
Supplementary Statistical Methods 

In the following, we provide descriptions of the log-linear method proposed by Weinberg 

et al. and its extension used for gene-folate interaction analysis.  

Log-linear method for case-parental-triad. Briefly, the log-linear method is initially 

proposed to estimate the relative genetic risk due to maternal and fetal genotypes using case-

parent-triad data [1]. As discussed in Weinberg et al., a mother-father-child (M, F, C) may have 

15 possible combined genotypes. Without any genetic risk alleles, the theoretical population 

frequencies of case-parent triads with these genotypes can be modelled with 6 parameters for 

parental mating types in the following table (also see Table 1 in Weinberg et al.,). 

Supplementary methods table 1. Frequencies of Case-parent-triad with and without Hardy-Weinberg 

Equilibrium (HWE) 

 Theoretical frequencies 

M,F,C Genotype HWE assumption Modeling without HWE 

Mating type 1: 
       2,2,2 

 

𝑝4 

 
𝜇1 

Mating type 2: 
       2,1,2 
       2,1,1 
       1,2,2 
       1,2,1 

 

𝑝3(1 − 𝑝) 

𝑝3(1 − 𝑝) 

𝑝3(1 − 𝑝) 

𝑝3(1 − 𝑝) 

 
𝜇1 

𝜇2 

𝜇2 

𝜇2 

Mating type 3: 
       2,0,1 
       0,2,1 

 

𝑝2(1 − 𝑝)2 

𝑝2(1 − 𝑝)2 

 
𝜇3 

𝜇3 

Mating type 4: 
       1,1,2 
       1,1,1 
       1,1,0 

 

𝑝2(1 − 𝑝)2 

2𝑝2(1 − 𝑝)2 

𝑝2(1 − 𝑝)2 

 
𝜇4 

2𝜇4 

𝜇4 

Mating type 5: 
       1,0,1 
       1,0,0 
       0,1,1 
       0,1,0 

 

𝑝(1 − 𝑝)3 

𝑝(1 − 𝑝)3 

𝑝(1 − 𝑝)3 

𝑝(1 − 𝑝)3 

 
𝜇5 

𝜇5 
𝜇5 

𝜇5 

Mating type 6: 
       0,0,0 

 

(1 − 𝑝)4 

 
𝜇6 

 

Assuming multiplicative (i.e., log-additive) risk per allele, the expected count in each cell 

(M,F,C) of the 15-nomial can be modeled in a log-linear form as 

ln[𝐸(𝑛𝑀,𝐹,𝐶)] = ln(𝜇𝑗) + 𝛽1𝐼𝑀 + 𝛽2𝐼𝐶 + ln(𝑜𝑓𝑓)                                (1) 

where 𝑛𝑀,𝐹,𝐶 is the expected cell counts for (M,F,C), 𝜇𝑗, 𝑗 = 1,2, … ,6 correspond to the six 

possible parental mating type categories in Supplementary methods table 1, 𝐼𝑀 and 𝐼𝐶 

represents the number of copies of the variant allele (0, 1, or 2) carried by a mother and child, 

respectively. It is worthwhile to note that the log-linear model estimates the relative risk of 

maternal and fetal genotypes (i.e., 𝛽1 and 𝛽2). It does not require samples from the control 



families and can be regarded as a generalization of the transmission disequilibrium test (TDT).  

The theoretical details of the method are detailed elsewhere [1]. 

Log-linear method for hybrid design. Weinberg and Umback further extended the log-

linear method to accommodate hybrid design with both case families and control families [2]. 

Following similar notations, the following model can be used assuming multiplicative (i.e., log-

additive) risk per allele: 

ln[𝐸(𝑛𝑀,𝐹,𝐶,𝐷)] = ln(𝜇𝑗) + 𝛾𝐼(𝐷=1) + 𝛽1𝐼(𝐷=1)𝐼𝑀 + 𝛽2𝐼(𝐷=1)𝐼𝐶 + ln(𝑜𝑓𝑓)                       (2) 

where  𝜇𝑗, 𝑗 = 1,2, … ,6, 𝐼𝑀 and 𝐼𝐶 have the same definition as for case-parental-triad; 𝐼(𝐷=1) is 

the indicator variable for case families (𝐼(𝐷=1) = 1) or control families (𝐼(𝐷=1) = 0).  

Log-linear method for gene-by-environment interaction. We and others have previously 

used an extended log-linear model to evaluate gene-by-folate interaction associated with the 

risk of congenital heart defects [3]. The following model was fitted: 

  ln[𝐸(𝑛𝑀,𝐹,𝐶,𝐷,𝐸)] = ln(𝜇𝑗) + 𝛿𝐼(𝐸=1) + 𝛾𝐼(𝐷=1) + 𝛽1𝐼(𝐷=1)𝐼𝑀 + 𝛽2𝐼(𝐷=1)𝐼𝐶 

                                                                 +𝛽3𝐼(𝐷=1)𝐼(𝐸=1)𝐼𝑀 + 𝛽4𝐼(𝐷=1)𝐼(𝐸=1)𝐼𝐶 + ln(𝑜𝑓𝑓)              (3) 

Based on this extended model, the maternal and fetal gene-by-folate interactions can be 

evaluated by using a Wald test for parameters 𝛽3 and 𝛽4. The relative risk for maternal effect 

among families unexposed to folate can be estimated by exp (𝛽1), and that among families 

exposed to folate can be estimated by exp (𝛽1 + 𝛽3). The relative risk for fetal effects among 

exposed and unexposed families can be estimated in a similar fashion. As we discussed in the 

description of the log-linear model for case-parental-triads, the relative risks of maternal and fetal 

genotypes are not only based on the comparison between cases and controls and can be 

estimated without control families through a reduced model.  

 

 

 

Meta-Analysis of the discovery and replication phases. We used software Metal to 

conduct fixed effect meta-analysis integrating the estimates from the discovery and replication 

phases [4]. Inverse variance weighting was used in the meta-analysis. Briefly, let 𝛽𝑑 (𝑠𝑒𝑑) and 

𝛽𝑟 (𝑠𝑒𝑟) be the effect size (standard error) estimates in the discovery and replication phases, 

respectively. The overall effect and standard error can be estimated as: 

𝛽𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = (𝛽𝑑/𝑠𝑒𝑑
2 + 𝛽𝑟/𝑠𝑒𝑟

2)/(1/𝑠𝑒𝑑
2 + 2/𝑠𝑒𝑑

2); 𝑠𝑒𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = √𝑠𝑒𝑑
2 + 𝑠𝑒𝑟

2 

Bayesian false discovery probability (BFDP). We used BFDP to assess the 

noteworthiness of an association by balancing the costs of false discovery and non-discoverye 

[5]. The method is available in R package gap. Following the notations in Wakefield J, BFDP 

reflects the probability of being null hypothesis given an estimate of the log relative risk (𝜃), the 

variance of this estimate (𝑉), the prior variance (𝑊), and the prior probability of a non-null 

association (𝜋0). Denote 𝑟 =
𝑊

𝑉+𝑊
 and 𝑍 =

𝜃̂

√𝑉
. An appropriate Bayes factor (ABF) and prior odds 

(PO) can be obtained as  



𝐴𝐵𝐹 =
𝑝(𝜃|𝐻0)

𝑝(𝜃|𝐻1)
= √

𝑉 + 𝑊

𝑉
exp [−

𝜃2

2
×

𝑊

𝑉(𝑉 + 𝑊)
] =

1

√1 − 𝑟
exp [−

𝑍2

2
𝑟] 

𝑃𝑂 =
𝜋0

1 − 𝜋0
 

The BFDP can then be estimated as: 

𝐵𝐹𝐷𝑃 =
𝐴𝐵𝐹 × 𝑃𝑂

𝐴𝐵𝐹 × 𝑃𝑂 + 1
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