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2350| A= 0]ord SPE0l thet CoxH|el91l 229
— == C
el-2g 24
SE0)! - 57
DHUstY SHS 2oty SHS
(20114 9 302 T4, 20124 32 122 £ 20124 32 272 AfE)
o ot
oo
I AZ5o] T Cox WHAYE ZFE AYT o, BZo] W= NAE EF AAT & 245 AA
it AR Ao ) vjggFoln A& A wAYZo] ¥A 99 AZE (missing completely at random;
MCAR)©] ofztd B0 FHghell Ho] WAT 4~ vt Cox HHAT IARFY gDl 250 A= 73
$ A 5 Y= ofel A PUFo] ST olA Fet o] BHES HeEH (selection model)o] 73 )
t}. B Ao A= Little (1993) A orst s el-=3 2 (pattern-mixture model) S ARE3slo] Cox v E 3]
ARGNA 2NN 25 AAYUSY] AdAEEE 2D sk, o2 714 Aol 2AT AL 249 234E ¥
AT 5’—9] A8 5H/H shel-&3 »elo] ) K(restrictions)ol] WE By 24 MRS Folagr 2ES
FAE A AT Ay 3 ARyl A B A} nlastirt. Y- 23 mElo] Aok et FHEe] 45
o2 Qe B 3R] ud AEE FUIH AE AAE 5 A6tk

F280: Cox |9 23, -2 @, 2UE 24,

1. A2

v7le] W = (Z1,...,Zy)° sl n7)e] A st SHZFOE o]FAX (nxv) AE PE Z =
{zi;}oll "/H:}% A A % Z7y &5 23R ol BF AS0] F AHE gukF e SAEAE A
Pt 4 %17(]‘:&, AEE 238t e dEiEtd $A4E 2o Aol AT 4~ i) oA F¢ 2
=23 MAE BF A A A #= el (complete-case; CC)Z &3] BAsk=d] o] Wy 7tdtst

=
Ak v 554 ]_,_ ol AgFo] WA oW AFo] 23
Z (missing completely at random; MCAR)o]gl= 7238t 714& 232 3t} (Littles} Rubin, 2002)
Ao 44 A0 A5S TID WY 23] B Aoz W HAA, BE WSS9 S
Rk ABslo] deA F2 A5 WAARI A2 AR ABslo] dAo] et 217 oA o
9] Z&(MCAR), 99 235 (missing at random; MAR), 2831 v]e] 2=
NMAR)e g Edr}.

—

not missing at random,;

—

Cox HEAE BRAA dFo] WA= o LAY FEE D (censoring)F FH ol Z50]
A= F 7M1 BTt 7}75}4. SR dSo] glov FEAd o5 E4E AL AR 4
< 98 B85 = (partial likelihood) & Z U3} A7 BEFFAHE 2 o] AldE oA &
t} (Cox, 1972, 1975). W] A5 o] EAFTH Coxd HHAAE JARPY B¢ £ 8D
2R AA A (136-701) A2A AETF 9945, v2ithdy A3, B4, E-mail: jsong@korea.ac.kr
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EIE ohel S AHS W # Y S (missing data mechanism) = 97| J1e{sto] BAF|ojo gt} o] 4

S Aks ol ‘:ﬂﬂ 23L& Cox vEA Y 2334 25 2w Uﬂﬂ‘/]z"ﬂ et 220 AL xE =
AAAA AAT oL BiBES) ATIN L WAED A2 WAUZS 25 RLE A8 2 (selection
model) (Hoga 7} Laird, 1997)2 738t 248k ‘ﬂo‘ﬂé%"l Ao got. 25 A7 wAYSE]
MCARY wl& ZAF HE 715 % (approximate partial likelihood) $H5 s} Al7]& B4 FAHHS
B oz BAT 4 9ow (Lind Ying 1993), o] WHE ADH BEA AU AT e
DRRT UAA A FAFE TE AT HEASE B4E AUS AAE ve 2AGEG O &
S oltt. A& WAYUSZ] 2 AﬁX(MAR) d &= ¥|E43 7Fs = (non-parametric likelihood;
NPL)E H3} A A B4 F4E 5 A2 (CheanL Little, 1999), o] X4 2482 = Ae)
ol 7RA e 71 A1 &

Aote RET H &4 208 eyt =3 45 A5 WAYUF | v Y
= FHFY Bea Fxe) éé HAUES 543 Al &, 2HZHEE EM(monte
3= W o] A= Ytk (Herring 5, 2004).
71&¢] OEH‘L% 2% Ad 298 7143 Aol Cox B E IARFL Fulgkel 230 gle
9 "-&3F 29 (pattern-mixture model) (Little, 1993) ©]&3F AFxE= 27] &0} & =FojA
HE-EF BdE 0|83t Cox HHAE R8-S A AL A5 25 AUSY 2FExE 29
s, o] RdlS ‘j} ° 2 IAASS FARE Adsdny. =3 D}C’hﬂ Alokg aEste] FH
So] B9 FAof vxe 9T AFHE ST

240 M = siE-E5 2] A3 avfsta OIE A7) 91k H 7HA Alekeat 7ol HisiA =2
Stal 3Eol A= Cox A 3R] gl d=50] Sl 4 A2 ZdE 488k 24
S AR 4FelN s Rdds %E}Oﬂ -5 2d] Cox WY 3ART HEA Uz
= 249 Bl dhell 918k, 5EAME AAl AL Age] tiste] dd-2F 2de A8 254
£ A9t} 6204 23 2oF 2 o8 B 28S Perh

As5BE Z = {z;} (i=1,...,n,j =1,...,v)0 dZ0] 2= 4%, 2= A A A (missing indica-

1, Wk z;7h ézolnd,
e { 0, wHeF 2,7k BEelR
2 ?tlﬂtﬂ AZANPLEL M = {m;;} 28 AT 4 glr}. AZo] WAl 459 BAL 217 79}
SAANYE M| A3 Eol ZAGeIof szt o] AFLEEE RAsIohs Wl A 2t )
Ed-—:@?} 4ol gt} (Littlem Rubin, 2002). A& e 7o} (o] A3t B E 79 ¥ B9} 77}
FolRS Wl MO 2R Z2E o] B3] s Zlo

P(2,M|0,¢) = P(Z|0)P(M|Z,)

o2 ZAS I, ol w (0,v)€ AL Z9] FW 29} Z7F FolFe Wl Mo 2AF x| e
Wity Adelmde] 39 P(M|Z, )0 thate] MCAR, MAR, T+ NMARY} 22 7448 Fojste] 2
AE AN F lon AF7HA Ald 25E TR AR B4 o] tiRde] AYrdE sget
T itk 23 Ag WAYZE o] MCARO| AU MARO| T 24 99} 7} 8 7H (distinet) o] d A==l o]

AR BEx = FAE 4 913 (ignorable missing data mechanismo] 2} £-5)

z
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whd, She- 23 Rl 29 Mo) A% $E7}
P(Z, M|g,m) = P(M|m)P(Z|M, )

o7 m@HY, ou (m,¢)E 2zt M9 FW RZo} Mo] T w Z9] AR Bxo] &y
A ke B4E YeRdth o] ZEe A v#uUEe] MCARS| obd pgo Hg ]

°o] M= S ). FHol AgolN AZo] WA Yt BFE Uehie A

AR (mar, mia, - .., min) S FEjell JsiA AAACE LI AS AAAE ze
of $8HA H1 vrle]l WMEEe] telA olEdomE SRASIE] AHA R}
NAEQ P, ..., P17} EASA T A4 Azl duidos T < 2° — 19 T
Po, Py,...,Pr7k A3t} P (0 < t < T)oll 38k /WA A4S ne (3, ne = n) 2t kL Pol
T A (i =1,...,n) WAl tete] BFE LSS L) 2 ABHA) Fe WL L) 2

(3

A5k w8 e WA ARG o] pAA WL A IR ek w, W) BEgke] A
ARl S8 HEL plri = 1) = moleh Bk ol i) BE R HAS, 1 Folnlg
L9 BEL 29 BEE FEI B3 gol FoIAE 1 29 A5 FEo 2AR BB irold
o} =,

g

p (Z7«|r’b =T d)(r)) =P ( obs z|T'L =T <ZSobs 1) p Z'Er:'?s z|TZ =T, Zobs “d)mzs z)

olx, o] wj ¢ r¥iAl SN B4 Bioln BEE Rio mg o) o} BEF A e B
Hol ma ‘13525,2'% #"o] Bolt). AL %33 B¢ FEAFL] 7% 34 (observed
likelihood function)+=

T
L(7T7¢Z7M):L(7T7¢|Zobs,M):H{W:f’" P

obs ’L|T7’ =T ¢2€7)9,T) }

o
ek
>
30
v A

=0 iEP,

o2 BAH I )AL AU B 69 e F

o] met R4S va2A st 7t " 5 359 A 2AN AT ¢ de B5s A5FA
kol AT 4 Qe B4E TR FodA HE-2F 2do] A= Rd(selection model) Rt & T
AT 2ygolet & 4 AL FAY 5 (e ol thEk AEA (identifiability) o] £AIES 7HA] 1L
Art. HE-23 2] AEA ZAE dste dubaQd B2 459 Al oK(restriction) < A-8351o],
E4H dde] 23 & gle B4l #5H dYY Ees(Ee B4y 393 Zria Mg eke
Zoltt. -3 B2 Aol £FF | VA ow ZF sjd H BRYPL FUT EHPol| ZAstRR
#5 Azl 2A% 2Y A%e o 53464 A k= A S Adth (Wang¥} Daniels, 2011).

7P &3] nEEE Aok A3 #FEH AF-Z2F H(complete-case missing-variable; CCMV)
AP oz, &b A5 e P B4t BE S4dsA #5E ddEolAe] AEE 5 gl B
o] il 7HR e E45= Aotk &,

oz ARYTh HE-EF R COMV A%ke 94 #59 sjuge] $28 2o duye) 22
s SIsitka /g Arhs HPoz MY 49 RdolA] 23 v7UZe] MCARY ws o35+ @
At 2 5 9tk COMV Ak A o] 4 BEdule] e Poll &3t 22 e Hg
Su B9 B2 ADE] A7 42 1 ABSHE Ao FFAD 457} BE Felh obd mol=
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B
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FEHo® B4 7kttt (Thijs 5, 2002). CCMV Aok hdstA| ek ed &5 Aejel sid Ryol

FE 3717F Ao d EQMSHA FAH FA7F A o+ At

F R 13 5 Jde Al CCMV AlS Haste] &
=

59 A87 FoA S W ASHA G2
Az AR B2t 47 A5 WY ol B4d 52 HHE BFUF 28] A AA A"
o] HFH HEoA A= o= B2 Tttt 7P o]& 7he e AFE-2 5 W (available-
case missing value, ACMV) A|2F o]t} o]= JHEL Agsto] s(s < t)7]e] REFoz B3t
F, FERE el e SHE AR AR 7 REIFE7E ReEY 593 HAEE A 1
t}. v(MWe 239 s H-EF(saturated pattern-mixture) B HE S 98t AR AR B
o] 2t stk a2E 47 S3Ee) et 5 U3 Boks AL

T 7RAIS] ol i sE 2= FES KT

o
iJ
o
=
a2
2
i

HE-&3 2Eg 93t CCMV, ACMV 59 A AdEL A5 g3 o7|" & B 4 25
AAE T+ U= (sensitivity) 2 A2 2 ¢ Aot AD-T3 2o IR A G2 A° B 3l
A19] MCAR, MAR F+ NMARY} #& Hojd 4 glown, o] ¢ Ad mdl slojAe] 4 Axje}
AZA Fo] A 4 9t} (Molenberghs %, 1998; Wang3} Daniels, 2011).

3. ZAZ0| QU= 014K U0 T3 Cox HISIE Dalo| TIE-25 oH g

7} 9 858 A iE A5 AN m = (00, 0)0% Ea
19 ek o n PAR A5 AAAE 2 Heh w2 05 ok B4 D50 B e AU
2% AN Fejol whe Az ke shde] A4, A% AAF (0,0,...,008
SN, 2 519 % ANAE 2 AAE 47 R, Pre) ARG S50 Bek o AVES
o= NA-EF mdel ojg] 714 Ak BFT F Uk
QuA Yejo) AE AR A8 2 AZ wAUZe] MCARelZ} A9 A o4 2
e Pel REZL B2k E 4] RES FYSTRE 2o, AW-27 2] COMV Aokt
£ A0k 3 A5 w2120 MOARS AR24d AT-2% 2] COMV A% ol
e 2ol A B9 29 319 24 AWy =i couy Aoke Ad Roe] ARE T
3ol 1, 6 22T Z1,..., Zo1 7 FOIRE ES of e RS Ao BrE
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2 P 259 Aol A8 2E A3 WAUS
H A5 Ll oLt IS eI, ol #FE5H X87F FojA & uf &
2 B2l AA9Ee] REZH 2= #HoA ACMV A<k 5935 2 4 9t} (Molenberghs

< °] MARe|2tal 7Pdshe A2 259 ddle] &
S5A F2 A5 £

O

Sz Yeje) AuolA HE-23 B ACMV A A AL FEFS ofHA| thriifel niet
A BE ARE AT 5 Gk E S, e WS 71, 27 9t B2 Fue] ABIM AANSE
22 AAA (0,0),0,1),(1,1) 5 SHHE 23 42 59 Py, Py, Pol 50 5l £ 5192 01§
s SR-E3 B ACMV Aloke thest 2 WAz Aasol 4 4 givh. WA, ¢4 B39 7)
9 Pogel REG S PLAS] BE7E 2rhe COMV Aok Stel 4 ShE P9 23 443 o] 23
S0 48 gl A Po) A5 L2 tAS teow K oAlE PE SRl S
o oz 258, Pt PR ARE HE Pudel $E9 8 Pl 227 SAsthe 714
soll 8 P& A% RYL Aol A5E LEL
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2007 = w ATE 10009 W% AFIGT, 2 WA £ AHE 7,0 BE A7 #2597 2,9
50%7t A%< B2Re)E 79593, MCART MAR 2714 2248 slAUZL neskdc. 45
w7 UZo] MCARY mlt 94 9192 222 A48l MARY gl 4 (follow-up) Alzko] 71
o) 50%% AZAATH Cox MAE IR A7l A% L (0,0),(1,0), (1,1), (1, 1), (2, ~2)
MEA A7 WL T oA 2oL £ le) gl BE A5 Qe ALEA oldlsl 2
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2 FE7 A9 Ao 95 MAR 714 stollA 2452 AT
logit [p(m1 = 1)|t,6, z1, z0] = —

logit [p(m2 = 1)|¢t, 0, z1,m1, 22] = —t — (1 — m1)2z1.

Cox vl& 918 37 23] AA A4 32 (0,0),(0,1),(0,2),(1,1),(2,2),(—1,1),(—2,2) & WH3}A|A
7t mlaEtdth. F 7HA] EYAES FalA &3] SHE XS vl 2ASH 24 %Xd Atz 2A
3t H4 (complete-case; CC) % ‘?‘}’3’»} &A% SHE A5 HE-23 2dS A3 vhH o Cox H]d
A8 IARYPY FAAATE 2S5o] D] A SASA SHE AR FAATL Hlﬂff}%iu}

A AR ZoAFe] A= & 4.10 JeRdth oA & 2ts G2 ] Ao AAE7 A
o RO A5 B FAZES Ui 24 32 45 WA YUSZ o] MCARY MARY wjo] AA &
AE ATE UeRdth & 41(a)e FEEDO] DA e A9 B4 AHEAN 2,2 5 &
S =0 QA Zzoll 50% ASo] U= ARl e FHo)7] gl A5 A5 HAUE ] MCARE uf
o] Zyol EH—*'O‘F 3 AT /1Y FARE OREEY A &d A5 44T CC P E-&

ROl 2 WIS 24 H9dn Zool B3NS A7 A% Ge) 2AUS CC PRA AW-L
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CCMV Alefst 7%1 ACMV A el s 4
ol H]&L 15.4%~22.3%0°l Gl & FHTFo] BF
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82 Wel o A7e) 22 A= WAUZE 2,9 42 420] Zi2) gel S50 Gt MAR]

ot AA AL F A% shutel 08 st Yl AodAE AdS £ -3 ol CC Wy
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H 4.1, 23X ASE A vl SsHN 258 Zolst & ¢ SHet ot jH-=2F 29 5 = Al =
glellglel 22 239 §|?|71|H—/F —f—ﬁil}ﬂf ccC gy 5HH|L9L ?Tﬁf;g—lésiélug?ﬂgg 8 O EsE A cox
ad Aa cc u E-E3 Uy
(CCMV Al <k)
TPV B1 B2 B1 B2 B1 B2
(0,0) —0.0022) —0.002 0.002 —0.012 0.004 —0.010
(0.174)®  (0.160) (0.252)  (0.230) (0.175)  (0.162)
(1,0) 1.015 0.001 1.019 —0.004 1.013 0.011
(0.191) (0.160) (0.277)  (0.231) (0.192)  (0.162)
MCAR (1,1) 1.006 1.007 1.025 1.020 0.971 1.002
(0.192) (0.173) (0.279)  (0.251) (0.195)  (0.178)
(1,-1) 1.005 —1.013 1.014 —1.032 0.928 —0.959
(0.187) (0.172) (0.270)  (0.249) (0.182)  (0.170)
(2,-2) 2.005 —2.006 2.016 —2.020 1.725 —1.755
®) (0.218) (0.203) (0.315)  (0.295) (0.202)  (0.191)
(0,0) —0.002 —0.002 —0.003 0.002 0.032 —0.014
(0.174) (0.160) (0.251)  (0.229) (0.172)  (0.169)
(1,0) 1.015 0.001 0.165 —0.015 1.020 —0.091
(0.191) (0.160) (0.298)  (0.223) (0.187)  (0.167)
MAR (1,1) 1.006 1.007 0.116 0.207 0.986 0.845
(0.192) (0.173) (0.335)  (0.244) (0.199)  (0.188)
(1,-1) 1.005 —1.013 0.249 —0.254 0.759 —0.961
(0.187) (0.172) (0.265)  (0.227) (0.174)  (0.173)
(27 —9) 2.005 —2.006 0.756 —0.769 1.524 —2.147
(0.218) (0.203) (0.287)  (0.239) (0.192)  (0.205)
(0,0) —0.010 —0.002 —0.007 0.000 —0.009 —0.001
(0.203) (0.186) (0.293)  (0.268) (0.205)  (0.189)
(170) 1.004 0.015 1.009 0.005 1.005 0.015
(0.212) (0.175) (0.306)  (0.252) (0.214)  (0.177)
MCAR (1,1) 0.994 1.003 1.007 1.024 0.965 1.008
(0.233) (0.196) (0.337)  (0.283) (0.236)  (0.201)
(1,-1) 1.003 —1.012 1.009 —1.015 0.930 —0.942
(0.216) (0.194) (0.311)  (0.279) (0.212)  (0.192)
(27 —9) 2.018 —2.015 2.039 —2.030 1.748 —1.745
b) (0.246) (0.223) (0.356)  (0.323) (0.233)  (0.211)
(0,0) —0.010 —0.002 —0.006 —0.004 0.007 0.011
(0.203) (0.186) (0.266)  (0.243) (0.201)  (0.192)
(1,0) 1.004 0.015 0.136 0.004 0.987 —0.047
(0.212) (0.175) (0.308)  (0.230) (0.208)  (0.180)
MAR (1,1) 0.994 1.003 0.148 0.210 1.012 0.743
(0.233) (0.196) (0.351)  (0.254) (0.240)  (0.208)
(1,-1) 1.003 —1.012 0.258 —0.263 0.769 —0.934
(0.216) (0.194) (0.279)  (0.239) (0.204)  (0.193)
(2,-2) 2.018 —2.015 0.767 —0.768 1.544 —2.051
(0.246) (0.223) (0.299)  (0.248) (0.223)  (0.220)
(a) Z=dde] gl A%, (b) 30%FT=ddS 13t 49
1) AA 3 AASZE; 2) 1000 HEAIY S S| AAST FHXEY FEF; 3) 5 E 10000 vHE A =Ygk
IAAASFY FAFEY REA FAH -
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o} =3 FAE A5 ARE 2 AREEE ACMV_1 A2k ACMV_2
= o 2~

ES
CMV 7Hg< & sjd-E WEol 25 A5 v#AUS MARA
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ojA M R4S HAFABI AN ol A WA ROJAF A Eelgt A 22 Aol CC Y

EG A2 vAUZe] MARIIAE & 238 UehiAL stk 30% FEawo] wesls 390

A R A Bl Ay Avel 5As FEATe] gt 3Surt 249 3ego] Wojr}
AnHoz, T A o4y FHFL T3 Cox HAAY 317 RN Bz dejE mae 4=
AgE A% WAUZe] MCARY W CC ¥ Ha-23 whe] ul5d 452 BolFolm 45
MU O] MARY ®) CC e QA Aol (0,002 w1 AT oyt Aol Ao 2s
FA0] Asfetan A-EF PHol CC PHRT AR A% 2430 SRS HAT 5 ek =
o TG 20 o] W5 A5 AR AUFS) AT P28 25 5 A olel A
Alore] et the 24 ARE AFAT) Ee] A5 AR A% B4 FAY UPE BAL et
A ek TE Cox WA Y BYE A% T Sl 007 FAYe) Al Brel Aehgel 2 o4l
3T ATEY YuE 18T I3 DS B39 988 WoI=Y § glowd, B A=
o 2710 vish FUGe] BFo] AASHE wgo] Srhd mae 2 Yojy FRY ANE AFY
% gtk B A%l o5hd Cox W91 Bae] FWe] A5L 2 A=) U@ JHE* =3 nd
o 42 A% WAUZe] MCARY wsl 42 MARS 434 228 AAE R AAskn 97
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F ¥ Fred Hutchinson Cancer Center2] Dr. Robert Nowinskio] -4l A A3l

Ao} volel 2elo] Wao] A A2} A7) v]AE Aol Bk ATE
O Amol 204vtelel A AEADD FEAT oIS TR 97) W7} 7]
oAl % 719 W Gpd-1 B (Z1)3} vpolzi2 a1
EE 19 e A e HEe F
a2 b P, e BUPl BT
100, 1, 75, 2872] AR ZAstA.0m 3
4830t

£ 5.1 CC W7k NPL 4, 287 ACMV_1 Aok X438 sJe-E3 12 AHg3ko] Cox 37
2o} 3|94 #4% 70|tk NPL #9-e Chen} Little (1999)0] A9k B4 374 o,
= A

45 viAYZol MARe|= 7H4 StollA Hh#@ 7be® AE AU By E FA%E
2ol AT Peln] Fuge] WFEPA ARNA 2 FANE AFHEL LA Aok o)
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= 5.1. | Wiy xt2o| CC Yel, NPL el Dt THE-S 8 9rio] Cox U918 3|28 0| 37 H 4 vl
cC NPL =¥ CCMV Aok ACMV_1 A%
B1 B2 B1 B2 B1 B2 B1 B2
Z=Azk 1.483  0.732 1.496 1.007 1.551 0.834 1.400 1.011
ZARAZY B4 0301 0.297 0.250 0.180 0.119 0.126 0.113 0.131
-3k 0.007*  0.179 <.001*))  <.001* <.001*  0.019* <.001*  0.005*

Dx: AFAAA A% grol 0o1eP ol Bl 79 5% 5%14 7.9 %

FEE ACMV.1 Aok A 88 HQ-23 whivhe ABsarh. Cox HAR 0] N 2o
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Hazards Model with Missing Binary Covariates
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Abstract

When fitting a Cox proportional hazards model with missing covariates, it is inefficient to exclude obser-
vations with missing values in the analysis. Furthermore, if the missing-data mechanism is not Missing
Completely At Random(MCAR), it may lead to biased parameter estimation. Many approaches have been
suggested to handle the Cox proportional hazards model when covariates are sometimes missing, but they
are based on the selection model. This paper suggest an approach to handle Cox proportional hazards model
with missing covariates by using the pattern-mixture model (Little, 1993). The pattern-mixture model is
expressed by the joint distribution of survival time and the missing-data mechanism. In the pattern-mixture
model, many models can be considered by setting up various restrictions, and different results under var-
ious restrictions indicate the sensitivity of the model due to missing covariates. A simulation study was
conducted to show the sensitivity of parameter estimation under different restrictions in a pattern-mixture
model. The proposed approach was also applied to mouse leukemia data.

Keywords: Cox proportional hazards model, missing covariates, pattern-mixture model, sensitivity anal-

ysis.
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