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Abstract

Indirect parental genetic effects may be defined as the influence of parental genotypes on
offspring phenotypes over and above that which results from the transmission of genes from
parents to their children. However, given the relative paucity of large-scale family-based
cohorts around the world, it is difficult to demonstrate parental genetic effects on human
traits, particularly at individual loci. In this manuscript, we illustrate how parental genetic
effects on offspring phenotypes, including late onset conditions, can be estimated at individ-
ual loci in principle using large-scale genome-wide association study (GWAS) data, evenin
the absence of parental genotypes. Our strategy involves creating “virtual” mothers and
fathers by estimating the genotypic dosages of parental genotypes using physically geno-
typed data from relative pairs. We then utilize the expected dosages of the parents, and the
actual genotypes of the offspring relative pairs, to perform conditional genetic association
analyses to obtain asymptotically unbiased estimates of maternal, paternal and offspring
genetic effects. We apply our approach to 19066 sibling pairs from the UK Biobank and
show that a polygenic score consisting of imputed parental educational attainment SNP dos-
ages is strongly related to offspring educational attainment even after correcting for offspring
genotype at the same loci. We develop a freely available web application that quantifies the
power of our approach using closed form asymptotic solutions. We implement our methods
in a user-friendly software package IMPISH (IMputing Parental genotypes In Siblings and
Half Siblings) which allows users to quickly and efficiently impute parental genotypes across
the genome in large genome-wide datasets, and then use these estimated dosages in
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downstream linear mixed model association analyses. We conclude that imputing parental
genotypes from relative pairs may provide a useful adjunct to existing large-scale genetic
studies of parents and their offspring.

Author summary

Indirect parental genetic effects may be defined as the influence of parental genotypes on
offspring phenotypes over and above that which results from the transmission of genes
from parents to children. Estimating indirect parental genetic effects on offspring out-
comes at the genotype level has been challenging because it requires large-scale, individ-
ual level genotypes from both parents and their offspring, and there is a paucity of
cohorts around the world with this information. Here we present a new approach to esti-
mate indirect parental genetic effects without the requirement of physically genotyped
parents. Our method creates virtual parental genotypes based on the genotypes of off-
spring pairs, and then uses these virtual genotypes in downstream genetic association
analyses. We developed a software package “IMPISH” that allows users to impute virtual
parental genotypes in their own genome-wide datasets and then use these in downstream
genome-wide association analyses, as well a series of power calculators to estimate the
power to detect indirect parental genetic effects on offspring phenotypes. We apply our
method to educational attainment data from the UK Biobank and show that indirect
parental genetic effects are related to offspring educational attainment even after correct-
ing for offspring genotype at the same loci.

Introduction

Indirect parental genetic effects may be defined as the influence of parental genotypes on off-
spring phenotypes over and above that which results from the transmission of genes from
parents to their children. This can include the effect of mother’s genotype on the offspring phe-
notype (“maternal genetic effects”) as well as effects of the father’s genotype on the offspring
phenotype (“paternal genetic effects”). We use the term “indirect” in this context to highlight
that the effect of the relevant parent’s genotype on the offspring phenotype is mediated by
some known or unknown parental phenotype regardless of whether this parental trait is mod-
elled explicitly in downstream analyses (Fig 1).

There is increasing interest in estimating the indirect effect of parental genotypes on the
phenotypes of their offspring [1-7]. We and others have shown in human populations that the
maternal and paternal genomes can indirectly affect a range of offspring traits including peri-
natal [2,8-15] and later life phenotypes [3,10]. For example, we recently showed that maternal
genetic variants associated with type 2 diabetes in mothers were also associated with birth-
weight of their offspring, presumably through their effect on circulating maternal glucose and
other factors in the intrauterine environment [11]. However, these sorts of analyses typically
require large numbers of genotyped parent-offspring duos and trios in order to partition
genetic effects into parental and offspring mediated components [2,16]. Unfortunately, there
are only a few cohorts around the world with large numbers of genotyped parents and children
[17-21] implying that for most studies, the statistical power to resolve parental genetic effects
on offspring phenotypes is limited [16]. The problem of low statistical power is exacerbated
further if the interest is on identifying parental genetic effects on late onset diseases, since
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Fig 1. Diagram showing the relationship between mother’s, father’s and offspring’s genotypes and phenotypes. In this manuscript we refer to the path from the
offspring genotype to offspring phenotype as the (direct) offspring genetic effect. We refer to the path from mother’s genotype to mother’s phenotype to offspring
phenotype as an indirect maternal genetic effect (indirect because the effect of the mother’s genotype is mediated through a maternal phenotype). Likewise, we refer to
the path from father’s genotype to father’s phenotype to the offspring phenotype as an example of an indirect paternal genetic effect (indirect because the effect of the
father’s genotype is mediated through the paternal phenotype). Indirect maternal and paternal genetic effects are both instances of indirect parental genetic effects on
offspring phenotypes. The parental phenotypes mediating these relationships may be known or unknown, may involve one or several phenotypes, and may be modelled
or not in the analysis strategy. In this manuscript, we do not model the mother’s or father’s phenotype explicitly, merely the association between mother’s/father’s
genotype and offspring phenotype.

https://doi.org/10.1371/journal.pgen.1009154.9001

many of the cohorts that contain genotypic information on parents and their children are
birth cohorts that were established less than thirty years ago [17,18,20]. This means that off-
spring from these cohorts are not old enough to have developed many late onset diseases of
interest. There is therefore a considerable need to develop statistical genetics methods and soft-
ware that can maximize the amount of data available to detect indirect parental genetic effects
on offspring traits [2].

In this manuscript, we describe a simple strategy for estimating indirect parental genetic
effects on offspring phenotypes which is capable of leveraging the considerable information
contained within large publicly available cohorts and the tens of thousands of individuals con-
tained within twin registries and family studies from around the world [22]. Briefly, our strat-
egy involves creating “virtual” mothers and fathers by estimating the genotypic dosages of
parental genotypes using physically genotyped data from sibling and half sibling relative pairs.
We then use the expected dosages of the parents, and the actual genotypes of the siblings/half

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009154  October 26, 2020 3/29


https://doi.org/10.1371/journal.pgen.1009154.g001
https://doi.org/10.1371/journal.pgen.1009154

PLOS GENETICS

Estimating indirect parental genetic effects using offspring genotypes

sibling pairs to perform conditional genetic association analyses and estimate maternal, pater-
nal and offspring genetic effects on the offspring phenotype.

We derive formulae to impute the expected dosage of maternal and paternal genotypes
given sibling or half-sib genotypes at both autosomal and X-linked loci. We implement our
calculations in a user-friendly software package, IMPISH (IMputing Parental genotypes In
Siblings and Half siblings) that allows users to quickly and efficiently impute parental geno-
types across the genome in large genome-wide datasets, and then use these estimated dosages
in downstream genome-wide association analyses (http://evansgroup.di.uq.edu.au/software.
html). We investigate the statistical power, type 1 error and bias associated with estimating
parental and offspring genetic effects via simulation and using closed form asymptotic solu-
tions. We develop a series of freely available web applications (http://evansgroup.di.uq.edu.au/
power-calculators.html) that researchers can use to estimate power to detect parental and off-
spring genetic effects in studies of sibling or half sibling pairs, with or without parental geno-
types. Finally, we apply our methods to educational attainment data from 19066 sibling pairs
from the UK Biobank Study [21].

Methods
Trait-genotype models

In the case of sibling pairs at autosomal loci, we assumed that trait values are generated accord-
ing to the following model:

Y, = bX,, +dX,,; +ﬂ(f.i +1,+E;
Y, = bX,, +dX,,; +fo,i +TT, T Ey
X, = 0'5<Xm,i + Xp.i) + 1y

Xy = O'S(Xm‘i + Xp,i) + 1y

where Y; and Y, are the phenotypes of siblings one and two, X;, X, X,,, and Xyare the genotype
dosages of siblings one and two and their mother and father respectively, b, d and fare the
effect of the offspring, mother’s and father’s genotypes respectively on the offspring phenotype,
7is a random effect shared by the siblings, £, and &, are uncorrelated error terms for the two
phenotypes, and 17; and 7, are random effects due to the segregation of alleles (or stated
another way, 17; and 7, represent the deviation of sibling one and sibling two’s dosage from the
expected offspring genotypic dosage given the parental genotypes. Readers unfamiliar with the
concept of segregation variance are directed to Wang and Xu (2019) for a lucid explanation of
these terms and their derivation) [23]. In all cases, the subscript i refers to the ith family. With-
out loss of generality, we assume the variance of the genotype dosages and phenotype terms is
one. The variances of the random effects are:

Var(g,) = Var(g,) = ¢”
Var(t) = ¢

Var(n) = 0.5

In the case of X chromosome loci for sibling pairs, we assume that the effect of genotypes
on offspring phenotype are equal in males and females (i.e. the coefficients b, d and fare equal
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regardless of whether the sibling is male or female). We assume that female genotypes are stan-
dardized to unit variance whilst male genotypes have twice this variance and consequently
explain double the variance in the offspring phenotype. We assumed sibling phenotypes at X
chromosomal loci are generated according to the following model:

Y, =bX), +dX,; + X, + 1, + g,
Yy = bXy +dX, ; + X + 1, + &y
X, = Xm,i + Mg

X, = 0.5X,,, + 0.5X,, + 1y,

where the terms are defined similar to the sibling model above where sibling one is male and
sibling two is female, and 77y and 7z are random effects due to segregation in male and female
offspring. The variances of the random effects are:

Var(g,) = o>

£l

Var(e,) = o,

Var(t) = ¢’
Var(n,) = 1

Var(n;) = 0.25

At X chromosome loci, the covariances between genotype dosages of relative pairs are sex-
dependent:
Mother-Daughter:

Cov(X,,X,) =05
Mother-Son:
Cov(X,,X,) =1
Father-Daughter:
Cov(X,,X;) =1
Father-Son:
Cov(X,,X;) =0
Brother-Brother:
Cov(X,,X,) =1

Sister-Sister:

Cov(X,,X,) =0.75
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Brother-Sister:

Cov(X,,X,) =0.5

and so there are three separate models for female-female, male-male, and opposite sex sibling
pairs (see S1 Text for more details).

Finally, in the case of (maternal) half sibling pairs (i.e. half siblings who share a common
mother) at autosomal loci we assume the model:

Y, =bX,+ de‘i +.ﬁxfl,i +1,+Ey;
Y, = bX,, + de,i +fo2,i +1T,+Ey
X, =0.5(X,, +Xf1,i) + 1y

X, = 0.5(X,,, +Xf2,i) + 1y

i

where the subscripts fI and f2 denote the fathers of half sibling one and half sibling two respec-
tively. The variances of the random effects are

Var(g,) = Var(g,) = o’
Var(t) = ¢

Var(n) = 0.5

Paternal half sibling pairs can be parameterized analogously. The reason we don’t show this
explicitly is that for autosomal loci, the power to detect maternal effects using paternal half sib-
ling pairs is the same as the power to detect paternal effects using maternal half sibling pairs,
and the power to detect paternal effects using paternal half sibling pairs is the same as the
power to detect maternal effects using maternal half sibling pairs.

Imputing expected gene dosages for parents given observed offspring
genotypes

Unfortunately, parental genotypes are not always available and so the models described above
cannot always be fit to the data. In these situations, it may be possible to impute parental geno-
type dosages using information from relative pairs (like siblings or half siblings) and subse-
quently include these imputed dosages in downstream analyses. The intuition for why relative
pairs enable imputation of parental genotypes is illustrated in Fig 2. Essentially, an individual’s
sibling/half sibling provides additional information on the likely genotype of their parents- so
that some parental genotypes are more probable than others given the observed genotype data.
For example in Fig 2, it is possible to conclude that both parents of siblings who have geno-
types “AA” and “aa” at an autosomal locus must be heterozygous. Likewise, maternal half sib-
lings whom have genotype “AA” and “aa” at an autosomal locus, imply that their shared
mother must be genotype “Aa” and their fathers “AA” or “Aa” and “Aa” or “aa” respectively
(the exact probabilities depending on the allele frequencies at the locus under consideration).
We calculated the probability of maternal and paternal biallelic SNP genotypes given data
from sibling pairs or half sibling pairs at the same locus. We did this for autosomal and non-
pseudoautosomal X chromosome loci for biallelic SNP markers using Bayes Theorem e.g. for
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Sibling Pairs
Autosomal Loci

Aa Aa

AA aa

Half Sibling Pairs
Autosomal Loci

A/? Aa a/?

AA aa

Sibling Pairs
X chromosomal Loci

Aa ?/-

O

Male
Sibling Pairs

A/- a/-
Aa A/-
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AA Aa
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O
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Fig 2. Illustration showing the intuition behind why the genotypes of relative pairs such as siblings and half siblings provide information on parental genotypes.
In the case of sibling pairs at autosomal loci, sibling genotypes provide information on parental genotypes. However, mothers and fathers have the same expected
genotypes and so separate genotypes for mothers and fathers cannot be imputed given only genotype information from sibling pairs. However, mothers and fathers
have different expected genotypes given sibling pair genotypes at non-autosomal X chromosome loci, and so different parental genotypes can be imputed at these loci.
Likewise, in the case of half sibling pairs, mothers and fathers have different expectations for their genotypes given half sibling genotypes, and so different dosages for
the parents can be imputed at loci. Male individuals are uninformative for the genotypes of their fathers at (non-pseudoautosomal) X chromosome loci.

https://doi.org/10.1371/journal.pgen.1009154.9002

an autosomal locus:

Prob(G, =i|G, =j,G, = k) =

Prob(G, = j,G, = k|G, = i)Prob(G, = i)
Prob(G, =j,G, =k)
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» o« » o«

where Gp € {“AA”, “Aa”, “aa”} refers to the genotype of the parent, and G; and G, the geno-
types of offspring one and two. Given conditional genotype probabilities, it is then a simple
matter to calculate the expected (unstandardized) genotype dosages of the parents for a given
pair of offspring genotypes:

Expected Dosage = Prob(G, = Aa|G, =}, G, = k) + 2 x Prob(G, = aa|G, =},G, = k)

In the case of full sibling pairs, separate maternal and paternal genotypes can be resolved
for X-linked loci. However, in the case of autosomal loci, the expected dosage for maternal and
paternal genotypes is the same, meaning that it is impossible to distinguish maternal from
paternal genotypes. In these situations, it is still possible to calculate a single imputed parental
dosage (and include this term in downstream regression models in which case the combined
effect of maternal and paternal genetic effects ¢ = d + f on the offspring phenotype will be esti-
mated—see Results section for further details).

Derivations of expected parental genotype dosages given sibling/half sibling genotypes for
autosomes and the X chromosome are given in S1 Table, S2 Table, S3 Table, and S4 Table. In
all derivations we use the subscript m to refer to the mother’s genotype (“m” for mothers), the
subscript f to refer to father’s genotype (“f” for fathers), and the subscript p to refer to the esti-
mated parental genotype (“p” for parental- typically when the mother’s and father’s genotypes
cannot be distinguished as is the case for autosomal loci in sibling pairs).

Statistical model for testing association

In order to obtain estimates of maternal, paternal and offspring genetic effects on the offspring
phenotype, mother’s and/or father’s expected dosages can be included as terms in the fixed
effects part of a linear mixed model together with the observed dosages of the offspring geno-
types and a random effects term for family membership. In the case of sibling pairs at autoso-
mal SNPs, we investigated the properties of the following tests of association:

1. Omnibus test: We compared the full model where free terms for the offspring and parental
genetic effect(s) were estimated versus a model where the offspring and parental regression
coefficient(s) were fixed to zero (i.e. either a three degree of freedom test if genotypes for
both parents were available (comparing a model with free b, d and fto a model with these
three parameters fixed to zero) or a two degrees of freedom test if a single parental genotype
was imputed (comparing a model with free parental and offspring genetic effects to a model
with these two parameters fixed to zero)).

2. Test using offspring genotypes only: We compared a model where there was a free term for
the offspring genetic effect only (b), against a model where this term was set to zero (i.e. a
one degree of freedom test). In other words, the effect of parental genotypes was not mod-
elled in this analysis, even though parental genetic effects may influence the offspring phe-
notypes and parental genotypes may or may not be present.

3. Test of the offspring genetic effect: We compared the full model where free terms for the
offspring and parental genetic effect were estimated versus a model where the offspring
regression coefficient was fixed to zero (i.e. a one degree of freedom test).

4. Test of the parental genetic effect: We compared the full model where free terms for the off-
spring and parental genetic effect were estimated versus a model where the imputed paren-
tal regression coefficient was fixed to zero (i.e. a one degree of freedom test).

In the case of half sibling pairs, as well as sibling pairs at X chromosome SNPs, we investi-
gated the properties of the following tests of association:
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1. Omnibus test: We compared the full model where free terms for offspring, maternal and
paternal genetic effects are estimated versus a model where the offspring, maternal and
paternal regression coefficients were fixed to zero (i.e. comparing a model with free b, d and
fto a model with these three parameters fixed to zero- a three degrees of freedom test).

2. Test using offspring genotypes only: We compared a model where there was a free term for
the offspring genetic effect only (b), against a model where this term was set to zero (a one
degree of freedom test). In other words, the effect of parental genotypes were not modelled
in this analysis, even though maternal and/or paternal genetic effects may influence the off-
spring phenotypes and parental genotypes may or may not be present.

3. Test of the offspring genetic effect: We compared the full model where free terms for off-
spring, maternal and imputed paternal genetic effects are estimated versus a model where
the offspring regression coefficient was fixed to zero (i.e. comparing a model with free b, d,
and fto a model with d and festimated and b fixed to zero- a one degree of freedom test).

4. Test of the maternal genetic effect: We compared the full model where free terms for oft-
spring, maternal and paternal genetic effects are estimated versus a model where the mater-
nal regression coefficient was fixed to zero (i.e. comparing a model with free b, d and fto a
model with b and f estimated and d fixed to zero a one degree of freedom test).

5. Test of the paternal genetic effect: We compared the full model where free terms for off-
spring, maternal and paternal genetic effects are estimated versus a model where the pater-
nal regression coefficient was fixed to zero (i.e. comparing a model with free b, d, and fto a
model with d and b estimated and f fixed to zero- a one degree of freedom test).

In the case of the Omnibus test (Model 1) and the test using the offspring genotypes only
(Model 2), the focus is on locus detection (i.e. whether there is a genetic effect at the locus,
regardless of whether it is mediated through the offspring or parental genomes). In contrast, in
the case of the tests for the parental, maternal, paternal or offspring genetic effects (Models 3
to 5), the focus is on partitioning a known locus into its indirect parental genetic and/or off-
spring genetic components. These tests are more relevant if the goal is to determine which
genome mediates a known genetic effect on the offspring phenotype, or if the objective is on
deriving unbiased effect estimates of genetic effects e.g. for Mendelian randomization analyses.

Calculating power analytically using the non-centrality parameter

We derived closed form expressions for the non-centrality parameter of the statistical tests
described above for actual and imputed parental genotypes and confirmed the results of these
against simulations (see below). We have implemented these asymptotic power calculations in
a series of applications which are freely available on our website (http://evansgroup.di.uq.edu.
au/power-calculators.html). In the results section, we use our utilities to compare the statistical
power to detect genetic effects when parental genotypes are available and when they need to be
imputed for both sibling and half sibling pairs.

Exploring parameter bias, power and type 1 error of tests of genetic
association via simulation

In order to confirm our asymptotic results, we investigated parameter bias, power and type 1 error
rate of tests of genetic association via simulation. Genotypes were simulated for nuclear families
(mother, father and two siblings) and maternal half sibling families (common mother, two fathers
and two half siblings). For our simulations, we varied the size of genetic effects (three conditions:
V=d=f=0b"=01%,d" = f =0.05%; b° = &’ = £ = 0.1%), frequency of the trait decreasing
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allele (three conditions: p = 0.1, p = 0.5, p = 0.9), and shared residual variance (two conditions: ¢*
=0; ¢* = 0.2). For all simulations we used N = 2000 sibling pairs/half sibling pairs, a type 1 error
rate of 0. = 0.05, and 1000 replications. For each condition, we assumed that either parental geno-
types were available, or they were not, in which case we calculated the expected genotype dosages
of the parents using their offspring genotypes based on the formulae from the preceding section
(S1 Table, S2 Table, S3 Table, S4 Table). Offspring phenotype was then regressed on offspring
genotype, and imputed (or physically genotyped) parental dosages using the Imer package in R.
Family was included as a random effect in these analyses. Tests were conducted using full informa-
tion maximum likelihood. R code implementing the simulations is provided in the S1 Text.

Effect of differential missing rates on power, bias and type 1 error rate

We investigated the sensitivity of our method to situations where parental genotypes were not
missing completely at random and needed to be imputed. This might occur for example where
alocus is associated with premature mortality, in which case parents with the risk genotype are
more likely to be missing and so need to be imputed. We assumed that the probability that
parents were missing was related to the genotype at the locus needing to be imputed. We per-
formed simulations where the relationship between parental genotype and risk of missingness
was mutiplicative (i.e. Prob(genotype AA is missing) = 20%, Prob(genotype Aa is missing) =
30%; Prob(genotype aa is missing) = 40%), dominant (i.e. Prob(genotype AA is missing) =
20%, Prob(genotype Aa is missing) = 40%; Prob(genotype aa is missing) = 40%), or recessive
(i.e. Prob(genotype AA is missing) = 20%, Prob(genotype Aa is missing) = 20%; Prob(geno-
type aa is missing) = 40%). We assumed that the base allele frequency in the population was
either p = 0.1 or 0.5, the shared residual variance between sibling phenotypes was ¢ = 0 or

¢* = 0.5, and we varied the size of maternal and offspring genetic effects (three conditions: b” =
d> = 0%; b” = 1%, d° = 0; b° = d° = 1%). For all conditions, we simulated N = 2000 sibling pairs,
all with missing parental genotypes, and performed 1000 replications where we estimated an off-
spring genetic effect and a parental (maternal) genetic effect. We examined bias, power and type 1
error (o = 0.05) and compared this to asymptotic power calculations where parental genotypes
were missing completely at random. It is worth noting that these simulations represent rather
extreme situations in that in real data we would rarely expect missing rates to be so strongly
related to a single genotype, particularly in the case of complex traits- but are useful to get some
idea of the sensitivity of our method to substantial deviations from underlying assumptions.

Application to educational attainment in the UK biobank

In order to illustrate the potential utility of our procedure we imputed the parental genotypes
of 19066 full sibling pairs of white British ancestry from the UK Biobank with educational
attainment data (N = 18761 sibling pairs whom both reported educational attainment, and

N = 305 sibling pairs where only one sibling reported educational attainment) at 1264 SNPs
known to be robustly associated with educational attainment with minor allele frequency >
0.01 (S5 Table) [24]. We constructed unweighted polygenic risk score dosages for individuals
using all SNPs (using either physically genotyped SNPs in the case of sibling pairs or imputed
SNP dosages in the case of their imputed parents) oriented to the increasing allele for educa-
tional attainment. We used an unweighted polygenic score rather than a weighted score in
analyses because it was not clear from the original educational attainment GWAS what portion
of the reported SNPs’ effects on educational attainment was due to parental genetic effects and
what portion was due to offspring genetic effects. Educational attainment was measured by
self-report according to the following coding (4 = College or University degree; 3 = professional
qualifications; 2 = A levels; 1 = O levels; 0 = None of the above). We regressed educational
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attainment on own polygenic score and imputed parental polygenic score including the top five
GWAS derived principal components, sex, and year of birth as fixed effects and family as a ran-
dom effect using the Ime package in R. As a sensitivity analysis, we performed similar analyses,
but using only 72 out of the 74 genome-wide significant SNPs that were available in our data from
the Okbay et al (2016) GWAS of educational attainment (i.e. which did not contain the UK Bio-
bank in the discovery analyses) to construct the unweighted genetic scores [25]. We also com-
pared our results to similar analyses using ordinary least squares regression analyses involving

N = 4071 mother-offspring duos, N = 1809 father-offspring duos and a set of N = 1064 parent-oft-
spring trios from the UK Biobank where the offspring had reported their educational attainment
(this latter analysis involving trios comprised individuals from the mother-offspring and father-
offspring duos analyses). The set of covariates used in these latter analyses was the same except
that parental polygenic risk score was not imputed and based on physically genotyped SNPs.

Software to impute parental genotypes

We have coded the parental imputation routines described above in a C++ software package
called IMPISH (IMputing Parental genotypes in Siblings and Half siblings) which is freely avail-
able on our website (http://evansgroup.di.uq.edu.au/software.html). IMPISH uses source code
adapted from the GCTA software package (version 1.26.0) that has been modified to impute
parental genotype data given genotypes from sibling or half sibling pairs [26]. IMPISH accepts
data in the form of PLINK style binary.bed,.bim and.fam file formats [27]. Users can elect to out-
put expected parental genotype dosages in PLINK dosage format or have the software compute
these internally and utilize them in genome-wide association testing. IMPISH calculates allele fre-
quencies from the (sibling/half sibling) data that the user provides, and calculates genotype fre-
quencies and expected genotypes assuming Hardy-Weinberg equilibrium. IMPISH fits a genetic
mixed linear model with fixed effects for offspring genotype and (imputed) mother’s and father’s
genotypes and allows users to compute these statistics across the genome in a computationally
efficient fashion. A genome-wide genetic relationship matrix is used in the random effects part of
the model just as in the original GCTA software, allowing users to account for population stratifi-
cation and cryptic relatedness in their analyses. If users choose, they can also include a relation-
ship matrix in the random effects part of the model that specifies the correlation between
individuals in terms of the family environment (i.e. ones down the main diagonal and ones in
elements (4, j) and (j, i) of the matrix if individuals i and j are from the same family, zeros else-
where in the matrix) although this matrix will need to be constructed and input by the user. Cur-
rently, IMPISH only performs analyses on sibling pairs/half sibling pairs that have had their
parental genotypes imputed, and will remove other individuals from the analysis automatically.
To quantify the computational requirements of the IMPISH software, we simulated datasets
that ranged in size from N = 1,000 to 20,000 sibling pairs and M = 500,000 autosomal SNP
markers. The datasets were simulated using an approach similar to that described above. We
benchmarked the running time and memory use of the IMPISH software by running simula-
tions on these datasets. Reported runtimes are the medians of five identical runs in a computing
environment with 256 GB memory and 1 CPU core with solid-state disk in one compute node.

Results

Derivation of non-centrality parameters and asymptotic power for tests of
association in sibling pairs (autosomal loci)

Under full information maximum likelihood, all the tests of association considered in this
manuscript are distributed as non-central chi-square distributions under the alternative
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hypothesis of genetic association, with degrees of freedom equal to the difference in the num-
ber of free parameters between full and reduced models. The non-centrality parameter ({) of
these distributions is equal to twice the difference in expected log-likelihoods between the full
and reduced models. Given the non-centrality parameter ({) of the statistical test, the power to
detect association (P) can be obtained by the formula:

P:/ dy*(v,0)

/i (v,0)

where (v, 0) is the 100(1 - o) percentage point of the central y° distribution with v degrees
of freedom, and y(v,{) denotes a non-central chi-square distribution with non-centrality
parameter { and degrees of freedom v. In the section below, we derive the expected covariance
matrix of the residuals for each statistical model and its associated expected minus two log-
likelihood. From these values the non-centrality parameter and statistical power of the relevant
test of association can be calculated.

To illustrate our derivations, we consider the case of sibling pairs with phenotype data Y,
and Y5, and corresponding observed genotype dosages X; and X,, at an autosomal single
nucleotide polymorphism (SNP). Similar derivations for sibling pairs at X chromosome loci
and for half sibling pairs on the autosomes are provided in the S1 Text. The calculation of the
genotypic dosage assumes additivity (i.e. no dominance), and without loss of generality, all
genotype dosages and phenotypes are standardized to have mean 0 and variance 1. In situa-
tions where the observed genotype data of parents (i.e. father’s genotype dosage Xyand moth-
er’s genotype dosage X,,,) are unavailable, mother’s and father’s genotypic dosages are imputed
from the genotype dosages of the sibling pairs as:

Xm = E(Xm|X17X2)
X = E(Xf|X17X2)

We assume the model above for sibling pairs (see Methods) and random mating so that
Cov(X,,, Xy) = 0. The covariances between genotype dosages are:

Cov(X,,X,) = Cov(X,,X,) = Cov(X,,X,,) = Cov(X,,X;) = Cov(X,,X;) = 0.5
the covariance between phenotypes and genotype dosages are:
Cov(Y,,X,) = Cov(Y,,X,) = b+ 0.5(d+f)
Cov(Y,,X,) = Cov(Y,,X,) =0.5(b+d+f)

Cov(Y,,X,) = Cov(Y,,X,) =0.5b+d

Cov(Y,,X;) = Cov(Y,,X;) =0.5b+f
and the covariance between the two phenotypes is:
Cov(Y,,Y,) =050+ d* +f* + bd+ bf +¢°

The phenotypic variance in the offspring phenotype (Y) can be decomposed as follows:
Var(Y) = (V' +d& +f*+bd+ bf) + ¢’ +0° =1
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Full sibling relationships do not provide any information to distinguish between alleles of
maternal versus paternal origin at autosomal loci. In other words, in these situations, the
mother’s imputed dosage X, is equal to the father’s imputed dosage X;. Thus, when using sib-

ling pair data at autosomal loci, only one parental genotype dosage (X, = X|, = X}) can be

included in downstream regression models, in which case the parameter c is estimated, which
equals the combined effects of d and fsuch that c=d + f.

The variance of the imputed parental genotype dosage (relative to the standardized
observed genotype dosages), Var(X; ), imputed from full sibling pairs is derived in the S1 Text

and is:

2H? +5H + 12
Var (X;) + +

T AH+2)(H+ 4)
where H is the expected heterozygosity, given the allele frequencies p and g = 1—p:
H = 2pq

The covariance between actual and imputed genotype is equal to the variance of the
imputed genotype:
Cov(X,,,X;) = Cov(X,X,) = Var(X)

and the covariances between the imputed parental genotype and sib genotypes and phenotypes
are:

Cov(X;, X,) = Cov(X], X,) = 0.5
Cov(X],Y,) = Cov(X,Y,) = b/2 + ¢ x Var(X))
When actual genotypes are available for the mother and father, the linear mixed model is:
Y, = lei + de.i +ﬂ(f.i +1,+E;
Y, = bXy, + de,i +fo,i +1 &y

The fixed effects b, d, and f may be estimated by generalised least squares (GLS), where the
covariance matrix of random effects is:

O.2+ 2 2
o= (""" 7
g02 0.2_1_(/)2

The inverse of the covariance matrix of random effects is:

o 1 0'2"'(/’2 —(P2
= 0_2(0_2+2(/)2) _(Pz 0'2—|—(p2

The asymptotic GLS estimates of a k x 1 vector of parameters f8 are given by:
B =EX'Q'X)'EX'Q'Y)

where X is a 2 x k matrix consisting of the genotypes of the offspring and/or the imputed or
genotyped parents of offspring one and two (where k is the number of regressors), and Y is a 2
x 1 matrix of offspring phenotypes [28].
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It is then possible to derive the residual covariance matrix (X), and subsequently the
expected minus two log-likelihood (-2InL) of the model per relative pair [29]:

E(=2InL) = In|Z| + 2

The non-centrality parameter ({) for a test of the difference in fit between a model and a
nested sub model is equal to the difference in expected minus two log-likelihoods between the
models:

{ = E(—2InLy) — E(—2InL;)

where E(-2InLg) and E(-2InLy) represent the expected minus two log-likelihoods under the
full and nested models respectively.

In order to illustrate calculation of the residual covariance matrix, the expected minus two
log-likelihood (and consequently the non-centrality parameters), we consider the following
models in the case of sibling pairs at autosomal loci (additional derivations of these quantities
for sibling and half sibling pairs at autosomal and X chromosome loci for all models and
nested sub-models are provided in the S1 Text):

Null model of no association in sibling pairs

The residual covariance matrix is simply the covariance matrix of Y:

=3,
1 0.50° + d* + f* + bd + bf + ¢°
0562 + & + f2 + bd + bf + ¢ 1
The expected minus two log-likelihood (-2InL) of the model per sibling pair is therefore:
E(—2InL) = In(1 — (0.56> + d* 4 f + bd + bf + ¢*)*) + 2

Full Omnibus Model in sibling pairs (terms for X,,, X; X; and X,:
In the case of sibling pairs with genotyped parents, the X matrix contains three columns;
column 1 with elements X; and X,, column 2 with elements X,, and X,,,, and column 3 with

elements X;and X, The asymptotic GLS estimate of the regression coefficients of columns 1, 2
and 3 are:

g=(b,df) =EX"Q'X) 'EX"Q'Y)

= (bv daf )T
The residual covariance matrix is:

T =E(Y-Xg)(Y-Xg)"

=Q

0_2 + (PZ ¢2
B @ o2 4¢?
Full omnibus model in sibling pairs with imputed parental genotypes (terms for
X;, X, and X,)
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When only imputed parental genotypes are available, the linear mixed model for sibling
pairs becomes:

Y, = lei + CX;,; +T,+Ey;

Y, = bX,, + CX;,; + T+ Ey

The X matrix contains two columns; column 1 with elements X; and X,, and column 2
with elements X and X . The asymptotic GLS estimate of the regression coefficients of col-

umns 1 and 2 are:

g =(b,0)" =EX'Q'X) 'EX'Q'Y)

T
= (b’ C)
The residual covariance matrix is:

I =E(Y - Xg)(Y - Xg)"

=X, — E(XgY" + Yg"X" — Xgg"X")
where:
E(XgY") = E(Yg'X")
b x Cov(X,,Y,) + & x Cov(X!, ;) b x Cov(X,,Y,) + ¢ x Cov(X],Y,)

bx Cov(X), Yy) + ¢ x Cov(X], Yy)  j x Cov(X,,Y,) + ¢ x Cov(X], Y,)
and:

s b+ bt + & x Var(X))  0.5b* + bé + ¢ x Var(X))
E(Xgg'X") = o L
0.5b* + bc +¢* x Var(X;)  b* + bc + ¢ x Var(X))

Comparison of simulated and asymptotic results

A summary of the results of our data simulations is presented in S1 Fig. Estimates of paternal,
maternal and offspring genetic effects from the full omnibus models were unbiased, even
when imputed parental genotype dosages were used in the place of real genotypes. Type 1
error rates were also maintained at expected levels (S6 Table, S7 Table, S8 Table, S9 Table, S10
Table). Estimates of statistical power, closely matched those from asymptotic calculations (S6
Table, S7 Table, S8 Table, S9 Table, S10 Table and see below).

Results of asymptotic power calculations

We used our asymptotic formulae to investigate the statistical power to detect association
across a range of different parameters, study designs and statistical tests (S11 Table, S12 Table,
S13 Table, S14 Table, S15 Table). We highlight some general results from our power calcula-
tions that we hope investigators may find useful in terms of planning genetic association stud-
ies, particularly those aimed at identifying and/or estimating the contribution of indirect
parental genetic effects on offspring phenotypes.

A key question for researchers is, what is the optimal analysis strategy if the primary focus
is on locus detection? According to our power calculations, the answer to this question,
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Fig 3. Power of locus detection in sibling pairs assuming directionally concordant maternal and offspring genetic effects (red lines: d° = 0.1%; b® = 0.1%),
directionally discordant maternal and offspring genetic effects (blue lines: d” = 0.1%; b” = 0.1%), or offspring genetic effects only (black lines: d” = 0%; b” = 0.1%).
Shown are results of a one degree of freedom test using sibling genotypes only (lines with circles), an omnibus two degree of freedom test using observed genotypes in
siblings and their mothers (lines with triangles), and an omnibus two degree of freedom test of association when parental genotypes need to be imputed from sibling
genotypes (lines with open boxes). For all calculations we assume an autosomal locus, shared residual variance ¢ = 0.2, a type 1 error rate o, = 5x10°%, and where
relevant, a decreasing allele frequency of p = 0.1. The graph shows that when observed genotypes in mothers are available, power to detect loci may be greatest when
employing a two degree of freedom test, providing maternal effects are present, and particularly when maternal and offspring genetic effects are directionally discordant.
In contrast, when maternal effects are absent, simply fitting a one degree of freedom model using sibling genotypes alone is often the best strategy. When parental
genotypes are unavailable, there appears to be little gained from imputing genotypes in mothers in terms of power to detect loci. Note that power is similar for two
conditions shown in this graph (i.e. in the case of discordant maternal and offspring genetic effects for the Siblings only one degree of freedom test and the two degrees
of freedom test when mothers have to be imputed). For simplicity, we do not show results for the two degree of freedom test when mothers are imputed and there is no
maternal effect (i.e. this condition has identical power to when mothers are genotyped).

https://doi.org/10.1371/journal.pgen.1009154.9003

perhaps unsurprisingly, depends on the genetic architecture of the trait, in particular on the
existence of indirect maternal/paternal genetic effects and whether these are in the same or
opposing directions. Fig 3 displays power to detect a locus using sibling pairs when a locus is
influenced by maternal and/or offspring genetic effects (e.g. a perinatal trait like birth weight).
When the locus under study involves an offspring genetic effect only (black lines in Fig 3),
which is probably the case for the majority of loci in the genome for most traits, then the most
powerful strategy appears to be simply testing for an offspring genetic effect against the null
model of no association (i.e. performing a one degree of freedom test just using the sibling
pairs with no parental imputation). This includes situations where parents have been geno-
typed. This is because fitting the full omnibus model and testing against the null model
requires extra degrees of freedom to model parental genetic effects (which in this case are not
present) which adversely affects power. We note that this decrement does not appear to be
great in the case of sibling pairs if only the mother is genotyped and paternal genetic effects are
not modelled and do not contribute to the trait of interest, (Fig 3, S11 Table)- which is perhaps
a reasonable assumption for many perinatal phenotypes.

In contrast, when indirect maternal (or paternal) genetic effects substantially influence the
offspring phenotype (blue and red lines Fig 3), and parental genotypes are present, the full
omnibus model (lines with triangles) often performs comparably or better than a simple one
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Fig 4. Power to resolve an autosomal maternal genetic effect (d” = 0.1%; 2 = 0%; b” = 0%;) at a known genetic locus, using a conditional one degree of freedom
test of association in sibling pairs (green lines), maternal half sibling pairs who share the same mother (red lines) and paternal half sibling pairs who share the
same father (blue lines). All calculations assume p = 0.3 frequency of the trait decreasing allele; shared variance ¢* = 0.2; type 1 error rate o = 0.05). The red dashed
vertical line in the figure indicates the approximate number of sibling pairs in the UK Biobank (N = 20,000). This figure highlights the advantage of having actual
parental genotypes in the statistical model.

https://doi.org/10.1371/journal.pgen.1009154.9004

degree of freedom test using the sibling genotypes alone (lines with small circles). This is espe-
cially the case when offspring and/or parental genetic effects are directionally discordant (blue
lines), as is frequently observed for some trait-locus combinations like fasting glucose associ-
ated loci and offspring birth weight [10,11]. Here the power of a simple one degree of freedom
test involving the sibling genotypes only can be vastly diminished, because the discordant
parental and offspring genetic effects tend to cancel each other out. In contrast, an omnibus
test which models both offspring and indirect parental genetic effects performs much better in
these situations. Importantly, when parental genotypes are unavailable, for many situations
there appears to be little gained (and in some cases power is lost) by imputing parental geno-
types and including these in an omnibus test if the focus is solely on locus detection (Fig 3; S11
Table, S12 Table).

Another goal investigators might be interested in is partitioning effects at known genetic
loci into direct offspring and indirect parental genetic components. This may be of relevance if
investigators want to prove the existence of indirect maternal genetic effects on offspring phe-
notypes for example. Fig 4 displays the power to partition a genetic effect into maternal (or
equivalently paternal) genetic sources of variation in the case of half sibling or sibling pairs,
with and without parental genotypes at autosomal loci. The graph highlights the clear advan-
tage in power of including actual as opposed to imputed parental genotypes in the statistical
model when the focus is on resolving indirect parental genetic effects on offspring phenotypes.
Fig 4 shows that if parental genotypes are unavailable, then a considerable number of sibling
pairs (>40,000) and maternal half sibling pairs (>60,000) will be required to achieve high
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power (>80%, o = 0.05) to partition genetic effects at a locus- even for those of relatively large
effect (d* = 0.1%). Interestingly, paternal half sibling pairs who have not had their parents gen-
otyped, provide much less power to estimate maternal genetic effects and require even larger
numbers (a similar decrement in power is also observed in the case for maternal half sibling
pairs if the interest is in estimating paternal genetic effects). The lower power of the imputed
half sibling analyses compared to the imputed sibling analyses partially reflects the fact that
only two sources of variation are modelled in the imputed sibling models (i.e. offspring and
parental genetic sources of variation), whereas in the half sibling models, three different
sources of variation are modelled (offspring, parental, maternal genetic sources of variation). If
investigators believe that paternal genetic effects do not contribute to offspring trait variation
(a reasonable assumption for perinatal traits), then one option to increase power is to fix this
path to zero in models involving half siblings. Interestingly, the presence/absence of other
genetic effects has little effect on power of the conditional tests of association for realistic effect
sizes when correctly modelled.

In order to put the above numbers in context, in the publicly available UK Biobank dataset
(which roughly includes ~20,000 sibling pairs), we estimate that an autosomal parental geno-
type would need to explain ~0.2% of the variance in the offspring phenotype in order to have
80% power to resolve an indirect parental genetic effect if parental genotypes need to be
imputed (assuming the same parameters as in Fig 4). An indirect effect size this large is proba-
bly unrealistic for most traits, implying that larger samples will be needed to resolve genetic
effects at known loci into indirect and direct genetic effects if parental genotypes need to be
imputed. We also note that the power of the conditional tests is typically lower than omnibus
tests, implying that omnibus tests of association should be used for locus discovery purposes
whilst conditional tests of association should be reserved for partitioning effects/estimating
effect sizes at known loci (S11 Table, S12 Table, S13 Table, S14 Table, S15 Table).

We found that the effect of the other parameters we investigated (allele frequency, shared
residual variance) on statistical power was complicated and often interacted with the level of
other factors in the calculation (S11 Table, S12 Table, S13 Table, S14 Table, S15 Table). Allele
frequency exerted a modest effect on the power of most of the statistical tests examined, and its
effect on power appeared to be symmetric around p = 0.5. The effect of the shared residual var-
iance on statistical power was complex and depended on the statistical test, the underlying
genetic model, allele frequency etc (S11 Table, S12 Table, S13 Table, S14 Table, S15 Table).

Imputing parental genotypes on the X chromosome has the advantage that separate mater-
nal, paternal and offspring genetic effects can be resolved for sibling pairs (although at X linked
loci, male siblings are uninformative for paternal transmissions, and so contribute nothing in
terms of identifying paternal genetic effects when fathers have not been genotyped). We
parameterize the statistical model at X linked loci so that unstandardized male genotypes are
coded G; € {0, 2} and female genotypes are coded G, € {0, 1, 2}. We also assume that the
regression coefficient of offspring phenotype on (mother’s/father’s/offspring’s) genotype is the
same in male and female offspring. This means that male loci explain double the amount of
variance in the phenotype compared to females (see S1 Text). We have coded the web utilities
(http://evansgroup.di.uq.edu.au/power-calculators.html) so that users enter the variance in the
offspring phenotype explained by mother’s, father’s and/or offspring genotypes at the locus.
For offspring genetic effects in opposite sex siblings, users enter the variance explained by
male loci.

The results of the power analyses for sibling pairs on the X chromosome are displayed in
S13 Table, S14 Table, and S15 Table. The general pattern of results for loci on the X chromo-
some was similar to that described for the autosomes, and consequently we make similar rec-
ommendations regarding the appropriate analyses for locus detection and partitioning genetic
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effects at X linked loci. Comparing the power across the different study designs however
revealed a few interesting results which we highlight. First, male sibling pairs offer increased
power to resolve indirect paternal genetic effects on the X chromosome compared to the auto-
somes- so long as fathers have been genotyped. This is because (under random mating) father’s
genotype is uncorrelated with mother’s and male offspring genotype at X linked loci. Correla-
tion between genotypes at X linked loci in fathers and the phenotypes of their male offspring
can therefore not be explained by mother’s or offspring’s genotype. The corollary is that male
sibling pairs cannot be used to impute the genotypes of their fathers at X linked loci and so are
uninformative for paternal genetic effects unless the father has been physically genotyped
(opposite sex sibling pairs also provide slightly elevated power to detect paternal genetic effects
when fathers have been genotyped for the same reason).

When parental genotypes are present, male siblings also provide lower power to detect X
linked loci (3 degree of freedom tests) compared to many of the other study designs. The rea-
son is the converse of the explanation above- paternal genetic effects do not contribute to the
covariance between male sibling pairs. Opposite sex sibling pairs also provide reduced power
to detect loci (3 degree of freedom tests), but this partly a consequence of how we parameterize
the model of association on the X chromosome (i.e. we calculate the size of offspring genetic
effects in reference to the variance explained by male offspring, meaning that the variance
explained by the same locus in the sister will be half this amount). We choose not to compare
results across the different study designs when parental genotypes are imputed because the dif-
ferent models and their tests are usually not equivalent (e.g. one can’t resolve paternal geno-
types at X linked loci for male sibling pairs; opposite sex sibling pairs have their variances
parameterized slightly differently to the other sibships etc). These results are tabulated in S13
Table, S14 Table, and S15 Table.

Results of simulations investigating differential missing rates

S16 Table displays the results of simulations investigating the effect of differential missing
rates on our method. In general, our simulations show that under some models, (strong) dif-
ferential missing rates can produce modest biases in parameter estimates and inaccurate
asymptotic power calculations. The exact effect depends on allele frequency in the base popula-
tion, the residual correlation between the offspring pair, and the strength and type of process
generating the missing data. Type 1 error rates, however, appeared to be appropriate under all
the conditions we simulated.

Analysis of educational attainment in the UK biobank

We found that own educational attainment polygenic risk score and imputed parental poly-
genic risk score were strongly related to own educational attainment (Table 1). Interestingly,
in these analyses imputed parental genotypic risk score showed a stronger relationship with
educational attainment than own genotypic risk score. This may reflect the fact that parental
dosage represents the combined effect of mother’s and father’s genotypes on offspring educa-
tional attainment. Sensitivity analyses using polygenic risk scores constructed from 72 SNPs
from the Okbay et al (2016) GWAS yielded similar results. Analysis of parent-offspring duos
and trios also suggested that genetic risk scores in mothers and fathers also affected offspring
educational attainment in addition to offspring’s own genotype.

IMPISH software performance

S17 Table shows the performance of the IMPISH software in terms of CPU times and time to
perform genome-wide association. Our results show that IMPISH can be used to impute
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Table 1. UK Biobank Results. Results of own educational attainment regressed on (A) own genotyped polygenic risk score (PRS) and imputed parental PRS in sibling
pairs, (B) own genotyped PRS and genotyped maternal PRS in mother-offspring duos, (C) own genotyped PRS and genotyped paternal PRS in father-offspring duos, and
(D) own genotyped PRS, genotyped maternal PRS and genotyped paternal PRS in parent-offspring trios. All analyses were corrected for sex, year of birth and the first five
principal components (PC) from the UK Biobank GWAS data. Sex was coded as 1 and 0 for males and females respectively. PRS were constructed using 1264 SNPs associ-
ated with education attainment identified in Lee et al. (2018). A sensitivity analysis was performed for (A) using PRS constructed using 72 SNPs identified in Okbay et al.
(2016).

Estimate Standard Error p-value
(A) Sibling pairs (n = 19066) Intercept -77.003 2.295 4.22x107%
Own PRS 0.007 0.001 2.38x107°
Imputed Parental PRS 0.014 0.001 1.00x10™*
Sex 0.186 0.014 8.15x107%
Birth Year 0.027 0.001 8.76x10"3!
PC1 -0.007 0.004 0.119
PC2 -0.006 0.005 0.250
PC3 0.004 0.005 0.427
PC4 -0.015 0.003 4.15x10°°
PC5 0.005 0.001 5.75x10*
Sensitivity analysis Intercept -49.501 2.210 9.76x10 10
Own PRS 0.003 0.002 0.060
Imputed Parental PRS 0.023 0.003 1.92x107™"
Sex 0.187 0.015 8.84x1077
Birth Year 0.025 0.001 5.03x10"'"?
PC1 -0.010 0.005 0.027
PC2 -0.007 0.005 0.148
PC3 0.004 0.005 0.422
PC4 -0.018 0.003 9.71x10°®
PC5 0.007 0.001 1.62x10°
(B) Mother-offspring duos (n = 4071) Intercept -116.600 17.470 2.89x107!
Own PRS 0.009 0.001 8.40x107"°
Maternal PRS 0.004 0.001 3.69x10*
Sex -0.048 0.045 0.287
Birth Year 0.052 0.009 6.49x10”°
PC1 0.000 0.013 0.983
PC2 -0.010 0.013 0.427
PC3 -0.001 0.014 0.953
PC4 -0.009 0.009 0.346
PC5 0.007 0.004 0.091
(C) Father-offspring duos (n = 1809) Intercept -128.800 29.650 1.48x107°
Own PRS 0.009 0.002 4.09x10°®
Paternal PRS 0.003 0.002 0.058
Sex -0.031 0.065 0.638
Birth Year 0.059 0.015 1.05x10™*
PC1 -0.017 0.018 0.338
PC2 -0.017 0.019 0.382
PC3 -0.025 0.020 0.200
PC4 -0.029 0.013 0.027
PC5 0.023 0.006 5.63x10°
(D) Parent-offspring trios (n = 1064) Intercept -146.300 41.300 4.17x10*
Own PRS 0.006 0.003 0.024
Maternal PRS 0.004 0.002 0.054
(Continued)
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Table 1. (Continued)

Estimate Standard Error p-value
Paternal PRS 0.003 0.002 0.169
Sex -0.097 0.087 0.265
Birth Year 0.067 0.021 0.002
PC1 -0.024 0.026 0.365
PC2 -0.051 0.027 0.060
PC3 -0.028 0.027 0.312
PC4 -0.041 0.019 0.033
PC5 0.027 0.008 0.001

https://doi.org/10.1371/journal.pgen.1009154.t001

parental genotypes from large numbers of relative pairs and perform tests of association across
the genome in a reasonable time frame. Note that IMPISH allows multi-threading so computa-
tion time will decrease even further when running the software on multiple threads.

Discussion

In this manuscript we have shown that it is possible to impute parental genotypes given geno-
type data on sibling and half sibling pairs and then subsequently use this information to derive
unbiased estimates of parental genetic effects. We are not the first to have developed methods
for estimating genetic parameters in sibling pairs when parental genotype data is missing [30-
32], nor are we the first to propose a method for estimating maternal genetic effects in the
absence of genotype data from one or more parents. Weinberg and colleagues introduced a
log-linear model for the analysis of case-parent trio data that could be used to test for the pres-
ence of maternal genetic effects on binary outcomes [5,6]. They subsequently showed how the
Expectation Maximization algorithm could be used within the same log-linear framework to
incorporate families into the analysis where genotype data from one or both parents were
missing [33] or when genotypes from unaffected siblings were available [34]. Cordell and col-
leagues showed how parent-case trios and other family structures that included missing
parents could be fitted in a coherent multinomial framework to test for maternal genetic effects
[7] and also provided power calculations [35] and software to do so [36]. Our work builds
upon these previous approaches, however, our approach differs in that the focus is on testing
for indirect genetic effects (i.e. both maternal and paternal) in the case of quantitative traits (as
opposed to binary affection status) when parental genotype data is not available (or only par-
tially available), and we do so via genotype imputation. We also specifically consider the case
of sibling and half sibling pairs (as opposed to case-parent triads, case and control-mother
duos etc), and X chromosome as well as autosomal loci.

Our asymptotic calculations reveal that the power to partition known individual loci into
parental and offspring genetic effects using imputed parental genotypes is low in general, and
highlight the value in having parents genotyped if the interest is in resolving indirect parental
genetic effects at known loci. In situations where parental genotypes are unavailable, we show
that indirect parental genetic effects can still be estimated without bias, but very large numbers
of sibling (or half sibling) pairs will be required (e.g. >40,000 sibling and >60,000 half sibling
pairs). Whilst these sorts of numbers may be realistic in the case of siblings (e.g. UK biobank
contains roughly 20,000 sibling pairs, and there are many twin cohorts around the world that
contain large numbers of dizygotic twins), most cohorts contain very few half sibling pairs.
For these reasons we suggest our method may currently be more suitable as a complement to
existing large-scale genetic studies of parents and their children. For example, both the
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Norwegian MOBA and HUNT cohorts not only contain tens of thousands of parent-offspring
trios and duos, but also large numbers of sibling pairs that could be combined with more tradi-
tional parent-offspring analyses to further increase power to detect parental genetic effects [19,20].

A key motivation for developing our approach was the realization that estimates of parental
genetic effects derived from imputed genotypes could also be used in two sample Mendelian ran-
domization (MR) studies examining possible causal relationships between parental exposures and
offspring outcomes [2]. Whilst our method could be used to increase the power of existing
MR analyses involving perinatal outcomes [9], an exciting novel application would be the exami-
nation of the influence of parental exposures on later life offspring outcomes. The majority of the
world’s large-scale cohorts with genotyped mother-offspring pairs are relatively new historically
[17,18,20,37]. This means that the children in these cohorts are not old enough to have developed
many late onset diseases of interest including adverse cardiometabolic phenotypes. Consequently,
it is currently difficult, if not impossible, to perform maternal-offspring MR studies on late onset
diseases. Our procedure of imputing parental genotypes means that in principle mother-offspring
MR analyses are now possible utilizing cohorts of mature sibling and half sibling pairs. Such an
approach would enable the investigation of hypotheses in life course epidemiology such as the
Developmental Origins of Health and Disease which posits a link between intrauterine growth
restriction and the development of disease in the offspring in later life [38].

Besides low statistical power, there are a number of limitations with our approach. In the
case of sibling pairs, different genotypes for mothers and fathers can be resolved at X linked
(non-pseudoautosomal) loci. However, for autosomal loci, the expected dosage for parental
genotypes is the same. This means that it is impossible to distinguish different genotypes for
mothers and fathers using data from sibling pairs alone. Thus, utilization of sibling pairs to
detect indirect genetic effects requires the non-trivial assumption that either paternal (or
maternal) genetic effects do not affect the offspring phenotype under study. Whilst this
assumption may be justified for certain perinatal phenotypes where the contribution of the
father’s phenotype to trait variation in the offspring may be minimal (like birth weight), it may
not be justifiable for other phenotypes. Sensitivity analyses could be performed by testing
whether estimates derived from using sibling pairs are consistent with those derived from e.g.
parent-offspring trios or even half sibling pairs where estimates of maternal, paternal and oft-
spring genetic effects can be estimated consistently.

We have shown that for half sibling pairs, different genotype probabilities for mothers and
fathers (and therefore expected dosages) can be resolved at genetic loci. This means that, in
principle, the half sibling pairs within large publicly available biobanks could be leveraged to
provide information on parental genotypes and consequently help obtain unbiased estimates
of indirect parental genetic effects on offspring traits. This will be possible if there is explicit
pedigree information that unequivocally identifies half sibling relationships. However, the task
becomes more challenging if half siblings have to be identified on the basis of genetic informa-
tion alone. This is because half siblings share the same expected number of alleles identical by
descent as grandparent-grandchild pairs and avuncular relationships, making it difficult to dis-
tinguish between these relationships given only genetic data. The majority of grandparent-
grandchild pairs can be differentiated from half sibling pairs on the basis of age (i.e. the age dif-
ference in most grandparent-grandchild relationships will be >30 years). However, it is much
more difficult to resolve half sibling from avuncular pairs. Half siblings and avuncular pairs
can be partially distinguished by the former’s longer haplotype sharing. Intuitively, this is
because any chromosome segments that half siblings share have only gone through a total of
two meioses since their common ancestor (i.e. transmission from the shared parent to half sib-
ling one and transmission from the shared parent to half sibling two). In contrast, any shared
haplotype segments have gone through a total of three meioses since the last common ancestor
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in the case of avuncular relationships (i.e. transmission from shared grandparent to uncle/aunt
and transmission from shared grandparent to parent to child). However, classification is
imperfect [39-41], but could be improved further through the use of additional information
including age difference of the pair and reported information on the parents (e.g. half siblings
who share the same mother should produce consistent reports of maternal illnesses). Any half
sibling pairs that are identified would need to be classified into maternal half siblings (who
share a mother) and paternal half siblings (who share a father). Genetic data on the sex chro-
mosomes and mitochondria could help facilitate this differentiation.

Our approach of imputing parental genotypes and utilizing them in downstream analyses
assumes that individual loci are in Hardy-Weinberg equilibrium and that parents mate ran-
domly with respect to the locus under consideration. Therefore, in theory, any process that
leads to deviations from Hardy-Weinberg equilibrium and/or random mating could affect the
accuracy of our imputation and consequently asymptotic power calculations, downstream
type 1 error rates and parameter estimates. This includes processes producing missing data at
genetic loci (i.e. genotypes at the locus under consideration being related to missingness or
selection into or out of the study), population stratification and non-random mating.

Our simulations show that our imputation procedure can produce moderately biased esti-
mates of parental and offspring genetic effects if parental genotype is strongly related to miss-
ingness and deviations from asymptotic power under complete data (although type 1 error
rate was unaffected for the scenarios we considered). However, the vast majority of loci across
the genome are not expected to exhibit strong differential missing rates, and so for most
genetic markers this possibility is unlikely to be a major concern. Those loci that do exhibit
strong associations with missingness may also show departures from Hardy-Weinberg equilib-
rium and therefore we recommend that users of our approach test markers for departures
from Hardy-Weinberg equilibrium as a matter of routine. Our approach should not be used
for markers that exhibit strong departures from Hardy-Weinberg equilibrium, and only used
with caution at loci that are expected to show strong relationships with missing rates (e.g.
APOE alleles in studies of elderly individuals).

The presence of latent population substructure means that allele frequencies and hence
parental genotype imputation will be less accurate at loci where differences exist in allele fre-
quency across different sub-populations, and also that spurious association may exist between
imputed parental genotypes, offspring genotypes and the offspring trait of interest. We there-
fore recommend that parental imputation only be performed in ancestrally homogenous sam-
ples. If a sample contains individuals from a range of different ancestries, then we recommend
that parental imputation be performed in the subsamples separately if possible. Once parental
genotypes have been imputed in the different subsamples, IMPISH includes facility for includ-
ing ancestry informative principal components as fixed effects, and models the relatedness
between individuals in the random effects part of the model via genetic relationship matrix,
and so can model population structure in downstream analyses. The full effects of population
stratification on our method will need to be investigated in future work and until then the
method should only be used with caution in ancestrally heterogeneous samples.

Our method assumes random mating between spouses. Inbreeding produces severe depar-
tures from Hardy-Weinberg equilibrium and correlations between maternal and paternal
genotypes across the entire genome, and so our method may not be appropriate in cohorts
showing high levels of consanguinity. Likewise, it is well known that spouses positively assort
for many traits of interest [42]. Positive assortment implies that the genotypes of spouses at
loci underlying the trait on which the assortment is based (and those in linkage disequilibrium
with them) will be correlated rather than random as our procedure assumes. Future work is
therefore required to fully quantify the impact of assortative mating on our method.
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For our asymptotic power calculations, we assume that the different sibling/half sibling
pairs contributing to the estimates are unrelated. Users are warned that cryptic relatedness in
samples will typically decrease power to detect association (i.e. a sample with cryptically related
sibling/half sibling pairs will have reduced power compared to a similar sized sample of unre-
lated relative pairs when both samples are analysed using appropriate methods). That being
said, our software package IMPISH models cryptic and known relatedness between individuals
in the random effects part of the model ensuring that standard errors for tests of association in
empirical data are appropriately computed.

Finally, we note that our analytical power calculations assume that trait errors are normally
distributed. Thus, our power calculations may not be accurate in the case of data that are
grossly non-normal and in these situations investigators may need to derive power estimates
using simulation if an appropriate phenotype transformation is not possible.

There are several ways that our procedure could be improved/extended. First, we have only
considered relative pairs in our derivations. Additional first degree relatives (i.e. additional sib-
lings, the addition of one parent etc) would enable better genotype imputation and therefore
increased power to detect parental genetic effects on offspring phenotypes. It is also possible
that more distant relatives may also be informative for imputation, particularly if shared haplo-
types could be identified within larger pedigree structures. Second, we have developed methods
that are appropriate for the analysis of unselected normally distributed quantitative traits. Fur-
ther work is required to generalize these approaches to the analysis of binary traits and selected
samples. Third, we have only considered one SNP at a time. It is possible that the inclusion of
haplotype information may increase imputation fidelity. Fourth we note that it is likely that
family dynamics will alter the strength of indirect parental genetic effects depending on the rela-
tionship of offspring to their parents. For example, the relationship between half siblings and
their birth parents is likely to be qualitatively different to those of full siblings in nuclear families.
Thus, for later-life phenotypes especially, parental genetic effect size estimates in half siblings
may not be comparable to those estimated from full siblings. This may be perhaps less of an
issue for maternal genetic effects on perinatal phenotypes. Fifth we note that there are other
ways to parameterize models of association on the X chromosome [43], and it would be possible
to perform simulations and asymptotic power calculations to investigate the power of these tests
of association similar to what we have done here. Sixth, it would be interesting to investigate
whether imputed parental genotypes could be included in genome-wide variance component
models that aim to estimate indirect parental genetic effects on offspring phenotypes [44].
Whilst we have shown that power to detect parental genetic effects at individual genetic loci
may be low, the inclusion of imputed parental genotypes may help estimate the combined con-
tribution of indirect genetic effects simultaneously across the genome. Likewise, the construc-
tion of genetic risk scores comprising imputed parental genotypes across several loci may also
improve power to detect indirect parental genetic effects on offspring phenotypes. Finally, we
note that the models that we have considered in this manuscript could be extended in a variety
of ways including adding more relatives to help estimate sibling and/or parent of origin effects.

In conclusion, we have developed a suite of online genetic power calculators and software
to assist researchers in detecting and partitioning loci that exhibit indirect parental genetic
effects. We hope that our methods and utilities will form useful adjuncts to large ongoing
genetic studies of parents and their offspring.
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