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Abstract

Background—The National Birth Defects Prevention Study (NBDPS) contains a wealth of
information on affected and unaffected family triads, and thus provides numerous opportunities to
study gene-environment interactions (GXE) in the etiology of birth defect outcomes. Depending on
the research objective, several analytic options exist to estimate GXE effects that utilize varying
combinations of individuals drawn from available triads.

Methods—In this paper we discuss several considerations in the collection of genetic data and
environmental exposures. We will also present several population- and family-based approaches
that can be applied to data from the NBDPS including case-control, case-only, family-based trio,
and maternal versus fetal effects. For each, we describe the data requirements, applicable
statistical methods, advantages and disadvantages.

Discussion—A range of approaches can be used to evaluate potentially important GXE effects in
the NBDPS. Investigators should be aware of the limitations inherent to each approach when
choosing a study design and interpreting results.
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Introduction

Abnormal embryonic development likely depends on both inherited genetic risk factors that
reflect interactions between maternal and paternal genetics and on maternal environmental
influences at specific gestational times. Such gene-environment interactions (GXE) have
been reported for several congenital abnormalities, including neural tube defects (NTDs)
(Etheredge et al., 2012), congenital heart defects (CHD) (Hobbs et al., 2010), and oral-facial
clefts (Murray, 2002). Nevertheless, the biological mechanisms underlying such interactions
generally remain somewhat unclear, and public health recommendations have only begun to
consider how combinations of genetic and environmental effects could interact to influence
the risk of birth defects (Sharp and Barrett, 2000).

Often GXE studies build upon existing knowledge about the individual main effects of
genetic or environmental factors. For example, animal studies, observational research, and
clinical trials determined the existence of a link between folate and the occurrence of NTDs
(Nelson et al., 1952; Laurence et al., 1981; Mulinare et al., 1988; Bower and Stanley, 1989;
Mills et al., 1989; Milunsky et al., 1989; MRC Vitamin Study Research Group, 1991). Later,
Christensen et al. (1999) proposed that there was also a gene-nutrient interaction between a
folate related gene, methylenetetrahydrofolate reductase (MTHFR), and maternal folate
levels for NTDs. Furthermore, we are often interested in scenarios where the GXE effect is
greater than the simple combination of the genetic or environmental factor alone. Before
widespread availability of genotyped genetic data, family history was used as a proxy
measurement for inherited genetic risk. For example, Honein et al. (2000) conducted a case-
control study for clubfoot that found the joint effect of smoking and family history (odds
ratio (OR) = 20.30, 95% confidence interval (95%CI): 7.90 to 52.17) to be greater than the
individual or multiplicative effects of either smoking (OR = 1.34, 95%Cl: 1.04, 1.72) or
family history (OR = 6.52, 95% CI: 2.95, 14.41).

In GXE studies of birth defects, it is important to recognize that multiple interaction effects
may occur simultaneously. Any maternal environmental exposure may interact with either
the mother’s genes or the infant’s genes to alter risks for birth defects, resulting in coexisting
infant GXE and maternal GXE effects. Additionally, there could be interactions between
infants’ genotype and their mothers’ genotype, yielding maternal-fetal gene-gene
interactions (GxG).

Researchers can investigate such interactions in the National Birth Defects Prevention Study
(NBDPS), a population based case-control study with 10 recruitment centers across the
country (Arkansas, California, Georgia, lowa, Massachusetts, New Jersey, New York, North
Carolina, Texas, and Utah). The NBDPS collected DNA samples from over 19,000 stillborn
and live-born case infants with birth defects from a pre-specified list of over 30 conditions.
Also available is information on the mothers of these case infants regarding genetic, lifestyle
and environmental exposures, as well as genetic data on fathers who provided DNA samples
(Yoon et al., 2001; Webber et al., 2015). The same information was collected from over
6,000 population-based unmatched control infants without birth defects and their parents
(Cogswell et al., 2009; Webber et al., 2015).
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The NBDPS has detected a number of associations, including between birth defects and
maternal “environmental” factors such as obesity (Waller et al., 2007) and diet quality
(Carmichael et al., 2012) or with mothers’ pharmaceutical drug usage of antidepressants
(Alwan et al., 2007) and nitrosatable drugs (Brender et al., 2011). Investigators have also
found associations between candidate genes and birth defects including genes in folate-
related pathways for CHD (Hobbs et al., 2014) and glucose homeostasis genes for NTDs
(Lupo et al., 2012). Hobbs et al. (2010) also identified multiple gene-environment
interactions between folate-related genes and maternal smoking or alcohol intake for CHDs.
These examples represent only a handful of the numerous etiologic questions that either
have or could be investigated in the NBDPS.

There are many considerations for epidemiologic studies in which the main research
objective is to interrogate GXE associations for birth defects. These include choices in study
design, type of genetic information to collect, and statistical approaches to use. Here we
present and discuss some of the current study designs for, analytic methods used in, and
challenges to identifying GXE effects in studies of birth defects.

Measuring Genes and Environment

Genes—To date, most studies of GXE for birth defects have evaluated single-nucleotide
polymorphisms (SNPs) from candidate genes or loci. SNPs are generally chosen based on
some prior biological rationale or from main effect findings from candidate gene studies.
For example, in gene-nutrient studies, only genes from a pathway involved in the transport
or metabolism of that nutrient may be considered.

The focus on candidate genes has given way to genome-wide assessments of GXE, on
account of the increasing affordability of high-resolution genotyping arrays that are
commonly used in genome wide association studies (GWAS). Genome-wide interrogations
of GxE effects, termed gene-by-environment wide interaction studies (GEWIS) (Khoury and
Wacholder, 2008) often begin with individually testing each SNP for its association with the
outcome of interest, and then the most strongly associated SNPs are evaluated for their
interactions with environmental exposures. Murcray et al. (2008) developed a method to
extend GWAS analyses to include a GEWIS analysis that uses a two-step approach. The
first step serves as a screening phase and employs a test similar to the case-only approach
(described below). In the second step, only SNPs that are significant in the first step are
tested for GXE using the traditional case-control approach.

In many two-step approaches investigators must optimize filtering significance (i.e., p-
values) thresholds in their selection of SNPs for analysis in the second step. Alternatively,
one can use two-stage data collection with high-density genotyping and analysis in the first
stage followed by genotyping of only the most statistically significant SNPs using a custom
array in the second stage (Satagopan et al., 2002; Thomas, 2010). However the cost
differential between high-density and targeted arrays has become small enough that most
studies simply run a high-density array on all study subjects. Several Bayesian approaches
are also available that average results from both case-only and case-control approaches to
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estimate GxE effects (Thomas, 2010). Specific pathway based analyses combine the
strengths of candidate gene and GWAS approaches; inter-related genes that play a part in
the same biological pathway are considered while using genetic data from genome-wide
genotyping arrays. This approach has only been recently applied to GXE studies (Wei et al.,
2012).

One major point of contention in all GXE studies is whether detection of a main genetic
effect is necessary prior to testing interaction effects. In birth defects research, GXE effects
are typically assessed only for variants that have already shown evidence of a main genetic
effect. Recent methods, however, suggest that this approach may overlook important
findings. For example, some epidemiologic studies may have been unable to detect a clear
association between the C677T allele in the MTHFR gene, which plays a role in folate
metabolism, and risk of NTDs due to a lack of varying levels of folate intake in some study
populations, especially post fortification. It was only after a meta-analysis was conducted
using 17 studies from North America and Europe that the link was finally confirmed (Botto
and Yang, 2000). Therefore, SNPs with a GXE effect may not make it to the list of candidate
SNPs due to a diminished genetic effect in the absence of an environmental exposure that
also contributes to the outcome, as was the case with the MTHFR variant and folate intake
for NTDs (Daly et al., 1995; Crider et al., 2014). Some SNPs may only be associated with
an outcome in the presence of an environmental factor. In such a case, the main effect for a
SNP will not be found for a causal reason—because both the genetic factor and the
environmental factor must be present to observe the outcome. Etheredge et al. (2012)
reported that the risk of NTDs was only slightly elevated for infants who possessed a risk
SNP, rs11627387, in another folate-related gene MTHFD1 (OR=1.11, 95%CI: 0.87 to 1.41),
but for infants who also had low folate intake the risk of NTDs increased four-fold
(OR=4.25, 95%Cl: 2.33 to 7.75). If there is a true etiologic mechanism by which the genetic
and environmental factors interact to produce the outcome, then a main genetic effect should
not be required to investigate the presence of a GXE effect.

Environment—There are unique considerations in studying maternal exposures just prior
to and during early pregnancy. In the data collection phase, maternal environmental
exposure ascertainment is challenging because mothers often underreport behaviors or
lifestyle choices that are known to potentially cause harm to their fetuses. A study in New
Zealand found that maternal smoking was underreported for half of all mothers based on a
comparison between self-reported smoking and levels of serum cotinine, a nicotine
metabolite (Ford et al., 1997). Additionally, mothers that did not respond to the lifestyle
questionnaire were more likely to be heavy smokers in the first trimester (40%) than
mothers who did respond (16%) (Ford et al., 1997). Similar underreporting has also been
found for medication use in the United States (Newport et al., 2008). In addition, other
environmental exposures may be difficult to accurately measure, such as pollutants or
industrial byproducts (e.g., Bisphenol A), although for many of these, any biased recall may
not be differ between cases and controls. Since many single birth defect phenotypes are rare,
most research participants are identified after the outcome has occurred and are asked to
retrospectively recall their exposures during narrow windows of time. At times women may
be asked about exposures that occurred many months or years earlier.
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For main environmental effects, if the level of misclassification is similar (non-differential)
among cases and controls, then estimates for the environmental factor will be biased towards
the null, making it more difficult to detect any true effects. If the misclassification is more
(or less) prevalent among cases than controls (differential), then estimates can be biased in
either direction. These issues can become more complex in the context of GXE estimates and
are less often discussed (Greenland, 1993). The direction of for a GXE effect estimate may
be predicted when there is no true association between the genotype and environmental
exposure among the controls, and when misclassification of the environmental exposure is
non-differential between genotypes (Garcia-Closas et al., 1998). Under these conditions, in
the presence of a true multiplicative interaction, differential misclassification of the
environmental exposure biases the GXE effect estimate toward the null. In the absence of
multiplicative interaction, differential misclassification of the environmental exposure does
not bias the GxE effect estimate. Importantly, the first of these conditions could be tested in
the NBDPS data via a test of independence of the environmental and genotype data in the
controls.

Design and Statistical Analysis for Gene-Environment Interactions

The following discussions of study designs and analyses will be limited to dichotomous
phenotypes since most birth defect phenotypes are defined as binary. Similarly we will
assume a qualitative (binary) environmental exposure but many approaches can be extended
to quantitative (continuous) environmental exposures.

Case-control studies of unrelated individuals are commonly used for evaluating rare diseases
such as birth defects. However, case-only (i.e., affected infants), case-parent dyad (i.e.,
affected infants and their mothers), and triad (i.e., affected infants and both of their parents)
designs can also be used to evaluate GXE. Note that the case-sibling study design in which
an affected individual is matched to his or her sibling can be more efficient for detecting
GXE than case-control or triad designs especially for rare SNPs (Witte et al., 1999;
Chatterjee et al., 2005). We will not expand on the discordant sibship model because our
goal here is to describe the possible approaches that could be applied to data from the
NBDPS, which contains affected and unaffected family dyads and triads, and does not
include siblings.

In general, sample sizes required to detect GXE can be substantially larger than those
required for detecting main genetic or environmental effects. They are influenced by: 1) the
magnitude of the GxE effect; 2) the allele frequency of the causal SNP; 3) the prevalence of
the environmental exposure in the study population; 4) the model of inheritance assumed,;
and 5) the strength of correlation between causal and tag SNPs. Strong main genetic effects
could also affect the ability to detect GxE, although the extent of this depends on the causal
structure of the GXE relationship (Thomas, 2010). To get a sense of the sample sizes
required, assuming a true GXE odds ratio of 1.25, an environmental exposures with 40%
prevalence, a minor allele frequency of 0.3, a dominant mode of inheritance and directly
measuring the causal SNPs requires over 10,000 case-control pairs to achieve 80% power
(Hein et al., 2008). In contrast, if the GXE odds ratio is 2.0, fewer than 1,600 pairs would be
required, holding everything else constant. In many power and sample size calculations, a
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larger GXE effect is typically expected. For example, an assumption of at least a 3-fold
increased risk under a gene-environment interaction model is consistent with, and is in fact
less than, what others have used as a guide (Hwang et al., 1994). Although Hein et al. (2008)
found that sample size requirements did not differ greatly based on the assumed inheritance
model (e.g., recessive, additive, or dominant), typically recessive models require greater
sample sizes to achieve the same level of power than dominant models in case-only (Clarke
and Morris, 2010) and case-control (Palmer and Cardon, 2005) studies. Since the causal
SNP involved in the GXE effect is generally not directly genotyped but rather assayed by a
tag SNP, the degree of linkage disequilibrium and concordance of allele frequencies
between the causal and tag SNPs among the controls also impact sample size requirements.
There is an inverse relationship between the causal and tag SNP correlation and the sample
size required to detect GxXE effects would increase (Hein et al., 2008).

There is specialized statistical software available for GXE power calculations, including
Quanto (Gauderman, 2002) for matched case-control, case-sibling, case-parent, and case-
only study designs, PBAT (Lange et al., 2004) or the R implementation, pbatR, (Hoffmann
and Lange, 2006) for family-based study designs, and the R package, trio, (Schwender et al.,
2014) specifically for trios. A set-based approach is implemented in SBERIA, which
weights main effects of SNPs within a gene region using a genetic risk score that is included
in interaction tests (Jiao et al., 2013).

Case-Control Study

The case-control approach utilizes information from affected and unaffected individuals
who are unrelated as depicted in Figure 1. To evaluate GXE in a case-control study, the
traditional approach is to fit a logistic regression model with terms that include the genetic
effect, environmental effect, GXE effect, and any covariates:

Logit(P[Y=1|G, E, C])=80+8, * (G)+8, * (E)+8..5 * (G*E)+8, *C (1)

The vector Y represents the binary outcome with possible values for affected (1) and
unaffected individuals (0). The model intercept is given by By, while G represents the
genotype of the affected or unaffected individuals following an additive, dominant or
recessive model and its effects on Y are estimated by Bg. The parameter E is the maternal
environmental exposure of the affected or unaffected individual and its effect is estimated by
Be. The GXE effect is estimated by Pgyxe. Therefore evaluating the presence of an interaction
between the genetic and environmental factors requires testing the null hypothesis that fexg
=0 (i.e., no interaction), while Bgyxg # 0 indicates interaction is present. A joint two-degrees
of freedom test of both the main genetic (Bg) and GXE (Bgxg) effects can provide greater
power than standard case-control and case-only approaches when the causal structure
describing genetic, environmental, and GXE effects on the outcome is not well known
(Kraft, 2007). The case-control approach is common in genetic association studies. As an
example of a basic GxE test, in a population-based case-control study of 69 infants with
cleft palate and 284 controls with non-cleft birth defects, Hwang et al. (1994) observed a
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GXE effect between maternal smoking and the infant’s genotype for the transforming grown
factor alpha (TGFA) locus.

The case-control design is susceptible to population stratification bias, especially when the
study includes individuals with varying genetic ancestries, as is the case with the NBDPS.
The issue arises if both the frequency of genetic variants and the risk of birth defects vary
among the ancestrally different populations. This can result in a non-causal association
between genetic ancestry and the individual’s outcome even in the absence of a true
association between genotypes and birth defect phenotypes due to confounding. This is
generally adjusted for in the logistic regression model by including covariates (C) as a
vector of eigenvectors, which represent the principal components that identify distinct
subpopulations or by including ancestry informative markers. Their effects are then
estimated by fc. Commonly used methods to generate these principal components include
EIGENSTRAT using the EIGENSOFT package (Patterson et al., 2006; Price et al., 2006)
and multi-dimensional scaling using PLINK (Purcell et al. 2007). The case-control logistic
regression model can be fit in any standard statistical software package, such as in R using
the glm function, with the CGEN package (Bhattacharjee et al., 2012) or in PLINK (Purcell
et al., 2007) as described in Table 1.

Case-Only Study

This design requires only affected individuals (Figure 1). The case-only approach can be
powerful for detecting GXE, and useful when identifying and recruiting control subjects is
problematic or not feasible. However, the approach assumes that the genetic and
environmental factors are independent in the study’s source population (Piegorsch et al.,
1994). One can estimate the association between gene and environment among cases from
the model using logistic regression:

Logit(P[G=1|E])=o+84.m * (E), (2

where G is the genotype (estimated for an dominant or recessive model in this case, but
could be coded for an additive model using ordinal or multinomial logistic models (Clarke
and Morris 2010)), E is the environmental exposure, g is the model intercept and Pgxg IS
the In(OR) for the association between environment and genotype (i.e., the estimate of the
GXE effect). This OR among cases is equivalent to the synergy index calculated from a case-
control design, which is the OR of the GXE effect divided by the product of the OR of the
genetic effect and the OR of the environmental exposure (Khoury and Flanders, 1996). A
synergy index greater than one implies the presence of multiplicative GXE. This approach
could be especially useful in re-analyzing existing data using only the cases of prior case-
control studies. As an example of this study design, Zeiger et al. (2005) implemented a case-
only pooled meta-analysis using 335 cleft palate cases from five previously published
studies and found a GxE effect between the TGFA Tagl C2 allele genotype and maternal
smoking.

The case-only analysis can be more powerful (and potentially, financially much less costly if
data collection of controls is required) than a traditional case-control study, as the
assumption of gene-environment independence reduces the standard error of the estimate of
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GXE interaction (Khoury and Flanders, 1996; Albert, 2001). Violations of the independence
assumption, however, would preclude using the case-only design to assess GXE (Albert,
2001). The independence assumption may not hold when behavior is affected by genetic
factors (Gatto, 2004). For example, those who possess the risk allele in the D2 dopamine
receptor gene (DRD2) may experience increased dopamine levels when consuming nicotine
and thus more likely to be cigarette smokers (Noble et al., 1994). A case-only study of the
interaction between DRD2 and smoking in lung cancer could be problematic if this
relationship between DRD2 and smoking existed in the population. Note that many of the
family-based methods (discussed below) also require that gene and environment are
independent within families (Umbach and Weinberg, 2000; Chatterjee et al., 2005).

Potential drawbacks to the case-only approach are that main effects (genetic or
environmental) cannot be estimated, and it is vulnerable to bias due to population
stratification (Wang and Lee, 2008) (Table 1). However, if truly causal, the presence of both
genetic and environmental factors is more likely to occur in cases than controls, which
makes this approach appealing for studying rare genes or environmental exposures. The
case-only logistic regression analysis can be implemented using standard statistical software.

Family-Based Trio Study

GXE can also be evaluated with a study of parents and an affected infant (Figure 1). The
most common approach here is the transmission-disequilibrium test (TDT). The affected
infant is the case (with genotypes transmitted from the parents), and is matched to three
pseudo-controls (with the non-transmitted parental genotypes). One then conducts what is
essentially a matched 1:3 case-control analysis where each family serves as a matching
stratum (Spielman et al., 1993; Neumann et al., 2014). This approach requires genetic
information from both affected individual’s parents; incomplete trios cannot be used in this
analysis without prior imputation for any missing parental genotypes (Table 1).

Using a TDT, the main effect of the environmental factor cannot be directly tested as all four
‘individuals’ (the case and three *pseudo-controls’) would be exposed to the same maternal
environment. Nevertheless, the GXE effect can be estimated without the environmental main
effect with the following conditional logistic regression model:

Logit(P[Y=1|G, E])=06i+08; * (G)+Bar * (G*E), @)

where Y represents the presence (1) or absence (0) of a birth defect in the infant, G
represents the genotypes for the affected infant and its three pseudo-controls following an
additive, dominant, or recessive model, E is the maternal environmental exposure, B; is the
model intercept which is unique to each family strata (i), Pg is the infant’s genetic main
effect, and Poye is the GXE effect. As an example, Beaty (2011) used the TDT in a study of
550 family trios with non-syndromic cleft palate that identified evidence of a GXE effect
between maternal alcohol intake and infant genotype (in the MLLT3 and SMC2 genes), and
between maternal smoking and infant genotype (in the TBK1 and ZNF236 genes).

Family-based designs such as the TDT avoid confounding due to population stratification
because the analysis is conducted within families who share the same genetic ancestry
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(Gauderman et al., 1999; Witte et al., 1999; Thomas and Witte, 2002). However, a major
drawback is that collecting DNA samples from both parents and the affected infant can be
difficult. The issue is particularly problematic for late-onset diseases since parents may no
longer be alive. This concern is more easily overcome in the study of birth defects since
sample collection would be expected to occur near the time of the infant’s birth when both
parents are likely still alive and available to provide DNA.

Conducting a genotypic TDT analysis for GXE can be implemented using the R-package trio
and the colGxE function developed by Schwender et al. (2014), which is conveniently able
to read in .ped and binary files created from PLINK software. Extensions of this approach to
other family structures also exist (e.g., sibships, combinations of sibships and trios) (Lake
and Laird, 2004; Dudbridge, 2008; Vansteelandt et al., 2008; Hoffmann et al., 2009, 2011;
Moerkerke et al., 2010) which can be tested using the PBAT software (Lange et al., 2004)
and in R using the pbatR package (Hoffmann and Lange, 2006).

Maternal versus Fetal Effects

As noted above, it may be important to evaluate GXE not only in the affected infant, but also
in their mothers as well as any potential maternal-fetal GxG. For example, using data from
the NBDPS, Lupo et al. (2014) found suggestive evidence that maternal genes related to
metabolic conditions interacted with fetal genes related to glucose homeostasis to increase
the risk of NTDs. Such interactions can be disentangled using log-linear models that adjust
for maternal genetics when estimating infants’ genetic effects and that adjust for infants’
genetics when estimating maternal genetic effects (Umbach and Weinberg, 1997; 2000).
This approach requires genetic information from affected and unaffected infant-mother
dyads (Figure 1) but can also incorporate genotype information from fathers (Ainsworth et
al., 2011). To evaluate GXE, we can first model main genetic effects within strata of the
environmental factor then test for heterogeneity of the stratum-specific estimates. Note that a
similar approach could be used for the case-control and trio designs. Hobbs et al. (2014)
used an extended log-linear model to evaluate GXE effects on 616 case trios and 1645
control trios; with this approach, they found 19 maternal SNPs and 9 fetal SNPs with
evidence of GXE between the genotype and maternal folate supplementation.

The log-linear approach uses a multinomial model to calculate risk ratios of genetic effects
by estimating the penetrance for all possible combinations of the genotypes of the infant and
the mother under a multiplicative risk model. In particular, the model estimates the effect of
the infant or mother carrying one or two copies of a genetic variant on the infants risk. Then
several maternal-fetal GXG (yjj) parameters given by v11, Y12, Y21, and v, describe the
interaction between the mother’s genotype and the infant’s genotype in which i (j) indicates
the number of copies of the risk allele that the mother (infant) possesses. For example, v1 is
the interaction between mother and infant genotypes when the mother possesses one copy
and the infant possesses two copies.

The log-linear models must be fit within homogenous genetic populations and bias due to
population stratification is possible if ancestrally varying populations are used.
Implementation of this approach is easily conducted using the PREMIM and EMIM
software (Howey and Cordell, 2012). To extend this genetic model to test for GXE, the log
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ORs and their standard errors provided in the output of the EMIM software can be read into
any standard statistical software with the ability to conduct a test of heterogeneity such as
the R package, rmeta using the meta.summaries function. The test of heterogeneity is
essentially testing whether the stratum-specific estimates for the genetic effect are different
between the two strata of the binary environmental factor. Unfortunately, this only provides
a p-value rather than a direct estimate of the GXE and is limited to binary environmental
exposures but it has the advantage of discriminating between maternal GXE and infant GXE
effects (Table 1).

Discussion

By collecting both affected and unaffected infant/mother/father triads, the NBDPS allows
for flexibility in the choice of analytic approach and resulting estimates of genetic,
environmental and GxE effects. The approach used should reflect the research question of
interest. For example, all described approaches can estimate the GXE effect contributed by
the infant’s genotype, but only the log-linear model also allows for estimation of the
maternal GXE. Additionally, some causal assumptions limit the use of certain approaches. If,
for instance, the genetic and environmental factors may not be independent in the study
population, then the case-only approach is not appropriate. As another example, if genetic
ancestry cannot be determined accurately, a genotypic TDT approach may be best since it
controls for potential population stratification.

Another important point for GXE studies is how to appropriately control for potential
confounding. Instead of only including the main effect of the corresponding covariate, one
may also need to include interaction terms between the confounder and each of the genetic
and environmental factors (Keller, 2014). The model would then control for any covariates
that may confound the GXE effect, either by being correlated with the genotype or with the
environmental factor. This type of adjustment is not yet common practice and so the degree
of confounding due to improper adjustment is largely unknown, but it is an important
consideration when assessing GXE effects (Keller, 2014).

When answering etiologic questions about interactions, an important consideration is
whether the presence of interaction is assessed on the additive or multiplicative scale. All
approaches presented in this paper assume a multiplicative scale, but it may be important to
also consider additive interaction since the interpretation of the GXE effect, which can have
public health implications, may differ based on scale (Ottman, 1996). Some have criticized
case-only designs for being only relevant to the multiplicative scale, but if certain
assumptions can be made, the case-only approach also allows inference about mechanistic
interactions that are typically only identified on the additive scale (VanderWeele et al.,
2010).

Many challenges still exist when testing for GXE. Typically in GWAS, independent
replication is expected for validation of observed associations. The standards for GXE
studies are not as well established and thus replication of GXE associations is much less
common. This may in part reflect the generally reduced power to detect interactions of GXE
(in contrast with main genetic or environmental effects). Increased focus on meta-analyses
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could theoretically address this issue, but lack of standardization in environmental exposure
definitions can make this difficult in practice. And as there are numerous combinations of
genetic and environmental factors, it would be rare that the same SNP and environmental
exposure are analyzed for GxE effects in multiple studies. Although for some commonly
known GXxE effects such as folate-related genes (i.e. MTHFR) and folate intake, this may be
possible. Improving comparability across studies will require increased sharing of
unpublished results and prior coordination among different studies to standardize collection
of genetic and environmental data (Colhoun et al., 2003; Hunter, 2005; Cornelis et al.,
2010). Lack of standardization presents a bigger challenge if investigators wish to estimate
the effect of environmental factors on a quantitative rather than a qualitative (binary) scale.
For example, should smoking be measured in cigarettes per day or total number of cigarettes
smoked in a narrow gestational period of relevance?

In summary, the NBDPS provides an important resource for evaluating the genetic and
environmental basis of birth defects. A key component of such work is determining whether
these factors work in concert to increase risk beyond their individual effects. A unique
aspect of the NBDPS is the collection of samples in a manner that allow for numerous
different analytic approaches. Understanding the assumptions, strengths and weaknesses of
each such approach will allow researchers to further decipher factors that increase risk of
birth defects.
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Figure 1. Possible Approaches for Family Trio Data
Required data from individuals indicated by bolded black outline. Affected individuals

noted by shaded shapes. Optional or not required individuals noted by dashed outline.
Panel A: Case-Control Study

Requires genotypes of unrelated affected and unaffected individuals. In a hypothetical
sample of 100 case trios and 100 control trios, there would be 200 individuals in the study,
100 affected individuals and 100 unaffected individuals.

Panel B: Case-Only Study

Requires genotypes of only affected individuals. In a hypothetical sample of 100 case trios
and 100 control trios, there would be 100 affected individuals in the study for this approach.
Panel C: Family-Based Trio Study

Requires genotypes of affected individuals and both their parents. In a hypothetical sample
of 100 case trios and 100 control trios, there would be 300 individuals in the study for this
approach, 100 affected infants and 200 parents.

Panel D: Maternal vs. Fetal Effects

Requires genotypes of affected and unaffected individuals and their mothers. In a
hypothetical sample of 100 case trios and 100 control trios, there would be 400 individuals
in the study, 100 affected individuals their 100 mothers, 100 unaffected individuals, and
their 100 mothers.
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Comparison of Different Gene-environment Interaction Approaches
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Approach

Advantages

Disadvantages

Software Implementation

Effect Estimated

Any standard statistical
software

Doesn’t Need to .
require control for . R; glm function or the R- : (C))fd%sf;ﬁ?os
Case-control study independence population package, CGEN using GxE effect
of Gand E stratification GxE.scan function
. PLINK
Requires
independence
of GandEin
Improved the sv.I)ur_ce
statistical population
pOV\éer for Cannot «  Risk ratio
Case-only stud GxE over | estimate +  Standard statistical software of infants’
y study case-contro main effect GXE effect
No controls of G
required Need to
control for
population
stratification
Missing
parental . ;
DT genotypes guds ratio
unaffecyed by prever]ts ) . R package, trio, using GXE effect
popqlgtlo_n inclusion into colGXE function compared
. . stratification study to pseudo-
Family-based trio study . . R package, pbatR iblin
Only affected Requires si Id,gs. I
triads independence +  PBAT (COP |t!|0na
required of Gand E on tamily
within Strata)
families
. Risk ratio
of infant
Genetic GxE
Log-linear modeling interaction
model only, cannot . EMIM software provides effect
discriminates adjust for stratum-specific log odds adjusted for
between other ratios maternal
maternal i enetic
genetic covariates . GXE test of hetero_geneity gﬁects
Maternal vs. Fetal effects and Only p-value can be conducted in any ) )
Effects infant genetic available for standard statl_stlcal so_ftware . Risk ratio
effects GXE effect for example, in R, using of maternal
meta-analysis package GxE
Can estimate Need to rmeta using interaction
maternal- control for meta.summaries function effect
infant GxG population adjusted for
stratification infant
genetic
effects
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