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I. Summary and recommendations for data users 

The University of Michigan used the Michigan Imputation Server 
(https://imputationserver.sph.umich.edu/) to impute genotypes in the Health and 
Retirement Study (HRS). The Michigan Imputation Server provides genotype imputation 
service using Minimac3 (http://genome.sph.umich.edu/wiki/Minimac3). This report 
provides detailed information on data preparation and imputation, including file 
formats and quality metrics.  

Imputed results are provided as both best guess genotypes and the probability of each 
of the three genotypes for each genetic marker for every study participant. We 
recommend incorporating the imputed probabilities into any downstream analysis, 
rather than taking the most likely (best guess) genotype. Quality metrics are provided 
and can be used to filter imputation results on a per-variant basis.  

II. Study data 

a. Samples 

The HRS (http://hrsonline.isr.umich.edu/) is a large, longitudinal study of Americans 
over age 50 aimed at monitoring health, social, economic, and numerous other 
factors related to aging and retirement. Respondents who consented to the saliva 
collection in 2006 (Phase 1), 2008 (Phase 2), 2010 (Phase 3), or 2012 (Phase 4) have 
been genotyped using Illumina Omni genotyping platforms. The Phase 1 and 2 
participants were genotyped together, and were imputed together previously (see 
dbGaP accession number phs000428.v1.p1). The Phase 3 participants were 
subsequently genotyped, and were imputed together with Phases 1-2 (dbGaP 
accession number phs000428.v2.p2). An additional 3,303 Phase 4 participants were 
genotyped in 2015. The four phases are now combined, yielding a total of 18,923 
unique HRS participants: 15,620 from Phases 1-3, and 3,303 from Phase 4. 

Phases 1-2, 3, and 4 genotyping data sets underwent QC procedures (described in 
the Phase 4 genotyping QC report) for genotype data cleaning. All HRS participants 
were imputed together, including the previously genotyped and imputed Phases 1-3 
participants. Samples were selected for imputation from the combined dataset using 
the set of recommended quality filters generated during data cleaning. In brief, 
samples of questionable identity or poor quality were excluded from imputation, 
including two Phase 1-3 samples and four Phase 4 samples with identity issues. We 
also excluded sample-chromosome combinations in which a large chromosomal 
anomaly was recommended for filtering.  

After QC, there were a total of 18,917 unique HRS participants: 15,618 from the 
initial Phase 1-3 genotyping, and 3,299 from Phase 4 (see Table 5 in the QC report). 
Please note: After the imputation and all of the QC processes were completed, but prior to 
the data release, one participant was removed from the HRS sample. The final imputed data 
contains 18,916 unique subjects. All of the following QC evaluations were done with this 
individual included. 

 

https://imputationserver.sph.umich.edu/
http://genome.sph.umich.edu/wiki/Minimac3
http://hrsonline.isr.umich.edu/
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000428.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000428.v2.p2
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Figure 1 shows the first two eigenvectors of a principal component analysis (PCA) on 
all 18,764 unrelated HRS study participants, indicating a wide range of ancestries 
and self-identified ethnicities. We imputed all study samples together in one group, 
to the same worldwide reference panel. 

b. SNPs for imputation 

All of the HRS genotype datasets were genotyped on the Illumina HumanOmni2.5 
array, but different versions: Phases 1-2 on HumanOmni2.5-4v1, Phase 3 on 
HumanOmni2.5-8v1, and Phase 4 on HumanOmni2.5-8v1.1. All versions of the array 
are designed to Human Genome Build 37. SNPs retained in the combined dataset for 
imputation were those common to all the versions of the array and with matching 
rsID, chromosome, and position in both array annotations. SNPs with any discordant 
calls between phases in control samples were excluded from imputation. For the 
purposes of imputation, study SNPs were selected using the combined quality filter 
described in the Phase 4 genotyping QC report. 

A summary of initial input SNPs is shown in Table 1. SNPs genotyped in the study but 
not used as imputation input (i.e. not passing the pre-imputation quality filters) may 
appear in imputed results, when available in the reference panel. This could result in 
discrepancies between observed genotypes posted in the earlier dbGaP genotype 
releases and these imputed data. In Table 1, we refer to the observed study SNPs 
used in the imputation input as the “imputation basis” and to the imputed variants 
as the “imputation output.”  

c. Data formatting 

The study genotype data were initially accessed from the combined, binary PLINK 1 
file (.bed, .bim, .fam) available in the dbGaP release, “HRS_19004_TOP_Filtered,” 
with genotypes expressed in TOP strand alleles. The Illumina annotation files, which 
included genomic strand information, were used to identify the variants requiring a 
strand flip to convert the TOP allele to the “+” strand of the human genome 
reference assembly (discussed further in section IV). 

When extracting data from this PLINK dataset, we (1) excluded study variants that 
did not pass the quality filters; (2) removed HapMap samples; (3) specified a list of 
variants that required a strand flip to align with the “+” strand, based on Illumina 
annotation; (4) set haploid genotypes (male chromosome X) called as heterozygotes 
to missing; and (5) subset by chromosome.  

Below is an example of the command line syntax used to create the filtered binary 
files for genetic chromosome “#” for (1)-(5): 

plink --bfile HRS_19004 TOP_Filtered \ 

--exclude Exclude_SNPs.txt --remove HapMap_samples.txt \ 

--flip flip.txt --set-hh-missing --chr # \ 

--make-bed --out HRS_chr#  



4 
 

Given the constraints of the imputation server, which will not impute a segment of a 
chromosome that a high missing call rate, we also replaced chromosomal anomaly 
regions with genotypes of the same region from a random sample. The 
chromosomal anomaly regions that were replaced with genotypes of the same 
region from random samples were subsequently set as missing after 
imputation(more details are provided in section VI-b).  

Next, the binary PLINK files were converted into .vcf files using PLINK2.1  

plink2 --bfile HRS_chr# --recode vcf --out HRS_chr# 

The .vcf files were sorted and gzipped using VCFtools and tabix (including bgzip). 

vcf-sort HRS_chr#.vcf | bgzip -c > HRS_chr#.vcf.gz 

d. Pre-phasing 

“Pre-phasing” of genotypes reduces computation time and improves accuracy, 
which is important when imputing using expanded reference panels2. We phased 
the study data with the SHAPEIT23 haplotype estimation tool that was incorporated 
into the Michigan Imputation Server. The filtered, chromosome-specific PLINK files 
(from section II-c) were an input and the best guess haplotypes were an output. The 
best guess haplotypes served as the input for Minimac3 
(http://genome.sph.umich.edu/wiki/Minimac3) imputation. Pre-phasing results 
were not saved.  

III. Reference panel 

Larger reference panels have been shown to increase imputation accuracy.4,5,6 The 1000 
Genomes Project aims to “discover, genotype, and provide accurate haplotype 
information on all forms of human DNA polymorphism in multiple human populations.”7 
In October 2011, the 1000 Genomes Project released the first version of the phase I 
integrated variant set, containing single nucleotide polymorphisms (SNPs), 
insertion/deletions (indels), and structural variants (SVs) in 1,092 samples from 14 
different populations.8  

In Oct 2014, the 1000 Genomes Project released the fifth version of the phase 3 
integrated variant set, containing single nucleotide polymorphisms (SNPs), 
insertion/deletions (indels), and structural variants (SVs) in 2,504  samples from 26 
different populations.9 The Project has categorized each of these populations into five 
continental groupings: African (AFR), American (AMR), East Asian (EAS), European (EUR), 
and South Asian (SAS). Sample counts from each of the 26 populations and five 
continental panels are shown in Table 2. To impute the HRS participants, we used a 
worldwide reference panel of all 2,504 samples from the phase 3 integrated variant set 
(v5, initial release on May 2013, haplotype release on Oct 2014).  

The Michigan Imputation Server imputes markers with more than one copy of minor 
allele in the reference panel 
(http://csg.sph.umich.edu/abecasis/MACH/download/1000G.Phase3.v5.html). 

http://genome.sph.umich.edu/wiki/Minimac3
http://csg.sph.umich.edu/abecasis/MACH/download/1000G.Phase3.v5.html
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IV. Strand alignment 

Accurate imputation is dependent upon the study and reference panel allele calls being 
on the same physical strand of DNA relative to the human genome reference sequence. 
Because all 1000 Genomes reference panel data are expected to be “+” strand relative 
to the reference, we used Illumina annotation to identify and flip all the SNPs where the 
TOP allele was not on the “+” strand. 

In the Illumina annotation file, if the Illumina strand is “TOP” and reference strand is “-“, 
or if the Illumina strand is “BOT” and reference strand is “+”, then the alleles were 
changed accordingly: A -> T, C -> G, G -> C, and T -> A. 

In total, we flipped 1,196,854 markers. The PLINK code is described in the section II-c. 

V. Imputation software and data sensitivity 

Imputation analyses were performed using the Michigan Imputation Server 
(https://imputationserver.sph.umich.edu/) that provides free genotype imputation 
service using Minimac3 (http://genome.sph.umich.edu/wiki/Minimac3) with the 
following options: 

Reference panel: 1000G Phase 3 v5 

Phasing: SHAPEIT 

Population: Mixed 

Mode: Quality Control & Imputation 

The Michigan Imputation Server allows two jobs to run for each user each time. We 
imputed HRS data in 4 batches: batch 1 included chromosomes 1-4, batch 2 included 
chromosomes 5-8, batch 3 included chromosomes 9-14, and batch 4 included 
chromosomes 15-22 (Chromosome X imputation with Phase 3 reference panel is not 
available this time). Computation time depends on the sample size, the size of the 
chromosomes, and server usage from other users. The combined process of pre-phasing 
and imputation took 106 hours, 183 hours, 149 hours, and 103 hours for batches 1-4, 
respectively. The elapsed calendar time for imputation was approximately two weeks.  

a. Segmentation 

Imputation was done in 10Mb segments with 1Mb buffer regions on each side for 
each chromosome. Ultimately, 22 chromosomes were divided into 292 total 
segments, ranging from 4 segments on chromosome 21 to 25 segments on 
chromosome 2. 

b. Quality Control 

The imputation server requires the sample call rate to be ≥ 50% for each segment. 
Two segments, one on the centromere of chromosome 9 with 46 markers from the 
HRS study sample and the other one on the centromere of chromosome 14 with 14 
markers from the HRS study sample, were excluded for imputation due to sample 
call rate < 50%.  

https://imputationserver.sph.umich.edu/
http://genome.sph.umich.edu/wiki/Minimac3
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Monomorphic markers, allele mismatches, and strand flips were further excluded. 
Out of 2,042,786 markers, 1,905,968 (93.30%) passed the QC of the Michigan 
Imputation Server and were used to run imputation. The final sets of markers used 
for imputation for each batch are listed in Table 1 (Imputation basis).  

c. Data sensitivity 

The data were uploaded to the servers located in the University of Michigan. The 
complete interaction with the servers was secured with HTTPS. Input data was 
deleted from the servers as soon as the phasing was completed. All results were 
encrypted with a strong one-time password generated by the system. The 
imputation results were deleted from the imputation server after 7 days from the 
completion of the imputation.  

VI. Imputation output 

Imputation output files are divided by chromosome. The output files include 
chr#.dose.vcf.gz (VCFv4.1 format), chr#.dose.vcf.gz.tbi, and chr#.info.gz. 

a. VCF file format 

VCF is a text file format that contained meta-information lines, a header line, and data lines. 
The meta-information lines starts with “##” and provide information on the file. An example 
is shown below. 

##fileformat=VCFv4.1 

##filedate=2015.8.18 

##source=Minimac3 

##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype"> 

##FORMAT=<ID=DS,Number=1,Type=Float,Description="Estimated Alternate Allele Dosage : 
[P(0/1)+2*P(1/1)]"> 

##FORMAT=<ID=GP,Number=3,Type=Float,Description="Estimated Posterior Probabilities 
for Genotypes 0/0, 0/1 and 1/1 "> 

##INFO=<ID=MAF,Number=1,Type=Float,Description="Estimated Alternate Allele 
Frequency"> 

##INFO=<ID=R2,Number=1,Type=Float,Description="Estimated Imputation Accuracy"> 

##INFO=<ID=ER2,Number=1,Type=Float,Description="Empirical (Leave-One-Out) R-square 
(available only for genotyped variants)"> 

A header line starts with “#” and provides column names separated by a tab. The first 9 are 
as follows: 

▪ CHROM: Chromosome number, 1-22 

▪ POS: Position in base pair 

▪ ID: Identifier for the variant based on the 1000 Genomes phase 3 
reference panel 
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▪ REF: Reference allele based on the 1000 Genomes phase 3 reference 
panel 

▪ ALT: Alternative allele based on the 1000 Genomes phase 3 reference 
panel 

▪ FILTER: “PASS” if passed QC 

▪ INFO: Minor allele frequency and r2 separated by ‘;’ 

▪ FORMAT: The imputation server output has a format of “GT:DS:GP”. GT is 
genotype separated by “/”. The reference allele is “0” and the alternative 
allele is “1”. For example, if a sample has two alternative alleles, the GT is 
“1/1”. DS is the estimated alternative allele dosage calculated as the sum 
of the posterior probability of the 0/1 genotype and 2*posterior 
probability of the 1/1 genotype. GP is estimated posterior probabilities 
for genotypes 0/0, 0/1, and 1/1, respectively. 

 The rest of header line is FamilyID_SubjectID for each subject, separated by a tab.  

b. Identifiers 

The Illumina genotyped data (input files for imputation) have identifiers of rs 
numbers, kgp identifiers, or VG identifiers.  

On the other hand, the 1000 Genomes phase 3 reference panel data has identifiers 
of “rs number:position:reference allele:alternative allele”, “chromosome:position: 
reference allele:alternative allele” or “custom identifier:position:reference 
allele:alternative allele:length”. 

Below are several examples of identifiers in the 1000 Genomes phase 3 reference 
panel used by the Michigan Imputation Server. 

1:13380:C:G 

rs75454623:14930:A:G 

1:46285:ATAT:A 

ALU_umary_ALU_12251:10431394:A:<INS:ME:ALU>:280 

DUP_delly_DUP20532:668630:G:<CN2>:181574 

The imputation server does not use identifiers from the input data or the reference 
panel during imputation.  

After the imputation, the results files have identifiers of “chromosome:position.” 
Multi-allelic markers, bi-allelic SNPs and other variants (copy number variants, 
indels, and other structural variants) at the same position are not distinguishable 
with the default identifiers from the imputation server. To resolve this problem, we 
replaced all of the identifiers with the identifiers of the 1000 Genomes phase 3 
reference panel used for the imputation.  
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There were 13 duplicated identifiers in the 1000 Genomes phase 3 reference panel 
used by the imputation server. For those identifiers, we replaced the identifiers 
accordingly: the new identifier is “Previous identifier:DUP1” or “Previous 
identifier:DUP2.”  

c. Chromosomal anomaly regions 

Previously, we replaced chromosomal anomaly regions with genotypes of the same 
region from a random sample. Since the imputation was performed separately for 
each of 10Mb segments of chromosomes with 1MB buffer regions on both sides, the 
genotypes from a random sample can affect the imputation results up to 11Mb from 
the chromosomal anomaly regions. We set genotypes within the chromosomal 
anomaly regions ± 11Mb as missing.  

d. Quality metrics 

The imputation quality metrics are provided in .info files that were output by the 
imputation server.  

The .info files include marker identifier, reference allele and alternative allele in the 
reference panel, alternative allele frequency, average call rate, Rsq, genotyped 
status, LooRsq, EmpR, and EmpRsq.  

▪ SNP: Identifier for the variant  

▪ REF: Reference allele based on the 1000 Genomes phase 3 reference 
panel 

▪ ALT: Alternative allele based on the 1000 Genomes phase 3 reference 
panel 

▪ ALT_frq: Allele frequency of the alternative allele 

▪ AvgCall: Average call rate 

▪ Rsq: The estimated value of the squared correlation between imputed 
genotypes and true, unobserved genotypes. Since true genotypes are not 
available, this calculation is based on the idea that poorly imputed 
genotype counts will shrink towards their expectations based on 
population allele frequencies alone; specifically 2p where p is the 
frequency of the allele being imputed. Minimac3 uses the following 
definition: 

 

▪ Genotyped: An indicator of whether the variant was genotyped 

▪ looRSQ: The estimated rsq for that SNP (as if SNP weren't typed). This 
statistic can only be provided for genotyped sites. This is similar to the 
estimated Rsq above, but the imputed dosage values used to compare 
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are calculated by hiding all known genotypes for the given SNP (called 
LooDosage).  

▪ empR: The empirical correlation between true and imputed genotypes 
for the SNP. This statistic also can only be provided for genotyped sites. 
While the LooRsq statistic completely ignores experimental genotypes, 
EmpR is obtained by calculating the correlation between the true 
genotyped values and the imputed dosages that were calculated by 
hiding all known genotype for the given SNP (called LooDosage). A 
negative correlation between imputed and experimental genotypes can 
indicate allele flips. 

▪ empRSQ: The square of empR. The actual R2 value, comparing imputed 
and true genotypes. 

Please note: After the imputation and all of the QC processes were completed, but prior to 
the data release, one participant decided to rescind his/her consent and was removed from 
the final release. Thus, quality metrics in the .info file contain information from all 18,917 
subjects except the ALT_freq, which was recalculated for the final released dataset (18, 916 
subjects) To avoid confusion, we have removed the major allele, minor allele, and minor 
allele frequency (MAF) from this .info file. 

e. Summary of imputation quality 

Figure 2 illustrates the relationship between MAF and imputation quality, with 
average “Rsq” plotted for groups of variants binned by MAF (bin sizes of 0.01). We 
have plotted imputed SNPs (Panel A) separately from indels and SVs (panel B). While 
average “Rsq” at SNPs with MAF < 0.01 falls below 0.9, the remaining SNPs (those 
with MAF>0.1) have average “Rsq” over 0.95. The average “Rsq” for indels and SVs 
are slightly lower. We also plotted these by chromosome in Figure 3.  

Downstream analyses of imputed results should take into account the uncertainty of 
imputed genotypes. Quality metrics in .info files can be used to filter variants based 
on a cutoff values for downstream analyses. In this imputation, choosing a threshold 
of >0.3 would retain 79.0% of all imputed variants for downstream analyses, while 
more stringent thresholds of 0.5 and 0.8 would retain 70.0% and 52.8% of imputed 
variants, respectively. 

f. Comparison between genotypes and imputed dosage 

There are a total of 1,905,968 masked SNPs. Table 3 summarizes quality metrics for 
all masked SNPs (genotyped SNPs in the imputation output), categorized into three 
groups of MAF ≥ 0.05, 0.01 ≤ MAF < 0.05, and MAF < 0.01. The second column shows 
the number of markers in each MAF group. Mean and median values are presented 
for r2 (Rsq in Minimac3 results, described in Section IV-d) and empirical dosage r2 
(EmpRsq in Minimac3 results, comparing imputed and true genotypes). The 
averages of empirical dosage r2 were 0.9763, 0.9625, 0.8821 for MAF ≥ 0.05, 0.01 ≤ 
MAF < 0.05, and MAF < 0.01 groups, respectively. 
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Figure 4 summarizes quality metrics for all the masked SNPs, grouped into MAF bins 
at 0.01 intervals. The first panel (A) shows the number of SNPs per MAF bin, on the 
secondary y-axis (on the right), the percentage of SNPs in the bin with “Rsq” ≥ 0.8. In 
panel (B), each data point indicates the average “EmpRsq” of all SNPs in that MAF 
bin. The black circle data series includes all masked SNPs, while the green cross data 
series excludes SNPs with “Rsq” < 0.8. Here “EmpRsq” is the squared correlation 
between masked genotype and imputed allelic dosages. 

Several salient points emerge from these graphs. First, there is a sharp decline in 
“EmpRsq” for lower frequency variants (MAF < 0.01). As MAF increases, however, 
average “EmpRsq” levels off to > 0.95. Secondly, the differences between unfiltered 
(black circles) and filtered (green crosses) data series demonstrate the utility of 
filtering by the “Rsq” quality metric, which is available for all imputed SNPs. This 
filtering improves the masked SNP quality metrics profile for rare variants with MAF 
< 0.01.  

While converting imputed probabilities to most likely genotypes is not 
recommended for association testing, it provides an easily interpretable quality 
metric for masked SNP tests. 

g. Downstream analysis 

Many references are available for users desiring further information about 
imputation methods2,10.  

Tools to work with VCF files include VCFTools (http://vcftools.sourceforge.net/), 
bcftools (https://samtools.github.io/bcftools/bcftools.html), and PLINK2 
(https://www.cog-genomics.org/plink2). These tools can be used to convert VCF files 
into other file formats. In addition, genome-wide association analysis can be directly 
performed with minimac output using EPACTS 
(http://genome.sph.umich.edu/wiki/EPACTS). 

VII. Summary 

We have performed genotype imputation for Phases 1-4 of the Health and Retirement 
Study, using a worldwide 1000 Genomes Project reference panel and the Michigan 
Imputation Server. The imputed genotypes, dosages, and accompanying variant 
annotation and quality metrics files are available through the authorized access. These 
imputation analyses were performed and documented by Min A. Jhun, under the 
leadership of Jennifer Smith and Sharon Kardia, at the University of Michigan (UM) in 
Ann Arbor, MI. This report was reviewed and approved by study investigators David 
Weir, Jessica Faul, Sharon Kardia, and Jennifer Smith at the University of Michigan. 

  

http://vcftools.sourceforge.net/
https://samtools.github.io/bcftools/bcftools.html
https://www.cog-genomics.org/plink2
http://genome.sph.umich.edu/wiki/EPACTS
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IX. Web resources 

The original 1000 Genomes phase 3 reference panel release 

ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/ 

 

The 1000 Genomes phase 3 reference panel used by the Michigan Imputation Server (no 

monomorphic and no singleton variants) 

http://csg.sph.umich.edu/abecasis/MACH/download/1000G.Phase3.v5.html 

 

The 1000 Genomes FAQ: Why are phase 1 sites missing from the phase 3 dataset? 

http://www.1000genomes.org/category/frequently-asked-questions/phase-3 

 

Michigan Imputation Server 

https://imputationserver.sph.umich.edu/ 

ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/
http://csg.sph.umich.edu/abecasis/MACH/download/1000G.Phase3.v5.html
http://www.1000genomes.org/category/frequently-asked-questions/phase-3
https://imputationserver.sph.umich.edu/
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Minimac3 

http://genome.sph.umich.edu/wiki/Minimac3 

 

The Variant Call Format (VCF) Version 4.1 Specification 

http://samtools.github.io/hts-specs/VCFv4.1.pdf 

 

VCFTools  

http://vcftools.sourceforge.net/ 

 

bcftools  

https://samtools.github.io/bcftools/bcftools.html 

 

PLINK2 

https://www.cog-genomics.org/plink2/ 

 

EPACTS 

http://genome.sph.umich.edu/wiki/EPACTS 

 

Health and Retirement Study  

http://hrsonline.isr.umich.edu/ 

http://genome.sph.umich.edu/wiki/Minimac3
http://samtools.github.io/hts-specs/VCFv4.1.pdf
http://vcftools.sourceforge.net/
https://samtools.github.io/bcftools/bcftools.html
https://www.cog-genomics.org/plink2/
http://genome.sph.umich.edu/wiki/EPACTS
http://hrsonline.isr.umich.edu/
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X. Tables 

Table 1. Variant summary. Study SNPs are the markers passing pre-imputation filters. 

Imputation basis are the markers passing pre-imputation filters, passing imputation server 

filters, and overlapping with the reference panel. Imputation output are the markers that were 

imputed from the 1000 Genomes phase 3 reference panel. Only markers with more than one 

copy of the minor allele in the reference panel were imputed. 

Chromosome Study SNPs Imputation basis Imputation Output 

1 163,066 151,482 3,738,240 

2 173,255 161,786 4,057,613 

3 146,451 136,534 3,355,939 

4 135,599 126,534 3,338,265 

5 130,143 119,233 3,032,422 

6 129,591 120,750 2,954,410 

7 113,795 106,275 2,753,497 

8 112,012 104,900 2,651,561 

9 90,992 85,645 2,040,326 

10 105,996 99,040 2,334,090 

11 102,738 95,842 2,333,242 

12 99,729 92,836 2,242,720 

13 74,089 69,245 1,661,700 

14 68,216 63,741 1,525,678 

15 64,651 60,479 1,404,164 

16 67,044 62,962 1,549,316 

17 57,609 53,814 1,345,835 

18 61,440 57,651 1,319,629 

19 39,650 36,840 1,084,535 

20 50,187 47,299 1,047,613 

21 28,176 26,325 649,242 

22 28,357 26,755 652,195 

Total 2,042,786 1,905,968 47,072,232 
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Table 2. An overview of the 2,504 samples in the 1000 Genomes Project worldwide reference 

panel (Phase 3 integrated variant set v5, Oct 2014), which was used to impute HRS participants. 

Each population was assigned to one of five continental groupings: African (AFR), American 

(AMR), East Asian (EAS), European (EUR), and South Asian (SAS). This table is based on 

reference panel data downloaded from the 1000 Genomes project. 

Full Population Name Abbreviation 
Number of 

Samples 

African Caribbean in Barbados ACB 96 

African Ancestry in Southwest US ASW 61 

Esan in Nigeria ESN 99 

Gambian in Western Division, The Gambia GWD 113 

Luhya in Webuye, Kenya LWK 99 

Mende in Sierra Leone MSL 85 

Yoruba in Ibadan, Nigeria YRI 108 

Total African ancestry AFR 661 

Colombian in Medellin, Colombia CLM 94 

Mexican Ancestry in Los Angeles, California MXL 64 

Peruvian in Lima, Peru PEL 85 

Puerto Rican in Puerto Rico PUR 104 

Total American ancestry AMR 347 

Chinese Dai in Xishuangbanna, China CDX 93 

Han Chinese in Bejing, China CHB 103 

Southern Han Chinese, China CHS 105 

Japanese in Tokyo, Japan JPT 104 

Kinh in Ho Chi Minh City, Vietnam KHV 99 

Total East Asian ancestry EAS 504 

Utah residents with Northern and Western European ancestry CEU 99 

Iberian populations in Spain IBS 107 

Finnish in Finland FIN 99 

British in England and Scotland GBR 91 

Toscani in Italy TSI 107 

Total European ancestry EUR 503 

Bengali in Bangladesh BEB 86 

Gujarati Indian in Houston, TX GIH 103 

Indian Telugu in the UK ITU 102 

Punjabi in Lahore, Pakistan PJL 96 

Sri Lankan Tamil in the UK STU 102 

Total South Asian ancestry SAS 489 

Total   2504 
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Table 3. Quality metrics for all masked SNPs (genotyped SNPs in the imputation output), 

categorized into three groups of MAF ≥ 0.05, 0.01 ≤ MAF < 0.05, and MAF < 0.01. The second 

column shows the number of markers in each MAF group. Mean and median values are 

presented for r2 (Rsq in Minimac3 results, described in Section IV-d) and empirical dosage r2 

(EmpRsq in Minimac3 results, comparing imputed and true genotypes). No threshold has been 

applied here, such that all masked and imputed SNPs in each MAF category are included in 

these averages. 

MAF  
(in study samples) 

Number of markers Mean (Median) r2 Mean (Median) empirical r2 

0.05 ≤ 1,130,357 0.9988 (0.9997) 0.9763 (0.9922) 

0.01 ≤ and < 0.05 409,036 0.9969 (0.9985) 0.9625 (0.9786) 

0.01 < 366,575 0.9816 (0.9956) 0.8821 (0.9402) 

 



16 
 

XI. Figures 
Figure 1. Principal component analysis of 18,764 unrelated study subjects from Phases 1- 4. Color-coding 

is according to self-identified race, while symbol denotes ethnicity (Mexican American, Other Hispanic or 

Not Hispanic). Axis labels indicate the percentage of variance explained by each eigenvector. 
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Figure 2. Summaries of quality metrics at all imputed variants: SNPs, indels, and SVs. In each plot, imputed variants are binned by 

MAF (0.01 intervals) along the x-axis and then average “Rsq” per bin is plotted on the y-axis. Panel (A) is for SNPs and panel (B) is for 

indels and SVs.  

A)         B) 
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Figure 3. A comparison of imputation quality metrics by chromosome for all imputed SNPs, indels, and SVs: “Rsq” for SNPs in panel 

(A) and for indels and SVs in panel (B). Outlier values are not displayed in these box plots. 

A)         B) 
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Figure 4. Quality metrics for all masked SNPs, grouped into MAF bins at 0.01 intervals. Panel (A) shows the number of SNPs per MAF 

bin and, on the secondary y-axis, the percentage of SNPs in the bin passing an Rsq filter threshold of ≥ 0.8. Panel (B) plots the 

average empirical dosage r2 (EmpRsq) metric per MAF bin, both before and after filtering on the “Rsq” (black circle and green X data 

series, respectively). 

A)         B) 
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