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NCP and Simulations:
Power can be calculated using non-centrality parameters (NCPs) for linear mixed models
with small families when the model is correctly specified. When treating the MFG
genetic effects as fixed effects, the expected likelihood ratio test (ELRT) statistic is the
sum of weighted score statistics. Therefore, for a study with

families of a particular

type (e.g. mother-offspring pairs or nuclear families with two siblings), the NCP can be
written as
=
where

∗

=

Ω

γ

(S1)

is the probability of observing a particular set of genotypes in the family,

is

a vector of the genotype effects, and Ω is the variance-covariance matrix.
We calculate power using the NCP for 1500 mother-offspring pairs, for 750
nuclear families with two siblings, and for 750 grandparents-parents-offspring families
and compare the results to power calculated by simulation (see fig. S1). We find that the
power to detect a KIR-HLA-C interaction (Scenario II, Model 2) calculated using the
NCP is slightly higher than the power estimated by simulation for all three study designs.
As the families get large or we examine the effects of model misspecification, using
simulations is more straightforward for calculating power than using the NCP. Because
simulations result in similar power estimates to the NCP power estimates with the small
families and provide accurate type I error rates and unbiased parameter estimates, we
predominantly rely on simulations rather than the NCP when calculating power.
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Modeling Two-Locus Main and Interaction Effects
The LRT comparing Model 1 to the null model (Model 0) is a three degree of freedom
test for main or interaction effects. Figure S2A together with the genomic control value,
= 0.991, reassure us that the type I error rates are accurate. If Model 3 (main effects
but no interaction) is used as the null model, the LRT tests for a KIR-HLA-C interaction
effect (

) in the presence of their main effects (

S2B and the genomic control value

,

!"#$ ).

The Q-Q plot in figure

= 0.997 again indicate that there is no bias in the

type I error rate when using the QMFG test for this analysis.
We also conduct simulations under a scenario that involves a KIR-HLA-C
interaction and main effects of a dominant-acting maternal + allele and more C2 in the
offspring’s genotype than the mother’s genotype. To estimate power, birth weight data
are simulated so that a mother with the -/+ or +/+ genotype has on average offspring that
weight 0.05 kg more (
HLA-C interaction effect (

= 0.05 kg), a more C2 effect (

!"#$ )

of -0.1 kg, and a KIR-

) ranging from 0.05 to 0.35 kg (Scenario III). The power to

detect either single-locus or interaction effects by comparing Model 1 to the null model
(Model 0) is shown in figure S3A. The power to detect main or interaction effects is
approximately 80% when the proportion of variation explained by the total of the three
effects reaches 0.016, that is, when the effect size of the interaction is 0.19 kg. There are
two features of this power curve that deserve explanation. Firstly, in this scenario,
because there are effects of KIR2DS1 and HLA-C even when there is no KIR-HLA-C
interaction, the proportion of variation explained is not zero when the interaction effect
size is zero. Secondly, as the interaction effect ranges from 0.05 to 0.09 kg (proportion of
variation explained ~ 0.010), there is a small but reproducible discontinuity in the power
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curve. This is because the interaction effect size is similar in magnitude to the maternaloffspring HLA-C effect but in the opposite direction. Under these particular conditions, it
is difficult to distinguish Model 1 from a model with only two effects (
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all other QMFG parameters are zero,
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=

= 0).
When the data are simulated under Scenario III (for example when

kg,

=

!"#$ =

-0.1 kg, and

= 0.05

= 0.19 kg) the parameter estimates are unbiased (fig. S4).

The power curve that results from testing for a KIR-HLA-C interaction effect in the
presence of main effects (Model 1 vs. Model 3) using the data generated under Scenario
III is also shown in figure S3B. As expected, power for this one degree of freedom test is
similar to the power we observe in figure 2B for the interaction-only model and Scenario
II. When the interaction effect is 0.25 kg (proportion of variation explained equals 0.010),
there is approximately 80% power to detect an interaction effect accounting for main
effects.

Model Misspecification
We imagine that in some cases an MFG interaction may be poorly understood, so we
examine how power is altered when fitting a model with more parameters than needed.
Consider the situation where the true underlying effect is a KIR-HLA-C interaction effect
with no main effects (Scenario II) and a researcher fits a model with parameters for KIR
and HLA-C main effects in addition to the interaction (Model 1). Power to detect KIR,
HLA-C, or two-locus interaction effects by fitting Model 1 to Scenario II data is shown in
figure S5. This three degree of freedom test results in reduced power compared to the
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more appropriate one degree of freedom test. When the KIR-HLA-C interaction effect is
equal to 0.19 kg, power drops from 0.82 to 0.62 when Model 1 is used as the alternative
model rather than Model 2. The parameter estimate bias boxplots remain approximately
centered at zero (fig. S6).

Alternative Model for HLA-C with the UK and MoBa Cohorts
We recognize that the way the HLA-C effect is parameterized in this article is just one of
many possible options. If there is an underlying parent-of-origin effect, there may be
additional appropriate models that serve as a surrogate for paternal inheritance in the
absence of paternal genotypes. As an example, we fit Model b which includes parameters
for (1) a maternal, dominantly acting KIR2DS1 effect, (2) offspring with more C2 than
their mothers in addition to offspring and mothers that both have C2/C2 genotypes, and
(3) their interaction. Compared to Model a (referred to as Model 1 in the main text), the
AIC is slightly smaller for Model b (Table S1). Although these results do not clearly
reveal whether a paternal parent-of-origin effect is present, they do suggest that obtaining
paternal genotypes and more families is worthwhile.
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Supplementary Tables

Table S1. Comparison of KIR-HLA-C models for the UK and MoBa cohort data (n =
1309).
∆AIC
No. genetic
LogModel
Genetic effects
AIC
from
parameters likelihood

Model a

•
•

Maternal + allele
More C2 (C1/C1 mother &
a
C1/C2 offspring or C1/C2
3
271.31
-530.62
mother & C2/C2 offspring)
• Interaction
• Maternal + allele
• More C2 or C2/C2 mother &
b
3
271.49
-530.97
C2/C2 offspring
• Interaction
* models additionally adjusted for sex, gestational age, and cohort (UK & MoBa).
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Supplementary Figures

Fig. S1. Power using NCP compare with power using simulations. Error bars represent
approximate 95% confidence intervals for power derived from simulations. Power to
detect KIR-HLA-C interaction effect given that there is an underlying KIR-HLA-C
interaction for (A) 1500 mother-offspring pairs, (B) 750 nuclear families with two
siblings, and (C) 750 grandparents-parents-offspring families.
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Fig. S2. Q-Q plots testing for KIR and HLA-C interaction effect in addition to and
conditional on main effects. Genotypes and birth weight phenotypes were simulated for
300 pedigrees under the null of no genetic effects of HLA-C or KIR2DS1 (Scenario I).
Over 2000 repetitions the QMFG test was used to test an effect of (A) maternal
KIR2DS1, more offspring C2, or a KIR-HLA-C interaction (df = 3;

= 0.991) and (B) a

KIR-HLA-C interaction conditional on maternal KIR2DS1 and more offspring C2 effects
(df = 1;

0.997).
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Fig. S3. Power to detect KIR and HLA-C interaction effect in addition to and conditional
on main effects. Error bars represent approximate 95% confidence intervals. (A) Power to
detect KIR2DS1, HLA-C, or two-locus interaction effects when data are simulated under
Scenario III (maternal KIR2DS1, more C2 in offspring, and KIR-HLA-C interaction). The
QMFG test uses the same three effects (Model 1, df = 3). Note that in these simulations
because there are effects of KIR2DS1 and HLA-C even when there is no KIR-HLA-C
interaction, the proportion of variation explained is not zero when the interaction effect
size is zero. (B) Power to detect a KIR-HLA-C interaction effect conditional on maternal
KIR2DS1 and more C2 effects when data are simulated under Scenario III (df = 1). The
power to detect a KIR-HLA-C interaction effect (Model 2) when data are simulated with
an interaction effect only (Scenario II, df = 1) is shown for comparison.
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Fig. S4. Parameter estimate bias when testing for a KIR-HLA-C interaction effect in
addition to main effects. Birth weight phenotypes simulated given , = 3.5 kg,

$-

= -0.2

kg, σ'/ = 0.2025 kg2, and σ'0 = 0.0475 kg2 as well as additional KIR2DS1 and HLA-C
effects. A model with parameters for maternal KIR2DS1, more C2 in offspring, and KIRHLA-C interaction is fit to data generated under Scenario III (
0.1 kg,

= 0.19 kg).
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= 0.05 kg,

!"#$

=-

Fig. S5. Power to detect a KIR2DS1, HLA-C, or KIR-HLA-C interaction effect when true
underlying model is KIR-HLA-C interaction only. Data simulated under Scenario II (KIRHLA-C interaction only). ∙The correct model is fit (Model 2 with only the KIR-HLA-C
interaction parameter, df = 1) and *a more general model is fit (Model 1 with maternal
KIR2DS1, more C2 in offspring, and KIR-HLA-C interaction parameters). The model
comparison is Model 1 to Model 0 (no genetic effects), thus testing for KIR2DS1, HLAC, or KIR-HLA-C interaction effects (df = 3). Error bars represent approximate 95%
confidence intervals.
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Fig. S6. Parameter estimate bias for KIR, HLA-C, or KIR-HLA-C effects when true
underlying model is KIR-HLA-C interaction only. Data simulated under the Scenario II
(KIR-HLA-C interaction only) conditions and Model 1 is fit (maternal KIR, more C2 in
offspring, and KIR-HLA-C interaction). Birth weight phenotypes were simulated with a
KIR-HLA-C interaction effect of 0.19 kg (μ = 3.5 kg, β456 = 0 kg, β7890 = 0 kg, β:;< =
0.19 kg, β=0> = -0.2 kg, σ'/ = 0.2025 kg2, σ'0 = 0.0475 kg2).
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Fig. S7. Power to detect additive HLA-C offspring effects when the underlying model is
KIR-HLA-C interaction only. Error bars represent approximate 95% confidence intervals.
The frequency of KIR2DS1 is denoted by p+. Data simulated under Scenario II (KIRHLA-C interaction only). The correct model is fit (Model 2) and the model is
misspecified such that it tests for an additive offspring HLA effects (Model 7, df = 1).
Simulations in which the KIR-HLA-C interaction effect is 0.25 kg (the effect size when
power is close to 80% for the genotypic model when p+= 1.0) are represented with
triangles.
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Fig. S8. Power for KIR offspring effects when the true underlying model is KIR-HLA-C
interaction only. Significance level used to determine power is 0.05. Data simulated
under Scenario II (KIR-HLA-C interaction only) conditions and the model is misspecified
such that it tests for (A) genotypic offspring KIR effects (Model 8 vs. Model 0; df = 2)
and (B) additive offspring KIR effects (Model 9 vs. Model 0; df = 1). Error bars represent
approximate 95% confidence intervals.
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Fig. S9. Parameter estimate bias when the model estimates offspring KIR effects when
the true underlying model is KIR-HLA-C interaction only. Model is misspecified as
Model 8 (genotypic offspring KIR2DS1) and is fit to Scenario II (KIR-HLA-C interaction)
data. Birth weight phenotypes were simulated with a KIR-HLA-C interaction effect of
0.35 kg (μ = 3.5 kg, β:;< = 0.35 kg, β=0> = -0.2 kg, σ'/ = 0.2025 kg2, σ'0 = 0.0475 kg2).
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Fig. S10. Power to detect a two-locus interaction effect when heritability is reduced with
and without a shared environment effect. QMFG compared Model 2 (KIR-HLA-C
interaction) to Model 0 (no genetic effects; df = 1). Error bars represent approximate 95%
confidence intervals. Data are simulated under Scenario II (KIR-HLA-C interaction)
given (1) the original variance parameters σ'/ = 0.2025 kg2, σ'0 = 0.0475 kg2 (residual
heritability, ?' = 0.81), (2) reduced heritability variance parameters, σ'/ = 0.075 kg2 and
σ'0 = 0.175 kg2 (residual heritability, ?' = 0.30), and (3) reduced heritability variance
parameters with the addition of shared environment effects, σ'/ = 0.075 kg2, σ'=@ = 0.0375
kg2, and σ'0 = 0.1375 kg2 (residual heritability, ?' = 0.30).
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