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W e RolA B3A WY Aol 9 SNPES A4S ApdAnsl wEs e, Teu
GWAS7} 2418 SNPEo| ZHo] vl At 7o) 2717} ule A Qzte] Anaol tiat Aelol
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Ritchie 5 (2001)2 Alg-thZ AT (case-control study)E 7|¥rez AWy} A#Eo] J= F4
Zp-F AR e AES TEFH0Z Zopd £ Q= o2 OEAUE4A (multifactor dimension-
ality reduction; MDR) ¥-& Attt AA=E A3 § 7<4?<]-7]-«] AT AP A= BEY Fof
HS QAW B RA% £2 Astel BAFCR AR 2AFS T 5 B opet o}
T34 EAE 2871 = Wtk MDR uom o mELAd Yo Eagoﬂ 3 744 Qlo] Akt =2
o HlES 7IELr A #AY °
risk) 3 A9 (low risk) 02 EF3Fe] o3 (binary) 9l
B0z §AR-SAAIE o] A4 Hi}E u]is}oﬂ A7y o)) 1R
Ritchie 5 (2001) 0% B @750l MDR & skl 933} Ane §a2-5074 452
S5 A4S 2=t °] 5 Lou 5 (2007)2 GMDR (generahzed multifactor dimensionality reduc-
tion)¥H S A¢ksldt. GMDRL MDRE o]Ad wh3He} tjBo] A48 w= AEA 2
g ol HaT 5 9dn A 9 o), Il WrE ge TR BRN 2AT 5 U

=EoAe Atz AFETE Z2E Ao $HF = AEAIE #hE FAA-FAARe}
o] Ao Agol 28e w50l MDR S gsidict. AlEl-tix A9k 2] At vlgo] Wel] =
z = ke Tl SlelA Ho o Ageta B AEE Ags Frh A
I A= SEET] He AHEE 2 AT wlo]a2olgo] AR ARE o] 85te] &
Sol A= o] gt GWAS‘)ﬂ A= SNPARE 7|Hle s
Fo]A $A% MDR W€ 8% d7& H2 Gui 5
= Atk Surv- MDR Ho]' = I’—H@:'L—‘J' APz
TFE o Az vlE tiAlel] MM F IF 1Y ALEFrE
AR TADFE vl ez JET (balanced accurac
e 7P 2 —Ev‘%’a’% SNP x3< 3 O]"Hr/]' 221} Surv-MDR & ol %ﬂ_ :L O]/ﬁ'@‘ﬂ W
% ol B HAT # flon 2asAdAsATe ANE o F 15 5
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ﬂx—i o7 AHgH7I HH—H’ﬂ EO oA FAZE AT 5 AUrk 04] Sol, SNP13}
SNP2&}e] o]2pA Rl e A-g-S efstd 97HA 4% 2¥aF<] FAAh Surv-MDRE o] F 3}
U 88 2te 254 o] 8% ohd IAFS vlashke 2 AR SAIRS ko] o] Fhel &
Fold o] FAFE Zhv MAES LAPT LR /ot S5old AT er FR73h o2d 4
7é£ 9780 3% ZE?JUPDP WSt BE I5e I 3wd AT o s ERATh ek 2 A
2 9 WHEE = AdAA A T OIF S T 250l WZel A & Hol AETF FEACE

/‘F% + EA7F A S
S Lee 5 (2012)-2 ©]2]$F Surv-MDR9| @& H&317] 9)3te] CoxRP o2 HE] 3t upg 7
AAAE o] §3= Cox-MDR WS Attt CoxRyL AEEA0AN 714 27 E4=+ 39
Byor YA e vAE AU AdRES AFEY FE ol8ste] At ok
Cox-MDR-& CoxR P2 HE np A QIAE F3to] o] gro] Frold u@dr e, 237 kol
ANProz 73 T MDR &ugEg 53 7Mg Age /4 FeAE 23e Fohle W
oltt. Cox-MDR %2 CoxRYPZ 7|We g dh= S RGT4 IAARYE 7INke g 57] uf
2ol AR E 9ol vpo], A} 22 IRl s A BT 4 Qi
2 =Eolile Cox2yH} tlao] AERAA de] &85+ 7HE3FATL (accelerated failure
time; AFT)Rg o2 HE 13 =335 o]83lo] MDRS 744171 AFT-MDR S Altsla
Zb gtk AFTRE YL 2I-AEA0e 3] A3gARYer Agehs oz 2359 &
XS BLAOR M%) o] RPCRHE HE3) IS Foto] 1T AT LR 2Rk
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MDR %1258 83 2o AFT-MDR ¥y Z471deltt.

Al EF ol AFE F3te] AFT-MDR, Surv-MDR¥} Cox-MDR9| AAE-& vjwst 23, F3&0]
0.191A4 042 Eold4E BT ZHAAZHo] Eolxm MAF (minor allele frequency)”} 0.2¢1 -$-oll+&=

AFT-MDR¥ Cox-MDRe©] Surv-MDRE T} AA o] =9 MAF7} 0.4¢9 A%+ Surv—MDRO]
AARYo] o =2 A4S Btk AFT-MDRe] #AAHL tJFE9 4% Surv-MDRETH= =11 Cox-
MDR3¥}+= ARG A4 8-& Holuf AAE vl&o] 0.3E T oA Cox-MDRe| vl3le] AAHo] &
e 4TS Holal rt. AAE AERA AL AXMHY HEo] 0.3& d& A97F vif £317] o
o] AIA o Wzt AFT-MDRES H 9= 537 223t AFT-MDRXE Cox-MDRI} Z+o]
SHTIS oz o) i) Fue] BN HAT 4 dons Fue A Yt Aol
Surv-MDRET} A2 o] £t} upx|gtoz WPy exle vt AA x5 AFT-MDR %2 243}
o] BEATL AF o] & FARA-FAAZRY] 4E2ES Frot Tt

2. AFT-MDR H}j
EAT AEFE A= AP AA}] AREE A A EEEHE RHOE Cox RPT} AFT 2
Atk Cox BH-E AT STl thoto] AAJAAEY AP S 7Nkt gl Wil AFT =2
3ol tiste] AAJAAEAS] IARPS 7Ivke® 3t 9tk &, AFT 232
logT =p+ X 8+ 2Z"y+ oW (2.1)
ol 7)o A WESH: T AEAL, X&= {@i~/] Z9 87 T2 9 7] wF LS ERY
= WER¥goln, Z& SAst LA} s 3 S UEhl= HEHW ’“O]r/} B,ve 47 X Z9] A
& ‘/}E‘rlﬁ AATIH o= LAl 3_ BIHE YEUE W 245 Yehd= g elt)
Wl Hxo o8 YEAY B2t AREY B =RoMe - AqEEs) gfolE E2E T4
AFT-MDR 4P8& 7314} 3}
A (2.1)0A eAgE YEtlle gEWs Wl £ trJr-:i‘r RAEAZS 227t 2
T AFT RZHAe Wt REHFEEE Ul}éi Slo]8 AFT EyoMe We Fug
value distribution)& Wt of7]ol|lA Sk FERT2 %“1’:5 T e vt 2ol
olXitt.

m

f(w) =exp(w—e"), —oo<w < o0

S(w) = exp{—exp(w)}
Figure 2.1 §] BEo] Ao2iE tes SpolE AFT 239 % 2329 2%+ AFT
239 oA B2 g vehd Aot
Standard Normal Distribution Extreme value Distribution
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Figure 2.1 Histogram for error distribution
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BEEAFEZAAMY AL 09 e TAHLE hHH B2 E o|F1 & vhdof| FEIUFRE
FoAe AL $2o07 A9z B2z HFS —0.5779 g zH=rh. AFT-MDR %2 Cox-
MDR i3} o] fAAES] &3 2o FHzFY] Evks T3 £42YS Fgete] BFSzA
(standardized residual) & F3+ & o] IS o] &3l Z MNAE TAYEH AT E E7{ 5}
MDR ¢38&5S d&3= Zolth 4 (2.1)A FAFEY EFE A AT FARPo 2 HE 553}
ZAE F3ME v A3} o] yERd 4= Tk

~

Si

logT; — E(logT;)
- G
A711A Tis i (A S-S Y E(logli) € S2RF 225 E dojxl logli o) AL R of
slsh 2ol Lhepd 4= 9tk

E(logT;) = E(u+ Z"y +oW) = p+~E(Z) + s E(W) (2.2)

EFRTFEZE B2 2P E(W)=0 o|22 E(logT)) = p+yE(Z)o|W EZIUIEZE u}
£ oxe E(W)=-0577012% E(logT}) = u+ vE(Z) — 0.577coltk. 18]Bg 2147 AFT
3} ololE AFT B39 Esltate 27 v} o] 73 4= Ut

g
lO Ti— -5
SpolgrEs| 49 5= LD o0
ag

% Sol, o)A wEAEL NAT A A7) SNPL 3711 FAXDE AN BE 974Ae] F4Y
25t 470 AANESEEE 3 x 3 BEEE 20K 5tk 7 7ol Soje AAle BEsIA
£ 7Pog SNPLE ifEelal SNP2E jFEE 2t (i)l Hte] EE81AL] e et 2
o T3t
Sij = Zle(SNPl:i, SNP2=j) 5t
wok o] ghol Folw, & AEAZS ol NP1} SNP29) WEago] gtk AR/HA Sl
A Y AEAZE FE Atk A ustne AAPTOR 5T £ AT, W of gl
25olw BEE BB Fol AE = AEAE FuTk FonE NNYLOR IFF 5 vk
RE fAAY 23l tSto] )9t 22 S AH 979 WEE UAYTH AT BF
i

7§27 2l tse] PP DYPPoR 227 BRI UPE (sensitiv-
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AFT-MDR P2 CoxMDR 433} 2o] I7uge] 71ustng fa45 9o J2A 72
@ UE 2 Lol Aol QAL FUL) AAT UHD Fol 77 IEHINE 15T o
PAS

olt}.

B AoAEs oA Ae AFT-MDR %2 7|29 98¢ Surv-MDR#} Cox-MDR} H| 2 3}1
2 AlgE ol AT-E Aldskdnh. Algeeldel Al tiste] Ylestal Al 15 R/7 2 22H e
2 AFEgTE WA FHEe] a3 gle Aol AFT-MDR, Cox-MDR3} Surv-MDR "9 2%
g2 Hlastal Fwke] advh ot Aok e Aol thate] Al el AR HE H]LEPS’;‘\OU% Al
Aol mlgol wet AAHel FAE AsEsdt. AlE ol AFolAE 10719 SNP2 112313
v o] 5 2712 SNPO] WEAEo] Grkn AHASAT. RAARsE AZADTS ABAL 2
25 A7) Slete AR} AR BAE vEs IFE 34 (penetrance function)E Al
|3ttt (Velez 5, 2007). o] =&olA Ade AFE T T T07ARE & =FoA= MAF
(minor allele frequency)$} & (heritability)9] Fhell we} 40719 RS 7|vte 2 A58 A3
Atk MAFS] 7 0.29} 0.4 78397 482 0.1, 0.2, 0.3, 042 1&gy 2zhe] A< 570
o] BYZ o] F 40719 RYPomFE ARE S 2 RPN 22T 4008 8t
o] 1AFZT AYPITEL 77 200 A WA WEA L vy Zo] 2a-AGFERIEIZHE A
433t

O

Y=logl' =p+zB8+2y+ow

A7l T= I A5F p = 022 uFson ve IAAT 7S Yehdlle AN
Hgoln g = 19 @& ARt 1@ BF A@ ol vt EZ’%‘%—/\IGO] 1R 245t
T BN Q=S Sty FWF 2= N(0,0.5)90A Ao y+= I 232 0, 1.0, 2.09
g2 2Rtk ot o APl BT 0 = 052 LFe] wi LANTE EXFFLEANA 3
Atk AAE AZES FEEEAA s on AA ] vE2 0%, 10%, 20%, 30%, 40%E5 1128}
oAt

Q2N 7 SAA RS w3 7h AT o] gl FARIIHe] Ao s 7 Z4E BES U
B Al 15 257 & 2AHEAE Anno) feke) AR SolAl 1000709 AEE A4t
Table 3.13} 22 A3E AUt o] Hol vehd vie} Zo] A 1 T 279 2 Aoz o

5% Hol7ke 497 flong ke B4AoR A 15 977 22 Arkn 2 4 ok

Table 3.1 Type 1 error for AFT-MDR

CP 0 0.1 0.2 0.3 0.4
7 THer / MAF 0.2 0.4 0.2 0.4 0.2 0.4 0.2 0.4 0.2 0.4
0.1 0.017  0.018 0.023 0.022 0.026 0.025 0.029 0.027 0.034 0.030
0 0.2 0.024 0.020 0.030 0.027 0.034 0.029 0.037 0.030 0.040 0.031
0.3 0.014 0.016 0.022 0.030 0.025 0.028 0.029 0.031 0.033  0.029
0.4 0.022 0.026 0.040 0.027 0.039 0.029 0.042 0.030 0.043 0.039
0.1 0.027 0.024 0.027 0.021 0.029 0.027 0.031 0.030 0.033 0.032
1 0.2 0.028 0.013 0.016 0.015 0.021 0.018 0.027 0.028 0.032 0.030
0.3 0.024 0.023 0.024 0.023 0.026 0.024 0.025 0.023 0.031 0.031
0.4 0.021 0.021 0.023 0.021 0.022 0.020 0.024 0.022 0.035 0.037
0.1 0.035 0.030 0.037 0.032 0.031 0.030 0.035 0.031 0.037  0.032
9 0.2 0.039 0.028 0.034 0.027 0.036 0.037 0.033 0.030 0.034 0.033
0.3 0.032 0.031 0.033 0.034 0.032 0.030 0.037 0.037 0.036 0.035
0.4 0.033 0.038 0.035 0.041 0.034 0.036 0.036 0.041 0.034 0.033

~: covariate effects, CP: censoring proportion, Her: heritability, MAF: minor allele frequency
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AFT-MDRY] AAEE Cox-MDR ¥ Surv-MDR# v]23}7] YA AAEe] ued 2% &
el =700l ubel wlwEs Aol BR3th WA, Al gle Aol FHF Eﬁrcﬂl wet Al H
ARBL vwstgrh. oA AF3 uke}l Zo] AFT-MDR¥} Cox-MDR-E 3|7 23 of 7]u9tste] ZW
ZF E57E BHAT 5 Q7] w2 2 39S BAS To] AFT-MDRY} Cox- MDR g 2y)A
oz 38 22 AU, Surv-MDRS H|E4=A 0] vpH oz FHek §78 BAT 4 ¢7] ul2of A
B BT FAeA Pk Figure 3.1, 3.29F 3.3 77t W% 237} Qe A9, ke 499
et AR Al IS AARYE v Zolth. 53] Figure 3.29} 3.3 A& ¥ 298 BA) &
AdjAFT-MDR#} AdjCox-MDRS] AF= &7 184 9t} Figure 3.161A= AFT-MDRS] AA &
o] 7} =3 Cox-MDR2| AAE 249} A8k vkl Surv-MDR-2 AA 2 o] w1 MAFd u}jg} v}
B F¥E HoF3 vk Figure 3.29} 3.30A & 3% 95 BA% Zlo] HASA] 942 A-HT}
AR A Yol w31 MAFS} heritability] W3lol] g HAHY FAl= F Aol A9 TLstrt. 3t
A Surv-MDRS] AR YL gz a7t AZSE HA yrolx|a Qi) o]+ F¥Eke] AEA|T
X QS BAGSHA k7] wjEel AARE AR noFgo] FHE Aol wegE o] T AE
H A £ 4 917 wlRolt}y. welbs FHE SE HAT Fo fAARS AEA LT ABAYLS 4t
HEE Zo] ggsitial & 4 Qi

o -
Heritability

MAF

Figure 3.2 Power comparison with weak covariate effects (y = 1.0)
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Figure 3.3 Power comparison with strong covariate effects (y = 2.0)
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B, AEEANAE AADo] BATE 497} vl E57) wiEo] AALe] gl wel A4
H

S ¥z FeUt gt AFT-MDROA] ARR3t= 323} Jxp= Alago] gl AL 7|H3ke] 00] &
Ak Ao HASA FHE 223 IR AR 0] HA S 5 Jerz JEFHE v A

£
Aol Zlo]l Fastrt. webA AlEdold AR 2R Y 73 Ao ZHgE o)§ste] mEd} A}
2 022 HAS Tof JIAATE A3 CAFT-MDR S A-&53ith oA el Ze)
MAFS} 39 BE 23l wet AR o] fFARIER f3&0] 0.4 3-folrt dg3st
Atk A&l 049 A%, FWF avol et AFT-MDRE] FAHo] Alxgo] F7hg el wet W3t
= ZAME Figure 3.4, 3.59} 3.69] VER Tt Figure 3.4004 HE ule} o] AFT-MDR] AR
L& AA o] 30%Y wW7tR= CAFT-MDR} B3} AN o) 40% 2 Z7131dA 323 243F1R)
9, Cox-MDR-2 AAHo] Sl HAAZHo A9 W37t ¢l BAT¢E & 5 Stk Figure 3.59
3.69 Zxt= AAE v)L9 W3l wel AAHL vud Ao, o] Aol Y a s HAHTE
%] AdjAFT-MDR, AdjCoxMDR, CAJdjAFT-MDR2] ZAA g olt}. Figure 3.40]A4 HE nle} o]
AA L] HEo] 20% Y W7hAl= AFT-MDR AA o] =01} 30%04 7+ Zasithrh 40% Y of
FAH Zashs Ae B 5 Ark 53] 3WF a9E EASA v Aeol o 5454 AFHol
oAl HAHPE AFol= Cox-MDRH} vls] & uff AN F2] 932 AAE KT Qitt. webA
AFT-MDR -2 AAE v]gol w9 vgetA 2gsta gloke 28 & 5 Sl
1
0.9
0.3

o7
06 -

05
04
0.3
02
0.1

o

Censor

MAF

Figure 3.4 Power comparison of AFT-MDR across the censoring proportion without
covariate effects (y = 0.0)

Figure 3.5 Power comparison of AFT-MDR across the censoring proportion with
weak covariate effects (v = 1.0)
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Censor L] 0.1 0.2 0.3 0.4 L] o1 0.2 0.3 0.4

MAF 0.2 oa

Figure 3.6 Power comparison of AFT-MDR across the censoring proportion with
strong covariate effects (v = 2.0)

4. AAAEEA

o] olAt AFT-MDRE AAAES 9732 FABFNYY BAxmo] Ag3te] 24T 2ol
B Aotk o AuE o], AE, APTA W ol 130709 SNPARE ZFs 9lom o7 F
1092 AT 5T AEH B JEEo] 59% o). tholsh B BAWSE Telskm AFT-
MDR & A8stgtul QolA] 7153 vieh 2ol 10-%-3 AASPRS 48T 49, Ag2e
2ol U AopA s MM Yol Pot AAE A 27 ZHD 5 Q) Wl 252 AAFHE
85900 o] AL 1008 W Astelrh. £a 130719) SNP FolA & 71o] SNP7} 27) £
AR ZANL 1 F & FAAYL 4 BAE ] BF YEIIL o] o] SNP| the At 574
A gomz BAGA of SNPL A91ska 1387)9] SNPYH B43h5ith. AFT-MDRe] 2%z 2
© AxaTHe} ol AT FoI A Top 58 Table 4.10] HelsHAth. WA shitel NPl thstel] 212} =
-4 FEPL Aol SNPE| EoHE 25T 20709 SNPo] FoI¢ FEAE uglth FEH
7} OFe SNPE 2be] ol HLEAEE T3] F3ho] 20709 SNP A9 3k 118709] SNPRHE £
ste] AFT-MDRE A3 Ash2 e A} ol Ha F4 TopsE Table 4.20] Belsheict.
Table 413} 42014 2= w2} o] 207)8] SNPE 8ok 499 2Re1A & A9e] A7} 59
A2 §o% I ALEAFRYS AL A2 FASh ABRAoR 21 AFRINN R F
T2 744 20749) SNPo] o] AmEAGAE JFS FE A0 ¥ 4 Yk

Mo X R

Table 4.1 Top 5 models identified by AFT-MDR with all 138 SNPs

Models TRBA  TSBA Coeff. P P
Main effect
MTHFR rs9651118 0.6353  0.6353 0.4290 0.2140  0.0196
NT5C3 rs6946062 0.6288  0.6288 0.0305 0.9310  0.0405
CDA rs818199 0.6140  0.6140 0.3470 0.2570  0.0064
DCTD rs13114435 0.6097  0.6097 -1.0480 0.0141  0.0350
CDA rs818194 0.6072  0.6072 -0.5880  0.1010  0.0840

Two-Way Interactions
SLC29A1 rs507964 & TYMS rs3786362  0.6964  0.6676  -0.0469  0.9350  0.0107
DCK rs12648166 & NT5C3 rs10251079 0.6979  0.6879  -0.6493  0.2500  0.0099
CDA rs477155 & MTHFR rs9651118 0.7022  0.7022 0.1932 0.7050  0.0042
CDA rs1253904 & DCTD rs7688234 0.6926  0.6634  -1.3793  0.0147  0.0031
DCK rs12648166 & CDA rs818199 0.6970  0.6662 0.3131 0.4560  0.0030
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Table 4.2 Top 5 models identified by AFT-MDR with 118 SNPs after removing 20 SNPs

Models TRBA  TSBA Coeff. P P*
Main effect
MTHFR rs9651118 0.6353  0.6353 0.4290 0.2140  0.0208
NT5C3 rs6946062 0.6288  0.6288 0.0305 0.9310  0.0387
CDA rs818199 0.6141 0.6141 0.3470 0.2570  0.0059
CDA rs818194 0.6073  0.6073  -0.5880  0.1010 0.0852
NT5C3rs10251079 0.6071 0.6071 0.1500 0.6730  0.0752

Two-Way Interactions
SLC29A1 rs507964 & TYMS rs3786362  0.6964  0.6676  -0.0469 0.9350 0.0111
DCK rs12648166 & NT5C3 rs10251079  0.6979  0.6879  -0.6493  0.2500  0.0095
CDA rs477155 & MTHFR rs9651118 0.7022  0.7022 0.1932 0.7050  0.0008
DCK rs12648166 & CDA rs818199 0.6970  0.6662 0.3131 0.4560  0.0027
SLC29A1 rs693955 & CDA rs818199 0.6952  0.6266 0.0123 0.9790  0.0272
TRBA: Training balanced accuracy, TSBA: Testing balanced accuracy,

Coeff.: the estimated effect size of the corresponding SNP effect,
P: P -value of main and two-way interactions in the log-normal AFT model,

P*: permutation P -value of main and two-way interaction effects.
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Abstract

Many genetic variants have been identified to be associated with complex diseases
such as hypertension, diabetes and cancers throughout genome-wide association stud-
ies (GWAS). However, there still exist a serious missing heritability problem since the
proportion explained by genetic variants from GWAS is very weak less than 10~15%.
Gene-gene interaction study may be helpful to explain the missing heritability be-
cause most of complex disease mechanisms are involved with more than one single
SNP, which include multiple SNPs or gene-gene interactions. This paper focuses on
gene-gene interactions with the survival phenotype by extending the multifactor di-
mensionality reduction (MDR) method to the accelerated failure time (AFT) model.
The standardized residual from AFT model is used as a residual score for classifying
multiple geno-types into high and low risk groups and algorithm of MDR is imple-
mented. We call this method AFT-MDR and compares the power of AFT-MDR, with
those of Surv-MDR and Cox-MDR in simulation studies. Also a real data for leukemia
Korean patients is analyzed. It was found that the power of AFT-MDR is greater than
that of Surv-MDR and is comparable with that of Cox-MDR, but is very sensitive to

the censoring fraction.

Keywords: Accelerated failure time model, censoring fraction, log-linear model, multi-

factor dimensionality reduction method, standardized residual.
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