did not skew the correspondence between genetic and geographic distances in Europe.

Supplementary Figure Legends

Fig. S1. Populations cluster geographically (NW, NE, and SE Europe) based on cranial morphology using different algorithms, but cluster borders are indistinct. (A) Silhouette plot of complete linkage clusters based on craniometric generalized distances highlighted populations with indistinct cluster membership, particularly Italy, Germany, and France. (B) Average hierarchical clustering of population correlations based on 37 cranial measures. Population clusters show similar regional patterns to those derived from generalized distances in Fig. 1B and in (A). Multi-scale bootstrapping showed strong support for only one cluster (red rectangle) with significant approximately unbiased (au, blue) and bootstrap probability (bp, green) P-values.
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Fig. S2. Classification of test data set of male crania based on 37 standardized measures showed similar performance to the female crania classification. Bars are colored as in Fig. 1E.
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Fig. S3. Mantel (multivariate) correlograms of cranial distance matrix based on squared Mahalanobis distances. (A,C) Omni-directional (N = 72 per bin) and (B) directional (N < 40 per bin) correlograms of cranial distances showed significant correlations (filled symbols, P < 0.05). (C) Spatially detrended cranial distances showed no significant correlations.
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Fig. S4. 37 cranial measurements compared along NW–SE axis. Nominally significant trends are highlighted with nominal (corrected) P-value and proportion of variance explained (R2).

Fig. S5. First two principal components of genotypes of merged ADNI, HapMap, and InTraGenDB populations. ADNI subjects form two main clusters that overlap with NW European and self-reported Ashkenazi Jewish ancestry populations and a smaller cluster that overlaps with a SE European population.
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Fig. S6. Frontotemporal cortical regions are most affected by NW European ancestry. Color maps indicate nominal -log10(P-value) of association between estimated NW–SE ancestry and cortical area across the reconstructed cortical surface, while controlling for height, weight, BMI, age, sex, and diagnosis. Table S4 lists P-values for cortical regions defined on the basis of cortical folding [5].
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