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• Disease status is denoted as D with levels 
d=0, 1, indicating the presence and
absence of disease, respectively. 

• The true genotype is denoted as G with 
levels g=0, 1, 2, where G=g means that the 
individual carries g copies of the high-risk
candidate allele. 

• The true environmental exposure is 
denoted as E with levels e=0, 1 where 1 
i n d i c a t e s  p r e s e n t  a n d  0  a b s e n t . 
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• Assuming binary environmental exposure 
is only for the purpose of simplicity in 
presentation. All results shown in this work 
can be extended to any environmental 
exposure with finite number of levels. 

• We further assume that misclassification is 
only present in data obtained on the 
genotype and environmental exposure, and 
that the disease status is correctly
classified.
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• T h e  m i s c l a s s i f i e d  g e n o t y p e  a n d 
environmental exposure are represented
by       and     , respectively. 

• Final ly,  we let S denote a general 
stratification variable so that model (1) 
described subsequently is valid. S has 
values s=1,…,K, representing K strata.

G′ E′



5

The two important conditions used in this paper 
are:
Condition (1):Among the controls, an individual’s 

true environmental exposure is independent of 
his/her value of stratification variable when the
true genotype is given,

and
Condition (2): Among the controls, an individual’s 

true genotype is independent his/her true 
environmental exposure at given value of 
the stratification variable,

( )
( ) ( )

Pr , | , 0

Pr | , 0 Pr | , 0 ,
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= = = =
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• We postulate the following general risk
model:

• For identifiability, we define      ,     , and 
to be zeroes so that s=1, g=0, and e=0 
represent the referent subpopulation, 
genotype and environmental exposure,
respectively.

• in model (1) represents subpopulation-
specific intercept parameter to account for 
potential heterogeneity in disease risk
between different strata.

( )logit Pr 1| , ,      (1)s g gD G g E e S s e eμ α β γ δ′ ′= = = = = + + + +

1α′ 0β

,

0δ

sα′
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Under Population Stratification
if one ignores population stratification then 
the prospective model for relating disease 
r i s k ,  geno type ,  and  env i ronmen ta l
exposure becomes: 

where 

( )
( ) ( ) ( )* * *

logit Pr 1| ,

,         (3)g g g g

D G g E e

e eξ β β γ γ δ δ

= = =

= + + + + + +

( ) ( ) ( ){ }* log Pr 0 Pr 1D Dξ μ μ= + + = =
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• The values of these new parameters
represent the bias levels under population 
stratification in case-control studies. In case-
only studies, the bias levels cased by
population stratification are represented by     . 

• According to their definitions, the bias levels 
depend on the control (G,E) frequencies 
across subpopulations, sampling proportions

of subpopulation s in cases (d=1)
and controls (d=0), and subpopulation-
specific intercepts      . 

( )* * *, ,g gβ γ δ

*
gδ

( )*P |S s D d= =

sα
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Result 1:
• Suppose that model (1) and Condition (1)

are both true, then                    ; that is, in 
case-control studies using only (G,E) data, 
the estimated interactions and main effect of 
the environmental exposure will be unbiased. 

• Consequently, regular tests of multiplicative 
interactions or main effect of E will be valid 
even  when  t he re  ex i t s  popu la t i on
stratification.

* * *
1 2 0δ δ γ= = =
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Result 2:
If Conditions in Result 1 and (G,S)-E
independence in the controls are satisfied, 
then  test of G-E independence in the cases 
is a valid test of no interactions in case-only   
studies even when population stratification is
present.
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Misclassification
The misclassified genotype and environmental
exposure are represented by      and     , 
respectively.

Condition (3): The misclassified genotype
and environmental exposure       are 
conditionally independent, 

G′ E′

G′
E′

( )
( ) ( )

Pr , | , , ,

Pr ,| , , Pr | , , .

G g E e G g E e S s D d

G g G g S s D d E e E e S s D d

′ ′ ′ ′= = = = = =
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Result 3:
If gene-environmental interactions are not
present              in the true disease-risk 
model (1), and Conditions (2) and (3) are 
satisfied, then in fitting the following more
general disease-risk model 

the estimated gene-environment interactions 
are unbiased (since           ).

( 0)gδ =

( )
* * * * * * *

( , )

logit Pr 1| ' , ' ,

,g s g g s s

D G g E e S s

e e eθ β γ α δ ω τ

= = = =

= + + + + + +

* 0gδ =
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Consider the logit model:

Result 4: 
If disease-risk model (1) is satisfied, and 
Conditions (2) and (3) are satisfied, then test of  

conditional independence based on 
model (2) ( that is, test of             ) is a valid test 
of no gene-environment interactions in case-only
studies. 

( )logit Pr 1| , , 1      (2)s gE G g S s D γ τ δ′ ′ ′ ′ ′ ′= = = = = + +

-G E′ ′
0gδ ′ =
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Condition (4):

( )
( ) ( )

Pr , | , , 1

Pr ,| , 1 Pr | , 1 .

G g E e G g E e D

G g G g D E e E e D

′ ′ ′ ′= = = = =

′ ′ ′ ′= = = = × = = =
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Result 5:
If Conditions in Result 2 and (4) are satisfied, 
then test of no interactions in case-only 
studies is valid even when misclassification
is present.



Simulation Results

a.     The case sample size is               , and the control sample size is             . The empirical
type I error rates were computed based on 2000 replications. 

b.     The general population consists of two subpopulations.
c. q is the proportion of the diseased (nondiseased) individuals sampled from the first 

(second) subpopulation.
d.     t is the difference of allele frequencies in two subpopulations.
e.    The computation of type I error rates for                  is based on case data with size 150

(300).

1 150n = 2 150n =

 T2( 1
2

) (T2(1)) 

 

Table 1. Em pirical T ype I E rror R ates U nder Population Stratification a  

      Type I error e  Population 
Stratification ( )1 2, ,β β γ  q c  t d  T 1 T 2( 1

2
) T 2(1) 

N o ( 0 , 0 , 1 )   0.055 0.057  0.049  
Y es b  ( 0 , 0 , 1 ) 0.50 0.03  0.055 0.050  0.053  
   0.05  0.060 0.051  0.051  
   0.10  0.063 0.054  0.062  
  0.70 0.03  0.064 0.055  0.056  
   0.05  0.065 0.051  0.052  
   0.10  0.056 0.049  0.051  
  1.00 0.03  0.057 0.057  0.048  
   0.05  0.064 0.057  0.060  
      0.10  0.057 0.062  0.054  



Simulation Results

a.    The case sample size is               , and the control sample size is             . The empirical
type I error rates were computed based on 2000 replications. 

b.     The general population consists of two subpopulations.
c. q is the proportion of the diseased (nondiseased) individuals sampled from the first 

(second) subpopulation.
d.     t is the difference of allele frequencies in two subpopulations.
e.    The computation of type I error rates for                  is based on case data with size 150

(300).

1 150n = 2 150n =

 T2( 1
2

) (T2(1)) 

 

Table 1. Em pirical T ype I E rror R ates U nder Population S tratification a  

      T ype I error e  Population 
S tratification ( )1 2, ,β β γ  q c  t d  T 1 T 2( 1

2
) T 2(1) 

N o ( 1 , 2  , 1  )   0 .056 0.057  0.056  
Y es b  ( 1  , 2  , 1  ) 0 .50 0.03 0.053 0.056  0.048  
   0 .05 0.058 0.053  0.042  
   0 .10 0.058 0.049  0.052  
  0 .70 0.03 0.054 0.050  0.054  
   0 .05 0.060 0.046  0.049  
   0 .10 0.049 0.045  0.054  
  1 .00 0.03 0.063 0.051  0.052  
   0 .05 0.053 0.043  0.047  
   0 .10 0.049 0.060  0.052  



Simulation Results

a. The case sample size is               , and the control sample size is             . The empirical
powers were computed based on 2000 replications. 

b.     The general population consists of two subpopulations.
c. q is the proportion of the diseased (nondiseased) individuals sampled from the first 

(second) subpopulation.
d.     t is the difference of allele frequencies in two subpopulations.
e.    The computation of powers for                    is based on case data with size 150 (300).

1 150n = 2 150n =

 T2( 1
2

) (T2(1)) 

Table 2. Empirical Powers Under Population Stratification a  

   Power e  Population 
Stratification ( )1 2, ,β β γ  q c  t d  T1 T2( 1

2
) T2(1) 

No ( 0 , 0 , 1 )   0.848 0.950  1.000  
Yes b  ( 0 , 0 , 1 ) 0.50 0.03 0.850  0.945  1.000  
   0.05 0.821 0.919  1.000  
   0.10 0.806 0.904  0.998  
  0.70 0.03 0.843 0.943  0.999  
   0.05 0.823 0.928  0.998  
   0.10 0.831 0.928  0.998  
  1.00 0.03 0.849 0.952  1.000  
   0.05 0.842 0.955 0.999  
      0.10 0.831 0.958 0.999  
 



Simulation Results

a.     The case sample size is               , and the control sample size is             . The empirical
powers were computed based on 2000 replications. 

b.     The general population consists of two subpopulations.
c. q is the proportion of the diseased (nondiseased) individuals sampled from the first 

(second) subpopulation.
d.     t is the difference of allele frequencies in two subpopulations.
e.    The computation of powers for                    is based on case data with size 150 (300).

1 150n = 2 150n =

 T2( 1
2

) (T2(1)) 

Table 2. Empirical Powers Under Population Stratification a  

   Power e  Population 
Stratification ( )1 2, ,β β γ  q c  t d  T1 T2( 1

2
) T2(1) 

No ( 1 , 2 , 1 )   0.547 0.609  0.869  
Yes b  ( 1 , 2 , 1 ) 0.50 0.03 0.515 0.579  0.837  
   0.05 0.499 0.567  0.815  
   0.10 0.463 0.507  0.783  
  0.70 0.03 0.521 0.593  0.852  
   0.05 0.516 0.587  0.848  
   0.10 0.495 0.560  0.828  
  1.00 0.03 0.542 0.619  0.874  
   0.05 0.537 0.599  0.872  
   0.10 0.541 0.610  0.872  
 



Simulation Results

a.    The case sample size is               , and the control sample size is             . The empirical
type I error rates were computed based on 2000 replications. The general population
consists of two subpopulations.

b.     t is the difference of allele frequencies in two subpopulations.
c.         is the error rate for misclassifying environmental exposure.
d.       is the genotyping error rate.    
e.     The computation of type I error rates for                 is based on case data with size 150

(300).

1 150n = 2 150n =

 T2( 1
2

) (T2(1)) 

T a b l e  3 .  E m p i r i c a l  T y p e  I  E r r o r  U n d e r  M i s c l a s s i f i c a t i o n a    
T y p e  I  E r r o r e  ( )1 2, ,β β γ  t b  π c  ε d  T 2 ( 1

2
)  T 2 ( 1 )  T 3  

( 0 ,  0 ,  1 )  0 .0 5   0 .1 0   0 .0 0   0 .0 5 5   0 .0 4 9   0 .0 6 9   
   0 .0 1   0 .0 6 0   0 .0 5 2   0 .0 5 4   
   0 .0 3   0 .0 5 4   0 .0 5 0   0 .0 5 4   
   0 .0 5   0 .0 5 8   0 .0 5 4   0 .0 5 7   
  0 .2 0   0 .0 0   0 .0 5 9   0 .0 5 4   0 .0 6 3   
   0 .0 1   0 .0 5 0   0 .0 5 4   0 .0 5 7   
   0 .0 3   0 .0 5 5   0 .0 5 9   0 .0 5 9   
   0 .0 5   0 .0 4 8   0 .0 5 1   0 .0 6 1   
 0 .1 0   0 .1 0   0 .0 0   0 .0 5 1   0 .0 4 9   0 .0 5 3   
   0 .0 1   0 .0 5 3   0 .0 5 8   0 .0 6 2   
   0 .0 3   0 .0 5 3   0 .0 5 3   0 .0 6 6   
   0 .0 5   0 .0 5 7   0 .0 4 8   0 .0 6 4   
  0 .2 0   0 .0 0   0 .0 4 7   0 .0 5 2   0 .0 6 1   
   0 .0 1   0 .0 5 3   0 .0 5 0   0 .0 6 1   
   0 .0 3   0 .0 5 4   0 .0 5 7   0 .0 5 6   
   0 .0 5   0 .0 4 5   0 .0 5 7   0 .0 5 9   

 

π
ε



Simulation Results

a.    The case sample size is               , and the control sample size is             . The empirical
type I error rates were computed based on 2000 replications. The general population
consists of two subpopulations.

b.     t is the difference of allele frequencies in two subpopulations.
c.         is the error rate for misclassifying environmental exposure.
d.       is the genotyping error rate.    
e.     The computation of type I error rates for                 is based on case data with size 150

(300).

1 150n = 2 150n =

 T2( 1
2

) (T2(1)) 

π
ε

T a b l e  3 .  E m p i r i c a l  T y p e  I  E r r o r  U n d e r  M i s c l a s s i f i c a t i o n a    
T y p e  I  E r r o r e  ( )1 2, ,β β γ  t b  π c  ε d  T 2 ( 1

2
)  T 2 ( 1 )  T 3  

( 1 ,  2 ,  1 )  0 .0 5   0 .1 0   0 .0 0   0 .0 5 6   0 .0 4 8   0 .0 7 1   
   0 .0 1   0 .0 4 5   0 .0 5 3   0 .0 6 6   
   0 .0 3   0 .0 5 2   0 .0 4 6   0 .0 5 7   
   0 .0 5   0 .0 5 6   0 .0 4 6   0 .0 6 4   
  0 .2 0   0 .0 0   0 .0 4 6   0 .0 4 8   0 .0 5 2   
   0 .0 1   0 .0 5 9   0 .0 4 3   0 .0 6 1   
   0 .0 3   0 .0 5 9   0 .0 4 9   0 .0 6 2   
   0 .0 5   0 .0 5 9   0 .0 5 6   0 .0 6 5   
 0 .1 0   0 .1 0   0 .0 0   0 .0 5 3   0 .0 5 6   0 .0 5 7   
   0 .0 1   0 .0 5 9   0 .0 5 1   0 .0 6 7   
   0 .0 3   0 .0 5 3   0 .0 5 1   0 .0 6 1   
   0 .0 5   0 .0 5 1   0 .0 4 6   0 .0 6 5   
  0 .2 0   0 .0 0   0 .0 5 2   0 .0 5 6   0 .0 6 5   
   0 .0 1   0 .0 5 7   0 .0 4 6   0 .0 6 1   
   0 .0 3   0 .0 4 5   0 .0 5 0   0 .0 5 9   
      0 .0 5   0 .0 5 1   0 .0 5 0   0 .0 6 0   

 



Simulation Results

a.    The case sample size is               , and the control sample size is             . The empirical
powers were computed based on 2000 replications. The general population
consists of two subpopulations.

b.     t is the difference of allele frequencies in two subpopulations.
c.         is the error rate for misclassifying environmental exposure.
d.       is the genotyping error rate.    
e.   The computation of powers for                    is based on case data with size 150 (300).

1 150n = 2 150n =

 T2( 1
2

) (T2(1)) 

π
ε

T a b le  4 .  E m p ir ic a l  P o w e r s  U n d e r  M is c la s s i f ic a t io n a    
P o w e r e  ( )1 2, ,β β γ  t b  π c  ε d  T 2 ( 1

2
)  T 2 ( 1 )  T 3  

( 0 ,  0 ,  1 )  0 .0 5  0 .1 0  0 .0 0  0 .7 0 0  0 .9 4 5  0 .5 3 0  
   0 .0 1  0 .6 7 4  0 .9 3 0  0 .4 9 4  
   0 .0 3  0 .6 1 0  0 .8 9 1  0 .4 3 4  
   0 .0 5  0 .5 6 2  0 .8 4 4  0 .3 8 9  
  0 .2 0  0 .0 0  0 .4 1 4  0 .7 2 4  0 .2 9 2  
   0 .0 1  0 .3 9 3  0 .6 8 5  0 .2 7 5  
   0 .0 3  0 .3 5 6  0 .6 2 9  0 .2 4 7  
   0 .0 5  0 .3 0 8  0 .5 3 4  0 .2 1 2  
 0 .1 0  0 .1 0  0 .0 0  0 .6 4 0  0 .9 3 3  0 .4 8 1  
   0 .0 1  0 .6 1 9  0 .9 0 3  0 .4 5 8  
   0 .0 3  0 .5 7 9  0 .8 6 9  0 .4 2 0  
   0 .0 5  0 .4 9 7  0 .7 9 2  0 .3 4 8  
  0 .2 0  0 .0 0  0 .3 7 4  0 .6 5 6  0 .2 6 3  
   0 .0 1  0 .3 5 6  0 .6 1 9  0 .2 6 5  
   0 .0 3  0 .3 1 8  0 .5 7 2  0 .2 2 8  
   0 .0 5  0 .2 8 0  0 .5 1 5  0 .1 9 3  

 



Simulation Results

a.    The case sample size is               , and the control sample size is             . The empirical
powers were computed based on 2000 replications. The general population
consists of two subpopulations.

b.     t is the difference of allele frequencies in two subpopulations.
c.         is the error rate for misclassifying environmental exposure.
d.       is the genotyping error rate.    
e.   The computation of powers for                    is based on case data with size 150 (300).

1 150n = 2 150n =

 T2( 1
2

) (T2(1)) 

π
ε

T a b le  4 .  E m p ir ic a l  P o w e rs  U n d e r  M is c la s s i f ic a t io n a    
P o w e r e  ( )1 2, ,β β γ  t b  π c  ε d  T 2 ( 1

2
)  T 2 (1 )  T 3  

(1 ,  2 ,  1 )  0 .0 5  0 .1 0  0 .0 0  0 .3 0 1  0 .5 5 3  0 .2 7 4  
   0 .0 1  0 .2 8 7  0 .4 9 2  0 .2 4 9  
   0 .0 3  0 .2 4 0  0 .4 1 9  0 .2 0 3  
   0 .0 5  0 .1 9 8  0 .3 4 3  0 .1 5 5  
  0 .2 0  0 .0 0  0 .1 6 9  0 .2 9 8  0 .1 5 7  
   0 .0 1  0 .1 6 8  0 .2 8 3  0 .1 5 8  
   0 .0 3  0 .1 3 1  0 .2 3 5  0 .1 3 1  
   0 .0 5  0 .1 1 5  0 .1 8 1  0 .1 1 3  
 0 .1 0  0 .1 0  0 .0 0  0 .2 7 1  0 .4 7 5  0 .2 4 5  
   0 .0 1  0 .2 5 5  0 .4 1 8  0 .2 3 4  
   0 .0 3  0 .2 0 9  0 .3 2 9  0 .1 6 4  
   0 .0 5  0 .1 7 2  0 .2 9 3  0 .1 1 5  
  0 .2 0  0 .0 0  0 .1 7 9  0 .2 6 6  0 .1 5 9  
   0 .0 1  0 .1 5 0  0 .2 3 8  0 .1 3 2  
   0 .0 3  0 .1 2 8  0 .1 9 1  0 .1 2 5  
   0 .0 5  0 .1 0 8  0 .1 5 9  0 .0 9 5  

 


