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Abstract

Competing-risks events are often observed in a clustered clinical study such as a multi-center clinical trial.
We propose a joint modelling approach via a shared frailty term for competing risks survival data from a
cluster. For the inference we use the hierarchical likelihood (or h-likelihood), which avoids an intractable
integration. We derive the corresponding h-likelihood procedure. The proposed method is illustrated via
the analysis of a practical data set.
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1. ME

42 TR AN % A0] kool S AU AERA A7 B
B glom o AP A I EAY Aol i S35ttt (Putter 5, 2007; Ha 5, 2014). 3
AAe] o) ok T/ AFAE (several distinct events) T WA A @3 st Ao R #AESH=
2§ Z A 7H(survival time FE= event time) AL S A A HAF (competing risks data) g} £21, 3+ A}
Aol We the Aie) WS Walgeh. olE Fol, Figure L1oJA15) 2ol ol o QR 7ol 2
AAFA (main event =+ event of interest)©] A2 (recurrence, AE] 2)Q wl, A A APG(AdE] 3)2
%= A tH(censoring) ] ol 2} ZAALA (competing event)o] E 1 o] et AL AAAAL] B
< W3fste} (Pintilie, 2006).

Figure 1.13} g U5/ (multi-state) #2 5 Zt= ZAAJAEE 4371 A3, 71EdFlA
= FAAAY AAAEL 72 Sgolgle 714 SlollA Cox e v]& 9 & (proportional hazards;
PH)o| 2738t Y921 (cause-specific) 3] 7] 23 (Prentice 5, 1978) =+ H 219 & (subhazard)ol 7]%
@ S72Y (Fines} Gray, 1999)& F2A02 Te)n B24oz Aga o3 9rh A%, 349
AL (competing-risks event)S 3] 2sh= t}7]&# YAFA T (multi-center clinical study)Q} ZHo] s}
o] ZA (cluster) WollX= AAAAH BANES SHLR 7PH% RPRTH= FF AAY o84ds 1
Pat my 2ol BShn @ 4 Atk (Gorfinest Heu, 2011). A4 02 JEAge] o2y 2
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Figure 1.1. A schematic of competing risks.

o]dAdLe #= < 5= WEFE I (unobserved random effect) 9l Z#| 4
(Hougaard, 2000; Ha %5, 2001; Duchateau$} Janssen, 2008). & =20l : ]
W FA= 3 78”3%%‘ AEARSY] BAe Aishs dd BAAFRY N stte] &5 (shared)
ZY LB E s Hete 2% 2 dE RS Lt

ol AREYPL ZHYE FE =TI Wil I FEE FiA AF5AHA F9 75 = (marginal
likelihood)E A8 A% Wl AL FEE siof o= TAFN AHT 5 Ury. B =FA
£ OE WD weol el 4we HoEA £84d FEARE AT Fe g s
%= (hierarchical likelihood = h-likelihood; Lee$} Nelder, 1996; Lee 5, 2006)% 0]%—6}01 a3t
A9 2RALUL ADUTL 59 ekl AT BHel Ao ) 7122 F83 i 7
S5 PUE() RANE R B0 o4 AE; Ha 5, 2011, 2013)8 AL w2 45
& 9e B w=d ABT 4 Aok

2 =29 74 AAE =3 Zrh 280A = A AN E ZHLEEYS AVt 384 E o
A 7eEet O FAAAE FE3th 420+ v]= NSABP(National Surgical Adjuvant Breast

and Bowel Project)ollAl 319 50t A ERIF O] A48 T3] #A|od WS oSt npx g
02 5oL AR WSl BE} 25 Aol thsjo] =9l SaA Dok

% o
o

Figure 113} 22 249872 sl okl A2ARE AAGoz B4 A% 2% =ade
47257} o1 Al AL A $0) s, el B

=z

J}L rhz

o Y nu =

B oRoAe chag Ame] ¥ejd FASE 4498 4EARE wed T AR (k=

L8 JAT Wi (i = 1., 2(: NBABN S8 9= 5 (G = 1. .ne)0A 2] o)
Tin® AN AT, Tl ARG AL 2T O SEARATINE S 2007 B

Yi; = min(Tij1, Tijo, Cij),  ije = I(Yi; = Tijr), k=1,2.

A 2ol agls BAAA AW e FEE 23 meQE) v7h FolA wl, Tiy1 3} T2
A% HPEL 0,8 B3 theT 2L Y NYELFY ez AW 5, 9 1 (EE Type
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)3 99l 2 (== Type 2)o 93 4742 ALAAZ T3 Tied 2AF APELS a3 22 Cox
(1972) 9] v EE Yol ZHLEE F713 FEl2 AT

Xij1(tlvi) = Ao1(t) exp (xiTj,Bl + vi) , (2.1)
Aij2 (tlvi) = Aoz () exp (xz;ﬁz + pvz) (2.2)
A71A Ao () No2(-)E 4 A 1]A]Y] 7] A (unknown baseline) | @34, 813} B2 Tij1 3 1529

F5E TAF WE 24 = (i1, ..., 3ijp) " o N3 FIARFEIH, v; ~ N(0,0°)2A AFEZ
£ E2tty 7HFsty 53] p= i Aol AR o2 GFE v A= &S YEE e B
FEA, p> 001 =2 =z dEE Zhe= QA2 W] FAAA (competing event)S A3 p < 09]
W I ) E sttt 919 By AsjAI7g R A FE= kA ZH(informative censoring time) 7
o] oj&4g A93st7] 93] Huang3} Wolfe (2002)°] 23] Al¢te 358 AF=ddE] R0z & 5
itk ABH A AP FIAR AN E 49 22 FE] AR AL 9 10 A e F
EAUH 2oz AFUh AL T A AVED )24 AN 2T 2EH 22AAE 2
4= At} (Gorfined} Hsu, 2011).

3. UE Tks=2t 82X

F29 (2.1)3 (2.2)0 e oA 7Hs = (Lee}t Nelder, 1996; Ha 5, 2001)+& th23} o] 3

7}1’(/87)‘07Uap7 Zémk‘i'zéu (31)

ijk

Lijie = Liji(Bry Mok, 05 Yij, Oijic|vi) = Oigi(log Mok (yij) + Mig) — Aok (yis) exp(nijx)

+ v 7F Fo2 u] FEFFHE FEHST (Vij,0i56) 8 2AF 23 75 = (conditional log-likelihood) ©]
al,
2, log(2mo?)  ?
fi = [1(0' ,’l)i) = —? — 202
€ 2l Qe vio] 22 7Rs ROtk 371 nij = 2fiB1 + vi0l 3L nige = 2582 + pvi©lTh.
AT A (B1)NM dor ()T hoa(0)9] T4 FEHE A3 w27 W] B4 AARS 513 B9 F
B A3 ol NAARTSE AAT D oA 7FsE (profile blikelihood) b =kl 5, &
AREET (Ha 5, 2001) A71H AowE Oh/OAor = 02] HZA AL kol th HlmSA 71 AN BT
o FAFIY. 53] e Babgﬂ 7V % (penalized partial likelihood; Therneau®} Grambsch,
2000) hp,2} %X]Jd'ﬁ" olt} (Ha 5, 2001). WA B =2 h, S B oA 7155 (partial h-
likelihood) 2} B2t} 229 h, S 1 g A o 2ol Ak WA (81, 82,v)8 A
¥4 A (score equation)< TL3HA THeI} Z2th.
Ohy _ )
— = X" (01 — ),
95 (61 — fin)
Ohy T .
— =X (62 —
862 ( 2 ,u,g),
Oy v

v ZT(51 — [11) —|—pZT(52 — fi2) — pp
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A7 X9 Z= 247t BT RS g9} 228 Qe voll tE mFBDo|n, 4y = Ao exp(m), fiz =
Aoz exp(ir2), Aok(t) = P, Y(kr) < )‘0’” (k=1,2),m =Xp + ZUO]—I— ne = X P2 + pZveltk. =&
Yoy (r=1,2,..., D)2 Yij 5 % <=3k Type K9 AAXFEIH, Aok = Aok (yer) 1. 1<)
Ag pA AL Hadl Lee (2003)9] thitA 7155 9hdo) 23l ofele} 22 3}l HAe)et 2444
o2 §2d 4 ok

XTwix 0 XTwiz B XTwi
0 XTWsx XT(pWs)Z B | = XTws
ZTWrX ZT(pWHX  ZT(Wi + pPW)Z +U ] ZTwi + pZTw}

A7V Wi = —0%hy/Omont (k = 1,2), U = —8%2/0v* = diag(1/c%)E q x ¢ ThZ+3 & (diagonal
matrix) o] wj = Wine + (6, — pu) (k= 1,2)°]th

tho®, ZHdE B (F ARES) 0 = (p,0%)" Y FELS AS e 248 (adjusted) B TR
7= psw(hp)E ARESHCE (Has) Lee, 2003).

P (hp) = in - 510g (det (I:])) + @

log(2m), (3.3)

3714 by = hp(B(6),8(0),0)E Bk voll ThE B FhsEolal H = H(B(0),8(0),0)S f vEldh 2
=% 2P (observed information matrix)o]th. 2 g0 ot AL o} FA LA 4
3 dojxtt:
Opplhy) _
o0 (3.4)

A7IA paw(hp)el m(m =1,2)04 24+ th33} Zo] AATH

Opslhy)  Ohy 1 _—
~ o0, oa, 2"\ H g

oheh, He 359 ARPdA 4 (32)9 A3 Agaddeln) H = H(B(6),9(6),60)°Ith. A4 o]

H3t 2 3hte] A3HH th 715 = (restricted maximum likelihood) 4 2ke] 3 ggoltt. 1&W

¥ (5 ,327p, %) 2 my dE) v 2AXE AA 275244 2 FE-ASUHS o] &5, T
WA 4 (3.2)9) (3.4)5 WAoo AL3o N oAt (Ha 5, 2011).

4. M A=224

4.1. Al2o| MY

224 AN A 3ANY = QERP o5 A5 VIS NSABPOIA 39 09k B
gt Al 34 FRLAUR o5 WA th7]# A 3A & (randomized-controlled double-blind multi-center
clinical trial) © 2 2E 3" A4 J=A22 123t} (Fisher 5, 1996). o] A|FL FHpor 4
% 3 E}2 A3 (Tamoxifen) X E.2Fo] 7}ek(Placebo) B} Al 9| @ES 42514
ZAFsE 2ol BA ot 49 542 s S 2717k 2.5cm o3 A o4
167708 @71 s BE RYE 731%)E Aoz 3Tt ol 7]A], o]H 3t AT
Zke] thEALA (multiple events) & 3-8+t

Z 3 7PA < (primary variable)&= AFAAIZFO. 2 M & & S4 E= 79 A (local or regional recur-
rence) 7kA| 2] A|ZboltH(EH$: year). WhS- ZA3}gh(outcomes)2 27FA] FE|e] AMAX T FEATGAT
o7 P45 ofgf e} o] g oFH Tt

SN
Torm

u% oZ, o
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Table 4.1. Estimates of parameters in independent (Indep) and joint (Joint) frailty models and model selection
for breast cancer data

Model Event Age (SE) Trt (SE) 0 AIC
Ind Type I —0.017 (0.009) —0.633 (0.199) &% =0.12 cAIC = 6979.6
nde
P Type II 0.014 (0.005) ~0.123 (0.094) 42 = 0.001 rAIC = 6996.4
roint Type 1 ~0.016 (0.010) ~0.738 (0.233) 52 = 1.74 CAIC = 6712.7
o1m
Type 11 0.013 (0.007) —0.259 (0.149) p=1.10 rAIC = 6855.6
(i) 93 [(Type I): 24 = 7o Az 7 8e2 13.5%0]ch.
(ii) 3 II(Type II): 9AAY (dlstance recurrence), M2 F83F ¢ A == AFLEA I H]E
2 53.8%¢]tt.
(i) =2 (censoring): FHF F2 w] 7} ojF A WA glo] BEst HLEA 1 wjEL
32.7%°]th

B oepe] BAGA B4 9t FAZS o 2ok
(i) dol(Age): A5 UFE 254004 75A|9] B E 7HAIH FFihol+ b4 o]t
(i) 2R (Trt): o8 A5z eF=A A (3608 MA)S “170) 1 7xpek(371H WA)e 0"z =

5 S ol gate] A9 T FUFL A AT 2GR P (“oint"
Y YEls EAAS HESEA 1Y 4TL S B OF 35
stk WaE A5 £9 19 89 1o 220 A0 0)S 2

+ 594 ZadE 23 (“Indep”® EA)S F7H8HATE 3714 v1 ~ N(0,0)9} v2 ~ N(0,03)2
Mz F9olty. F 2y A3t Zy= Table 4.13} &t WA “Joint” RYPNA oA B0 F3
2 p= 11002 FrE Y2z 22 28 dEE Z2v #09 Sk we] A4 e 2982 7
A0 S & 4 vk 2a-zadEe) B 67 = L74EA 2} 7k AAAID °‘°W o]d
Adol A =S /\]/\}fﬂ’"/} (Figure 4.1). ARG FAANE AoEd o2 2o 43 19 73
% o] (Est. = —0.016,SE = 0.010)7} 57} AdEo] FashAw o shAl= ?%E} SHA| Rk
ZF BAYAAN ABH(Trt)d 4$ BFEAA (Est. = —0.738,SE = 0.233)°] 7PRRtt ALES

5% el odlA FestA Zares & & ok A 73 119 4% vol9 34 FA4X+= 73
I3 22 g5 (Est. = 0.013,SE = 0.007) ] X9t F A= kon, X5 =3 0-4'5}1]‘: o
(Est. = —0.259,SE = 0.149). thgo &, “Indep” RE A< FAFAHANEL A
P AR S BT, T ARAY IS FAITOR As) A8 o] Adigre] A4
o2 A FAHL Y5 & = Aok HSe] ZHYE 2P i BFMAH)E (Ha 5, 2007,
2012)°f 2] 3} cAIC(= conditional AIC)2} rAIC(= restricted AIC) B »Joint” & | A F AICZk
o] “Indep” R HT} 2 27] ufjFell, “Joint” 23S A=HsIT}
tobzh, “Joint” RS Ao R st oA Zhs® WS g FEd ZHLE A FHS
3 A5 2 o]lAAS HAESH WHES AAstazt st (Ha 5, 2013). oAM= Ax3 viet 2
“Joint” oA Rz JdE B FAXE 67 = LTARA W 23S 7K ol }AE
n| %} cl|

HEAZ o]A4e] Astthe AL guldtt. wetA o|Hd vt zdAelY ERE T W3

fol
&

(@ AL O o
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Figure 4.1. Estimated cause-specific frailties vs the first observed event time for each subject in joint model.

2, A7kl w2 =Y dE EE A 73] 3] S+ Figure 4.1 o]9} 2 =z dE T3] Ao ¢
g3}t) Figure 4.10] o34, 27)0] A (S AL, AV 5)S =& 2 dE (W

B B e me D) gD A S Frh webA A%
[e)

) 3% )
o] Aol wret mA el gro] 4TS X 5 Utk 53] F= A9H B4 (Figure 4.1914 “None”
oz FA)E S AFHA ot AWAOR A7kl BAGO] HriHoR e medE R}
0Rth e 2z dElY L FL L 5 A7) wEl, ARG FUS BARD FHSA e B

5. €2
B Rt FASE 48908 AEARE BA A% 2% zaYe RyPTEL A
0 RY FES 93 e Jbs e FEARE RS, o8 AA FUAAR Agsel A
PO R84S AIFAT 53 Table 41014 AN uig} Zo] F AL JEHS FAT SYR
Y (“Indep”) 2 AW B Z5 0] thel BejY FEAHE T 5 UL AYRYH vagon
olEi% AHIS Btk T FsEE F9 brws) ge mAUE AAE vie $42 5 dgow
Q) Figure 41004 AAS ule} o] A52k ol A4S £43 SRt £83 BRE AT FHol
St
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oA ARE AARE F 7HA ARFEIE AASEL QAT AEE -2 Al 7ER] AR oo R
239 4 At voprt ﬁx@ﬁﬁ?z Sloll A gk ANAl T W o] AFARAYS F183tH FHH L
2 S 28 (multi-state models) o] SFHTE o1& 59, - AR 2 ¥ (semi-competing risks

models; Fine 5, 2001) 229 &2 Zu|gle 235 AxHA| 7} 2 ZAo|t}.

Jﬂ rhI
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