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Abstract
Imputation is commonly used in genome-wide association studies to expand the set of genetic variants available for analysis.
Larger and more diverse reference panels, such as the final Phase 3 of the 1000 Genomes Project, hold promise for improving
imputation accuracy in genetically diverse populations such as Hispanics/Latinos in the USA. Here, we sought to empirically
evaluate imputation accuracy when imputing to a 1000 Genomes Phase 3 versus a Phase 1 reference, using participants from
the Hispanic Community Health Study/Study of Latinos. Our assessments included calculating the correlation between im-
puted and observed allelic dosage in a subset of samples genotyped on a supplemental array. We observed that the Phase 3
reference yielded higher accuracy at rare variants, but that the two reference panels were comparable at common variants.
At a sample level, the Phase 3 reference improved imputation accuracy in Hispanic/Latino samples from the Caribbean more
than for Mainland samples, which we attribute primarily to the additional reference panel samples available in Phase 3. We
conclude that a 1000 Genomes Project Phase 3 reference panel can yield improved imputation accuracy compared with Phase
1, particularly for rare variants and for samples of certain genetic ancestry compositions. Our findings can inform imputation
design for other genome-wide association studies of participants with diverse ancestries, especially as larger and more di-
verse reference panels continue to become available.

Introduction
Imputation is commonly used in genome-wide association
studies (GWAS) to expand the set of genetic variants available
for analysis (1). The approach uses a set of densely genotyped

reference samples to infer genotypes at unmeasured variants in
study samples, using the set of overlapping variants as an im-
putation basis. While early imputations were done with refer-
ence panels from either phase 2 (2) or phase 3 (3) of the HapMap
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Project, more recently the 1000 Genomes Project has become a
common source of reference panels (4). Even larger reference
panels are now available, such as the UK10K Cohorts Project (5)
and the Haplotype Reference Consortium (6), which combines
multiple sequencing efforts. The evolving landscape of imputa-
tion reference panels has expanded: (a) the number and types
of variants available for imputation, (b) the number of available
reference samples and (c) the diversity of genetic ancestries rep-
resented by reference sample populations. The latter two points
are particularly important for imputing into samples from an-
cestrally diverse populations. Previous studies have demon-
strated the association between imputation accuracy and
several reference panel features, including panel size and diver-
sity (4,6–11), quality of genotyping and sequencing (7) and qual-
ity of phasing (6,11). Here, we compare 1000 Genomes reference
panels when imputing into a genetically diverse set of US
Hispanic/Latino participants.

Expanding genetic studies into non-Europeans

The importance of extending genetic studies beyond predomi-
nately European sample sets and developing new approaches
for the genetic analysis of samples with diverse ancestry is
well-recognized within the genetics community (12). Rosenberg
and colleagues enumerated challenges and opportunities asso-
ciated with such an expansion. One challenge is obtaining refer-
ence samples that will yield accurate imputation results. Larger
and more diverse reference panels have been shown to improve
imputation accuracy in a variety of scenarios, including for rare
variants in European ancestry samples (8), for worldwide popu-
lations in the Human Genome Diversity Project (9) and for ad-
mixed samples such as African Americans (13,14) and Hispanic
Americans.

Hispanic/Latino genetic admixture

Due to geographical, historical and sociopolitical factors, Hispanic/
Latino individuals in the USA are predominantly genetically ad-
mixed among three ancestry groups: Europeans, West Africans
and Native Americans; however, different Hispanic/Latino groups
show substantial heterogeneity in the proportions of these three
ancestries (15–19). For reliable imputation in Hispanic/Latino indi-
viduals, special attention is required because of genetic heteroge-
neity both within and among different Hispanic/Latino groups. The
reference panel needs to include samples from contemporary
proxies of the three main source populations. Additionally, the im-
putation algorithm should allow for changes in genetic ancestry
along the chromosome within each Hispanic/Latino study sam-
ple—the local ancestry (20). Many approaches have been developed
to impute in the context of local ancestry, including MaCH-admix
(14) and IMPUTE2 (4).

The 1000 Genomes Project

The 1000 Genomes Project recently released the final Phase 3 of
the Project, comprising 2504 samples from 26 populations
worldwide (7). Compared with Phase 1, Phase 3 includes 12 ad-
ditional populations, including samples from the Caribbean,
West Africa and South Asia. A combination of low-coverage
whole genome sequencing, deep-coverage exome sequencing
and array genotyping yielded a data set of over �81 M variants
in these Phase 3 samples, including SNPs, copy number varia-
tions and more complex structural variants.

The 1000 Genomes Project has previously demonstrated im-
provements in imputation accuracy with a Phase 3 reference as
compared with Phase 1, attributing these improvements to both
increased sample size and higher genotyping and sequencing
quality in Phase 3 (7). Our aim is to assess whether and to what
extent the greater sample size and diversity of the Phase 3 refer-
ence panel as compared with Phase 1 will yield higher imputa-
tion accuracy in admixed population samples with recent
ancestry from multiple continents, and particularly study sam-
ples from US Hispanic/Latino populations. Furthermore we aim
to understand how variant-level imputation accuracy is af-
fected across the minor allele frequency (MAF) spectrum and
how sample-level imputation accuracy relates to genetic ances-
try across different Hispanic/Latino groups from the Hispanic
Community Health Study/Study of Latinos (HCHS/SOL) study
(see Table 1).

Results
Three primary imputation settings were tested: 1000 Genomes
Phase 1 reference with maximum khap and Phase 3 reference
with both half the maximum and maximum khap. Additional
tests are reported in the Supplementary Material: Phase 3
“downsampled” to the size of Phase 1 and Phase 3 excluding
East and South Asian reference samples.

Empirical masking of supplemental array genotypes

We compared imputed results with observed genotypes for a
subset of 1424 HCHS/SOL samples genotyped on a supplemental
array in addition to the primary array used for imputation (see
Supplementary Material, Fig. S1). These results are for 21 394
chromosome 22 variants that passed quality control/quality as-
surance (QA/QC) in the supplemental array and were imputed
with both the 1000 Genomes Phase 1 and Phase 3 reference pan-
els. We present dosage r2: the squared Pearson correlation be-
tween observed {0, 1, 2} and imputed [0, 2] allelic dosage, both
by variant, over all samples and by sample, over all variants.

Figure 1A shows dosage r2 by variant across the MAF spec-
trum, where MAF is calculated in the HCHS/SOL supplemental
array. As expected, imputation accuracy increases with MAF
across all three settings. There was, however, improved accu-
racy with a Phase 3 reference panel as compared with Phase 1
across most of the MAF spectrum, particularly for less common
and rare variants. Maximizing khap with the Phase 3 reference
(purple line) yields a minor increase in imputation accuracy
compared with half the maximum khap (orange line), albeit less

Table 1. Participant characteristics

Genetic analysis group Recruitment center Totals

Bronx Chicago Miami San Diego

Cuban 157 59 2012 29 2257
Dominican 1103 18 57 2 1180
Puerto Rican 1532 600 83 27 2242
Central American 96 385 840 76 1397
Mexican 171 1723 35 2821 4750
South American 175 293 418 35 921
Not assigned 37 1 11 7 56
Totals 3271 3079 3456 2997 12 803

Counts of HCHS/SOL samples by recruitment center and genetic analysis group,

for 12 803 unique genotyped samples.
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than the improvement seen when moving from a Phase 1 to a
Phase 3 reference. These by-variant dosage r2 metrics are sum-
marized in Table 2, divided into three MAF bins: MAF< 1%, MAF
1–5% and MAF> 5%.

Figure 1B shows IMPUTE2 info score for supplemental array
variants. In general, info scores follow the same trend as by-
variant dosage r2: values increase with increasing MAF, and a
Phase 3 reference yields higher values compared with Phase 1
across the MAF spectrum. Unlike dosage r2, however, the info
scores are slightly lower when maximizing khap with the Phase
3 reference (purple line) compared with half the maximum khap

(orange line). This info score pattern is also found in the full set
of imputed chromosome 22 variants and is consistent with pre-
vious observations (4) (discussed further below).

The by-sample empirical dosage r2 is presented in Figure 2,
with HCSC/SOL samples divided by genetic analysis group. The
three Mainland groups are in the top row of boxplots; the three
Caribbean groups are in the bottom row. While imputation accu-
racy was quite high across all samples in all three settings (i.e. dos-
age r2>0.977), the average accuracy was slightly higher in
Mainland samples compared with Caribbean (P-value< 2�10� 16,
ANOVA F-test of settings 1 and 2, see Table 3 for mean values).
This finding was consistent across all three imputation settings. In
general, imputation accuracy was higher when imputing to a
Phase 3 reference compared with Phase 1 (P-value< 2�10� 16,
ANOVA F-test of settings 1 and 2, see Table 3 for mean values).
Notably, the improvement was greater for Caribbean than for
Mainland samples: comparing setting 2 with setting 1, mean dos-
age r2 increased by 0.0015 for Caribbean groups and by 0.0005 for
Mainland groups. When comparing imputation settings 1 and 2,
the interaction of region and reference panel was highly significant
(P-value¼ 1.5�10� 10, ANOVA F-test). As seen with by-variant dos-
age r2, by-sample metrics from the Phase 3 imputations increased
slightly when using all available reference haplotypes (maximum
khap); however, the relative improvement was less than moving
from Phase 1 to Phase 3.

Above, we present empirical masking results for chromo-
some 22 only. Ultimately, we implemented imputation setting 2

(1000 Genomes Phase 3 reference, half the maximum khap)
genome-wide and calculated dosage r2 across the full set of im-
puted variants also genotyped on the supplemental array
(n¼ 1 654 398 variants). Boxplots of by-variant dosage r2 across
all autosomes are shown in Figure 3, illustrating that imputa-
tion accuracy is consistently high across chromosomes, and
that chromosome 22 is similar to other chromosomes not evalu-
ated for the other imputation settings.

Overall imputation quality

Next we present overall imputation quality for variants im-
puted in the full set of 12 803 HCHS/SOL samples genotyped
on the primary array. IMPUTE2 info scores across the three
imputation settings are summarized in Figures 4 and 5, and
Table 4. Note that we have restricted these comparisons to
chromosome 22 variants imputed across all three imputation
settings, i.e. imputed with both a Phase 1 and a Phase 3 refer-
ence (n¼ 308 017 variants). In general, imputation quality im-
proved with increasing MAF and with the Phase 3 reference
panel as compared with Phase 1. Within the Phase 3 imputa-
tions, the mean info score decreased slightly when maximiz-
ing khap as compared with half the maximum khap (see Table
4), a previously observed phenomenon (4) that we discuss
further below.

One way to interpret info scores is to define the fraction of
imputed variants passing a given threshold as the “imputation
yield,” or fraction of imputed variants one would carry forward
into downstream analysis. We illustrate this concept in Figure
5, showing the fraction of imputed variants passing an increas-
ingly stringent info threshold across each imputation setting.
For example, 67.8% of Phase 1 imputed variants and 73.1% of
Phase 3 (half maximum khap) imputed variants pass an info
score cutoff of 0.8. Note that Figure 5A includes all imputed
chromosome 22 variants (n¼ 308 017), whereas Figure 5B is the
subset of empirically masked variants from the supplemental
array (n¼ 21 394).

Figure 1. Empirical masking results in supplemental array variants. Panel (A): By-variant dosage r2 between observed and imputed allelic dosages for supplemental ar-

ray variants (Illumina HumanOmni2.5S), from empirical masking on chromosome 22. Panel (B): IMPUTE2 info metric at supplemental array variants. The x-axis for

both plots is log10 scaling of MAF calculated from supplemental array genotypes. For plotting purposes, data were smoothed with the local regression smoothing

method “loess,” which uses a t-based approximation to compute confidence bounds (shaded regions). Below the main plots are density curves illustrating the distribu-

tion of variants across the MAF spectrum. Note that 3819 monomorphic variants have been omitted from these plots, as they have missing (NA) dosage r2 values.
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Discussion
Within the HCHS/SOL study cohort of 12 803 Hispanic/Latino in-
dividuals, we have assessed the accuracy of imputation using a
1000 Genome Project Phase 1 compared with a Phase 3 reference
panel. Furthermore, with a Phase 3 reference, we have tested
the effects of varying the IMPUTE2 khap parameter, or the num-
ber of reference haplotypes used to impute each study sample
(4). By comparing imputed genotypes with observed genotypes
in a supplemental array experiment for a subset of samples, we
have empirically evaluated imputation accuracy, in addition to

examining overall imputation quality as measured by the
IMPUTE2 info score. Ultimately we have identified characteris-
tics that affect imputation quality at both the variant and sam-
ple level, which we discuss further below.

Phase 3 reference improves imputation accuracy for rare
variants more than for common variants

The by-variant metrics from both empirical masking (dosage r2)
and overall imputation quality (info score) demonstrate the

Table 2. Imputation accuracy comparison by MAF category from empirical masking

MAF
category

Number
of
variants

Imputation setting 1:
Phase 1, khap¼max
mean; median (SD)

Imputation setting 2:
Phase 3, khap¼half max
mean; median (SD)

Imputation setting 3:
Phase 3, khap¼max
mean; median (SD)

MAF< 1% 11 161 0.606; 0.655 (0.311) 0.643; 0.711 (0.303) 0.653; 0.725 (0.303)
1%�MAF< 5% 5262 0.803; 0.885 (0.218) 0.822; 0.903 (0.203) 0.826; 0.907 (0.203)
MAF� 5% 4971 0.948; 0.989 (0.112) 0.952; 0.991 (0.106) 0.953; 0.991 (0.106)
All variants 21 394 0.742; 0.862 (0.289) 0.766; 0.884 (0.275) 0.772; 0.892 (0.273)

Summaries of by-variant dosage r2 metrics from the empirical masking of supplemental array variants on chromosome 22: mean, median and SD. MAF is the observed

MAF from the HCHS/SOL supplemental array genotyping (n¼1424 samples). Variants are limited to those passing quality filters in the supplemental array data set and

imputed with both a Phase 1 and Phase 3 1000 Genomes Project panel. Variants either observed or imputed to be monomorphic have missing (NA) dosage r2 and are

therefore omitted from these summaries.

Figure 2. Distributions of by-sample dosage r2 between observed and imputed allelic dosages. These distributions are over chromosome 22 variants from the supple-

mental Omni2.5SS array, presented as boxplots separately by genetic analysis group. The three Mainland groups are in the top row, and the three Caribbean groups are

in the bottom row. Sample counts within each group are included in the panel headers. Excluded from these plots are 10 HCHS/SOL samples that have missing genetic

group (i.e. are genetic outliers), thus there are 1414 total samples plotted here.
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challenge of accurately imputing rare variants (MAF< 1%). We
show that using a Phase 3 reference panel improves imputation
accuracy for rare variants compared with a Phase 1 reference,
even when using similar khap values (i.e. khap¼2184 in setting 1
and khap¼2504 in setting 2). We attribute this primarily to the
increased diversity of Phase 3, which presumably allows for a
more appropriately tailored selection of reference haplotypes
for each study sample as compared with Phase 1. As noted by
the 1000 Genomes Project, increased sequencing depth in Phase
3 may also be a contributing factor (7). The improvement in im-
putation accuracy afforded by using Phase 3 over Phase 1 atten-
uates with increasing MAF, likely because of the sufficient
representation of more common variants in Phase 1.

Within the Phase 3 reference, we also tested two khap values:
half of the maximum (2504 haplotypes) and the maximum
(5108 haplotypes). While maximizing khap yielded some im-
provement in the empirical masking metrics for rare variants

(Fig. 1A), the effect on info score was in the opposite direction
(Fig. 1B), although the effects in both cases are small. Previously,
developers of the IMPUTE2 software made a similar observation
and explained that using the full set of reference haplotypes
may actually decrease model fit because of inclusion of diver-
gent haplotypes (4). This is especially likely when the reference
panel is very diverse (i.e. has a high degree of population struc-
ture) and therefore contains samples that are probably uninfor-
mative for imputing a given study haplotype. In such a
scenario, restricting khap can slightly improve accuracy in addi-
tion to the practical benefit of reducing computation time.
Supplementary tests support these observations: Phase 3
“downsampled” to the size of Phase 1 with maximized khap

yielded lower quality compared with Phase 1 with maximized
khap; the quality decrease was attenuated by lowering khap (see
Supplementary Material, Fig. S2). (Note that we initially chose to
maximize khap in setting 1 because of our findings from previous

Table 3. Imputation accuracy comparison by genetic analysis group and region from empirical masking.

Region/
group

Number
of
samples

Imputation setting 1:
Phase 1, khap¼max
mean (SD)

Imputation setting 2:
Phase 3, khap¼half max
mean (SD)

Imputation setting 3:
Phase 3, khap¼max
mean (SD)

Mainland 772 0.99005 (0.00197) 0.99056 (0.00184) 0.99066 (0.00174)
Central American 184 0.98995 (0.00173) 0.99047 (0.00165) 0.99063 (0.00154)
Mexican 475 0.99011 (0.00203) 0.99057 (0.00186) 0.99067 (0.00176)
South American 113 0.98994 (0.00207) 0.99066 (0.00205) 0.9907 (0.00192)

Caribbean 616 0.98822 (0.00182) 0.98967 (0.00196) 0.98986 (0.00192)
Cuban 253 0.98754 (0.00144) 0.98875 (0.00171) 0.98892 (0.00166)
Dominican 132 0.98736 (0.00171) 0.98889 (0.00159) 0.98913 (0.00151)
Puerto Rican 231 0.98946 (0.00156) 0.99111 (0.00150) 0.99131 (0.00147)

Summaries of by-sample dosage r2 metrics from the empirical masking of supplemental array variants on chromosome 22. Mean dosage r2 values and SD are given for

samples grouped both by region (Caribbean and Mainland) and by genetic analysis group. These summaries are restricted to the set of mutually unrelated samples

from supplemental array genotyping with non-missing genetic analysis group (n¼1388).

Figure 3. Empirical masking results genome-wide. Boxplots of by-variant dosage r2 from imputation setting 2 (1000 Genomes Phase 3, half maximum khap) imple-

mented genome-wide. Autosomes are ordered along the x-axis; chromosome 22 (used for testing) is a darkened color compared with the other autosomes. Outliers are

excluded from these boxplots.
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experiments in HCHS/SOL where khap of 2184 yielded
higher accuracy, as measured by IMPUTE2 internal masking
metrics, compared with khap values of 500 and 1000; data not
shown.)

Another possible explanation for the apparently different ef-
fects of khap, using either empirical masking or info score, is the
different samples underlying the two metrics: info was calcu-
lated based on the full set of 12 803 samples, whereas empirical

Figure 4. Info score across all imputed variants. Info scores are plotted separately by imputation setting, for chromosome 22 variants imputed across all three settings

(i.e. imputed with both 1000 Genomes Phase 1 and Phase 3 reference panels; n¼308 017 variants). For plotting, variants were binned by MAF in the worldwide (ALL)

1000 Genomes Project Phase 3 panel. The mean MAF per bin is plotted on the x-axis with log10 scaling; the mean info score over variants in the bin is plotted on the y-

axis. The density plot in the sub-panel illustrates the density of variants across the (log10 scaled) MAF spectrum.

Figure 5. Fraction of imputed variants passing a range of info score thresholds. Each point along the x-axis represents an info score cutoff value. The corresponding y-

axis values are the fraction of imputed variants passing the info score cutoff, in each of the three imputation settings. The points plotted in panel (A) are for the

308 017 chromosome 22 variants imputed across all three imputation settings (i.e. imputed with both 1000 Genomes Phase 1 and Phase 3 reference panels). The points

plotted in panel (B) are for the subset of imputed variants that are also on the supplemental genotyping array and thus were used in the empirical masking experi-

ments. In both plots, the dark gray series representing a 1000 Genomes Phase 3 reference at half maximum khap is shifted just slightly right of Phase 3 maximum khap

in black.
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dosage r2 was calculated in the subset of 1424 supplemental ar-
ray samples. The 1424 samples have approximately the same
proportions of genetic analysis groups as the full set of 12 803
samples, though there may be subtler differences that under-
lie the different patterns of the two metrics. However, the differ-
ence between the two khap conditions is minor for both
metrics: info and dosage r2. Ultimately, choosing a khap involves
considering both expected imputation accuracy and computa-
tional resources, as run times increase linearly with increas-
ing khap values. We and others (4) have shown that
intermediate khap values can yield high quality imputation re-
sults and that in some circumstances maximizing khap may in
fact slightly decrease quality, as measured by IMPUTE2 info
scores.

Phase 3 reference improves imputation accuracy for
Caribbean groups more than for mainland groups

The by-sample metrics from empirical masking show that
larger and more diverse reference samples benefit some types
of samples more than others. As seen in Figure 2, imputation
accuracy improves in all genetic analysis groups when using a
Phase 3 reference over Phase 1. However, the average increase
in accuracy is roughly 3-fold higher for Caribbean as compared
with Mainland groups (mean dosage r2 increase of 0.0015 and
0.0005, respectively, when comparing setting 2 with setting 1;
i.e. Phase 3 versus 1).

We attribute the increased improvement for Caribbean over
Mainland samples to the additional samples available in 1000
Genomes Phase 3. Specifically, Phase 3 includes new samples
from existing Phase 1 populations and populations new to
Phase 3. Of particular relevance to HCHS/SOL Caribbean sam-
ples is the addition of the African Caribbean in Barbados popu-
lation (ACB, 96 samples) and the increase in sample size for the
Puerto Rican in Puerto Rico population (PUR, 55 Phase 1 samples
and 104 Phase 3 samples). Furthermore, previous studies of
Hispanic/Latino admixture have shown that groups from the
Caribbean have higher proportions of West African ancestry
compared with non-Caribbean groups (15–17). New West
African populations in Phase 3 are the Gambian in Western
Division, The Gambia (GWD, n¼ 113), Mende in Sierra Leone
(MSL, n¼ 85) and Esan in Nigeria (ESN, n¼ 99). Therefore we ex-
pect the addition of West African samples in Phase 3 is also con-
tributing to the improved accuracy in HCHS/SOL Caribbean
groups.

Imputation accuracy also improved across Mainland groups,
albeit to a lesser degree than for Caribbean. We attribute this
primarily to the enhanced number and diversity of reference
haplotypes available in Phase 3 compared with Phase 1, though

again sequencing depth may also play a role. Phase 3 includes a
new South American population, Peruvian in Lima, Peru (PEL,
n¼ 85), which we expect to be relevant for imputing Mainland
samples. In addition, although Caribbean samples may have
higher proportions of West African ancestry compared with
Mainland, the addition of West African samples in Phase 3 may
still benefit Mainland samples.

Implementing genome-wide imputation in HCHS/SOL

We conducted these imputation analyses primarily to assess
the impact of switching from a Phase 1 to a Phase 3 reference
panel in HCHS/SOL. A secondary aim was to test different khap

values within Phase 3 to determine whether maximizing khap

was worth the additional computation time. Given the paralleli-
zation enabled by our compute cluster, we estimated that
genome-wide imputation for half of the maximum khap would
take �17 calendar days, whereas maximizing khap would require
34 calendar days. Ultimately we chose to impute genome-wide
using half the maximum khap, given the tradeoff between mar-
ginal improvements in imputation accuracy and increased com-
putational burden. Furthermore, there was evidence that
maximizing khap in setting 3 led to slightly decreased mean info
scores, a previously observed phenomenon (4).

Power to detect genotype–phenotype associations

The sample size required to detect an association using im-
puted genotypes is inversely proportional to r2, the squared cor-
relation between imputed allelic dosage and true allelic dosage
(see Appendix in 21). Therefore, differences in imputation accu-
racy result in differences in power to detect genotype–pheno-
type associations, as shown previously for imputation-based
genomic coverage of SNP arrays (21).

Limitations, strengths and future research

We have demonstrated that a 1000 Genomes Project Phase 3 refer-
ence panel can yield improved imputation accuracy compared
with Phase 1, particularly for rare variants and for samples of cer-
tain genetic ancestry compositions. These findings can inform im-
putation analysis design for other GWAS, in particular those with
admixed samples. However, given the substantial genetic variabil-
ity within and between admixed populations, including Hispanic/
Latino, the extent to which our findings extend to other cohorts
will need to be evaluated empirically.

Here, we have only evaluated chromosome 22, as it is cus-
tomary to use one autosome for testing and evaluation. While

Table 4. Imputation quality comparison by MAF category, all imputed variants

MAF
category

Number
of variants

Imputation setting 1:
Phase 1, khap¼max
mean; median (SD)

Imputation setting 2:
Phase 3, khap¼half max
mean; median (SD)

Imputation setting 3:
Phase 3, khap¼max
mean; median (SD)

MAF<1% 163 825 0.681; 0.785 (0.292) 0.721; 0.845 (0.293) 0.711; 0.837 (0.300)
1%�MAF<5% 67 138 0.911; 0.969 (0.145) 0.928; 0.977 (0.126) 0.923; 0.977 (0.136)
MAF�5% 77 054 0.954; 0.993 (0.111) 0.962; 0.995 (0.097) 0.960; 0.995 (0.104)
All variants 308 017 0.799; 0.925 (0.263) 0.826; 0.948 (0.254) 0.820; 0.947 (0.261)

The imputation quality “info” score output by IMPUTE2 for chromosome 22, calculated across all samples in the primary array data set (n¼12 803), summarized with

mean, median and SD. Variants were binned according the worldwide (ALL) 1000 Genomes Project Phase 3 MAF. Variants are limited to those imputed across all three

imputation settings (i.e. imputed with both 1000 Genomes Phase 1 and Phase 3 reference panels).
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we did not test the three settings on all chromosomes, we ulti-
mately implemented setting 2 genome-wide and have com-
pared empirical masking r2 metrics on chromosome 22 with the
remaining autosomes and found no substantial differences (see
Fig. 3). In addition, we have not assessed the effect of imputa-
tion panel choice on the X chromosome, which has a unique ge-
netic ancestry profile (16). While we would expect the larger and
more diverse set of reference haplotypes available in Phase 3 to
similarly improve X chromosome imputation, this again would
require further research.

There are additional aspects of using a 1000 Genomes Phase
3 reference panel that our experiments were not designed to ad-
dress. First, we have limited our analysis to Phase 3 variants
that are also available in Phase 1 to compare a consistent set of
variants across imputation settings. However, Phase 3 contains
over twice the number of variants in Phase 1 and thus offers
many more variants for imputation and, by extension, down-
stream association testing. Thus investigators considering
which Phase to use as a reference should consider the number
and frequency distribution of variants available for imputation.

Additionally, in our empirical masking experiments we were
limited to variants genotyped on the Illumina HumanOmni2.5S
supplemental array. Variants selected to be on genotyping ar-
rays may not be representative of genetic variation more
broadly; e.g. they may have specific MAF distributions and/or
linkage disequilibrium (i.e. “tagging”) properties. Therefore the
absolute value of our empirical masking metrics may not be
representative of all variants. However, we have compared the
same set of supplemental array variants across the three impu-
tation settings and thus have an unbiased estimate of relative
changes in imputation accuracy.

Strengths of our study include the large and diverse set of
Hispanic/Latino samples available in the HCHS/SOL study.
Often empirical masking experiments involve small numbers of
samples, sometimes obtained from the same source popula-
tions as the reference panel samples. Here, we imputed into a
large cohort of US Hispanic/Latino samples unconnected to the
reference sample source populations, thus providing a more re-
alistic assessment. Furthermore, defining genetic analysis
groups enabled us to observe the effects of reference panel di-
versity in these specific groups.

In addition, the supplementary array data set enabled us to
empirically (rather than only theoretically) evaluate imputation
accuracy, by comparing observed genotypes with imputed re-
sults. This is important as info scores may not accurately reflect
imputation accuracy, particularly at rare variants (11).
Comparison of empirical r2 to info score indicated that the re-
sults are largely consistent, although we see a small difference
in evaluation of effects of the khap parameter.

In conclusion, the final Phase of the 1000 Genomes Project
appears to be an improved imputation reference panel com-
pared with earlier phases, in particular for imputation of rare
variants in GWAS that include diverse, admixed individuals.
Ongoing efforts to assemble even larger reference panels by
pooling resources across sequencing projects will continue to
improve imputation quality, particularly at rare variants, in ad-
dition to offering even larger collections of variants to impute.
Indeed, initial reports on the HRC reference demonstrate more
accurate imputation over 1000 Genomes Phase 3 alone in
European-ancestry populations (6). We anticipate the addition
of more diverse populations in Phase 2 of the HRC (http://www.
haplotype-reference-consortium.org/participating-cohorts) last
accessed June 10, 2016 will further aid imputation into diverse,
admixed individuals such as Hispanics/Latinos.

Materials and Methods
Samples and genotyping

The HCHS/SOL is a community-based cohort study of over
16 000 self-identified Hispanic/Latino adults from four US urban
areas: the Bronx, San Diego, Chicago and Miami (22). The HCHS/
SOL cohort includes a range of self-reported Hispanic/Latino
backgrounds, with the primary groups being Central American,
Cuban, Dominican, Mexican, Puerto Rican and South American.
The overarching goals of HCHS/SOL are to describe the preva-
lence of risk and protective factors for a range of chronic dis-
eases, as well as to describe all-cause mortality from
cardiovascular and pulmonary disease. Ethical oversight of
HCHS/SOL activities is conducted by Institutional Review
Boards at each of the field centers and the study coordinating
center, as described by Sorlie et al. (22). All participants included
in this article provided informed consent to genetic studies at
their first visit.

Two sets of array genotyping were used in these imputation
assessments: one primary and one supplemental (see
Supplementary Material, Fig. S1). Both genotyping data sets
underwent standard QA/QC measures (23) to create a cleaned
set of genotypes comprising only high quality variants and sam-
ples. The primary genotyping array was a custom version of the
Illumina HumanOmni2.5-8v1-1array, consisting of �150 000
custom variants added to the standard Omni2.5M array (G.J.P.,
K.D.T. and J.I.R., unpublished data). After QA/QC procedures,
this primary array data set comprised 2 395 790 variants and
12 803 unique study samples. Supplemental genotyping on the
Illumina HumanOmni2.5S array was done in a subset of HCHS/
SOL samples. After QA/QC procedures, this supplemental array
data set comprised 1 924 262 variants and 1424 unique study
samples. Here, the supplemental array genotypes were used
only for assessing accuracy of imputation based on the primary
array genotypes. Genotyping and initial genotype data cleaning
were done by Illumina Microarray Services and Los Angeles
Biomedical Research Institute. Subsequent genotype data clean-
ing and imputation analyses were performed at the HCHS/SOL
Genetic Analysis Center (GAC) at the University of Washington.

In addition to self-identified background group, the GAC has
previously defined genetic analysis groups based on both self-
identified background group and principal component analysis
of the primary array genotypes (18). There are six such genetic
analysis groups: Cuban, Dominican, Puerto Rican, Mexican,
Central American and South American (see Table 1); the concor-
dance with self-identified background groups is very high (range
92–98%, mean 96%). The six genetic analysis groups are further
classified into two regions: Mainland (Mexican, Central
American and South American) and Caribbean (Cuban,
Dominican and Puerto Rican).

Imputation protocol

The GAC has developed an imputation pipeline consisting of
formatting and preparing the study data set (including plus
strand alignment), pre-phasing, imputation and post-
imputation analysis of quality metrics. Initially HCHS/SOL study
data were in a genome-wide, binary PLINK (24) data set with ge-
notypes expressed in TOP alleles. First we subset the data into
chromosome-specific PLINK files, converting TOP alleles to the
plus strand of the human genome reference based on strand in-
formation in the Illumina array manifest (25). At this stage we
also filtered variants to those passing quality filters and
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representing unique genomic positions. Next we pre-phased
the study data using SHAPEIT2 software (26) (version 2.r778).
The SHAPEIT2 haplotypes were used as the basis for all subse-
quent imputations.

To impute the HCHS/SOL primary array data set, we used
IMPUTE2 software (4,27) (version 2.3.0) and a reference panel
from either Phase 1 or Phase 3 of the 1000 Genomes Project
(7,28). Phase 1 contains 1092 samples from 14 populations
worldwide, which are grouped into four superpopulations: AFR
(African), AMR (Americas), ASN (Asian) and EUR (European).
Phase 3 contains 2504 samples from 26 populations, which are
grouped into superpopulations similarly to Phase 1 except with
the further division of ASN into EAS (East Asian) and South
Asian (SAS). Phase 3 has �81 M variants genome-wide com-
pared with �38 M total variants in Phase 1. We limited imputa-
tion target variants to those with at least two copies of the
minor allele observed in any one of the superpopulations.

Imputation settings

We considered three imputation settings to assess the accuracy
of imputing into HCHS/SOL. Each setting was evaluated using
chromosome 22 from the primary HCHS/SOL genotyping data set:
12 803 study samples genotyped on the custom HumanOmni2.5-
8v1-1array, filtered and pre-phased as described above. We varied
two aspects of imputation for these comparisons: (a) 1000
Genomes Project Phase and (b) the effective number of reference
haplotypes used to impute each sample, the IMPUTE2 parameter
khap (4). Setting 1 was imputing to Phase 1 with a khap of 2184, the
maximum value for a panel with 1092 individuals. Setting 2 was
imputing to Phase 3 with a khap of 2504, half the maximum value
for a panel with 2504 individuals. Setting 3 was imputing to Phase
3 with a khap of 5008, the maximum value. In Supplementary
Material, we evaluate three additional settings: Phase 3
“downsampled” to the size of Phase 1, with both maximum and
half the maximum khap; and Phase 3 explicitly excluding Asian
ancestry superpopulations (EAS and SAS).

The IMPUTE2 manual suggests setting khap to the number of
reference haplotypes expected to be useful for the given set of
study samples (see IMPUTE2 manual, https://mathgen.stats.ox.
ac.uk/impute/impute_v2.html#using_multipop_panels) Last
accessed June 10, 2016. In practice it may be difficult to determine
the appropriate khap value a priori, and often empirically testing
various khap values is the best option to find the value that maxi-
mizes imputation accuracy. The default value for khap is 500,
which for 1000 Genomes Phase 1 would be utilizing �23% of the
2184 available reference haplotypes. An important practical con-
sideration is that computation time increases approximately line-
arly with increasing khap.

Assessments of imputation accuracy

We evaluated imputation accuracy within and across the three
imputation settings in two ways: empirical masking and im-
puted quality metrics. In the empirical masking experiments,
we compared genotypes observed only in the HCHS/SOL supple-
mental array data set with genotypes imputed using the pri-
mary array data set as the imputation basis. This comparison
was carried out in all 1424 HCHS/SOL samples included in both
the primary and supplemental array data sets. We calculated
the squared correlation between observed and imputed allelic
dosages, or dosage r2, both by-variant (over all samples) and by-
sample (over all variants).

When evaluating by-sample dosage r2, we grouped HCHS/
SOL samples both by genetic analysis group and by region
(Mainland or Caribbean) to assess differences in imputation ac-
curacy both within and across imputation settings. Specifically,
we performed analysis of variance (ANOVA) F tests with region
as a main effect, 1000 Genomes reference panel as a main effect
(Phase 1 versus Phase 3), and the interaction of region and refer-
ence panel. We repeated this analysis using the six genetic
analysis groups rather than region. A subset consisting of 1388
mutually unrelated samples was used for these tests.

In addition to empirical masking, we examined the distribu-
tion of imputation accuracy metrics (IMPUTE “info” score)
across the full set of imputed variants. The info score is a statis-
tical measure of imputation quality, which correlates with the
r2 metrics reported by other imputation software (see 1 and
Supplementary Material). Info scores range between 0 and 1,
with scores near 1 indicating reliable, high quality imputation.
When comparing info scores, we only included variants im-
puted across all three imputation settings, i.e. imputed with
both Phase 1 and Phase 3 reference panels (n¼ 308 017 variants).
Overlapping variants were determined by matching on chromo-
some, base pair position (hg19/GRCh37) and plus strand alleles.
An additional �300K chromosome 22 variants imputed with
Phase 3 but not with Phase 1 were excluded from these compar-
isons. In addition, we examined info score in the empirically
masked supplemental array variants to investigate whether the
distribution differed from the full set of imputed variants.
Metrics were visualized with R statistical and graphing software
packages ggplot2 1.0.1 (29) and RColorBrewer 1.1-2 (30).

Supplementary Material
Supplementary Material is available at HMG online.
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