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Abstract

Longitudinal data often occur in prospective follow-up studies. Joint model for longitudinal data and failure
time has been applied on several works. In this paper, we extend it to the case where longitudinal data
involve informative observation time process as well as competing risks survival times. We use a likelihood
approach and derive an EM algorithm to obtain maximum likelihood estimate of parameters. A suggested
joint model allows us to make inferences for three components: longitudinal outcome, observation time
process and competing risk failure time. In addition, we can test the association among these components. In
this paper, liver cirrhosis patients’ data is analyzed. The relationship between prothrombin times measured
at irregular visiting times and drop outs is investigated with a joint model.
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A "k Wk o] T AR o] SR QrgttiE 159 9 S A7H T FEAZIA 741% =
AE = AAUE Aot 53] #= T ddke 23S 59 ﬂOJa 1*6}—1:%] AAA 2459 AZ )
He A g4z 2 o]

Z (monotone missing) ¥} H]T+Z ZZ(non-monotone missing) & & U7 ‘Q_D]-.
o, &5 SEATES T 259 o7t 9t olyst 25 HA FET R sl v A7 2
o] AFHE . 2 FEo] &4 d9 =2 WA= F-$+= MCAR(missing completely at random)Z ©
B3t 2= 0y e 12 SelAs s BEE ARG ALgste] HAse ol BE A 3
H(complete case method)& AL3= FHtslt). A v A FH ]/K—L,] = =tho] o]83 A S
BEIE AP UF SR AN 45 B 48 0

A ARol AT FAALE A% A BES ojn] BT Azl 23T 2
&S 714 3= MAR(missing at random)»} A= whgo] A= R e A= 29}
< 7}43= MNAR(missing not at random) T+ NIR(non ignorable) Rgo 2 &

£ Sol, 23S ARNA Tl AT} ARE BE FE Ade] Aolw of A WAL #S FT
o= J3) BE HA 23 AR HEig ABH AL sbs Aol Uk AY BFES JPAZNN B4

Aok A ARe] 4ARAE BRG] Q3] 714 Bl AEH= PHEIT) (Rizopoulos, 2012).
Hzo] 4% 232 AL A5 ¥ 9 23 (proportional hazard model) oA L& 7HA 1L &4
Sk A1ZF 7MW 3 (time-varying covariate) 9] EI-E FA317] Y8l A LGH B ol Tt (Wulfsohn 3}
Tsiatis, 1997). ©]o| Henderson 5 (2000)= ZHAl A5} A& 250 st F 79| submodel S A%
87 A9 o] BAL AEAAY. Elashoff 5 (2007) AA A A8g} 44 98 28 Ao 1e
@ A7 R ANSACH RE 34 A2 RPl LAY ANE A8H40 Lins Huang
(2009) AAARL AL DS ABBALE AT ARLAL TARAT. DA o)F wEL T
A wske] A% wag eja W) 2 Rl At A4 AR} 24 ARG A7) 12

W 22 FA 27T RAL QTR o|dT AT LI A8L Fo) AN B2 A
&t AV 2R ABBAE 2AT Urke Aol o] 239 AHolkn 4 9

AT FAN o Lk 2R

=
.

A-gstgien 7)7H ?194 El}(subject spec1ﬁc effec t) S 2T £ 9rh 23 AE 7:1/\] x]—g ‘:‘/ﬂ,—%
Al g2l ARgEE B Zl’%bﬁ}ﬂ] £ ot 3;6}01]/\1% B =7ollA 24 t:i_ Xh:- Tz @ﬂl{ﬁé

2 a7fg 4gelnE
S0 QR AE WA S Dol A 29 2 A 54}011*1% % aadrs
a7hgeh.
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of o3t 71 2719 Ryo g 2z 4R ANOVA(analy51s of variance) 2382 7ol Q). W&
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gl de Y3 71€e] 8 aik(block effect) /NdS A& Ron 14 A7} (fixed effect) thAl A

P& (random effect) 2 7+F31e] 2183} A Babg A =t = o2 114 H“ﬂ«] =

€ o= MANOVA (multivariate ANOVA)2] 2802 this HAA AR o8] 2851 rnultlvarlate
fk Aol st &

repeated measures ANOVAZIT BT o]z} A9 ¥lE =4 218719 AMsh
T27F tha At olgls A AAIF AsolA A WA= ELA A5, & ES A5 AR DF:
Vs

5 ANAS M Aol H19 114 2y A8E o vk E3F o2k FAAE s B4 FEiA
o theFst 24 ] de o] AT wEbA H 2o AR RS Y8 A AeHE £F
23 (mixed effect model), 5 28 (marginal model) 18] A o] 2 (transition model)S 7k}

AFH ANOVA B39 oz 23 Ry AA A Az®ut ohyel 3 25 (clustered data)
T+ $A AE (hierarchical data)ollA 24z 3 &3k} SRAE F4317] TF F84} (Gold-
stein, 1995). 53] 7jQld WIsid S w2 5 3 2 A A9 tFET A EeA A
THEReH A 37 Ao Hdle WY ade RSP orN Sk B MAE Wl Uk
Laird9} Ware (1982)-2 Harville (1977)2] &3 23 tfst 27] 2L st o3 &3 Ay
2y AlASFAT

—{> ST

yij:xijﬁ+vi7 Ui:dijui—i—wi(tij)—&-eij, i=1,...,n; 5=1,...,my, (2.1)

047]/\1 z;9 Y= 14 B9 48 B FAEY diyjv WY B w9 HA" FHFo|th o] uf,
yij& TF2] M7HA] "ol (variation) ® TAETH u; ~ N(0,G)= ‘?i A ASHAA] T dijol g
70 &7} (subject-specific effect)S HHsH= AY Erfoln YulAo = thieF A BEE 7]
T A AL A wi(t;)E AR AFFA (serial correlatlon)% 23357 Y&l ALgEH 9=
Eo] Cor(t,t +u) = p(u) = exp(—du) EE pu) = exp(—ou?)2} 22 A5 AF B3] 13F 4
Act. wpAEreZ 61]‘\? 5 QAR €St eqe AR SHo|H Fo] 0 w4kl

7Hg%eh webd 2y (2.1)2 9HE b 54 ANOVASH A S5 25 2£3dh= 23] "t
24 248 96 EM G eSS A L3I 2 o]F Fisher scoring B3 Newton-Raphson 3 o]
2 S 9 Aletd 9= 2 (restricted likelihood)S Agdozx BH &
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kol ool k229l W X3 (marginal model)©] HgHc}l duksl Ay 5)

A e Bxgjal theo] Al 7HA ARS WA 227t gk (i) &
o) 7 Agd xW: E(Yilry) o

St

(ii) oA o] FLEHA B WAL, Var(Yijlzi) = o),
A7IA w(uiy)e A Fold e HE ES4E uidith (i) & XU #AESAETY AR
Al(correlation) S Y3+ B4 a. E3], Al HA 240 tisial= AFAA S (correlation coefficient
p(Yij, yir)) 7t SR 2 ARGHTE SEA|RE o] WigF o] 41y ARzl sl B gke] W0 < iy <
1)) Aok w2l dBASE A-E3 FARY g ok Zotr thal 2=n ](Odds ratio) 7} 285 7]
%= 3t} Liang¥} Zeger (1986)2 th-2-3 262 dwks) =7 24 4] (generalized estimating equation)<
A kst

Sp(8.0) = Y- (%) Vit (v - o) va Y ) =0,
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A7V i = (par, -+, pim,) 0181 Vi(a) = A Ri(a) A2 om) Ae oz 2= diag(v(ui;)) ol ™
Ri(a)= 33 L2 479 YAt pist(a) = pits(a ): C r(Vis, Yi; ) 2 AT AA Vo] oist
E383 RV} 912 A-$ working correlatoing HE3tc} & 591, pis(a) = a9l F$ exchange-
able ==+ CS(compound symmetric)2 A|ZF Z+F o) F35A QA W 98 AsEt] 28 A &

AZ H4E 03 pii(a) = ol AR()E A7 240l ol 5% 43 B ol 52 ojnje

t}. o8 s GEE+ quasi-likelihood approach (Wedderburn, 1974) & W &7 x50 43 2102
A4F £ Atk 53] FEA Fxo] 3 A3 PA7F DR 7 814 GErthe HollA Y f= 2
£~ESI @ 4 vk webd] PR 24k YA F3 YD 078 misspecification) & B

37) 98] 249 o) Baoz theo] MES X BAHS o83l ),
Cs=1y'II ",

714 Iy = (1/n) I, Di(B)V, (@) Di(B)el™ I = 7L, DBV, (@) Cov(Y)V; (&) Di(B) o2
T ER B Cov(Y)) = (¥ — ) (Vi — 1) & AH2iTY,

550 A ol g Aol el AE B3 RRn F¥ 23e AR 0 448 At R4 R

ANAe e Lz = zy;@e 7H AAES] JDEEH H}“—O HolgEth &, e 2 3¢

<*(population averaged parameter) o] A4t &3 B gojlAe] o] FAHZEE 7ol H FFoA A

ojFth= oA thE oJuE 7Hth EE o]4Hg Agdd HeiA T dollA AHE £ o]

7o FZ3A ALE 5 9o o5 dnts) £3 ¥ (generalized linear mixed model; GLMM) ©

2} sto
9(pij) = xi; B + 2i;bi,

o714 pe F¥EY aRE FAsks 14 Bdoln] bie NAE B AP BFHolTh o] Ry of
| penalized quasi likelihood S #-& 3t}
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o
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Toz do] RYL mleIn RYoluE s A WA} HA BEAme] o EE A 7
Aoz gk weby olF WAE mYel Ao Bl 24T 4 Atk B Bof, ALY WS
Azl vhal 22 6y = acy_1 + ey D A, o) ThEF g WAz BAD & vk

Y;«J|YL] 1~ N (xl]ﬂ+a( ij—1 = x;jflﬂ) 57_2)7

A7IA a = exp(—9¢), eij ~ N(0,7%), 7% = 0*(1 — o®)o] A} & tf AN W&} g A& A
3ttt Diggle 5 (2001)3% Fitzmaurice 5 (2004)8 a1s}7] vt

3. B5 AED 25 ST 2I010] ZA| AI29t ABMES U2 AR ISt 28 2

AAA A5 BE P*% gz S (ysj, tig, i, Tij, 2ig, wiy 035 5 = 1.
A53 A AA AR gy FEAE ol EFEY 2 OJ—TLOHH

£ AR B oyt px 1 MEE ARG BAE FUFOR A7 A
FHFS T 2,0 BE AR(EE BS A7)0l 8 BAS A4 Ao ogEs gl
W ow s B 5T A0 Ud 5YL 96l A8Y Fugelth. BE ol FAFEVNE A= FF
d Rio] EAY 5 vk EW, ot BE TV ALL st B3 0 492 BAVT 53 B3
A3 B2 FTHdrop out)ol W49l ABD 5ol 2 ul, ool tia AR sl A% 2
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o] A|otH T} (Tsiatis®} Davidian, 2004; Henderson 5, 2000). AA|A kg0l tfdt o &
P2 AAA Azt AE A5 AFJHAE AAFAY A AT 2 A 24T = Q)
st Aol & AAS] A8 A8=H U 53] S Y °J° o] o MY ¢ AE A5 2 A
AHEE A 99 28 (competing risk model)& 53 Z- Y} FA AFF ko] BAE F A}
Attt GutEd AL 24 A5+ F A AEIE JHAE RPOE QAAE £ 3lor o7)A AE 0

g

_/'\__

E el (alive) B ) 1 A el (dead)7t Bk, 78 1B BHAAE A 0914 ol 5 9
€ A

!

9}

4

= o
= AE)7E 27 o] ARl A o] & dhe] AEjRe] Ho] whALe thE Alejo] WS HEF 4= )
sttt ofof ok oheFst B4 WpHol A = glor %3] FHFY EHE FA37] A A
A8 4 (cause specific hazard) & o] 83= W +32 YA (cumulative incidence function)
1:18] #AZ2 =& 4 )+ subdistribution ¥ (Fined} Gray, 1999)0] 282 4= Qlt}. A7 ¥ &
Aol wiet o] F WY F 3 ZFA 7 AEEH, AR whio] gE] A4l ki Sxke] v o

A% AL AR FBL 7o) 429 4 Qo)
ATelN AT AuE AAF A=,

B A4 223 A5 A% 2 Ao e ARE FA0
sk AYRYS ADTE Aolth A WAl T4 L4t g Aol B A0 a9 vao] Fol

Yij = 5/1»’1']' + vi1 + €5, (3.1)
71N BF A «; ~ N(0,02)09 i FAFS] BAE FA%%E AF AFE vas VT F
I} (random effect) 2 iHA] 7NA2] 7| T3} (subject-specific effect)E HoJ=t). webra] 4 (3.1)2
AAA gl thgt EF By Ago] "k F A P FAZ A, b = (L, .. tim, ) TS A
©2 29 = g (intensity function)E 2-g3lc}.
o(tizlzig, via) = ao(tiy)exp (v zi5 + viz) - (3.2)
=, 32 W Ao vHEA o2 A= 7 A AL (recurrent event) 2 FEEE] HHE Al o
i3 2% 5 7 5 Utk 4 (3.2)9A 259 vie7F FoIA S o, A FS AHL 27
=]

. =7 (conditionally independent)°]2}xl 7F4H T} ao(t)= 714 Z= &< (baseline intensity func-
tion) 2 574 FFHENE 7HHEA] AU B4d BP0 R Xopdy ExE AT 5 Qlth (CookT}
Lawless, 2007). vlAet 282 A2 S0k AJH (¢) 3 F- AA(6:)S 137 8l 2 18 2ol
A A AR EE 9o 213 g4 (cause-specific hazard function)E Z-§3tt} (Kalbfleisch2} Pren-
tice, 2002). k(=1,...,K)Ax 40 th3t JP T2 3% w9 BE 2 FA AL

Ak(€) = Xor(c)exp (Mrwi + E1kvin + Eaxvia) - (3.3)

5] 9 ERolMe weHset kA S 9 04%%741 Al v s FHB
EiA S AAFe] BAE Asl viee 242 ALk WA, 9 E’-‘o Stoll Al Euk

02 ¥hg Wso k¥Rl B ST AATe] 5L 4u1 v, g = 02 B AR kWA BS 5
919 SYHL 247} Juigeh. 53 £ AL WY B (vn,vi) & THET 2L o]AF A7
8 Hgat

) 2
(1}11) - BVN <<0> ’ E) ’ E - ( Ol 0-122 ) .
Vi2 0 012 O3

OJAl ¥ = (B, 0(-), 7, Ao1(+), - -, Aok (), Mk, E1ks or, )= B (3.1)—(3.3)0l 23H BE 2 HH
AGE HAZTt AA7A, T (vi1,vi2)Y BA-FEA FE 2 Var(vii) = o7, Var(viz) = 03, 181
Cov(vi1,vi2) = o127} ETh
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3.2. &4

BA R ey = (yla--v,yn)', vi = Wit Yim;) O 2 BT BE NP ¢ = (tl,tg,...,
tn) s ti = (tin, o tim,) , BT 25 ST ART B DAL & = {(c1,01), -+, (cn, 0n)} ©

=, 0 =11,.. K}E K7He] A= ElT Aol 3] AZo] FHE F S m gt 0471/‘1 —,—a]
o e kA D] o F= Aereleha 7). W ke 0] ole 5 FHe A
Z o o4 A3 a5l S35 ks onigtt. 2 WE UE A5 Al #5 AR AT ¢
=384 (observed data likelihood)+ ©}3} 7‘1:]—

L(Y; y,t,¢) / / Hf(yi,ti,éi\w) :/ / [TLY x LT x L *dviaduis, (3.4)
=1 — 00 —0o0 i=1

1714

1 , 2
27105 ( ng (yij B vﬂ) > ’

(tir)exp (¥ zik + vi2) ] exp {_/ " a0 (w)exp (v zi + viz) du} ,
0

g
i

Ci

(Ao(c) exp (mpwi + E1pvi + §2kvi2))l(éi=k) exp {— Ao(s)exp (mrw: + E1xvit + Earviz)
0

ojlt}y. AW = T (3.4)= 23l FE(closed form)E FHE 4~ glonz AY a5 A= A}
S (missing data) 2 e F o]o)] thgt RAF 7|tiZEE AlAtste] B9 AY £ FAE T3
EM €1g|5S FLsity. dutdoz EM ¢SS F8317] A8 28 22 U (Monte Carlo)
= % A& (numerical integration) o] AFRH T} B =FoAl& Gaussian quadratureE o]-&3F
A ARE o]t o] WY FHL SASY NLIMIXED ZEAAE AT ¢ Stk Heolth
SEA|RE 2 7)gkel WIztetm B3 o] HAstH o “JH‘GF A7t &% dAstE B AFolA 73
9] HolE H3 AEZAHY ZE T4 (3.2)2F AU AFE (3.3) sl 27 A4 A E (piecewise
constant hazard)S Z-&3trt. o|& Fof, 5 Al W‘J 714 A= g AR AI"E maiY
27 (QF,...,QF )< BESFE o|g3lo A3 T, 27t A JFES /M Hv v 2ol
27y A 714 2= T (piecewise constant baseline intensity)2} +2 71A % &< (cumulative
baseline intensity function), a2} A S 247+ A o] sir}.

LT (e)

).

070 (t) = ok,

= ia% max {07 min (QkR —Qi . t— QkR—l)} )
k=1

714 QF, <t < Qfolth

HE o R RS 280 714 YT el 22 A AT Aot A AT Ao S 27t
Aottt (Kim, 2010). M-stepolA] Newton-Raphson =
Aok 3 E (Hessian matrix)2 ©]-&3to] FAHH 2490 BARS F3ir).
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Table 4.1. Joint analysis of prothrombin, visiting process and competing risk with death cause

Full model: Reduced A: Reduced B:
Covariate (3.1) + (3.2) + (3.3) (3.1) + (3.2) (3.2) + (3.3)
Est Se p-value Est Se p-value Est Se  p-value
Prothrombin
Intercept 2.363 0.007 <0.001 2.363 0.007 <0.001
time 0.013 0.007 <0.001 0.013 0.007 <0.001
trt —0.006 0.009 0.537 —0.006 0.009 0.476
gender(Male = 1) 0.030 0.015 0.042 0.031 0.0148 0.0467
o'g 0.007 0.0002 <0.001 0.007  0.003 <0.001
Visiting process
trt —0.059 0.092 0.519 —0.045 0.091  0.620
gender(Male = 1) —0.0616 0.143 0.667 —0.059 0.142  0.679
Competing risk (dead)
trt 0.035 0.286 0.903 —0.071 0.226 0.755 0.070 0.284 0.805
gender(Male = 1) 0.944 0.416 0.024 0.722  0.316 0.023 0.932 0.413  0.025
&1 9.053 2.230 <0.001 14.887  1.700 <0.001
&2 2.174 0.380 <0.001 2.767 0.379 <0.001
Covariance matrix
o2 0.005 0.0005 <0.001 0.005 0.0005 <0.001
Tab 0.0253 0.004 <0.001
og 0.384 0.054 <0.001 0.383 0.053 <0.001

AR} 286789 $HA; F 1239 0] APDEtal 299 0] ZholAlE REgtow o] T ARH F ofH A}
WA dolubd LA ke AAS AW EeAELh mhebd A ol e A9 Hel
olgfdt 7 7HA] T AJE Al efety] Sl B A 2P UE AP T B o] AL
9}1‘/]- H AZAE AIYS 3 BAo = ). 14299 FAlE= D-penicilling Fojdtgton 1449

710 kS FEofulgir}. H % Wol ZzEZY $93F 4TS FE= 29107 D-penicillin I
B (D-penicillin Xg] 2§ = 1, 29 Az 2§ = 0)%} /Kgﬂﬂ(g—/\g =1; 94 = 0)g 13 A
{gtns] Z*ﬂ 53?5}7] HFH %l "_% s 7V4 o= UH?} 2 AT e &5 T 9 Fol Ard
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20 I L

Prothrombin

year

Figure 4.1. Spaghetti plot for 73 subjects.

o F 72 A 2 o F kol 7t et WA WE Al (visiting) 7 s AJEI A
2l aEtele ol Rt i}017} Atk AP 9oz % #5 S ARl HsiAE A aFtele
Aok giglet Auzele daol o guTh A% SR Ee] o Eskth AN AR A AT
AL W 23 A% BAE Bl = 9.053 (p-value < 0.001)), ZZEFH ] A|7to] AFE A}
T AEE] =t T & JTh I, HE UE AlFe] HESE AN FEEE E5 &
kTHrjz = 2.174 (p-value < 0.001)). T3+ BE FEA FPo 237 %&(Aa = 0.005 (p-value <
0.001), 6, = 0.384 (p-value < 0.001))2 2|3t ©]
Gab = 0.0025 (p-value < 0.001)2 7 7}
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