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Abstract:    

Maternal-fetal genotype (MFG) incompatibility has been shown to be strongly associated with a number of 

genetic diseases. Most current methods for the MFG test rely on parents-offspring trio genotype data and 

do not apply to mother-offspring pair data where paternal genotype is unavailable. In this paper, we 

developed a two-stage method for testing the allelic effect of given SNP through subgroup analysis of 

compatible MFG pairs and further tested the MFG incompatibility effect according to different scenarios 

determined by the allelic effect. Simulation studies demonstrated that this novel two-stage model is 

powerful in detecting the MFG incompatibility effect. This method can be implemented through publicly 

available statistical software, such as SAS, R, etc. We demonstrate with a case-control study of small for 

gestational age neonates that the method identified a SNP in the IGF2R gene with a significant allelic effect 

(p = 0.037), and a SNP in the IGF1 gene with a significant MFG incompatibility effect (OR = 0.75 and p = 

0.033). 
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Background 

 Single nucleotide polymorphisms (SNPs) have 

been shown with growing evidence to be associated 

with many diseases through polymorphisms at single 

locus or through haplotype at multiple loci (Zhang et al. 

2004, Spinka et al. 2004, Cui et al. 2007).43,37,9Pediatric 

studies have demonstrated strong association of 

phenotypes or childhood diseases with parental 

genotypes, offspring genotypes or both (Goddard et al. 

2007 and references therein)14,. In addition, research 

using both maternal and perinatal genotype data 

focusing on the interaction between the maternal and 

offspring genes has provided further evidence in gene-

gene interaction, in particular, the effect of genotype 

incompatibility between the maternal and fetal genes 

has been found to play a critical role (Sinsheimer, Elston 

and Fu 2011). Hence searching for genes of 

incompatible maternal-fetal genotypes (MFG) is of 

particular interest.  

  Studies of the incompatibility of MFG can be 

traced back to as early as 1960s on hemolytic disease of 

newborn caused by anti-K antibody (Kulich V, Kout M. 

1967)19 and neonatal thrombopenia feto maternal 

incompatibility in human leukocytes antigen (HL-A) 

system (Salet et al. 1973a and 1973b)33,34. However, not 

until 1990s had the MFG received much attention 

(Hollister et al 1996).  Although early studies introduced 

the MFG concept in human diseases research (Kulich V, 

Kout M. 1967, Salet et al. 1973a and 1973b, Stubbs, 

Ritvo and Mason-Brothers 1985)33,34,19,38,, statistical 

modeling of the MFG was not employed until 2002. 

 In a pioneering work, a MFG loglinear model 

was proposed to examine the MFG incompatibility effect 

by analyzing parents-offspring trio genotype data 

(Sinsheimer et al 2003) 36and was applied to examine 

the association with the susceptibility of schizophrenia 

(Palmer et al. 2002)29. The MFG loglinear model is  

based on Poisson regression, which divides the           

samples into different categories of all combinations of 

parents-offspring trio genotypes. The number of        

cases in each category is then modeled with              

loglinear model following a Poisson distribution. Without 

Hardy-Weinberg equilibrium (HWE) assumption, the 

expectation of the number of cases in each category 

was parameterized with corresponding mating rate, 

mother or child genetic effects as well as the MFG 

incompatibility effect. The parameters are then 

estimated through the maximum likelihood approach 

and the inference is made accordingly. 

 The initial loglinear model for MFG test was 

improved in a series of articles. The correlation between 

siblings and relatives was incorporated                           

(Kraft et al 2004)17. An exact MFG test was proposed to 

increase the statistical power of the likelihood ratio test 

by permuting the trio counts to generate a background 

distribution (Minassian et al 2005)25. The MFG test has 

so far been applied to study a number of diseases, 

including RhD and HLA-B for schizophrenia, ABO for 

autism etc. (Palmer et al 2006, Zandi et al, 2006)30,42. 

Recently, the MFG test was further extended for nuclear 

family data (Minassian et al 2006,  Childs et al  2008).26,8 

    The loglinear model for MFG test has been 

proven to be successful in a number of studies. In 

general, its requirement of parents-offspring trio 

genotype data, however, may limit its application to 

many studies where no paternal genotype data are 

available, although the statistical expectation-

maximization (EM) algorithm or direct maximization of 

the observed loglikelihood (Misassian 2006, Hsieh 2006)
26,30 can be implemented to deal with missing data when 

a portion of samples have missing paternal or maternal 

genotypes. Shi et al (2008)35 showed that Mendelian 

inheritance, random mating and parental allelic 

exchangeability may be incorporated in the loglinear 

model simultaneously. Chen, Zheng, and Wilson (2009)7 

took a retrospective likelihood approach to achieve the 

same effect of modeling family information. Recently, 

Chen et al (2012)6 further studied a semiparametric 

model to incorporate environmental factors. These 

models have been demonstrated with consistent and 

efficient estimation. However, due to the model 

complexity, the interpretation is not readily understood 

by many principal investigators and the model is not 

easy to implement by non-statistical professionals.  

Hence it is desirable and attractive to have  a simple and 

yet efficient model to provide an easy-to-understand-

and- implement procedure using currently available 

statistical software. 

 The fact that many perinatal studies with 

mother-offspring pairs do not have paternal genotype 

makes it desirable to extend the MFG test from         

parents-offspring trio genotype data to mother-offspring 
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pair genotype data. For this purpose, we extended the 

MFG test and developed a two-stage logistic regression 

model. This model conducts analysis in two steps. In the 

first step, it tests allelic effect of given SNP through a 

subgroup analysis using only mother-offspring pairs that 

had compatible MFG. It requires a moderately large 

sample size which allows subgroup analysis with 

sufficient power for testing the allelic effect and leads to 

several scenarios according to the allelic effect. In the 

second step, the MFG incompatibility effect is tested 

using all mother-offspring pairs through a logistic 

regression model accommodating the allelic effect with 

different scenarios. This two-stage model is different 

from the ones proposed by Li et al. (2009)21 and 

Ainsworth et al. (2011)1. It enjoys meaningful 

interpretation of logistic regression and the allelic effects 

of SNPs, and can be implemented with common 

statistical software, such as SAS, R, etc. Statistical 

simulation studies demonstrate that this two-stage 

model achieves sufficient power to detect the MFG 

incompatibility effect. The method is also illustrated by 

an application to a case-control study of small for 

gestational age (SGA) neonates. 

Materials  and Method 

Data 

SGA Dataset 

 A total of 991 mother-offspring pairs (406 SGA 

cases and 585 controls) were included in this             

case-control study conducted in Chile. SGA was defined 

as birth weight below 10th percentile for the 

corresponding gestational age [Kramer 1987]18. Clinical 

and socio-demographic data were summarized in Table 

S1 (Supplementary Material), which shows no 

statistical significance between the two groups in 

maternal age, maternal BMI, smoking status and baby’s 

gender. Parity was marginally significant with p=0.048. 

The control group had a larger mean gestational age 

and larger mean birth weight as expected.  

SNP Data 

      Template DNA was obtained for genotyping 

through whole genome amplification of genomic DNA 

extracted from blood samples of patients following an 

automated DNA isolation protocol (BioRobot 9604, 

Qiagen, Valencia, CA, USA). Genotyping of single 

nucleotide polymorphisms (SNPs) was carried out using 

the massARRAYTM System (Sequenom Inc. San Diego, 

CA, USA) by the high-throughput genotyping facility at 

Genaissance Inc (New Haven, CT, USA). SNP genotyping 

quality control was conducted through genotyping 

consistency of repeated samples. More than 1300 SNPs 

were genotyped in this candidate gene based case-

control study for several phenotypes of pregnancy 

complication, including preeclampsia, SGA, etc. We focus 

on the IGF-I and IGF-II genes and their receptors only 

in this study. 

  A total of 44 SNPs were genotyped in IGF-I,  

IGF-II, IGF1R and IGF2R genes. Among them, 5 SNPs 

were found to be homozygous in the study population 

and 13 SNPs had one minor allele of frequency less than 

0.01 and thus were excluded. HWE was examined in the 

combined mother and offspring control population and 

all of the 26 remaining SNPs satisfied the HWE with a 

cut-off p-value > 0.0001. Ten SNPs out of these 26 

remaining SNPs were found to have one minor allele 

with frequency equal to or smaller than 0.1 

(homozygous genotype probability ≤ 0.01) and were 

excluded from the MFG incompatibility test. Thus the 

MFG incompatibility test was conducted on the 

remaining 16 SNPs. 

Methods 

 We develop a two-stage model for testing the 

MFG incompatibility, and further conduct a simulation 

study.  

The Two-Stage Method for MFG Incompatibility 

Step 1. Determination of allelic effect 

 Step 1 determines the allelic effect between the 

two alleles and its scenario at each SNP. We first 

examine the minor allele frequency and the HWE for 

each SNP. Only those SNPs having a minor allele 

frequency (p ≥ 0.01) and satisfying the HWE are kept 

for further study on the examination of allelic effect.  

The HWE is examined with a chi-square test in the 

combined mother and offspring control populations with 

a cut-off value of chi-square test p-value > 0.0001. 

  To study the gene-gene interaction between 

the mother and her offspring at a given SNP, a 

composite SNP genotype of the mother and offspring 

pair is derived by combining the two. For example, if the 

mother genotype at a given SNP is ‘AA’ and the offspring 

genotype is ‘AB’, the composite genotype is ‘AA_AB’. 

There are seven possible composite genotypes, see 

Table 1 for details. Among them, three are compatible: 
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‘AA_AA’, ‘AB_AB’ and ‘BB_BB’, and the rest are 

incompatible. 

 The allelic effect is examined through a 

subgroup analysis using only those mother-offspring 

pairs that had compatible genotypes, i.e. ‘AA_AA’, 

‘BB_BB’, and ‘AB_AB’. In doing so, the MFG 

incompatibility effect is not present and any significance 

is attributable to the allelic effect. 

Step 2. Testing of MFG incompatibility 

      Step 2 tests the MFG incompatibility effect following 

each scenario determined in Step 1. A total of 4 

scenarios were adopted accordingly to test the MFG 

incompatibility, see Table 2 for details of these scenarios 

and the parameterization of the MFG test. SNPs with a 

small frequency allele (allele frequency p ≤ 0.1) are not 

tested for the MFG incompatibility effect. 

Scenario 1. No allelic effect: f(AA_AA) = f(AB_AB) = f

(BB_BB), where function f represents the composite 

genotype effect. 

     A logistic regression model was then fitted to all 

mother-offspring pairs to test the association between 

the disease and the MFG incompatibility (1 for 

incompatible pairs and 0 for compatible) adjusting for 

environmental covariates. 

Scenario 2. Allele A effect: f (AA_AA) ≠ f (AB_AB) = f 

(BB_BB), where the heterozygous genotype has the 

same effect as one homozygous but significantly 

different from the other. 

      To test the MFG incompatibility effect, a logistic 

regression model was fitted to all mother-offspring pairs 

adjusting for the individual ‘AA’ genotype effect βAA of 

either mother or offspring genotype and the father’s 

allele A contribution λA conditioning on the incompatible 

MFG. 

 Scenario 3. Heterozygosity effect: f(AA_AA) = f

(BB_BB) ≠ f(AB_AB), where the two homozygous 

genotypes had the same effect but significantly different 

from the heterozygous. 

 To test the MFG incompatibility effect, a logistic 

regression model was fitted to all mother-offspring pairs 

adjusting for mother’s ‘AB’ genotype effect βAB and 

father’s allele A contribution λA conditioning on the 

incompatible MFG. 

Scenario 4. Unequal genotype effects (significantly 

different effects), including the following two cases. 

4.1 Strong allelic interaction effect: f(AB_AB) > f(AA_AA) 

> f(BB_BB)  or  

f(AB_AB) < f(AA_AA) < f(BB_BB), where the 

heterozygous effect is the largest or smallest.  

  A logistic regression model was fitted to all 

mother-offspring pairs to test the MFG incompatibility 

adjusting for mother’s AB genotype effect βAB, mother’s 

AA genotype effect βAA, and father’s allele A contribution 

λA conditioning on the incompatible MFG. 

 4.2 Additive or multiplicative allelic effect: f(AA_AA) > f

(AB_AB) > f(BB_BB), where the heterozygous effect is 

between the two homozygous effects. 

     To test the MFG incompatibility effect, a logistic 

regression model was fitted to all mother-offspring pairs 

adjusting for mother’s allele A effect βA and father’s 

allele A contribution λA conditioning on the incompatible 

MFG. 

      It is worthwhile to note that for some SNPs, one 

minor allele may lead to small counts of the homozygous 

composite genotype of mother-offspring pairs of that 

allele, such as small counts of ‘AA_AA’ composite 

genotype when allele A has a small frequency. As a 

result, only a small number of samples may be observed 

Table 1. Composite genotypes of the mother-offspring pair 

Mother genotype 
Offspring genotype 

AA AB BB 

AA AA_AA AA_AB n/a 

AB AB_AA AB_AB AB_BB 

BB n/a BB_AB BB_BB 

Compatible genotypes are in bold letters. 
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Table 2. Parameterization of logistic regression model testing MFG incompatibility 

Scenario 1. f(AA_AA) = f(AB_AB) = f(BB_BB): no allelic effect 

Model effect  Incompatible 

AB           AB   

BB          BB   

AA        AA   

AA        AB   γ 

AB        AA   γ 

AB       BB   γ 

BB        AB   γ 

γ is the MFG incompatibility effect. 

 

Scenario 2.   f(AA_AA) ≠ f(AB_AB) = f(BB_BB): allele A effect 

Model effect 

 Incompati-

ble Genotype Father|incompatibility 

AB           AB & BB           BB 
      

AA            AA 
   βAA   

AA           AB 
γ  βAA   

AB          AA 
γ  βAA          λA 

AB            BB 
γ     

BB            AB γ            λA 

γ is the MFG incompatibility effect. βAA is the effect of genotype AA. 

λA is the father’s allele A effect given incompatibility. 
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Scenrio 4.1: Strong interactive allele effect 

 f(AB) > f(AA) > f(BB) or f(AB) < f(AA) < f(BB) 

Model effect Incompatible genotype Father|incompatibility. 

BB              BB       

AB            AB       βAB   

AA             AA       βAA  

AA             AB γ     βAA   

AB              AA γ     βAB      λA 

AB           BB γ     βAB  

BB           AB γ        λA 

γ is the MFG incompatibility effect. βAB is the effect of mother’s genotype AB,  

and βAA is the effect of mother’s genotype AA. λA is the father’s allele A effect  

given incompatibility. 

Scenario 3.  f(AA_AA) = f(BB_BB) ≠ f(AB_AB): heterozygosity effect 

Model effect Incompatible Genotype Father|incompatibility 

AA           AA & BB          BB 
      

AB           AB   βAB   

AA                AB γ     

AB            AA γ βAB λA 

AB           BB γ βAB   

BB             AB γ   λA 

γ is the MFG incompatibility effect. βAB is the effect of mother’s genotype AB.  

λA is the father’s allele A effect given incompatibility 
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in the compatible group with double homozygous minor 

allele. This often leads to non-significant MFG 

incompatibility in either Scenario 1 or 2 although it is 

difficult to distinguish between these two scenarios with 

a small frequency allele. 

Simulation studies 

 We conducted simulations to study the power of 

the 2-stage test on the incompatibility for every scenario 

in Table 2. In each simulation, we generated 1000 

subjects, each of which had a binary indicator for 

disease phenotypes (Y), MFG incompatibility effect (C), 

allelic effect (A) and father’s allelic contribution effect 

given incompatibility (F). The genotype data were 

generated under the assumption of HWE. The logistic 

regression was applied to detect the incompatibility 

effect at the level of 0.05.  

Data generation 

  We assumed the allele frequency p for allele A 

and q=1-p for allele B. Table 3 provides the distribution 

of the MFG under the HWE. In all scenarios, p was 

generated from a uniform distribution U[0, 1].  The 

incompatibility index C was then generated from a 

Bernoulli distribution with C = 1 for incompatible MFG: 

P(C=1) = p2q + pq2 + p2q + pq2 = 2pq, 

P(C=0) = 1–2pq = p2 + q2 

Other variables were generated according to the 

scenarios as follows. 

No allelic effect. Two probabilities r1 and r2 for having 

disease with incompatible and compatible MFG, 

respectively, were generated from uniform distribution U

[0, 1], and 1000 subjects were generated with 

probabilities Pr(Y=1|C=1) = r1,   Pr(Y =1|C=0) =r2. 

Allele A effect. First, six probabilities r1, r2……r6 ~                           

U [0, 1] of having the disease were generated according 

to different values of C, A, and F, where F was 

generated with Bernoulli probabilities Pr(F=1|C=1)=

(p2q+pq2)/2pq = 0.5 and Pr(F=1|C=0)=0. A was the 

‘AA’ genotype effect of the mother or the fetus or both, 

and was simulated by Pr(A=1|F=1,C=1)=p, Pr

(A=1|F=0, C=1)=p, and Pr(A=1|F=0,C=0)=p3/ (p2+q2). 

Y was the disease phenotype and was simulated with 

the probabilities r1, …, r6 as listed in Table 4.  

 Heterozygosity effect. First, six probabilities r1, 

r2……r6 of having the disease were generated from 

uniform distribution U[0, 1] according to different values 

of C, A, F. F was generated by Bernoulli trials with 

probabilities Pr(F=1|C=1)= (p2q+pq2)/2pq=0.5 and Pr

(F=1|C=0)= 0. A was the effect of genotype ‘AB’ in 

mother or fetus or both and was generated with Pr

(A=1|F=1,C=1)=p, Pr(A=1|F=0,C=1)=q, and Pr

(A=1|F=0,C=0) =pq/(p2+q2). Y was generated by 

Bernoulli trials with probabilities r1, …, r6 as listed in 

Table 4. 

 Strong allelic interaction effect. First, seven 

probabilities r1, r2……r7 of having the disease were 

Scenario 4.2: Additive or multiplicative allele effect  

            f(AA )>f(AB) > f(BB)   or   f(AA) <f(AB) < f(BB) 

Model effect Incompatible genotype Father|incompatibility. 

BB       BB       

AB        AB   βA      

AA       AA   2βA or βA2    

AA       AB γ 2βA or   βA2    

AB      AA γ βA λA 

AB      BB γ βA   

BB      AB γ   λA 

γ is the MFG incompatibility effect. βA is the effect of mother’s allele A.  

λA is the father’s allele A effect given incompatibility. 
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Table 3. Distribution of maternal-fetal genotype under HWE with allele frequencies (p,q). 

Mother             

genotype 

Offspring genotype 

     AA AB BB 

AA          p3 p2q 0 

AB         p2q pq pq2 

BB          0 pq2 q3 

Pr(Y=1) C A F 

Table 4. Parameters in Simulation Studies 

Pr(Y=1) C A F 

Models in scenarios 2 and 3. 

r1 1 1 1 

r2 1 1 0 

r3 1 0 1 

r4 1 0 0 

r5 0 1 1 

r6 0 1 0 

Models in scenario 4. 

r1 1 1 1 

r2 1 1 0 

r3 1 -1 1 

r4 1 0 0 

r5 0 1 0 

r6 0 0 0 

r7 0 1 0 
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generated from uniform distribution U[0, 1] according to 

different values of C, A, F to accommodate three 

genotype effects βAB,  βAA and βBB. F was generated with 

the probabilities Pr(F=1|C=0)=0 and Pr(F=1|C=1) = 

(p2q+pq2)/2pq = 0.5.  A was the additive effect of allele 

A and was generated with Bernoulli probabilities 

Pr (A=1 | F=1, C=1) = p,  

Pr (A=0 | F=1, C=1) = 0, Pr (A=-1 | F=1, C=1) = q, 

Pr(A=1 | F=0, C=1) = q,  

Pr (A=0 | F=0, C=1) = p, Pr (A=-1 | F=0, C=1) = 0, 

Pr(A=1 | F=0, C=0) = pq/(p2+q2), 

Pr (A=0 | F=0, C=0) = p3/(p2+q2), 

Pr (A=-1 | F=0, C=0) = q3/(p2+q2), 

where A = 1 for genotype ‘AB’ in mother or fetus,  0 for 

genotype ‘AA’, and -1 for genotype ‘BB’. Y was 

generated by Bernoulli trials with probabilities r1,……r7 as 

in Table 4. 

Simulation Result 

      We fitted logistic regression model to the generated 

data with 1000 subjects and calculated the power of the 

test defined as out of the total number of simulations 

the number of times when the associated SNP was 

selected by statistical significance of the test. In scenario 

1, the simulation was conducted with different odds ratio 

(OR) of disease between compatible and incompatible 

groups.  The power of the study was calculated for each 

of the OR value 3, 2 , 1, 1/2 or 1/3.  The simulation was 

repeated 5,000 times for each value of OR. In scenarios 

2-4, because of the random selection of the allelic effect 

and father effect, the OR was not controlled at first, but 

rather calculated after the allelic effect and father effect 

were generated. The ORs were categorized into different 

intervals of (0,1/3), [1/3,1/2), [1/2,2), [2,3) and [3,∞].  

The simulation was repeated 50,000 times for each of 

these scenarios to accommodate the unspecified OR 

value. The power of the study was calculated for each 

OR interval. It was observed that the power of test 

increased with the OR as shown in Table 5 and Figure 1. 

       Further simulation was conducted to evaluate the 

specificity of the test. Ten SNPs were generated and the 

disease phenotype was generated only by SNP1 in 

Scenario 1, but independent of SNPs 2-9. The logistic 

regression model was fitted with 5000 repeats for each 

OR value, and the power was calculated for each SNP. 

The simulations demonstrated that the power increased 

with the OR and that the false positive rate was about 

1% (Table 6 and Fig. 2).   

Application to a Case – Control Study of SGA 

       We demonstrate our method by studying the MFG 

incompatibility effect of SNPs on low birth weight in a 

case-control study of SGA neonates with candidate 

genes. While the definition of SGA can be found in the 

literature (Alkalay et al., 1998, Saenger et al., 2007)2,32,, 

the etiology remains complex. While it was suggested 

that most of the genetic influence originated in the fetal 

genome, other results (Ounsted et al. 1988)28 also 

suggested that not only fetal genes but also genes 

regulating the maternal uterine environment could be 

important in determining the size at birth, especially for 

the SGA neonates. 

        Insulin-like growth factor (IGF) genes are 

known to have a major influence on fetal and postnatal 

growth, and their expression presents in all fetal tissues 

along the gestation process. On one hand, the cord 

concentrations of IGF1 and IGF2 have been shown to be 

highly correlated with birth weight (Ong et al., 2002)27. 

On the other hand, while some polymorphisms in genes 

encoding IGF1, IGF2 and their respective receptors have 

been reported to be associated with birth weight 

(Vaessen et al. 2002)39, but failed to be confirmed in 

other studies (Frayling et al. 2002)11. Similarly, the 

reported association in studies with offspring population 

remains unconfirmed by one another. So far, no study 

has combined maternal and fetal genotypes together to 

study the association between SGA and the 

incompatibility of the mother and offspring genotypes. 

In this study, we choose the candidate genes (IGF1 and 

IGF2 and their receptors) to test the MFG incompatibility 

effect at each single SNP locus. 

Results 

Two-stage MFG incompatibility test 

        In the logistic regression analysis, mother’s age 

(age), body mass index (BMI) and baby’s sex (sex), 

were included as environmental covariates as suggested 

in the literature. Among the 16 SNPs considered for MFG 

incompatibility analysis, one SNP located at downstream 

14463 intron21b of IGF2R gene was found to have a 

significant allele A effect (Table 7), where the composite 

genotype ‘AA_AA’ had a significantly different effect 

from ‘AG_AG’ and ‘GG_GG’ (p = 0.01) after Bonferroni’s 

multiple-comparison adjustment. We also examined this 
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Figure 1. The power of the two-stage MFG test by the OR between the compatible and incompatible groups for 

scenarios 1 - 4. 
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Figure 2.  The specificity of the two-stage method for MFG test by OR. 
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Table 5. Power of MFG incompatibility test by OR in Scenarios 2-4 simulatio Odds Ratio (OR) 

Scenario (0,1/3)b [1/3,1/2) b 

  

[1/2.2)b [2,3)b [3,+∞)b 

      1 99.88% 96.16% 0.84% 97.6% 99.98% 

  (4994/5000) (4808/5000) (42/5000) (4880/5000) (4999/5000) 

      2 94.62% 61.84% 27.67% 60.61% 91.19% 

  (2234/2361) (6112/9884) (6747/24384) (5702/9408) (3614/3963) 

      3 88.89% 59.46% 27.71% 58.72% 86.98% 

  (1665/1873) (5574/9374) (7384/26650) (5452/9284) (2452/2819) 

      4 91.17% 61.25% 27.63% 60.40% 89.11% 

  (1486/1621) (5565/9085) (7661/27727) (5516/9133) (2169/2434) 

aPower was calculated as n/N x100%: the number of times (n) incompatible MFG was selected 

by statistical significance out of the total number (N) of simulation runs.  

bFor Scenario 1, the OR was specified exactly 1/3,1/2, 1, 2, and 3. 

Table 6. Power of MFG incompatibility test in Scenario 1 simulation based on 5000 repeats with 

1000 subjects 

SNP OR=3 OR = 2 OR=1.5 OR=1 

SNP1* 4999 (99.98%) 4880 (97.60%) 2881 (57.62%) 42 (0.84%) 

SNP2 59 (1.18%) 48 (0.96%) 41 (0.82%) 48 (0.96%) 

SNP3 53 (1.06%) 66 (1.32%) 39 (0.78%) 44 (0.88%) 

SNP4 43 (0.86%) 39 (0.78%) 52 (1.04%) 43 (1.04%) 

SNP5 41 (0.82%) 50 (1.00%) 43 (0.86%) 40 (0.80%) 

SNP6 60 (1.20%) 56 (1.12%) 40 (0.80%) 49 (0.98%) 

SNP7 60 (1.20%) 45 (0.90%) 44 (0.88%) 44 (0.88%) 

SNP8 49 (0.98%) 53 (1.06%) 53 (1.00%) 51 (1.02%) 

SNP9 50 (1.00%) 34 (0.68%) 38 (0.76%) 51 (1.02%) 

SNP10 49 (0.98%) 44 (0.88%) 44 (0.88%) 53 (1.06%) 

*SNP1 is the only SNP that is associated with the incompatible MFG in data generation. 
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Table 7. Test of allelic effect for each SNP 

Polymorphism Compatible 

Genotype 
n* 

Testing of Composite 

Genotype 
p-value 

SNP ID Region ATG 

41410456 

G/A 

IGF2R 

Intron 21b 

14463 A/A_A/A 

  
24 

f(A/A)=f(G/A)=f(G/G) 

  

0.005 

  

G/A_G/A   

177 
f(A/A)=f(G/A) 

0.015 

G/G_G/G   

320 

f(A/A)=f(G/G) 

  

0.008 

  

    f(G/A)=f(G/G) 0.644 

* Number of samples for each compatible genotype. 

Table 9. List of Significant MFG Incompatibility Effect 

Polymorphism Effect 

Estimate 
OR (95% CI) p-value 

SNP ID Region   (ATG) 

40925717  C/T IGF1R  Intron2a   (1260) -0.293 0.75 [0.57,0.98] 0.033 
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Table 8. SNP association analysis in single population 

Polymorphism 
Genotype 

(Samples) 

Effect 

Estimate 
OR (95% CI) p-value 

SNP ID 
Region 

ATG 

Overall 

P-value 

Mother Population 

42260934 

A/T 

IGF2R 0.037 A/A (250) -0.343 0.71 [0.51, 0.98] 0.037 

   In-

tron17 

11258 

    

T/T (227) 

A/T (476) 

-0.361 

- 

0.70 [0.50, 0.97] 

  

0.033 

41410456 

G/A 

IGF2R 0.037 A/A (72) 

G/G (484) 

-0.609 

-0.258 

0.54[0.31, 0.96] 

0.77[0.58, 1.03] 

0.034 

0.079 

  In-

tron21 

14463 

    

G/A (340) -   

  

Offspring Population 

632197358 

C/A 

Intron 1  

4560 

0.040 A/A ( 0) 

C/C (51) 

C/A (851) 

N/A 

-0.580 

- 

0.56 [0.31, 1.00] 

  

0.040 

41410456 

G/A 

  

IGF2R     

Intron21 

14463 

0.832 A/A ( 73) 

G/G (463) 

A/G (375) 

-0.064 

 0.058 

- 

0.94 [0.55, 1.60] 

1.06 [0.80, 1.41] 

0.816 

0.689 
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SNP in mother and offspring populations separately 

(Table 8) and found that this SNP had a significant 

genotype effect ‘A/A’ from ‘A/G’ in the mother 

population as well, but not significant in the offspring 

population. Further analysis did not reveal any MFG 

incompatibility effect of this SNP. We further studied the 

difference between the ‘AA_AA’ and ‘AA_AG’ composite 

genotypes. The p-value was 0.015, which suggested a 

significant effect of father’s contribution of allele G given 

mother genotype ‘AA’ with the Bonferroni’s correction. 

The remaining 15 SNPs had no significant allelic effect 

as shown in Table S2 [Supplementary Material]. 

Among them, one had significant MFG incompatibility 

effect (Table 9). This SNP is located at downstream 

1260 intron2a of IGF1R gene and the incompatible MFG 

of the SNP decreased the risk for SGA with OR = 0.75 

(p=0.033). 

Discussion 

       Recent studies have shown that the MFG 

incompatibility is associated with several genetic 

phenotypes, including childhood autism, schizophrenia, 

etc. Former methods developed for the MFG 

incompatibility test are based on loglinear regression 

model on parents-offspring trio genotype data and have 

been successfully applied to a number of studies. 

However it is also common that paternal genotypes are 

unavailable in many studies of only mother-offspring 

pairs. Therefore, it is desirable to extend the MGF test 

from parents-offspring trio genotype data to mother-

offspring pair genotype data. We have developed a 

novel two-stage MFG incompatibility test based on 

logistic regression model that examines the allelic effect 

of each SNP in the first step and the MFG incompatibility 

effect in the second step. We also have conducted 

simulation studies on the power of the test and applied 

this novel method to a study of the association between 

the development of SGA and the IGF genes and 

receptors.  

       Comparing with the former loglinear MFG 

incompatibility test, our novel method has the following 

features. 1). It does not require father’s genotype data, 

thus is applicable to broad studies where father’s 

genotype data are unavailable; 2). It tests the allelic 

effect first and classifies the SNPs into different 

scenarios by genetic effects of the alleles, which may 

provide insight on the genetic effects of the SNPs on the 

phenotypes under investigation; 3). The MFG 

incompatibility test is conducted based on the allelic 

effect tested, is more specific for each allele and thus 

more powerful for each SNP; 4). The power of the MFG 

incompatibility test increases fast with the OR of the 

incompatible MFG effect while the false discovery rate is 

low around 0.01.  

  Conclusion 

      This novel two-stage method extends the MFG test 

from the parents-offspring trio genotype data to mother-

offspring pair genotype data and thus makes the MFG 

test available through an easy-to-understand-easy-to-

implement approach to many investigators in a wider 

range of studies who are not statistical professionals. 

The examination of the allelic effect may provide clues in 

the association between the SNP genotype and 

phenotype of interest, and is easy to interpret.  
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