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On Missing Data and Interactions

in SNP Association Studies
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Missing Data - Approaches

• P&' $#6% 3#$$#> ,++"#,3& N#" Q',H*>K )*%& $*66*>K Q,%, *6 %# #$*% %&' #16'"R
S,%*#>6 %&,% &,S' $*66*>K "'3#"Q6 *> %&' $#Q'HT6 3#S,"*,%'6U P&*6 ,++"#,3& 3,>

&,S' 6'S'",H 6&#"%3#$*>K6. *>3H0Q*>KV

−→ W#66 #N +#)'"U

−→ G*,6 *> %&' +,",$'%'" '6%*$,%'6U

E K##Q "'N'"'>3' #> %&*6 %#+*3 *6 X"''>H,>Q ,>Q !*>LH' Y7ZZ<[U

• /#$' #%&'" 06'Q ,++"#,3&'6 ,"'V
−→ P# *$+0%' , S,H0' N"#$ %&' $,"K*>,H Q*6%"*10%*#> #N %&' 3#S,"*,%'U

−→ P# 3"',%' ,> '\%", H'S'H *>Q*3,%*>K missingness. *N %&' 3#S,"*,%' *6 , N,3%#"U

P&'6' 3&#*3'6 %'>Q %# 1' >#% 6# K"',% '*%&'"U

D'N'"'>3'V X"''>H,>Q / ,>Q !*>LH' ]M Y7ZZ<[U E F"*%*3,H W##L ,% ^'%&#Q6 N#" O,>QH*>K ^*66*>K F#S,"*,%'6 . . .U Am J of Epidemiol.
7;9Y79[V 79<<R_;U

Missing Data - Approaches

• ^0H%*+H' *$+0%,%*#> 3,> 1' 06'Q %# Q",) S,H*Q 6%,%*6%*3,H *>N'"'>3' N"#$ Q,%,

)*%& $*66*>K S,H0'6 )&'> %&' Q,%, ,"' $*66*>K ,% ",>Q#$ YW*%%H' ,>Q D01*>

7Z?@. /3&,N'" 7ZZ@[U

→ J> '66'>3'. $0H%*+H' *$+0%,%*#> ,3L>#)H'QK'6 %&' 0>3'"%,*>%` Q0' %# $*66*>K

Q,%,. *>6%',Q #N 6*$+H` *K>#"*>K *%V 6'S'",H 3#$+H'%' Q,%, 6'%6 ,"' K'>'",%'Q.

,>Q %&' 0>3'"%,*>%` *> %&' $#Q'H +,",$'%'" '6%*$,%'6 *>3#"+#",%'6 %&' 6%,>R

Q,"Q '""#"6 #N %&' +,",$'%'" '6%*$,%'6 ,6 )'HH ,6 %&' S,"*,1*H*%` 1'%)''> %&'

+,",$'%'" '6%*$,%'6 N"#$ %&' "'+H*3,%' Q,%, 6'%6U

→ ]&*H' %&' &`+#%&'6*6 #N $*66*>K ,% ",>Q#$ 3,>>#% N#"$,HH` 1' %'6%'Q. *% *6

, H#% H'66 6%"*>K'>% %&,> %&' "'a0*"'$'>% #N $*66*>K 3#$+H'%'H` ,% ",>Q#$.

)&*3& *6 %&' 0>Q'"H`*>K ,660$+%*#> $,Q' )&'> #16'"S,%*#>6 ,"' #$*%%'QU

D'N'"'>3'6V

• W*%%H' D=. D01*> MG Y7Z?@[U /%,%*6%*3,H E>,H`6*6 )*%& ^*66*>K M,%,U John Wiley Sons. 4') b#"LU

• /3&,N'" =W Y7ZZ@[U E>,H`6*6 #N J>3#$+H'%' ^0H%*S,"*,%' M,%,U Chapman & HallU

Not Missing at Random

!"#$ %&' ()&*%' +,+'"-. http://www.affymetrix.com/support/technical/product updates/brlmm algorithm.affx
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Multiple Imputation
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Multiple Imputation
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Example 1

40$1'" #N 5,*"6 cQQ6 D,%*# F#>!Q'>3' J>%'"S,H

d5M W`6@<7XH>

#"*K*>,H Q,%, 6'% 989 7UZ8 Y 7U98 e :U88 [

$0H%*+H' *$+0%,%*#>6 :97 7U;< Y 7U88 e 9U78 [

d5M XH>@<7XH>

#"*K*>,H Q,%, 6'% 989 9U7? Y 7U8? e ;U;8 [

$0H%*+H' *$+0%,%*#>6 :97 7U:7 Y 8U@; e 9U:; [

5#6*%*S' !,$*H` O*6%#"`

#"*K*>,H Q,%, 6'% 989 9U<: Y 7U;: e ;U<8 [

$0H%*+H' *$+0%,%*#>6 :97 9U<: Y 7U<? e ;U8: [

Example 1

!,$*H` O*6%#"` >#% 3#$+H'%' !,$*H` O*6%#"` 3#$+H'%'

EE EF FF >, EE EF FF >,

",) >0$1'"6

3,6' ;: <; < < _7 797 9< @

3#>%"#H :< <@ 79 : Z8 789 99 8

+'"3'>%,K'6

3,6' ;8U9 <8U< ;U@ ;U@ 9?U< <_U< 77U@ :U:

3#>%"#H :9U@ <:U: 77U9 9U? ;9U7 ;@U@ 78U: 8U8

D'N'"'>3'V

G"')6%'" E^ '% ,H Y988_[U 5#H`$#"+&*6$6 #N %&' M4E D'+,*" X'>'6 d5M YW`6@<7XH>[ . . . Breast Cancer Res Treat. Z<Y7[V @:R?8U
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P&' $*66*>K Q,%, )'"' *$+0%'Q 06*>K Q'3*6*#> %"''6U J> , $*>0%' . . .

Example 2
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Unpublished data.



Multiple Imputation

]' H##L'Q *>%# %)# ,++"#,3&'6V

7U O,+H#%`+'R1,6'Q *$+0%,%*#>

→ P&' *Q', &'"' *6 %# "'3#>6%"03% %&' &,+H#%`+'6 YN#" '\,$+H' S*, %&' B^ ,HR

K#"*%&$[. ,>Q *$+0%' %&' $*66*>K S,H0'6 N"#$ %&' '6%*$,%'Q &,+H#%`+' N"'R

a0'>3*'6U

9U P"''R1,6'Q *$+0%,%*#>

→ P&' *Q', &'"' *6 %# 06' Q'3*6*#> %"''6 %# *$+0%' %&' K'>#%`+' Q,%,. 1#""#)R

*>K *>N#"$,%*#> N"#$ >'*K&1#"*>K /456 ,>Q #%&'" S,"*,1H'6U

D'N'"'>3'V M,* = '% ,H Y988_[U E F#$+,"*6#> #N O,+H#%`+'R1,6'Q ,>Q P"''R1,6'Q /45 J$+0%,%*#> . . . Genet Epidemiol. :8Y?[V _Z8R@89U

Tree-based Imputation

EE PP EE

PP EP

/45 7@

/45 9< 6$#L'

/45 _

EE EP.PP

FP.PP FF `'6 >#

XX XP.PP

−→ FH,66*!3,%*#> %"''6 ,"' K"',% N#" 3,%'K#"*3,H Q,%,g

Tree-based Imputation

/+'3*!3,HH .̀ )' 3#>6*Q'" *%'",%*S'H` 6,$+H*>K N"#$ %&' N#HH#)*>K 6'a0'>3' #N %&' N0HH

3#>Q*%*#>,H Q*6%"*10%*#>6 *> %&' (n + 1)%& *%'",%*#>V

M (n+1)
1 ∼ 5"(M1|M (n)

2 , M (n)
3 , . . . , M (n)

p , C, D)

M (n+1)
2 ∼ 5"(M2|M (n+1)

1 , M (n)
3 , . . . ,M (n)

p , C, D)
UUU

M (n+1)
p ∼ 5"(Mp|M (n+1)

1 , M (n+1)
2 , . . . ,M (n+1)

p−1 , C, D).

)&'"' ',3& N0HH 3#>Q*%*#>,H Q*6%"*10%*#> *6 $#Q'H'Q 1` FEDPU

→ E 3#>S'>*'>% +"#+'"%` #N 60""#K,%' 6+H*%6 *> FEDP *6 %&,% )' Q# >#% &,S' %#

K0'66 %&' *>*%*,H S,H0'6 #N %&' $*66*>K Q,%, *> MU E6 , "'60H% #>H` , S'"` 6&#"%

10">R*> #N %&' ,1#S' 6,$+H'" *6 "'a0*"'QU

Simulation (an example)
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Take Home Message

◦ M# 6#$'%&*>K ,1#0% %&' $*66*>K Q,%,g
−→ P&'` 3,> *>%"#Q03' 1*,6. ,>Q "'Q03' %&' +#)'" *> %&' ,>,H`6*6U

◦ c>H` 06*>K %&' $,"K*>,H Q*6%"*10%*#>6 N#" *$+0%,%*#> Q#'6>T% 3#0>%g

◦ O,+H#%`+' 1,6'Q *$+0%,%*#> 6H*K&%H` 1',%6 %&' %"'' 1,6'Q *$+0%,%*#> *N %&' K'>#R
%`+' h +&'>#%`+' "'H,%*#>6&*+ *6 1'6% Q'63"*1'Q 1` &,+H#%`+'6. ,>Q `#0 &,S' N')

#" ># '>S*"#>$'>%,H S,"*,1H'6U

◦ P"'' 1,6'Q *$+0%,%*#> *6 N,6%. ,33'+%6 $,>` '>S*"#>$'>%,H S,"*,1H'6. ,>Q Q#'6
"'$,"L,1H` )'HH K*S'> *%6 6*$+H*3*% Ù

◦ EH),`6 %,L' %&' "'6+#>6' S,"*,1H' *>%# ,33#0>%g

Detecting SNP-SNP Interactions



Overview

^,>` 6%,%*6%*3,H ,++"#,3&'6 &,S' 1''> 06'Q *> %&' H*%'",%0"' N#" %&' ,>,H`6*6 #N

/45R/45 #" /45R'>S*"#>$'>% *>%'",3%*#>6V

• W#K*6%*3 D'K"'66*#> )*%& O*K&'" c"Q'" J>%'",3%*#>6
• ^0H%*N,3%#" M*$'>6*#>,H*%` D'Q03%*#> Y^MD[
• FH,66*!3,%*#> ,>Q D'K"'66*#> P"''6 YFEDP[
• D,>Q#$ !#"'6%6

• G##6%*>K
• ^0H%*S,"*,%' EQ,+%*S' D'K"'66*#> /+H*>'6 Y^ED/[
• 4'0",H 4'%)#"L6
• W#K*3 YG##H',>[ D'K"'66*#> ,>Q ^#>%' F,"H# W#K*3 D'K"'66*#>

D'N'"'>3'6V

• O'*Q'$, EX '% ,H Y988_[U P&' F&,HH'>K' N#" X'>'%*3 B+*Q'$*#H#K*6%6V O#) %# E>,H`I' W,"K' 40$1'"6UUU BMC Genetics @V 9:U

• ^3m*>>'` GE '% ,H Y988_[U ^,3&*>' W',">*>K N#" M'%'3%*>K X'>'RX'>' J>%'",3%*#>6V E D'S*')U Applied Bioinformatics 5(2): 77-88.

• ^06,>* /m '% ,H Y988@[U M'%'3%*#> #N X'>' \ X'>' J>%'",3%*#>6 *> X'>#$'R]*Q' E66#3*,%*#> /%0Q*'6 #NUUU Hum Hered _:Y9[V _@R?;U

Biological and Statistical Interactions

,,

E,

EE

GG G1 11

Y/45A M ∧ /45B D[ ∨ Y/45B M ∧ /45A D[

−→ /%,%6*%*3,H *>%'",3%*#>V

M'S*,%*#> N"#$ ,QQ*%*S*%` *> , H*>'," 6%,%*6%*3,H $#Q'HU

−→ B+*6%,6*6V

^,6L*>K #N +&'>#%`+' '\+"'66'Q 1` #>' K'>' 1` %&' 'NN'3%6 #N ,>#%&'" K'>'U

D'N'"'>3'V ^##"' =O Y988<[U E XH#1,H n*') #N B+*6%,6*6U Nature Genetics. :@V 7:R;U

Interactions

iW03'L ,>Q c%%k

“Current methods for analyzing complex traits include analyzing and localizing dis-
ease loci one at a time. However, complex traits can be caused by the interaction
of many loci, each with varying effect.”

“. . . patterns of interactions between several loci, for example, disease phenotype
caused by locus A and locus B, or A but not B, or A and (B or C), clearly make
identification of the involved loci more difficult. While the simultaneous analysis of
every single two-way pair of markers can be feasible, it becomes overwhelmingly
computationally burdensome to analyze all 3-way, 4-way to N -way ’and’ patterns,
’or’ patterns, and combinations of loci.”

D'N'"'>3'V W03'L 5D. c%% = Y7ZZ@[U 4'0",H 4'%)#"L E>,H`6*6 #N F#$+H'\ P",*%6U Genetic Epidemiology 7;Y_[V7787R_U

Logic Regression

• d7, . . . ,dL ,"' 8h7 Y!,H6'hP"0'[ +"'Q*3%#"6U

• b *6 , "'6+#>6' S,"*,1H'U

• !*% , $#Q'H
KYBYb[[ = 18 +

%∑
2l7

12 · W 2,

)&'"' W 2 *6 , G##H',> 3#$1*>,%*#> #N %&' 3#S,"*,%'6. 'UKU W 2 l Yd7∨ d9[∧ d3;U

• M'%'"$*>' %&' H#K*3 %'"$6 W 2 ,>Q '6%*$,%' %&' 12 6*$0H%,>'#06H Ù

• /456 ,"' 3#Q'Q ,6 Q#$*>,>% ,>Q "'3'66*S'V

/45 d dUD dUM

EE 8 8

EP 8 7

PP 7 7

D'N'"'>3'V

D03I*>6L* J. m##+'"1'"K F. W'GH,>3 ^ Y988:[U W#K*3 D'K"'66*#>U Journal of Computational and Graphical Statistics. 79Y:[V ;@<R<77U

The Move Set for Logic Regression
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Simulated Annealing for Logic Regression

]' %"` %# !% %&' $#Q'H KYBYb[[ = 18 +
∑%

2l7 12 · W 2.

• /'H'3% , 63#"*>K N0>3%*#> YD//. H#KRH*L'H*&##Q. . . .[U

• 5*3L %&' $,\*$0$ >0$1'" #N W#K*3 P"''6U

• 5*3L %&' $,\*$0$ >0$1'" #N H',S'6 *> , %"''U

• J>*%*,H*I' %&' $#Q'H )*%& W 2 l 8 N#" ,HH 2U

• F,""` #0% %&' /*$0H,%'Q E>>',H*>K EHK#"*%&$V
→ 5"#+#6' , $#S'U

→ E33'+% #" "'2'3% %&' $#S'. Q'+'>Q*>K #> %&' 63#"'6 ,>Q %&' %'$+'",%0"'U



Growing Logic Models
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Model Selection

]' *$+H'$'>%'Q %)# ",S#"6 N#" %&' "'a0*"'Q $#Q'H 6'H'3%*#>U G#%& ,++"#,3&'6

"'a0*"' , Q'!>*%*#> #N $#Q'H 6*I'U

• F"#66RS,H*Q,%*#>V
P&*6 *6 $#6% ,++H*3,1H' )&'> +"'Q*3%*#> *6 %&' $,*> #12'3%*S'. *U 'U >#% >'3'66,"*H` %&' 1'6% #+%*#> *> /45

,66#3*,%*#> 6%0Q*'6U

• 5'"$0%,%*#> %'6%6V
P&*6 *6 , %'6% N#" ,66#3*,%*#>. *U 'U %&' +"'N'""'Q %'6% *> /45 ,66#3*,%*#> 6%0Q*'6U P&' $#Q'H 6*I' *6 3&#6'>

S*, , 6'a0'>3' #N &`+#%&'6*6 %'6%6U
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D03I*>6L* J. m##+'"1'"K F. W'GH,>3 ^ Y988:[U W#K*3 D'K"'66*#>U Journal of Computational and Graphical Statistics. 79Y:[V ;@<R<77U

Genetic Analysis Workshop GAW 12
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Monte Carlo Logic Regression

• X#,HV *Q'>%*N` ,HH $#Q'H6 ,>Q 3#$1*>,%*#>6 #N 3#S,"*,%'6 %&,% ,"' +#%'>%*,HH`
,66#3*,%'Q )*%& %&' #0%3#$'U

• C6' "'S'"6*1H' 20$+6 %# *$+H'$'>% ,> ^F^F ,HK#"*%&$ )*%& +"*#"6 #> $#Q'H6

,>Q $#Q'H 6*I'U

• P&' +"*#" #> $#Q'H 6*I' Q#'6 *>"0'>3' %&' %#%,H >0$1'" #N /456 6'H'3%'QU

• P&' +"*#" #> $#Q'H 6*I' &,6 S*"%0,HH` ># *>"0'>3' #> %&' "'H,%*S' #"Q'"*>K #N %&'
/456 #" 3#$1*>,%*#>6 %&'"'#NU

D'N'"'>3'V

m##+'"1'"K F. D03I*>6L* J Y988<[U JQ'>%*N`*>K J>%'",3%*>K /456 06*>K ^#>%' F,"H# W#K*3 D'K"'66*#>. Genetic Epidemiol.. 9?Y9[V 7<@R@8U

Monte Carlo Logic Regression
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