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A New Method for Estimating  the Risk Ratio in Studies Using Case-Parental Control Design
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Abstract
We describe a  new simple noniterative, yet efficient method to estimate the risk ratio in studies using case-parental control design. The new  method is compared with two other noniterative methods---Khoury's method  and Flanders and Khoury's method, and with  a maximum likelihood based method of Schaid and Sommer. We found that the variance of the  new estimation method is usually smaller than that of Khoury's method or Flanders and Khoury's method, and is slightly larger than that of  the maximum likelihood based method of Schaid and Sommer. Despite the slightly large variance of the new estimator compared to that of the maximum likelihood based method, the simplicity of the new estimator and its variance makes the new method appealing. When genotypic information for only one parent is available, we also describe a method to estimate the risk ratio without assuming Hardy-Weinberg equilibrium or random mating. Simple formula for the variance  of the estimator is given. 
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Association studies are widely used in epidemiology. One such approach is the case-control design in which case subjects and appropriate control subjects are selected from the population, and  the fraction of case subjects  with a risk factor is then compared with the fraction of control subjects with that risk factor. A potential problem with the case-control design involves the selection of appropriate control subjects. Rubinstein et al. (1) and Falk and Rubinstein (2) proposed a case-parental control design to avoid this problem. With the case-parental control design, case subjects are randomly sampled and the hypothetical control subjects are assumed to carry the genotypes formed by the nontransmitted parental alleles. If the candidate locus for disease susceptibility has alleles “M” and “N” with “M” the susceptible allele,  the fraction of case subjects with allele “M” is compared with the fraction of hypothetical control subjects  with that allele. The haplotype relative risk (HRR) is the odds ratio used with the case-parental control design. Ott (3) studied the statistical properties of HRR under the recessive model, and Knapp et al. (4) showed that the distribution of the estimator for HRR is stochastically smaller than that for RR in the presence of positive linkage disequilibrium between a marker and disease allele. 

For epidemiological purposes, it is important to estimate the risk ratio of individuals carrying genotypes “MM” and “MN” versus those carrying “NN”. Schaid and Sommer (5) gave maximum likelihood approaches to estimate the risk ratio with and without  the Hardy-Weinberg equilibrium assumption. Because the main purpose of the case-parental control design is to avoid population stratification, the Hardy-Weinberg equilibrium assumption may not hold in some situations. Schaid and Sommer (5) proposed a maximum likelihood based CPG (Conditional on Parental Genotype) method to estimate the risk ratio without using the Hardy-Weinberg equilibrium assumption. Knapp et al. (6) showed how to estimate the relative risks based on the CPG method without using iterative algorithms. 

Khoury (7) and Flanders and Khoury (8) proposed noniterative methods to estimate the risk ratio. Both methods provide approximate unbiased estimates. Here we propose another simple noniterative method to estimate the risk ratio. The variance of the new estimator is generally smaller than those obtained using Khoury's method and Flanders and Khoury's method, and is slightly larger than  that obtained with the CPG method. We also give a simple formula to estimate the variance of the new estimator. The simplicity of the new estimator and its variance makes the new method appealing. 

When genotypic information from only one parent is available, Schaid and Sommer (5) proposed an estimation method for the risk ratio assuming both  Hardy-Weinberg equilibrium and random mating. Flanders and Khoury (8) proposed another method that only assumed random mating. The method we propose here requires neither of these two assumptions and is thus applicable to more general situations. 

The organization of this paper is as follows. First, we describe the case-parental control design and present a new  4 by 4 table that summarizes relevant data by distinguishing the paternal and maternal alleles for case  subjects  and the hypothetical control subjects formed by the two nontransmitted parental alleles. Second, we calculate the probabilities for the 16 cells. Third, we present Khoury's method (K), Flanders and Khoury's method (FK), and the CPG method of Schaid and Sommer in terms of the 16 cells. Fourth, we present the new estimation method and the variance of the new estimator. Finally, we compare the new method with the other three methods using Monte-Carlo simulations.

The Case-Parental Control Design
In the case-parental control design, case subjects are randomly sampled from  all new case subjects in the population, and both the case subjects and their parents are genotyped at the candidate locus. Relevant data thus consist of the genotypes of case subjects and their parents. To facilitate analysis, we summarize  the  data using a new 4 by 4 table (table 1) formed by the genotypes of case subjects and the genotypes of hypothetical control subjects carrying the nontransmitted parental alleles. In this table, we distinguish between paternal and maternal alleles: the first allele is the paternal allele, and the second allele is the maternal allele. We also use the following notation: NN=0, NM=1, MN=1', and MM=2, with the numbers corresponding to the number of susceptible alleles “M” a genotype has. Let Fij be the number of case subjects in cell (i, j). The genotypes of parents are completely determined in each cell and are given in brackets. The first genotype in each set of parentheses is the father's genotype,  and the second the mother's genotype. The first allele in each parental genotype is the transmitted allele, and the second allele the nontransmitted allele. All the estimating methods are based on this table.

Calculation of cell probabilities

First let us calculate the cell probabilities for table 1. We do not assume Hardy-Weinberg equilibrium, nor do we assume random mating. There are a total of nine mating types in the parental generation that can be identified by distinguishing paternal and maternal genotypes: (NN, NN), (NN, MN), (NN, MM), (MN, NN), (MN, MN),(MN, MM),(MM, NN), (MM,MN), and (MM, MM). As above we denote NN=0, MN=1, and MM=2 corresponding to the number of mutant alleles in the genotype. Let qij be the probability of mating type (i, j) in the parental generation. Let pi be the risk of the disease among people with genotype i. Then it is possible to calculate the cell probabilities in table 1 conditional on the case subjects being affected. Table 2 gives the cell probabilities corresponding to table 1 multiplied by P(D), the overall risk of the disease in the general population. The risk ratio for individuals having genotype “MN” versus those having “NN” is defined as 

1 = p1/ p0 and the risk ratio for individuals having genotype “MM” versus those having “NN” is defined as 

2 = p2/p0. We also define 

-1 = p1/p2. The objective of this study is to obtain accurate noniterative methods for estimating

1 and 

2.

The K, FK and CPG Methods
To simplify the presentation, we define the following variables. 

 




 






All the estimation methods depend on these seven variables. 

Khoury's (K) estimator for 

1 and 

2 is given by









By comparing table 1 above with  table 1 in Flanders and Khoury (8), we calculate Flanders and Khoury's (FK) estimator as:




Note here that the estimator of 

2  is the same as that given by Khoury (7). Flanders and Khoury (8) also proposed a modified method to estimate 

2  in which 

-1 = p1/p2 can be estimated in a similar manner as 

1:









and then 

2 can be estimated by 

1 /

-1. 

Similarly, by comparing table 1 above with table 1 in Schaid and Sommer (5), the log-likelihood function to be maximized is given by










The maximum point of this log-likelihood function yields the CPG estimator. We use the approach of Knapp et al. (6) to calculate the CPG estimator. 

The New Estimation Method

When the number of case subjects is large, table 1 approximately equals a constant times table 2. From tables 1 and 2, we obtain one approximate unbiased estimator for 

-1 and

1 similar to that of the K method based on 

and 

.




We can also obtain another approximate unbiased  estimator for 

-1 and

1 based on 

and 





Now we have two estimators for both 

-1 and 

1. The weighted average of 

with weight

and

 with weight  

 gives our estimator 

. Similarly, the weighted average of  

with weight 

and 

with weight 

 gives  our estimator 

. The final estimator is




Finally, we estimate 

 by

. From table 2, it can be  shown that the above estimator is an approximate unbiased estimator of the risk ratio. 

We note that Flanders and Khoury's estimator of 

-1 can  be regarded as a weighted average of   

 with weight

 and  

 with weight 

 Similarly, their estimator of 

1 is the weighted average of  

 with weight 

 and 

with weight 


Next we treat 

 as a multinomial random vector. Using the delta-method, the variance of the logarithm of 

 and   

  can be approximated by







The variance of the logarithm of   

 can be approximated by




As in (2) and (8), we can approximate the confidence limits of the risk ratio by treating the logarithm  of the estimated risk ratio as though it is normally distributed. 

Only one parental genotype is known

Sometimes genotypic information from only one parent is available. We summarize the relevant data as in table 3 where Aij is the number of genotype i  case subjects  whose available parent has genotype j.  We define the following estimator  of 

 and 

 respectively. 








Then 



 EMBED Equation.2  
is estimated by 

. It can be shown that the estimator is an  approximate unbiased estimator of the corresponding risk ratio when (qij)  are symmetric. It is also an approximate unbiased estimator of the corresponding risk ratio if  father or mother is missing with equal probability 1/2.  

Using delta-method, the variance of the logarithm of the estimated risk ratio is given by 










When (

) are not symmetric, 

 and

  given above are not approximate unbiased estimator of 

 and 

. Next we give another estimation method that is unbiased even if 

 are not symmetric. Let P and M  be the numbers of available fathers and mothers, respectively. Let 

 be the number of genotype i case subjects whose father (mother) has  genotype j. Define




The new estimator is given as above by replacing 

with 

.

From table 1 we can obtain the number of fathers and mothers with genotypes 0, 1, and 2 given the genotypes of case subjects as shown in table 4 (AB). From table 2, the corresponding cell probabilities multiplied by P(D) for table 5 (AB) can be obtained as given in table 5 (AB). From tables 4 and 5, we can easily calculate the expected values of 

. Substitution of the expected values of 

 into the expression for the estimated risk ratio shows approximate unbiasedness. We assume that the availability of the maternal genotype is independent of the individual genotype, as is the availability of paternal genotype. The variance of this estimator is much more complicated and is omitted from the paper. Interested readers can request the exact formula from the first author.   

Comparisons of the Estimation Methods
Next we use  Monte-Carlo simulations to compare the four estimation methods: the CPG method of Schaid and Sommer (5), Khoury's method (7), Flanders and Khoury's method (8), and the new method. Under Hardy-Weinberg equilibrium and random mating, the nine mating probabilities are determined by a single parameter, f, the prevalence of allele “N” in the parental population. The following equations hold under the assumption of  Hardy-Weinberg equilibrium and random mating. 




To simplify the presentation, we assumed Hardy-Weinberg equilibrium and random mating in the parental population in our simulations although our results should hold even if these conditions are not present. We also fixed the three risks 

,

, and 

 for individuals harboring genotypes 0, 1, and 2, respectively. For all the four estimators to be  meaningful, none of the 

should equal  zero.  We chose the number of case subjects such that the minimum expected value of 

 is about 10 for given f, prevalence of allele “N” in the general population, and for given risks 

,

, and 

. For that number of case subjects, we ran the simulations 10,000 times and  recorded the estimated risk ratios calculated by each of the four methods. We calculated the average  of the estimated  risk ratios and the square root  of the average squared differences of the estimated risk ratios  from the true risk ratio for each method. Table 6  gives the averages of the estimated risk ratios from 10,000 simulations using Khoury's method (K), Flanders and Khoury's method (FK), the new method (N),  and the CPG method.  Table  7 gives the square roots  of the average squared differences of the estimated risk ratios from the true risk

ratio. In both table 6 and table 7, we let

 and f = 0.2, 0.5, 0.8.

 Simulation results

In these simulations, the average number of cases was 550, 480, and 6400 for f = 0.2, 0.5 and 0.8, respectively.  Some general patterns emerge from our simulation results (tables 6 and 7) although they may not hold for all parameters. As seen in table 6, all simulations yield  risk ratios that are close to the true value on average, although all averages are slightly above the true value with these  sample sizes and the N and CPG are the closest. The variances of the four estimators are in the order of 

. The variance of the new estimator is only slightly larger than that of the CPG method. We also simulated the process using other parameters (data not shown).  The patterns are similar. 

We also calculated the variance and  the lower and upper confidence limits of the logarithm of the  estimated risk ratio. We used 

 and  f = 0.2 in these simulations. The histograms of 

 and

 are given in figure 1(ab). The real simulated variances of  

and  

are 0.026 and 0.039 respectively. From the two figures, we see that the estimated variances of 

 and

 using our formulas center around the true variances. The histograms for the upper  10% confidence limits of 

 and 

  using the proposed approach are  given in figure 2(ab). The real  values of the upper 10% confidence limits of  

and  

are 1.67 and 2.65 respectively.  Thus the estimated confidence limits also center around the true values. In the simulations 



 EMBED Equation.2  
 and 



 EMBED Equation.2  
 From the simulated data, we see that in  94.8% of the simulations, the estimated upper 10% confidence limits of  

are greater than its true value.  Similarly, in 95.2% of the simulations, the estimated upper  10% confidence limits of  

 are greater than its true value. 

Discussion

In this paper, we propose a new simple noniterative method for estimating the risk ratio in studies using case-parental control design. The new estimation method has several important features. First, it is an approximate unbiased estimator of the  risk ratio. Second, the variance of the new estimator is smaller than that of Khoury's estimator and Flanders and Khoury's estimator, and  roughly the same as that of the maximum likelihood based method of Schaid and Sommer. Third, there exists a simple  approximate formula for the variance of the logarithm of the estimated risk ratio. The simplicity of the new estimator and its variance makes the new method appealing. 

When information from only one parent is available, we propose a method to estimate the risk ratio without assuming Hardy-Weinberg equilibrium and random mating, thus relaxing the conditions in earlier studies (5, 7). Therefore the new method is applicable to more general situations.       
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Table 1.  Case-parental control design by transmitted and nontransmitted genotypes distinguishing paternal and maternal alleles. 

	
	
	CONTROL
	
	

	CASE
	NN(0)
	NM(1)
	MN(1’)
	MM(2)

	NN(0)
	


	


	


	



	NM(1)
	


	


	


	



	MN(1’)
	


	


	


	



	MM(2)
	


	


	


	




Table 2. Cell probabilities multiplied by P(D) corresponding to table 1.

	
	
	CONTROL
	
	

	CASE
	NN(0)
	NM(1)
	MN(1’)
	MM(2)

	NN(0)
	


	


	


	



	NM(1)
	


	


	


	



	MN(1’)
	


	


	


	



	MM(2)
	


	


	


	




 Table 3. Case-parental control design  when only one parental genotype is available. 

	CASE
	PARENTAL GENOTYPE

	GENOTYPE
	NN(0)
	NM(1)
	MM(2)

	NN(0)
	


	


	0

	NM(1)
	


	


	



	MM(2)
	0
	


	




Table 4. Case-parental control design  when only one parental genotype is available. 

A. When only father is available

	CASE
	PARENTAL GENOTYPE

	GENOTYPE
	NN(0)
	NM(1)
	MM(2)

	NN(0)
	


	


	0

	NM(1)
	


	


	



	MM(2)
	0
	


	




B. When only mother is available

	CASE
	PARENTAL GENOTYPE

	GENOTYPE
	NN(0)
	NM(1)
	MM(2)

	NN(0)
	


	


	0

	NM(1)
	


	


	



	MM(2)
	0
	


	




Table 5. Cell probabilities multiplied by P(D) corresponding to table 6. 

A. When only father is available

	CASE
	PARENTAL GENOTYPE

	GENOTYPE
	NN(0)
	NM(1)
	MM(2)

	NN(0)
	


	


	0

	NM(1)
	


	


	



	MM(2)
	0
	


	




B. When only mother is available

	CASE
	PARENTAL GENOTYPE

	GENOTYPE
	NN(0)
	NM(1)
	MM(2)

	NN(0)
	


	


	0

	NM(1)
	


	


	



	MM(2)
	0
	


	




Table 6. The average estimated risk ratios through 10,000 simulations using Khoury's method (K), Flanders and Khoury's method (FK), the new method (N),  and the CPG method (CPG).

 and 

. f, allele frequency of N.    

	



 EMBED Equation.2  

	


	



	f
	K
	FK
	N
	CPG
	K
	FK
	N
	CPG

	0.2
	4.56
	4.23
	4.10
	4.09
	10.29
	10.59
	10.25
	10.25

	0.5
	4.56
	4.27
	4.25
	4.23
	11.35
	10.74
	10.68
	10.64

	0.8
	4.12
	4.10
	4.10
	4.09
	11.22
	10.45
	10.32
	10.30


 Table 7. The square roots  of the average squared differences of estimated risk ratios with the true risk ratio through 10,000 simulations. 

 and 

. The notation is the same as in table 4. 

	


	


	



	f
	K
	FK
	N
	CPG
	K
	FK
	N
	CPG

	0.2
	2.22
	1.13
	0.67
	0.65
	1.83
	2.85
	1.66
	1.62

	0.5
	2.31
	1.27
	1.21
	1.15
	5.38
	3.39
	3.11
	3.01

	0.8
	0.78
	0.71
	0.71
	0.68
	5.13
	2.55
	2.11
	2.10


Figure Legends

Figure 1.  The histograms for the estimated variances of  a) 

 and b) 

. 

, 

 and f  =  0.2. The real variances are  a) 0.026 and b) 0.039 respectively. 

Figure 2.   The histograms for the estimated upper 10% confidence limits for  

a) 

and b) 

.  

, 

and f = 0.2. The real upper  10% confidence limits are a) 1.67 and b) 2.65 respectively. 
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