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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 Minimac4 (http://genome.sph.umich.edu/wiki/Minimac4). 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 decided to rescind his/her consent and 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://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 primary 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 # \ 
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--make-bed --out HRS_chr#  

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 Minimac4 
(http://genome.sph.umich.edu/wiki/Minimac4) imputation. Pre-phasing results 
were not saved.  

III. Reference panel 

Larger reference panels have been shown to increase imputation accuracy.4,5,6 The 
Haplotype Reference Consortium (HRC) aims to “to provide a single centralized resource 
for human genetics researchers to carry out genotype imputation.” In October 2016, the 
HRC released the first HRC reference panel that combines whole genome sequence data 
from 20 different studies (Table 2). The majority of these studies have low-coverage 
WGS data (4-8X coverage) and are known to consist of samples with predominantly 
European ancestry, with the exception of 1000 Genomes Phase 3. 

We used the HRC (Version r1.1 2016) reference panel for both pre-phasing and 
imputation for this study. The inclusion of 1000 Genomes Phase 3 into the HRC 
reference was anticipated to enable robust imputation in this study’s non-European 
ancestry samples. The HRC reference panel contains 64,976 haplotypes and 39,235,157 
sites, filtered to those with minor allele count (MAC) ≥ 5. Currently the HRC contains 
only single nucleotide variants, though future releases may include other variant types 
(indels and structural variants, e.g.). 

The University of Michigan Imputation Server offers imputation to 1000 Genomes and 
HRC reference panels, as well as to the Consortium on Asthma among African-ancestry 
Populations in the Americas (CAAPA) and HapMap2. The Michigan Imputation Sever 
imputes markers with more than one copy of minor allele in the reference panel 
(http://www.haplotype-reference-consortium.org). 
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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 Minimac4 (http://genome.sph.umich.edu/wiki/Minimac4) with the 
following options: 

Reference panel: HRC r1.1 2016 

Phasing: Eagle v2.3 

Population: EUR 

Mode: Quality Control & Imputation 

The Michigan Imputation Server allows three jobs to run for each user each time. We 
imputed HRS data in 4 batches: batch 1 included chromosomes 1-5, batch 2 included 
chromosomes 6-10, batch 3 included chromosomes 11-22, and batch 4 included 
chromosome X. 

a. Segmentation 

Imputation was done in 20 Mb segments with 1Mb buffer regions on each side for 
each chromosome.  

b. Quality Control 

The imputation server requires >50% of the variants in each segment overlap with 
the reference panel. One segment on chromosome 14 with 4 markers from the HRS 
study sample was excluded for imputation due to <50% overlap with the reference 
panel.  

Monomorphic markers, allele mismatches, and strand flips were further excluded. 
Out of 2,081,656 markers, 1,942,591 (93.32%) 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).  

https://imputationserver.sph.umich.edu/
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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=2019.1.17 

##source=Minimac4.v1.0.1 

##contig=<ID=22> 

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

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

##INFO=<ID=R2,Number=1,Type=Float,Description="Estimated Imputation Accuracy (R-
square)"> 

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

##INFO=<ID=IMPUTED,Number=0,Type=Flag,Description="Marker was imputed but NOT 
genotyped"> 

##INFO=<ID=TYPED,Number=0,Type=Flag,Description="Marker was genotyped AND 
imputed"> 

##INFO=<ID=TYPED_ONLY,Number=0,Type=Flag,Description="Marker was genotyped but 
NOT imputed"> 

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

▪ CHROM: Chromosome number, 1-22, X 

▪ POS: Position in base pair 

▪ ID: Identifier for the variant based on the HRC reference panel 

▪ REF: Reference allele based on HRC panel 
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▪ ALT: Alternative allele based on HRC 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 SubjectID for each subject.  

b. 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 20Mb segments of chromosomes with 1MB buffer regions on both sides, the 
genotypes from a random sample can affect the imputation results up to 21Mb from 
the chromosomal anomaly regions. We set genotypes within the chromosomal 
anomaly regions ± 21Mb as missing.  

c. 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, minor allele frequency, average call 
rate, Rsq, genotyped status, LooRsq, EmpR, and EmpRsq.  

▪ SNP: Identifier for the variant  

▪ REF(0): Reference allele based on the HRC reference panel 

▪ ALT(1): Alternative allele based on the HRC reference panel 

▪ ALT_frq: Allele frequency of the alternative allele 

▪ MAF: Allele frequency of the minor 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. Minimac4 uses the following 
definition: 
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▪ 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 
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. 

▪ Dose0: The average imputed dosage from internal masking at haplotypes 
with the alternate allele. The closer to 1, the more accurate the 
imputation. 

▪ Dose1: The average imputed dosage from internal masking at haplotypes 
with the reference allele. The closer to 0, the more accurate the 
imputation. 

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. Thus, quality metrics in 
the .info file contain information from all 18,917 subjects with the exception of ALT_freq and 
MAF, which were recalculated for the final released dataset (18,916 subjects). 

d. 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). While 
average “Rsq” at SNPs with MAF < 0.01 falls below 0.8, the remaining SNPs (those 
with MAF>0.1) have average “Rsq” over 0.93. 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 88.13% of all imputed variants for downstream analyses, while 
more stringent thresholds of 0.5 and 0.8 would retain 79.25% and 53.58% of 
imputed variants, respectively. 
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e. Comparison between genotypes and imputed dosage 

There are a total of 1,942,591masked 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 empirical dosage r (EmpR in Minimac4 results, described in Section VI, 
comparing imputed and true genotypes)empirical dosage r2 (EmpRsq in Minimac4 
results, described in Section VI) and Dose0 metric (Dose0 in Minimac4 results, 
described in Section VI). The averages of empirical dosage r2 were 0.971, 0.941, 

0.845 for MAF ≥ 0.05, 0.01 ≤ MAF < 0.05 and MAF < 0.01 groups, respectively. 

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 (B) 

shows the percentage of SNPs in the bin with “LooRsq” ≥ 0.8.In panel (C), each data 

point indicates the average “EmpRsq” of all SNPs in that MAF bin. The red triangle 
data series includes all masked SNPs, while the green circle data series excludes 
SNPs with “LooRsq” < 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 > 0.93. Secondly, the differences between unfiltered 
(red triangels) and filtered (green circles) data series demonstrate the utility of 
filtering by the “LooRsq” 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. 

f. 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 HRC reference panel and the Michigan Imputation Server. The 

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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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 and Wei Zhao, 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. 
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X. Tables 

Table 1. Variant summary. Imputation basis are the genotyped SNPs passing pre-imputation 

filters and overlapping with the reference panel. Imputation Target are the SNPs that were 

imputed from the HRC reference panel. Imputation Output gives the sum of imputation basis 

and imputation target SNPs. Only SNPs with more than one copy of the minor allele in the 

reference panel were imputed. 

Chromosome Imputation 
basis 

Imputed 
Target 

Imputation 
Output 

1 151,371 2,918,560 3,069,931 

2 161,609 3,230,628 3,392,237 

3 136,321 2,685,573 2,821,894 

4 126,380 2,661,201 2,787,581 

5 121,404 2,466,764 2,588,168 

6 120,733 2,339,378 2,460,111 

7 106,255 2,183,050 2,289,305 

8 104,881 2,137,824 2,242,705 

9 85,594 1,600,877 1,686,471 

10 98,798 1,828,705 1,927,503 

11 95,654 1,841,336 1,936,990 

12 92,605 1,755,512 1,848,117 

13 69,051 1,316,382 1,385,433 

14 63,639 1,202,897 1,266,536 

15 60,394 1,078,821 1,139,215 

16 62,940 1,218,357 1,281,297 

17 53,795 1,036,277 1,090,072 

18 57,708 1,047,047 1,104,755 

19 37,002 831,552 868,554 

20 47,366 837,617 884,983 

21 26,361 504,915 531,276 

22 26,849 497,695 524,544 

X 35,881 1,192,153 1,228,034 

Total 1,942,591 38,413,121 40,355,712 
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Table 2. An overview of the 20 cohorts/groups that are contributing to the consortium. This 

table is based on reference panel data (Version R1.1 2016) that are used by the Michigan 

Imputation Server. 

Cohort Total # 
samples 

# samples 
in Release 
1 

Depth Website 

UK10K 3781 3715 6.5x http://www.uk10k.org/ 

Sardinia 3514 3445 4x https://sardinia.irp.nia.nih.gov/ 

IBD 4478 4478 4x + 2x http://www.ibdresearch.co.uk/ 

GoT2D 2974 2710 4x/Exome http://www.type2diabetesgenetics.org/informational/got2d 

BRIDGES 4000 2487 6-8x (12x) 
 

1000 
Genomes 

2535 2495 4x/Exome http://www.1000genomes.org/ 

GoNL 748 748 12x http://www.nlgenome.nl/ 

AMD 3305 3305 4x 
 

HUNT 1254 1023 4x 
 

SiSu + 
Kuusamo 

1918 1918 4x 
 

INGI-FVG 250 250 4-10x http://www.netgene.it/ita/ingi.asp 

INGI-Val 
Borbera 

225 225 6x http://www.netgene.it/ita/ingi.asp 

MCTFR 1339 1325 10x https://mctfr.psych.umn.edu/ 

HELIC 2000 247 4x (1x) http://www.helic.org/ 

ORCADES 399 398 4x http://www.orcades.ed.ac.uk/orcades/ 

inCHIANTI 680 676 7x http://www.inchiantistudy.net/bindex.html 

GECCO 3000 1131 4-6x https://www.fhcrc.org/en/labs/phs/projects/cancer-
prevention/projects/gecco.html 

GPC 768 697 30x 
 

Project 
MinE - NL 

1250 935 45x http://projectmine.com 

NEPTUNE 403 403 4x http://www.neptune-study.org/ 

Totals 38821 32611 
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Table 3. Quality metrics for all masked SNPs (genotyped SNPs in the imputation output), 

dichotomized into groups of MAF ≥ 0.05 vs. MAF < 0.05. The second column shows the number 

of markers in each MAF group. Mean and median values are presented for empirical dosage r 

(EmpR in Minimac4 results, comparing imputed and true genotypes), empirical dosage r2 

(EmpRsq in Minimac4 results, comparing imputed and true genotypes) and the Dose0 metric. 

No LooRsq 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) 
empirical r 

Mean (Median) 
empirical r2 

Mean (Median) 
Dose0 

0.05 ≤ 1,159,783 0.984 (0.995) 0.971 (0.991) 0.983 (0.996) 

0.01 ≤ and < 0.05 419,679 0.968 (0.983) 0.941 (0.966) 0.959 (0.981) 

< 0.01 363,129 0.906 (0.954) 0.845 (0.909) 0.887 (0.947) 
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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 SNPs. In each plot, imputed SNPs are binned by MAF (0.01 intervals) along the 

x-axis and then average “Rsq” per bin is plotted on the y-axis. Monomorphic SNPs (MAF=0) are separated from the first bin (MAF ≤ 

0.01) and annotated as bin “0”. Panel (a) shows the mean “Rsq” per MAF bin; (b) shows the count of imputed variants per MAF bin. 
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Figure 3. A comparison of imputation quality metrics by chromosome for all imputed SNPs: “Rsq”. Outlier values are not displayed in 

these box plots.    
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Figure 4. Quality metrics for all masked SNPs, grouped into MAF bins at 0.01 intervals. Monomorphic SNPs (MAF=0) are separated 

from the first bin (MAF ≤ 0.01) and annotated as bin “0”. Panel (a) shows the number of SNPs per MAF bin, and panel (b) shows the 

fraction of SNPs in the bin passing a LooRsq filter threshold of ≥ 0.8. Panel (c) plots the average EmpRsq metric per MAF bin, and 

panel (d) plots the average Dose0 metric per MAF bin. In panel (c) and panel (d), the red triangless give the mean metric over all 

masked SNPs in the MAF bin while the green circles are the mean for masked SNPS passing a LooRsq ≥ 0.8. 
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