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Based on a dependent-model estimator and an independent-model estimator, we obtain two Bayes-type estimators that balance robust-
ness and efficiency.

Public summary
m Retrospective likelihood method is employed to improve statistical efficiency by fully utilizing available information.

m An efficient estimator and a robust estimator are combined to construct two novel empirical Bayes-type estimators using
empirical the Bayes method.

m We establish the asymptotic properties of the proposed estimators.
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Abstract: Case-control mother-child pair data are often used to investigate the effects of maternal and child genetic vari-
ants and environmental risk factors on obstetric and early life phenotypes. Retrospective likelihood can fully utilize avail-
able information such as Mendelian inheritance and conditional independence between maternal environmental risk factors
(covariates) and children’ s genotype given maternal genotype, thus effectively improving statistical inference. Such a
method is robust to some extent if no relationship assumption is imposed between the maternal genotype and covariates.
Statistical efficiency can be considerably improved by assuming independence between maternal genotype and covariates,
but false-positive findings would be inflated if the independence assumption was violated. In this study, two empirical
Bayes (EB) estimators are derived by appropriately weighting the above retrospective-likelihood-based estimators, which
intuitively balance the statistical efficiency and robustness. The asymptotic normality of the two EB estimators is estab-
lished, which can be used to construct confidence intervals and association tests of genetic effects and gene-environment
interactions. Simulations and real-data analyses are conducted to demonstrate the performance of our new method.

Keywords: mother-child pair design; genetic association analysis; retrospective likelihood; profile likelihood; empirical
Bayes
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1 Introduction types. Alternative methods have been developed to assess the
genetic effects on both children and mothers. Shi et al.'*! and
Chen et al." proposed the log-linear method and retrospect-
ive method for fitting logistic regression models, respectively,
and improved the statistical inference efficiency by incorpor-
ating constraints on the genotype distribution, such as
Mendelian inheritance, random mating, and Hardy-Weinberg

It is well known that most obstetric and early-life diseases or
phenotypes have a multifactorial etiology involving genetic
factors, environmental exposures, and interactions between
them™ . For example, low maternal body mass index and
genes of the mother and child were found to be associated

with the risk of preterm delivery™®. Moreover, maternal equilibrium (HWE) in the population of interest. Chen et al.!”
COL24A1 variants were shown to have significant genome- extended the retrospective likelihood method to allow assess-
wide interactions with maternal pre-pregnancy overweight/ ment of environmental effects and gene-environment interac-
obesity on preterm birth risk using genetic data of 1733 tions through a semiparametric maximum likelihood estima-
African-American women from the Boston Birth Cohort!™. tion (MLE) method, and improved statistical inference effi-
Identifying potential genetic risk factors is important for un- ciency by incorporating an additional constraint that
derstanding their biological effects and for developing public children’s genotype is conditionally independent of maternal

health strategies for prevention. A popular design for the in- environmental risk factors given maternal genotype.
tegrative investigation of the effects affecting obstetrical and Using the retrospective likelihood method to analyze case-
early life phenotypes is to collect risk factor information from control mother-child pair data can result in a noticeable effi-
children and their mothers™*°\. In this study, the outcome of ciency gain in estimating odds ratio (OR) parameters under
interest was a dichotomous phenotype of the mother or child, the model assumptions of HWE and maternal gene-environ-
and cases and controls were ascertained based on this pheno- ment independence in the population of interest; however, it
type. This is the so-called mother-child case-control would produce serious bias if the independence assumption or
design"® . HWE is violated. Chen et al.' alleviated the bias concern by
The standard prospective logistic regression method!” is allowing the conditional distribution of environmental risk
adopted widely in case-control studies. However, this meth- factors for a given maternal genotype to be nonparametric,
od is not efficient because it does not utilize information such but this strategy is not sufficiently efficient. Alternatively,
as Mendelian inheritance between parental and child geno- Zhang et al.'"! proposed a modified profile likelihood estima-
3-1 DOI: 10.52396/JUSTC-2022-0007
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tion method by relating the maternal genotype to environ-
mental risk factors through a novel “double-additive” logistic
regression (daLOG) model, which is computationally robust
but not sufficiently robust because estimation bias may be in-
troduced when the daLOG model is seriously violated.

Two novel estimators are proposed in this study: the
weighted averages of an efficient estimator and a robust es-
timator. The second estimator is robust in that it is nearly un-
biased, and the corresponding significance test has Type I
error controlled around the nominal level. Both estimators are
closely related to the modified profile MLE of Zhang et al.l".
The efficient one imposes the assumptions of HWE and ma-
ternal gene-environment independence (referred to as “inde-
pendent-model” estimator hereafter), which is biased if at
least one of the assumptions is violated. In contrast, the ro-
bust one does not require the two assumptions, so it is relat-
ively robust but might not be efficient (refer to as “dependent-
model” estimator hereafter). Our weighting method was mo-
tivated by an empirical Bayes-type (EB-type) shrinkage es-
timator for estimating the effects of haplotypes and haplotype-
environmental interactions with standard case-control data’”l.
Here, such shrinkage technique is extended to assess OR
parameters associated with maternal genotype and environ-
mental risk factors using case-control mother-child genotype
data. Briefly, the robust “dependent-model” estimator is
shrunk toward the more efficient but possibly biased “inde-
pendent-model” estimator. The magnitude of “shrinkage” is
data-dependent, which tends to be large if and only if HWE
and maternal gene-environmental independence are satisfied.

The remainder of this paper is organized as follows. In Sec-
tion 2, two MLEs are derived based on dependent and inde-
pendent models. Subsequently, two EB-type estimators are
constructed based on the two MLEs, and their asymptotic
properties are established. In Sections 3 and 4, the desired
finite-sample performance of the proposed EB-type estimat-
ors is demonstrated through extensive simulations and real-
data applications. Concluding remarks are provided in Sec-
tion 5.

2 Materials and methods

2.1 Model, likelihood, and assumptions

Let v denote the dichotomous disease status of either mother
(e.g., pre-eclampsia) or child (e.g., low birth weight), that is,
Y =0 for a control pair and Y = | for a case pair, (G",G°) de-
note the genotypes of a mother-child pair at a target genetic
locus, and X denotes a vector of p maternal environmental
risk factors. Y and (G°,G", X) are related using the following
logistic penetrance model:

logit{pr(Y = 1|G*,G",X)} = H(G",G", X; B) (D

where logit(z) = log(z/(1 1)) is the logit function, H(-) is an
arbitrarily specified function, and B is the g-vector of the re-
gression parameters. G and G” can be coded according to the
mode of inheritance. The code set for a specific mode of in-
heritance is denoted as M. For the additive mode of inherit-
ance, the genotype is coded as the number of minor alleles
(M ={0,1,2}); for the dominant mode of inheritance, the gen-
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otype is coded as 1 if at least one of the minor alleles is
present and 0 otherwise (M = {0, 1}); for the recessive mode
of inheritance, the genotype is coded as 1 if both alleles are
minor alleles and 0 otherwise (M = {0, 1}).

Suppose that (G°,G",X) is collected from the n, control
pairs (Y = 0) and n, case pairs (Y = 1). Let n = n, +n,. The ret-
rospective likelihood for case-control mother-child data is

[ [prGi.Gr X)),
i=1

Assume that the phenotype prevalence pr(Y = 1) is known a
priori to be f or that it can be estimated using extra data. Ac-
cording to the Bayesian theorem, under constraint

pr(Y=1)=f (2

maximizing the likelihood function above is equivalent to
maximizing:

[ [prv.Gi.Gr. X0 = [pr(viG:. Gr Xopr(G:L G X) - (3)
i=1 i=1

In this study, all the statistical inference procedures were
based on the likelihood function (3). Under Mendelian inher-
itance and random mating, the joint probability pr(G¢,G7, X,)
in (3) can be further decomposed according to the two distri-
butional assumptions on (G°,G", X) (C1 and C2.1/C2.2).

C1. The child genotype is independent of maternal envir-
onmental risk factors conditional on the maternal genotype,
i.e., pr(GIGy,X,) = pr(GiIG)).

C2.1. The joint distribution (G”,X;) is completely unspe-
cified (dependent model).

C2.2. G7 is independent of X; (independent model).

Maternal environmental risk factors are generally maternal-
related characteristics; therefore, they should be independent
of the child genotype given the maternal genotype. Thus, C1
is a reasonable assumption in studies of gene-environment as-
sociations with obstetrical/maternal phenotypes using case
control mother-child pair data. In contrast, maternal genotype
and environmental factors can be correlated or uncorrelated,
corresponding to Conditions C2.1 and C2.2, respectively.

In the following subsections, we modify the estimator pro-
posed by Zhang et al.l'! to obtain two estimators of the regres-
sion parameter vector B = (B,,])" under Conditions C1 and
C2.1/C2.2. The first estimator based on C2.1 is robust but in-
efficient, and the second estimator is efficient but can be
biased if C2.2 is violated. We then extend the EB theory of
Chen et al.l"! to derive a shrinkage estimator that can adapt-
ively balance bias and efficiency.

2.2 A dependent-model based estimator

Under Condition C1, the joint probability pr(G¢,G", X) can be
written as

pr(G*,G".X) = pr(G|G")pr(G", X).

If Mendelian inheritance and random mating hold in the pop-
ulation of interest, the conditional distribution pr(G°|G™) is a
function of MAF 6 and fixation index p (a parameter measur-
ing deviation from HWE); refer to Ref. [14, Table 1] for the
conditional distributions under various modes of inheritance.
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These distributional constraints are incorporated into the like-
lihood function (3): Under C2.1, the empirical likelihood
method!® can be adopted by introducing the probability mass
x; for pr(G7, X;) that satisfies the constraint

“4)

Denote 7 = (71y,...,
can be written as:

m,). The empirical log-likelihood function

1(0,7) = )" [log{pr(¥,|G;, G, X)} +log{pr(GIIG)} ]+

i=1
2 logr,
i=1

As shown in Supporting Information Appendix S1, under
constraints (2) and (4), the profile likelihood function of
O = (0,p,B")" can be obtained using the Lagrange multiplier
method, which takes the form:

)

1(0,4) =) loglpr(YIG;, G}, X)) + ) loglpr(GIG)))-
i=1 i=1

. (6)
D login(1 +A(H,6) - )}
where
H(©)= ) pr(Y = 1[G} = ,G}.X)pr(G; = jIG}),
and A satisfies the equation:
H@O)-f
Z T+ AHO)—f) M

which is exactly the “score” equation derived from profile
likelihood I with respect to A. Then, @ and A can be estim-
ated by solving Eq. (7) and 0I'(0,1)/960 =0,

As show in Ref. [17], it is computationally unstable to es-
timate @ and A using the above method as the solution is a
saddle point of /. The profile-likelihood function (6) can be
modified to resolve this numerical problem. Specifically, 4 in
Eq. (6) can be replaced by its limiting value:"”

no
nf n(l-f)
The validity of this modification is as follows. Let @, be
the true value of @. The “true” value A, is the solution to the
equations (refer to Supporting Information Appendix S2 for
the detailed proof):
or'e, )
E
[ 00

0=

®)

=0

60=0).1=1

or, ) ]

:OandE[

)

0=6,1=19

As a result, the so-called dependent-model estimator of @ can
be obtained by solving
ore, a,)
00

Asymptotic properties of the dependent-model estimator can
be established under some regularity conditions!". First, with

=0 (10)
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a probability tending to one as n — oo, there exists a solution
6, to Eq. (10), which is consistent with @,. Second, 0, is
asymptotically normally distributed (refer to Supporting In-
formation Appendix S3 for a detailed derivation).

Vi@, -6,) = N{0,1;'(0,)%,0,)1;'(@,))  (11)
where
0’ (@, 4,)
] -
(6,) = [ 50367 ...
_ 1 611(@,/10))
25(6,) —ncov( 50 o

Obviously, 1,(0,) can be consistently estimated by the empir-
ical Fisher information matrix, that is,
1 6°1(©,4,)
-—— 12
n 00007 (12)
Among n selected subjects, without loss of generality, as-
sume that the first n, subjects are controls (i.e., ¥;=0 for
i=1,---,n,) and the remaining n, =n—n, subjects are cases
(e, Yi=1fori=n,+1,---,n=ny+n,). Then, 2,(0,) can be
estimated consistently using

06, :=-

0=6

£6)= (61,*(9,40) 1 35(@’%))@2
N e - 1) o 00 ny £ 00 0-6,
n Z (alg(a,ao)_ 1 Z 6li-(0,ﬂo))®2
n(n, —1) Fr) n, 90 026,

i=ng+1 Jj=no+1

(13)
where a® = aa" for any vector a. Therefore, the limiting
variance-covariance matrix of /@, can be consistently
estimated using IAJ“(@J)Z(@J)IA;‘(@J). Consequently, signific-
ance tests of the genetic effects can be constructed.

2.3 An independent-model based estimator

Now, we consider obtaining an independent-model estimator
of @ under Conditions C1 and C2.2. In this case, the joint
probability pr(G°,G",X) can be written as pr(G°,G")pr(X).
Under Mendelian inheritance and random mating, pr(G°,G")
is a function of 6 or (0, p) depending on whether HWE holds
or not. The empirical likelihood method was adopted, as in
the dependent model. Here, the distribution of X, instead of
the joint distribution of (G”, X), is allowed to be nonparamet-
ric. Let u; denote the probability mass for pr(X;) that satisfies

Z,u,.:l

i=1

(14

Denote g = (u,, - - - ,u,). Then, the corresponding empirical log-
likelihood function is

1(O,1) = " loglpr(YIG:, G}, X)}+

i=1

} 15)
Zlog pr(G;,GH} + Zlog W

Similar to the derivation of /'(@,1), under constraints (2)
and (14), the profile likelihood function corresponding to Eq.
(15) takes the form (refer to Supporting Information Ap-
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pendix S1 for a detailed derivation):

1(0,4) = ) loglpr(YIG;, G}, X)) + ) log(pr(G;,G})}—
i=1 i=1

Zlog{n(l +(H;(©) - )}
= (16)
where

H;@) = pr(¥ = 1G;

JikeM

5 Gl =k X)pr(G; = .G = k)

and A" satisfies the equation:

N HO-f
L+ (H(©)-f)

The MLEs of @ and A* can then be obtained by solving the
“score” equations
al'(e, 1)

2777

o

ore.x) _

00
Again, A" can be replaced by A, defined by Eq. (8). Similarly,
A, 1s the exact solution to the following equations:
E[@l‘(@,/l)] ol'e, )
00 0

and (17)

:OandE[

=0 (18)

0=0),1=1y 0=609,1=1

As a result, the so-called independent-model estimator of @
can be obtained by solving

oo, 4,)
e
As Supporting Information Appendix S3 shows, the inde-

pendent model estimator, denoted by @,, is asymptotically
normal under some regularity conditions:

0 (19)

V(0 - 8,) = N(0,17(0,)%(0,)17(8,)) (20

where 1,(0,) and 2,(0,) are the analogs of 1,(®,) and X\(6,),
respectively. As in Egs. (12) and (13), 1,(€,) and 2,(6,) can
be estimated consistently.

2.4 Two empirical Bayes-type shrinkage estimators

Compared with the dependent-model estimator, the independ-
ent-model estimator is more efficient, but serious bias could
be produced if environmental risk factors are correlated with
maternal genotype. Chen et al.'” were fully aware of the two
possibly conflicting goals of improving efficiency and main-
taining robustness when estimating the effects of haplotypes
and haplotype-environmental interactions with standard case-
control data and thus proposed an EB-type shrinkage estimat-
or to balance efficiency and robustness in a data-adaptive
fashion. Here, we adopt this “shrinkage” estimation tech-
nique to balance the estimation robustness and efficiency of
the effects of maternal and child genetic variants and environ-
mental risk factors in case-control mother-child studies.

Let B, and B, denote all genetic and environmental related
effect estimates in the independent-model and dependent-
model estimators, respectively. Intuitively, a weighted estim-
ator has the form

3-4

By = KB+, ~K)B =B+ KB ~B) @n
where I, denotes an identity matrix of size g=dim(f), K is a
weight factor that favors B, or B, depending on the bias of in-
dependent-model estimator. Obviously, K should have the
property that it favors the robust dependent-model estimator
if the independent-model estimator is biased, and vice versa.
In the following, we derive the optimal weight matrix K based
on the EB theory.

Throughout this study, we assume that the dependent mod-
el described in Section 2.2 is true. We denote the true value of
B as B,. Let B, be the value of B that minimizes the Kullback-
Leibler discrepancy between dependent and independent
models. Then, B, converges to B, under certain regularity con-
ditions. The prior distribution of B, is assumed to be a mul-
tivariate normal distribution with expectation ; and variance-
covariance matrix A, where A is a g X g positive definite mat-
rix. In view of the asymptotic normality of B,, conditional on
the value of B,, B, approximately follows a multivariate nor-
mal distribution with mean vector 8, and variance-covariance
matrix V, where V is a g X g positive definite matrix. Con-
sequently, the posterior expectation of B, is given by

AA+VY'B+VA+V) B (22)
where B, is estimated using B,. The appropriate estimators of
A and V are discussed as follows. Obviously, ¢ := B, — B, fol-
lows a multivariate normal distribution with a zero mean vec-
tor and variance-covariance matrix A. The prior hyperpara-
meter A can be conservatively estimated using ll}aﬁT, where
¥ =B, — B, """ An estimator of V, denoted by V, can be de-
rived from the variance-covariance matrix of @J described in
Section 2.2. The resulting EB-type shrinkage estimator can be
expressed as

ﬁma] = KIﬁJ+(Iq_K1)I§[ (23)

where the shrinkage factor, K|, is
K = G+ 9.
As in Ref. [15], another shrinkage factor K, alternative to

K, is considered, which is a diagonal matrix with the ith diag-
onal element k; = {Zf/ W+ z@f):

K, = diag( /(] + D)), 2 /(W2 +9,)),

where 9, and iJ, are the ith diagonal elements of V and §, re-
spectively. This results in an alternative EB estimator:
BEBz =K, AJ +, - KZ)BI (24)

If the observed data support the independence of environ-
mental risk factors and maternal genotype, then ¥ ~ 0, such
that both BEBI and BEBZ approximates f?l. If the observed data
support the correlation between environmental risk factors
and maternal genotype, then Y tends to be a non-zero ¢
-dimensional matrix, which increases with the degree of devi-
ation of the independent model; thus, BEBI and BEBZ would tend
to 5’1.

In the following, the variance-covariance matrix of BEBI and
B is derived by applying the delta method. Note that they
are functions of (B,,,). We first derive the asymptotic distri-
bution of (3,,8,). Based on the asymptotic expressions of 0,
and @I derived in Sections 2.2 and 2.3, we obtain the follow-
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ing asymptotic normality:
VB~ BB~ B) — N©.Zp),

where the variance-covariance matrix

@) g0
0.1)I7'(6,) \/ﬁSl(Oo)

-1 L 0
0,1)17'(6,) \/ESJ(@O)

2y =cov

can be consistently estimated by

RSP I
R (O’Iq)ll (@I) \/ﬁsl(gl)

25 =cov | .
0,1)I7 1(@J)WS 1)

Here, 0 is a ¢ X2 matrix of zeros, and [,(0,), [,(0,), 1(6)),
and il(@l) are given in Sections 2.2 and 2.3. Furthermore,
S?%(0) and S9(O) are the partial derivative vectors of (0, 4,)
and I'(0, 4,), respectively, with respect to 6.

According to the delta method, the asymptotic variance-
covariance matrix of ffEB, and ﬁEBz can be consistently estim-
ated by (See Supporting Information Appendix S4)

- 1 o o A o 1 A a &
2e = =G 2,GT and 2, = —G,2,G,
n n

respectively, where

p _( 1 20047V
Cegtvg gty
A 247V

)

L+ Vg " (A +g V-1

G, =(D,I1,- D),

and

D = diag QIA(Q] _Alf’f) yenes vqqu —Alﬁ;))_
O+ ¢y O, +y2)y

Note that G, and G, are the partial derivative matrices of égm
and Brs, With respect to (B],5])".

3 Simulation studies

The finite sample performance of the proposed method was
evaluated through extensive simulations. First, we evaluated
the estimation performance for the two EB-type estimators
(23) and (24). The powers and Type I error rates of the cor-
responding significance tests were then examined.

3.1 Simulation setups

Several parameter combinations were considered, as de-
scribed in the following subsections. For each parameter com-
bination, genotype data (G”,G°) were generated for a popula-
tion of 1x 10" mother-child pairs, and two covariates were
considered: a continuous covariate X, and a discrete covariate
X,, where X, was generated according to a linear model and
could be either independent of or correlated with maternal
genotype, and X, was sampled from the binomial distribution
B(1,0.5) and was independent of both maternal genotype and
X.. Given each vector (G",G*,X,,X,), a binary disease out-

3-5

come Y was generated according to the logistic regression
model:

logit{pr(Y = 1)} =By + G°B. + G"B,, + X, 8., + Xo8.,+
Gerﬁrx] + GCXZﬁL‘Xg + G’”Xlﬁmxl + GmX2ﬁmxg .

For each parameter combination, 1000 datasets, each consist-
ing of n, case pairs and n, control pairs, were sampled from
the population.

In all simulations, both G™ and G° were coded as minor al-
lele counts, so that the additive mode of inheritance was ad-
opted in the penetrance model (1). Note that pr(G‘|G™) does
not depend on the fixation index in this situation (refer to
Ref. [14, Table 1]). Hereafter, let Dep represent the dependent-
model-based method that does not depend on the HWE as-
sumption. Let IndHWE and IndHWD represent the independ-
ent-model-based methods with and without the HWE assump-
tion, respectively. Here, the HWD denotes Hardy-
Weinberg disequilibrium (o > 0). Let 8 be fixed at 0.2, and let
p be fixed at 0 for HWE or 0.1 HWD. The covariate X, was
generated according to the following linear model:

X, =nx[G"—E(G")]+e,

where e was independent of G”, and follows a standard nor-
mal distribution. Note that 5 characterizes the correlation
strength between X, and G”, and a zero value of 7 indicates
independence between X, and G and vice versa. In addition,
the prevalence of Y was fixed at 0.03 and assumed to be
known in the relevant methods.

The value of 1 was set to 0, log(1.5), or log(2.5) for vari-
ous correlation strengths between X, and G”. The odds ratio
parameters were set to 8.=log(1.8), B,=log(2), B, =B, =
-log(1.2), B.., =B.., =—log(1.5) and B,.,, =B.., =1og(1.5). We
considered various sample-size combinations with equal or
unequal numbers of case and control pairs. In the equal situ-
ation, the common number was set to 150, 300, 600, or 1000;
in the unequal situation, the ratio of case pairs to control pairs
was set to be 1:2, and the number of case pairs was set to be
100, 200, 400, or 700.

In significance tests, to illustrate the impact of the correla-
tion between maternal genotype and environmental risk
factors, the value of n was set to range between 0 and
log(2.5), and the values of 3., B,, and ., were fixed as above,
B, was set as log(1.3), B,., was set to log(1.2), and the value
of §,,, ranged between —log(1.5) and log(1.5). The signific-
ance level was fixed at 5%, and the sample size was
n, = n,=150, 300, or 1000.

3.2 Estimation results

Five considered methods, namely IndHWE, IndHWD, Dep,
EB1, and EB2 were applied to the generated data. To com-
pare the estimation efficiencies of two estimators, we intro-
duced the so-called efficiency gain of estimator A against es-
timator B as

MSE(A)
MSE(B)’
where MSE(A) and MSE(B) are the mean squared errors of

Methods A and B, respectively. The estimation results are
summarized in Tables 1-3 and the Supporting Information
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Tables S1-S9. The efficiency gains with equal numbers of
case and control pairs are presented in Supporting Informa-
tion Tables S10-S15.

As shown in Tables 1 and S4, all five considered methods
are essentially unbiased for all sample size combinations
when both HWE and independence assumptions are satisfied.
According to MSEs, IndHWE is more efficient than EB1 and
EB2, and the latter two methods are more efficient than Dep.
For example, when n, = n, = 150, the efficiency gains of EB1
and EB2 against Dep were approximately 0.95% —24.29%
and 2.16% —37.98%, respectively. IndHWE appears to be
much more efficient than IndHWD with efficiency gains ran-
ging between 9.04% and 44.01% for n, = n, = 150, although
IndHWD incorporates only one more parameter p compared
with IndHWE (Supporting Information Table S10). When the
independence assumption holds but HWE is violated, IndH-
WE could produce considerable biases on maternal genetic
effects but not on the other effects in our simulation situation,
so that IndHWD outperforms IndHWE in estimating mater-
nal genetic effects (Supporting Information Tables S1, S7,
and S13). However, the estimation results of the remaining
four methods appeared to be unaffected by the violation of
HWE.

When HWE holds, but the G”-X, independence assump-
tion is violated (n =1log(1.5)), both IndHWE and IndHWD
could be seriously biased, especially for main effect of X; and
the interaction effect between and G" and X, (Tables 2
and S5). As expected, Dep, which does not require HWE or
independence assumptions, is inherently unbiased. Corres-
pondingly, the MSEs of the above two effects were generally

much larger for IndHWE than for Dep. Furthermore, EB1 and
EB2 can effectively balance the bias and efficiency. The effi-
ciency gains of EB1 and EB2 against IndHWE are consider-
able for the above two effects. For example, when n,
n, = 150, the efficiency gains of EB1 and EB2 against IndH-
WE for the two effects are approximately 29.67% —40.04%
and 68.67% —73.91%, respectively. For the other effects,
EBI1 and EB2 are less efficient than IndHWE but more effi-
cient than Dep, with efficiency gains against Dep ranging
between 0.22% and 10.56% for EB1 and 0.86% and 33.52%
for EB2 when the sample size is 150 (Supporting Informa-
tion Table S11). In addition, EB1 and EB2 are slightly more
efficient than IndHWD in the simulation situations. When
both HWE and the independence assumption are violated,
both IndHWE and IndHWD are biased, and their perform-
ances are poorer than those of the other three methods (Sup-
porting Information Tables S2, S8, and S14).

With a larger n of log(2.5), IndHWE and IndHWD are
more biased toward the maternal effect, X, environmental ef-
fect, and G™"-X, interaction (Tables 3 and S6), in contrast with
the results for 7 =1o0g(1.5) (Tables 2 and S5). Consequently,
the efficiency gains of EB1 and EB2 against IndHWE and
IndHWD increased. For example, with a sample size of 150,
the efficiency gains of EB1 and EB2 against IndHWE for the
three effects increased to 23.00% —26.30%, 64.75%—
72.99%, and 91.51% —92.62%, respectively (Supporting In-
formation Table S12). When HWE was violated, the effi-
ciency gains of EB1, EB2, and Dep against IndHWE and Ind-
HWD were even greater (Supporting Information Tables S3,

Table 1. MSE and bias (in parenthesis) of various estimators when case and control pairs are equal and both the independence assumption (7 =0) and

HWE (p = 0) hold.

ng (m)  Method Be B Ba Ba Bext Pexr Bt B
IndHWE  0.056(0.004)  0.051(0.006) 0.024(-0.002) 0.110(-0.021) 0.024(-0.007) 0.101(=0.008) 0.023(0.009)  0.100(0.014)
IndHWD  0.099(0.006)  0.088(—0.038) 0.027(-0.001) 0.124(-0.082) 0.037(-0.017) 0.166(0.007)  0.031(0.017)  0.155(0.039)

150 Dep 0.067(0.008)  0.104(0.033) 0.032(-0.012) 0.133(-0.024) 0.025(-0.010) 0.103(-0.009) 0.053(0.027)  0.193(0.019)

EBI1 0.062(0.008)  0.082(0.024) 0.029(-0.010) 0.123(-0.024) 0.024(=0.009) 0.102(-0.009) 0.040(0.022)  0.152(0.018)
EB2  0.057(0.006) 0.068(0.021) 0.026(-0.007) 0.113(-0.023) 0.024(-0.007) 0.101(-0.008) 0.033(0.019)  0.127(0.017)
IndHWE  0.025(0.006)  0.025(0.004) 0.011(_0.002) 0.054(0.005) 0.011(~0.009) 0.047(_0.006) 0.011(0.005)  0.045(0.006)
IndHWD ~ 0.041(0.004)  0.044(-0.044) 0.012(0.003) 0.064(-0.061) 0.015(-0.013) 0.068(0.016)  0.014 (0.004)  0.063(0.033)
300 Dep 0.032(0.009)  0.048(0.015) 0.015(-0.006) 0.066(0.004) 0.012(-0.011) 0.048(—0.007) 0.025(0.012)  0.091(0.007)
EBI  0.02900.010) 0.038(0.010) 0.013(-0.005) 0.061(0.005) 0.012(-0.011) 0.048(-0.007) 0.019(0.011)  0.070(0.007)
EB2  0.026(0.008) 0.031(0.008) 0.012(-0.004) 0.056(0.005) 0.011(-0.010) 0.047(-0.006) 0.016(0.010)  0.058(0.005)
IndHWE  0.013(0.004)  0.013(0.008) 0.006(-0.000) 0.026(-0.002) 0.006(_0.005) 0.025(0.004) 0.006(0.001) 0.021(~0.003)
IndHWD  0.019(-0.014) 0.020(-0.024) 0.007(0.004) 0.035(-0.065) 0.007(~0.005) 0.032(0.031) 0.006(~0.001) 0.030(0.022)
600  Dep  0.017(0.004) 0.027(0.012) 0.008(-0.004) 0.030(-0.005) 0.007(~0.006) 0.025(0.005) 0.012(0.008)  0.048(0.003)
EBI  0.0150.005) 0.021(0.010) 0.007(-0.003) 0.028(-0.004) 0.007(-0.006) 0.025(0.004) 0.010(0.006)  0.036(0.001)
EB2 0.014(0.004)  0.017(0.010)  0.006(—0.002) 0.026(—0.002) 0.006(-0.005) 0.025(0.004)  0.008(0.005) 0.029(-0.001)
IndHWE  0.008(0.004) 0.008(-0.001) 0.003(0.001) 0.016(—0.002) 0.004(-0.005) 0.015(0.004)  0.004(0.001)  0.014(0.003)
IndHWD  0.012(-0.013) 0.012(-0.021) 0.004(0.004) 0.023(-0.056) 0.004(-0.004) 0.020(0.026) 0.004(-0.001) 0.019(0.025)
1000 Dep  0.0100.003) 0.015(0.007) 0.004(-0.001) 0.018(-0.002) 0.004(-0.005) 0.015(0.004) 0.008(0.004)  0.028(0.000)
EBI  0.009(0.003) 0.012(0.005) 0.004(-0.000) 0.017(-0.001) 0.004(~0.005) 0.015(0.004)  0.006(0.004)  0.022(0.001)
EB2 0.008(0.003)  0.010(0.004)  0.004(0.000) 0.016(—0.002) 0.004(-0.005) 0.015(0.004)  0.005(0.003)  0.018(0.003)
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Table 2. MSE and bias (in parenthesis) of various estimators when case and control pairs are equal and the independence assumption is violated
(n =1log(1.5)) but HWE holds (o = 0).

no (nl) Method Bc Bm Bxl sz chl Bc'xz Bmxl Bmxz
IndHWE  0.055(-0.003) 0.063(=0.071) 0.051(=0.167) 0.099(0.006)  0.022(0.007) 0.114(~0.005) 0.190(0.408) 0.100(~0.001)

IndHWD  0.096(0.005)  0.100(~0.100) 0.046(-0.128) 0.112(~0.064)  0.033(0.006)  0.167(0.021)  0.162(0.341)  0.141(0.031)
150 Dep  0.066(0.011)  0.110(0.018) 0.031(-0.011) 0.120(~0.008) 0.023(-0.009) 0.115(-0.001) 0.046(0.012) ~ 0.191(0.017)
EBl  0.064(0.011)  0.099(0.006) 0.031(~0.028) 0.115(-0.006) 0.023(=0.007) 0.115(-0.002) 0.050(0.057) 0.171(0.014)
EB2  0.056(0.003) 0.076(-0.023) 0.036(~0.086) 0.101(0.002)  0.022(0.005) 0.114(-0.005) 0.060(0.097) 0.127(0.007)
IdHWE  0.027(-0.004) 0.031(-0.078) 0.038(-0.164) 0.049(-0.006) 0.011(0.009) 0.049(~0.006) 0.176(0.406) 0.048(0.012)
IndHWD  0.041(-0.018) 0.049(-0.110) 0.037(-0.146) 0.063(0.082) 0.013(0.013)  0.069(0.024)  0.162(0.376)  0.069(0.052)
300 Dep  0.032(0.002)  0.053(0.001)  0.015(0.001) 0.061(-0.017) 0.011(~0.004) 0.049(-0.002) 0.022(0.009) ~ 0.098(0.029)
EBl  0.032(0.002) 0.049(-0.005) 0.015(-0.016) 0.059(-0.016) 0.011(~0.003) 0.049(—0.002) 0.024(0.037) 0.091(0.028)
EB2  0.027(-0.002) 0.036(-0.035) 0.019(~0.061) 0.050(-0.009) 0.011(0.008) 0.049(-0.006) 0.028(0.058) 0.063(0.020)
IndHWE  0.013(-0.006) 0.019(-0.080) 0.032(~0.162) 0.026(—0.007)  0.005(0.011)  0.025(~0.000) 0.170(0.406)  0.024(0.004)
IndHWD  0.017(-0.030) 0.028(~0.104) 0.033(-0.161) 0.038(~0.081)  0.006(0.018)  0.031(0.028)  0.168(0.398)  0.035(0.045)
600 Dep  0.015(=0.002) 0.025(-0.001) 0.007(-0.002) 0.032(~0.015) 0.006(~0.001)  0.024(0.004) 0.010(0.006)  0.046(0.014)
EBl  0.015(-0.002) 0.024(-0.005) 0.007(~0.009) 0.031(=0.015) 0.006(~0.000) 0.024(0.004) 0.011(0.021)  0.045(0.014)
EB2  0.013(-0.004) 0.020(-0.038) 0.009(~0.038) 0.027(-0.010) 0.005(0.009)  0.025(0.000) ~0.012(0.031)  0.031(0.009)
IndHWE  0.007(-0.001) 0.015(-0.082) 0.029(-0.161)  0.016(0.002)  0.003(0.009) 0.016(~0.006) 0.168(0.405) 0.014(0.006)
IndHWD  0.010(-0.027) 0.021(~0.100) 0.031(-0.164) 0.025(-0.066) 0.004(0.015)  0.020(0.025) 0.169(0.405)  0.021(0.405)
1000 Dep  0.009(0.002) 0.017(0.001) 0.004(-0.000) 0.020(~0.001) 0.003(-0.002) 0.016(~0.002) 0.006(0.004)  0.029(0.006)
EBI  0.009(0.002) 0.016(-0.001) 0.004(~0.004) 0.020(-0.001) 0.003(~0.001) 0.016(-0.002) 0.007(0.013)  0.028(0.006)
EB2  0.008(0.000) 0.014(-0.035) 0.005(-0.024) 0.017(0.001)  0.003(0.008) 0.016(-0.006) 0.007(0.019) 0.018(0.005)

Table 3. MSE and bias (in parenthesis) of various estimators when case and control pairs are equal and the independence assumption is violated
(n =1og(2.5)) but HWE holds (p = 0).

no (ny) Method B Bm Bxl sz B[r)q Bc‘xz Bmxl Bmxz
IndHWE  0.061(—0.053) 0.161(-0.326) 0.104(-0.295) 0.097(0.024)  0.017(0.039) 0.123(-0.009) 0.539(0.720) 0.110(~0.013)

IndHWD  0.100(-0.057) 0.176(-0.270) 0.104(-0.256) 0.107(~0.044) 0.024(0.039)  0.171(0.035) 0.471(0.624) 0.163(-0.003)
150 Dep  0.072(-0.003) 0.128(0.033) 0.028(-0.012) 0.121(0.013)  0.018(-0.009) 0.118(0.006) 0.037(0.029) 0.205(~0.009)
EBl  0.071(-0.004) 0.124(0.021) 0.028(-0.021) 0.119(0.014) 0.018(-0.008) 0.118(0.005)  0.040(0.051) 0.200(~0.009)
EB2  0.063(-0.036) 0.118(-0.104) 0.037(-0.084) 0.100(0.021)  0.017(0.027)  0.123(-0.008) 0.046(0.076) 0.136(~0.012)
IndHWE  0.028(-0.052) 0.144(-0.341) 0.091(~0.287) 0.050(-0.287) 0.010(0.042) 0.053(~0.007) 0.504(0.703) 0.047(~0.003)
IndHWD  0.049(-0.092) 0.144(~0.323) 0.107(-0.296) 0.063(-0.079)  0.013(0.060)  0.071(0.040)  0.500(0.685) ~ 0.067(0.009)
300 Dep  0.031(-0.012) 0.059(0.009) 0.013(-0.002) 0.064(-0.018) 0.009(~0.004)  0.049(0.010) 0.017(0.011) ~ 0.093(0.006)
EBl  0.031(-0.012) 0.058(0.003) 0.013(~0.007) 0.064(-0.018) 0.009(-0.003) 0.049(0.010) 0.018(0.022) 0.091(0.006)
EB2  0.028(-0.038) 0.067(-0.094) 0.016(~0.043) 0.052(-0.008) 0.009(0.029)  0.052(-0.006) 0.019(0.034)  0.060(0.001)
IndHWE  0.016(~0.044) 0.130(-0.339) 0.087(-0.287) 0.023(0.011)  0.006(0.043) 0.029(-0.013) 0.494(0.699) 0.026(~0.008)
IndHWD  0.029(-0.104) 0.131(=0.331) 0.109(—0.318) 0.031(~0.072) 0.009(0.062)  0.039(0.045) 0.519(0.712)  0.033(0.005)
600 Dep  0.016(-0.005) 0.031(0.006) 0.006(-0.003) 0.029(-0.001) 0.005(-0.001) ~ 0.027(0.004)  0.009(0.007)  0.044(0.000)
EBl  0.016(-0.005) 0.031(0.003) 0.006(~0.006) 0.029(-0.001) 0.005(-0.001) 0.027(0.004)  0.009(0.013) 0.043(~0.000)
EB2  0.015(-0.030) 0.037(-0.062) 0.007(~0.025) 0.024(0.008)  0.005(0.027) 0.029(-0.011) 0.009(0.019) 0.031(~0.005)
IndHWE  0.010(-0.044) 0.121(-0.336) 0.084(-0.286) 0.015(0.007)  0.004(0.043) 0.017(-0.004) 0.485(0.694) 0.015(~0.013)
IndHWD  0.022(-0.109) 0.125(~0.339) 0.107(-0.322) 0.025(-0.083)  0.007(0.065)  0.024(0.054) 0.519(0.717)  0.019(0.005)
1000 Dep  0.011(-0.007) 0.018(0.007) 0.004(-0.001) 0.020(-0.008) 0.003(-0.001) 0.017(0.012) 0.005(0.002) 0.026(-0.001)
EBl  0.011(-0.007) 0.018(0.005) 0.004(~0.003) 0.020(-0.008) 0.003(=0.000) 0.017(0.012)  0.005(0.005) 0.026(~0.001)
EB2  0.010(-0.030) 0.021(-0.039) 0.004(-0.014) 0.016(0.003)  0.003(0.023) 0.017(-0.003) 0.005(0.009) 0.018(~0.007)
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S9, and S15).

In summary, IndHWE is the preferred method when the as-
sumptions of HWE and maternal gene-environment inde-
pendence hold. However, when any one of the two assump-
tions is violated, serious estimation biases can be produced
for maternal genetic effects, environmental effects, and ma-
ternal gene-environment interactions. Dep is the most robust
with respect to the two assumptions, but it is much less effi-
cient than IndHWE, and its performance is much poorer than
IndHWE in terms of MSE when independence is satisfied. In
contrast, EB1 and EB2 can balance estimation bias and effi-
ciency by appropriately weighting IndHWE and Dep. In the
small-sized situation, EB1 is generally more unbiased than
EB2, although the former is slightly less efficient. Con-
sequently, EB1 may be preferable to EB2 with a small sample
size; however, EB2 may be preferable to EB1 with a moder-
ate or large sample size.

The five considered methods require specification of the
prevalence f. Therefore, it would be interesting to study the
impact of misspecifying f on the estimation results. A sensit-
ivity analysis was conducted for this purpose. The true para-
meters (including f) were the same as those of Table 1, but f
was misspecified to be 0.01 or 0.1 for all of the five methods.
The simulation results shown in Supporting Information
Tables S16—S21 suggest that all methods were not affected by
misspecifying the prevalence, except that the MSEs were slig-

n1=n0=150

n1=n0=300

htly larger, with the prevalence being overspecified. This find-
ing is consistent with those of Refs. [14, 20].

3.3 Significance test results

In this subsection, the significance test results (type-I error
rates and powers at a significance level of 0.05) of the five
considered methods are summarized for maternal gene-envir-
onment interactions in the simulation settings described in
Section 3.1. Fig. 1 and Supporting Information Table S22
show type-I error rates for the significance tests of 3, for
various 77 (0—1og(2.5)), sample sizes (n, = n, = 150, 300, and
1000), and p (0 for HWE and 0.1 for HWD). As expected,
type-I error rates of IndHWE and IndHWD increase dramatic-
ally with n, because both methods rely on the independence
assumption. In contrast, type-1 error rates of both EB1 and
EB?2 are only slightly inflated (type I error rates: 4.4% —7.5%
and 3.9%-99% for EB1 and EB2, respectively, n,
n, = 150 and p = 0), controlled around the nominal level even
for large n, demonstrating the robustness of EB1 and EB2.
Not surprisingly, Dep has well-controlled type-I error rates
(4.4% —6.2%, n, = n, =150, and p = 0).

Figs. 2 and 3 show the powers for testing the G"-X, interac-
tion for various B, (from—log(1.5)to log(1.5)), sample
sizes (n, = n, = 150, 300, and 1 000), and p (0 for HWE and
0.1 for HWD). Because Type I error rates of IndHWE and
IndHWD cannot be controlled when 1 > 0, powers are not re-
ported for IndHWE and IndHWD in such a situation. As ex-

n1=n0=1000

p=0

0.50

0.50

methods -#- Dep -e- EB1 -4~ EB2

IndHWD - IndHWE

Fig. 1. Type-I error rates for the significance tests of Bonz, with p=0 (HWE) or p=0.1 (HWD), various sample sizes (n; =no = 150, n; =no =300, and
ny =ny=1000), and various 5 values (0 through log(2.5)). The other parameters were fixed: B, =1log(1.8), B, =log(1.3), B =B, =—log(12),

Bev, =Pexy = ~log(1.5), and B,,,, = log(1.2).
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0.2 0.4 -04 -0.2

methods -#- Dep -e- EB1 -4~ EB2

0.0

Brnx

0.2 0.4 0.0

Brmx

IndHWD - IndHWE

Fig. 2. Powers for the significance tests of maternal gene-environment interaction (B,.,) with HWE (p=0), various sample sizes (n; =ng =150,

ny =ny=300, and n; =no=1000), and various n values (0, log(1.2), and log(1.5)). The other parameters were fixed: B,

Bx; =By = —10g(1.2), Bex; = Bex, = —log(1.5), and B, =log(1.2).

pected, IndHWE is the most powerful among the five meth-
ods when the independence assumption holds (1 =0), fol-
lowed by IndHWD ranks the second. Evidently, EB1 and
EB2 were more powerful than Dep in this situation. When the
independence assumption does not hold, EB1 and EB2 can be
either more or less powerful than Dep, depending on the sign
of B,

The diagrams of Type I errors and powers for the signific-
ance tests of the combined effect of maternal gene-environ-
ment interactions are shown in the Supporting Information
Figures S1-S3, which have patterns similar to those of the G"-
X, interaction effect.

4 Application to the Danish National
Birth Cohort study

Previous studies have shown that spontaneous preterm birth
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log(1.8), B, =log(1.3),

(SPTB) is the single largest cause of premature birth and is
thought to be caused by a variety of factors, including infec-
tion or inflammation, stress, malnutrition, and genetic
factors”. Using case-control mother-child pair data nested in
the Danish National Birth Cohort (DNBC), we examined the
association between SPTB and candidate SNPs by adjusting
for maternal pre-pregnancy BMI (pp-BMI).

The DNBC is a cohort study that began in 1996. Extensive
biomaterials and epidemiological data were collected from
more than 10 0000 mothers and their children in Denmark. It
has been well established that both fetal and maternal geno-
types contribute to the risk of preterm birth, and genetic loci
associated with SPTB have been identified through genetic
association studies”' *‘. Furthermore, low maternal pp-BMI
was believed to be associated with a high risk of SPTB™. In
this study, 720 mothers gave birth prematurely (gestational
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Fig. 3. Powers for the significance tests of maternal gene-environment interaction (B,.,) with HWD (p=0.1), various sample sizes (n; =ng = 150,
ny =ny=300, and n; =no=1000), and various n values (0, log(1.2), and log(1.5)). The other parameters were fixed: B, =log(1.8), B, =log(l.3),

Bx; =By = —10g(1.2), Bex; = Bex, = —log(1.5), and B, =log(1.2).

days < 259) and 906 term deliveries (280 < gestational days <
286) among 1626 eligible mother-child pairs.

The SNPs rs9939609 in genes FTO and rs2684811 in gene
IGFIR have been identified as associated with BMI and
SPTB, respectively® . In the current study, we focused on
the common SNPs located within 50kb of rs9939609 (eight
SNPs in this region) and rs2684811 (24 SNPs in this region).
All these 32 SNPs appear to be in HWE according to our ana-
lysis results by PLINKP7; refer to Supporting Information
Table S24 for the estimated MAFs and the p-values for test-
ing HWE. Moreover, maternal pp-BMI can be assumed to be
independent of the child genotype conditional on the mater-
nal genotype since it is a maternal phenotype. Independent
tests were also performed between pp-BMI and maternal gen-
otype using the Kruskal-Wallis test. We applied the five
methods mentioned in Section 3 to this dataset and adopted

an additive mode of inheritance for each method. As the five
methods are robust with respect to misspecification of dis-
ease prevalence according to our simulation results described
in Section 3, we fixed the preterm birth prevalence at 7% be-
cause the prevalence of preterm birth in Denmark is approx-
imately 5%-9% > according to a survey of birth data in de-
veloped countries.

All the considered methods are expected to be nearly un-
biased if G” is independent of X, and EB1 and EB2 should be
preferable to Dep in this situation. On the contrary, if G is
strongly correlated to X, then IndHWE is generally biased,
and EB1 and EB2 should be preferable to IndHWE and
IndHWD. To verify this assertion, we studied the relation-
ship between the shrinkage strengths of EB estimators and the
association strength between X and G”. First, a linear trans-
formation was performed such that the transformed effects of
Dep and IndHWE were 0 and 1, respectively. Then, the
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shrinkage strengths of the two EB estimators were measured
using the regression coefficient between the transformed EB
estimators and the p-value for testing the independence
between X and G”. As shown in Supporting Information Fig.
S4, the desired shrinkage strength of EB1 is significant
(regression coefficient = 0.398; 95% confidence interval —
[0.130,0.665]), which is effect-independent (refer to Support-
ing Information Appendix S5 for a rigorous proof). In con-
trast, the shrinkage strength of EB2 is significant only for the
G"-X interaction effect f,, (regression coeflicient =
0.277; 95% confidence interval = [0.057,0.497]). In the fol-
lowing, we describe the analysis results for two selected
SNPs (rs16945088 and rs9941349) in detail, which are also
summarized in Table 4. The results of the analysis of the oth-
er 30 candidate SNPs are summarized in Supporting Informa-
tion Tables S25-S28.

For the first SNP rs16945088, the maternal genotype is
shown to be independent of maternal pp-BMI (p-value =
0.636). Consequently, the effect estimates of Dep and IndH-
WE are close to each other, IndHWE is generally more effi-
cient than Dep in terms of standard errors, and the estimates
of EBI and EB2 are much closer to those of IndHWE than to
Dep. For example, the 3, estimates of Dep, IndHWE, EBI,
and EB2 are —0.081, —0.103, —0.102, and —0.103, respect-
ively, indicating that the estimates of EB1 and EB2 are much
closer to that of IndHWE than those of Dep. In addition, the
standard errors of the 3,, estimates by IndHWE, EBI1, and
EB2 are 0.114, 0.116, and 0.115, respectively, compared to
0.160 by Dep, indicating that the former three methods are
more efficient than Dep. For the second SNP rs9941349, ma-
ternal genotype is significantly associated with pp-BMI (p-
value = 0.039). As a result, the estimates of EB1 are closer to
those of Dep compared with IndHWE, whereas the estimates
of EB2 are closer to those of IndHWE compared with Dep
except that the 3, estimate by EB2 lies in the middle of the
B... estimates of Dep and IndHWE. For example, the S, es-
timates of Dep, EB1, and EB2 are 0.073, 0.084, and 0.113, re-
spectively, compared to 0.176 by IndHWE. Furthermore, the
G"-X interaction is not significant for Dep, EBI, and EB2
(p-values > 0.3), whereas it is significant for IndHWE
(p-value = 0.017). This suggests that the seemingly signific-
ant result of IndHWE might be a false positive finding.

5 Conclusions

In this study, two EB-type estimators (EB1 and EB2) are pro-
posed by appropriately weighting an independent model es-
timator and a dependent-model estimator, which can adapt-
ively balance robustness and efficiency. The independent-
model estimator is an efficient estimator that improves effi-
ciency by imposing HWE and G”-X independence assump-
tions in the model, but it could produce a serious estimation
bias if at least one of the assumptions is violated. In contrast,
the dependent-model estimator Dep is a robust estimator that
does not require the above two assumptions but might not be
efficient. The EB-type estimators EB1 and EB2 developed in
this study adaptively utilize the HWE assumption and the in-
dependence assumption between maternal genotype and ma-
ternal environmental risk factors, which appropriately bal-
ance robustness and efficiency. As in Dep, EB1 and EB2
fully utilize Mendelian inheritance and the conditional inde-
pendence assumption between maternal environmental risk
factors and children’s genotype given maternal genotype.

These properties were verified by our simulation results in
various situations. Specifically, if both HWE and G”-X inde-
pendence assumptions hold, EB1 and EB2 are more efficient
than Dep, although they are less efficient than IndHWE. In
contrast, INdHWE could be seriously biased if HWE or G”-X
independence assumptions are violated, while EB1 and EB2
still perform well. If the sample size is small, EB1 is more ro-
bust than EB2, whereas EB2 appears more suitable for mod-
erate or large samples in terms of estimation efficiency. The
desired properties of EB1 and EB2 are also demonstrated
using a real-data application. In practice, it is difficult to ob-
tain prior information regarding the relationship between ma-
ternal genotype and environmental risk factors. In this situ-
ation, EB1 and EB2 serve as robust alternatives to IndHWE
and Dep.

Our novel method has been designed to analyze common
genetic variants (MAF> 5%) and the low-dimensional covari-
ate X. In practice, there could be many mother-related charac-
teristics, such as age, pre-pregnancy BMI, and smoking. The
dimension of the parameters could be at least three times that
of X when studying gene-environment interactions in case-

Table 4. Genetic effect estimates of two common SNPs in genes FTO and IGFIR (Danish National Birth Cohort).

Dep IndHWE EBI1 EB2
SNP log(OR) Est® SE¢ Pe Est® SE¢ Pe Est® SE* Pe Est® SE¢ Pe

1516945088 Be -0.151 0.140  0.283 -0.146  0.127  0.250 -0.146  0.127  0.249 -0.146  0.127  0.250
(0.636) B 0.055 0.147  0.709 0.049 0.125  0.694 0.050 0.125  0.692 0.049 0.125  0.694
Bex 0.045 0.118  0.702 0.044 0.115  0.703 0.044 0.116  0.703 0.044 0.115  0.703

Bunx —0.081 0.160  0.613 -0.103  0.114  0.367 -0.102  0.116  0.382 -0.103  0.115  0.373

1s9941349 Be 0.053 0.081 0.511 0.109 0.071  0.127 0.059 0.079  0.455 0.091 0.077  0.236
(0.039) B 0.034 0.086  0.693 —-0.031 0.074  0.676 0.027 0.083  0.747 -0.007  0.082  0.929
Bex -0.070  0.073  0.341 —0.071 0.073  0.327 -0.070  0.073  0.340 -0.071  0.073  0.327

Bnx 0.073 0.083  0.380 0.176 0.074  0.017 0.084 0.082  0.304 0.113 0.085  0.180

[Note] * Selected SNPs (the first one is BMI-related candidate SNP in gene FTO, and the second one is SPTB-related candidate SNP in gene IGFIR).
Presented in parentheses are p-values for testing the independence between the SNPs and maternal pp-BMI using Kruskal-Wallis test.” Estimated effects.

¢ Estimated standard errors.! Significance test p-values.
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control mother-child pair data. With high-dimensional para-
meters, we can adopt any regularization method to select as-
sociated covariates. However, increasing evidence shows that
rare genetic variants (MAF< 1%) play an important role in
complex diseases and traits”*?. Recently, some methods have
been developed to analyze family based multilocus rare vari-
ants™*~“, However, these methods are not based on retrospect-
ive likelihood functions; therefore, they cannot fully utilize
family information, such as Mendelian inheritance and gene-
environment independence. Further investigation is thus
needed to extend our method to analyze multilocus rare vari-
ants under a case-control mother-child pair design.
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