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Abstract

We propose a multi-state model to analyze semi-competing risks data with interval-censored or missing in-
termediate events. This model is an extension of the three states of the illness-death model: healthy, disease,
and dead. The ‘diseased’ state can be considered as the intermediate event. Two more states are added
into the illness-death model to incorporate the missing events, which are caused by a loss of follow-up before
the end of a study. One of them is a state of the lost-to-follow-up (LTF), and the other is an unobservable
state that represents an intermediate event experienced after the occurrence of LTF. Given covariates, we
employ the Lin and Ying additive hazards model with log-normal frailty and construct a conditional like-
lihood to estimate transition intensities between states in the multi-state model. A marginalization of the
full likelihood is completed using adaptive importance sampling, and the optimal solution of the regression
parameters is achieved through an iterative quasi-Newton algorithm. Simulation studies are performed to
investigate the finite-sample performance of the proposed estimation method in terms of empirical coverage
probability of true regression parameters. Our proposed method is also illustrated with a dataset adapted
from Helmer et al. (2001).

Keywords: additive hazards model, log-normal frailty, interval-censored or missing intermediate event, multi-

state model, semi-competing risks data

1. ME

MRC UK Cognitive Function and Aging Study (MRC CFAS)+=

B9 TR A72 654 o4 =ASe] A5 Aole) BAH 295 27 A1 BAo
o} (MRC CFAS, 1998). 21%]7]% %<l (cognitive impairment; CI)2] 45+ Mini-Mental State Ex-
amination (MMSE) H42 H7l3H =l=d 2 A7 €3 AR 201 CI7) Qs oz Ao
Sk o AToAL v L3dnle @B Clo) Wy §7E F4 BASA 1Y AT =
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Zoll F7FA7F AP & 7] gl BE 7R Cle) 3 -+ A5 5 AR BE 30
2k AP fRE AP A9 35T = ok Stoh oA H AFFeZ Qs CIY Aol FEH
Hcensoring)d G AT CIQ] PSR 3l Abdo] FEHTE A ok vt A A A5 E 43
A8 A& (semi-competing risks data)2kal st} CIQ] TR Y o2 ALAL] 2oz 3 F=2

= = Q= ALAE S7HAMA (intermediate event) o2kl SFal, AFYA T TR AFAL Aoz <l
E=ZdE A 9= AHAS WA (terminal event)o]2tal dtth. EFAAA Y 250 tgt oz
7 de] 2ol BEL A9 ‘illness-death’ 28 (IDM) o]t} (Andersen 5, 1993). MRC CFAS©||A
£ 244999 A58 deed ol F 4 08 592 23 dok. 2, S5 Fek(lost to follow

Avog ThRA 9 Clo) W nhtA s S0 0% theelth B4,
LTFS) wge Qls) Ol el FEADE 4 ok AHAsgle. olul, Olel W 08 BT

H

et 24" 7 7}7<] FAHA 0] B SEAA o FEATE ¢ s BR olls F A F

AH FollA B4 e SR, & CI9] o] T S, & LTFY HACE QA x %EQ
gl = ARS vEshs A7 Eds) JE o %1’13]- Frydman3} Szarek (2009)= CI2] Aol ofj gt
2§23k (survival functlon)% HR4A Q] o g 2438 WHS AlQkelelal, Siannis 5 (2007)3
Barrett 5 (2011)< Cox (Cox, 1972)-/] H] E1]-‘.’4?.4_‘?’_?{%(proportlon:ad hazards model)& 53f 3|7 A4
FA%h S Atk £ =FoAe Coxd vHEYEEY Al Lind Ying (1994)0] A
oF3}l 7}Ak9] 8 ¥ (additive risk model; L&Y 28)E WA JAAFE A= ES Alekstuzt
Sttt Coxe Ry FHEe] 35 ¥ E2 v (hazard ratio)® AW3h= whdd L&Y BREL F

i)

9 ru{m

(

['

wHeke]l EE 9FEY Aol (hazard difference) E AHdl= A o] AZ 2t =3 Clo) 34 §F7
F71H o8 #AFE 7] wgo] CIo A AlH-L Fgs] & CH go] A5 A Fgkd wp
2R AR CLe] B o] HE5H H = Al /\Mi Mdu} A& CIZ} 3¢ (L, R]elA &
S wl L R Aol o= AZA BAFEA & = ¢l7] w29l Barrett T (201)HYE 2+
o] BRE AFNA #53HA AT 5 Stk 7PWL UAARE, & CIo| A AI-S H2AR &

unconditional probability) 2 tH& 4= A9 Lindsey 2} Ryan (1998)3} Collett (2015)2] B ol
}fﬂ F7F (L, R]Z 2 7§9] B2k (sub-interval) €2 U 4 92 2l ofuje} 2+ B 7lol| A Cle]
A FEE FHAT ¢ Q7] wliod B =wollAe & B3 2R E-E (conditional probability) &
A2 M 4 WS AlkstaA} ghek A g JHAIVE o 2 AR, & CLe] i, LTFS] A, A
H o] 7] wjFof 2 =Fo|A= FA Ha(latent variable) 91 Z & A E] (frailty) S M A AF
o

01, A

rir

ek iz ol Mok 10 pn Loz X fr
0{No==

2. 28 Y 95 2
H =Ro|A: Siannis 5 (2007)¥ Barrett 5 (2011)X% IDMe| LTF7} 37b8 &g Al9ksts
A @t (Figure 2.1). o] B8E oAl 7kA A, 5§ 272 Ae(H), B4 dt FAbae) 28 4

B (non-fatal; NF), SZARAS] 28 Ae) (fatal; F), LTFS] 248 Aei(LTF), ¥5 27163 SHAA
o) 9k AE)(NF(LTF)) 2 A= o] 9tk Al H, NF, F, LTF, NF(LTF)E z+zt A 0, 1, 2

1 3%7] 8k} Figure 2.1 BA1E AXE e k9] Ho] FolA 7Hast A9 €57 7
0—20—=31—23—=23—=4,4— 20|t} o] FoA HAAoZ BAH Ho| 3 = 494 — 2=
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Figure 2.1. A five-state model with lost-to-follow-up (LTF).

HE7s3A 32 FAA QL Aol sig=E ).
t= AT AR AIFREY AIZFE YERATA SERE. A1 ¢ > 000l S A7 7HE 5= Qe AdE S
Sy € {0,1,2,3,4}°|t}. A = {(7“ )t (r,s) = (0,1),(0,2),(0,3),(1,2),(3,2), (3,4), (472)}3}3’— spx
A1 tAA (r,s) € Aol tisted A roll A AE] sZ2] Ho]Z= (transition intensity) Ars(t)E T
2ol Zojeta,

r{r

Ara(t) = lim Pr(Sitar ;Swt =)
m

, (r,s) € A,

(r,s) ¢ Aol 3l A= Ars(t) = 022 HJ3AL. Figure 2.19141 £ 4= 9lX°] LTF o] %o A<
Y FHRE ¢ 5 7] W2l 3575 AEZE Al VMR He] 3+ 2,3 - 4,4 —» 28 FEE
ATt (F, non-identifiable). WEFA Aza ()&} A2 (t)7F T 7 7HA Ak 24E vk sicta M skA;
(Siannis =, 2007; Barrett <, 2011).

)\02(25) — )\01(t) = T{)\32(t) — )\34(t)}7 t> 0, r> 07 (2.1)
Maa(t) = Aia(t), > 0. (2.2)

Aok 27 (2.1)2 AFE] HollA] Fo} NP2 ols) 7= xpoloh Ae) LTFolA Fo} NF= doj=&
Zwo] o7k Az v Holth e ofuloltk. T Wall FRAA R HolHe FRe} FAAeR
Aol 2wl Aol 7k LTF w4 o) %ol AU (r = 19 A9), 217U (r > 1 39), sold
o0 <r <19 F9). A 27 (2.2)% LTFS) 24 A% BrAglo] el NFolA F2 dols)+
BE7 2k ulelth. B ERol Nt FWF @ = (v1, 02, .., 2) 9 ZEA D (F2 AL R w7t
FolFe ol L&Y 23 (Lin} Ying, 1994)& #A A1 ZE A, (1)) thal thg7} 22 28e 7133
27} ),

Ars (t], ) = (amomters—l + ﬁgsm) . (rs) € A (2.3)

(> 0)F O,(> 00 77 SolBREY FEusg YYuseln, f, & HA% Melo)
v = exp(u)E ZIA7F(log-normal) Z# LEjo|L ue N(0,0%)& WEthy 7H43HAL whebA
E=RAE= 7|A A o] H% (baseline transition intensity)E AEEAA 71g de] 2ol= EE

rhlglr:l
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Q SlolEEES AFEER /Mo ZH YE = o)A = sl SHA R JFgE vRTia 7}

Aotk o 2E (2.3)o] ZFH EFE TN asa, quz, 034,042, By, Brps A 27 (2.1)3

(2.2)8 UEFoF = AalloF & B4 HEE ¢ = (o1, aoz, @03, a12, @32, 001, 002, 003, 012, 032,
"o

ﬂ017ﬂ0275037ﬂ127/3327
Al FZE (t1, t]oll A AFER 0, Al 1, AE] 3, AE] 45 Blojd F8 A o) 7= &< (cumulative transition
intensity function)+ Z+Zb o33} 2T}

HU
Ov_lNI

2
Ho(t1,t2|e,u) = / {Ao1(sle, u) + Xo2(s|x, u) + Xos(s|x, u)}ds
t1

3
=> {OéOr(th"' —107) + (Bp, @) (t2 — tl)} :
r=1

ta
Hi(ty, tao|lz,u) = [ Aa(s|l@, u)ds =y {Oém(tem —1712) + (B)p2) (2 — tl)} ;

ty

t2
Hs(t1,t2]x,u) :/ {As2(s|x, u) + Asa(s|x,u)}ds
t1

=7 {a32(t332 —1792) + (Bhom) (t2 — t1) + cuaa(t5®* — £134) + (Bh) (t2 — tl)} ;

ta
H4(t1, t2|$, u) = A2 (S|$7 u)ds = {O¢42 (t942 — t942) (,811223) (tg — t1)} .

t1

sy = 1 (a1 — ao2) + asz, 034 = Oo1 = o2 = 032, By = 17 (Bor — Boa) + By a2 = auz,
942 = 012, 342 — ,312 oq:rL A]x]— /\]xq\:l]:;] oqq. /\]x47/].;q 3} 7]]}1]7]. 73-346—1- /\ OL‘_—_ ARE 1/].1,—_

HAN 7R, &2 A2 1: 020, B2 2: 022, F23: 01, 24 01 =2 F25 0—
3, 4% 6: 0 — 3 — 20jt}. B met SEFTE Aosty] A B 7 715 E Aok AT Al
ZAETE B4 e SAR o] AT wfj7hA o AlZE, LTF 7L S wj7hA] 9 AZE, SaArd o] o
A W 7AA &) Az Z42F R, L, T2kaL skab. AR sollAl oj 8] e 00 Sl AAE thaat 2o] v
e,

Ho(s) ={RALAT > s},
Al follAl LTF 7} 2433k 7RAI7F A soll A of 8] Al 300l A= WAE vh=3% o] vehiat.
Har(s)={L=f,RAT > s, f <s}.
- )l B gl FAT0] BEE A ke AT AT B e 57

Apz el _é Az 12 A"S 242 a,bkal sk, AP AlEoY F2d
L= /WA i7F A2 j& weirbd 1, 284 ¢od 09 e 2= A A& (indicator function)zkil
A &, = 1,2,...,6. A% j2 webrke AAEY ARE By = {i : Iy = 1}elzkx a2
i€ BiUB< 73—‘?—% AR G A7 B e S0l BEH A oksk7] wi2ell a, b > ti0laL, AN
A i€ BsUBa _?"L_ 4 Qe Tl AR ai gk by Atololl A B5F 7] w2l ai < b < ]
A, WA i€ Bs U Bs?l Ae AR a;iolA LTFZF A7) wfl&oll ai < oAt b < t; &
by > t;olth. o], t;= WA i € Bi UBs U Bsold S=AT AJ¥o] B3, A i € Ba U By UBsol™
AR Aol Aok b Az 134 20 sigeke AL SRR Q1, Qv A vt 2tk

Qil(ti|wi,ui) = Pr(Rl ANL; NT; > ti\Ho(O),mi,ui)
= exp{—Ho(0, ti|xi, u;)}, @€ Bu. (2.4)

=
N
1‘3
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Qig(t¢|mi,ui) = PI“(T = t4, RAL > ti|7‘l0(0), mi,ui)
= Qa1 (ti|@s, wi) do2(ti|@s, us), 1€ Ba. (2.5)

A% 33} 4] g AR SERS Q) Qi A7 thew 2k,

Qis(ai, b, tilxi, ui) = Pr(R; € (as,bi], Li > ti, T > ti|Ho(0), @i, us)
= exp{—Ho(0, ai|xi, u:)}

b;
X / exp{—Ho(a:, s|@i, i)} o1 (s|xi, u:) exp{—H1(s, bi|x:, u:) }ds

i

X exp{—Hl(bi,ti\mi, ul)} i € Bs. (26)
Qislai, b, tiles, u;)) = Pr(R; € (ai,bi], Li > ti, R < T; = t;|Ho(0), x4, us)
= Q3(ai, bi, ti|xi, ui) M2 (ti]®s, us), 7 € Ba. (2.7)

A (2.6)3 (2.7)2 A Bs U Byoll H3b= 7HAl i8] B4 e Sl 28 (ai, b9 ZE AR A

TS oA HAAE 5 %D}— 7H4 stoll A @zl Aifeltt (Barrett 5, 2011). T2yt & =wollAe +

7k (ai, b5 F4 e TP AT = Qe Bptoz BEst & By R J5AE e ¢

T2 AY A} gt (Collett, 2015).

o FZ 30} 49 Gaks MAEY FAAY B LS Ry € (ay, by ]2 3HAF o, i € Bs U Ba.
A% 3UB4°ﬂ 3= ARANEY by SN M L by S 5122 YA 1 ohe s BT I ALY

22 arE 7R AAE T 7P A2 i & 522 BAMAL s (m=1,2,.. )BT AAY 2L ap &
7H A7 G wi7hA] oleF 2 g wHRste] the 22 AdES Atk sk

0=150 <81 <82< <8 <841 = 00.

o U Bs UBsoll &3l A 7'} AR s (m=1,...,1)0lA] 7FEA] wi, & T} 2ol A3t
2}

Wir _ di’m exp{—Ho(O, Sm‘$i’7ui/)})\01(3m|wi/7ui’) (2 8)
o Zin’:l ity €xp {—Ho(0, S/ |@ir, wir) } Aot (8me |, wir)

D, dir & 5m 0 T2 (aw, bi]o ZFHEA %—“r% Uetdll= AAMAL 5 din = I(sm € (ai,by])©]
ot mebA B ERedAs B0 E 7HSA (2.8)S MA AR 33 40 d"ehe Al SR
Qs3, QT 47 v} o] Aejstaz} sich

Qis(ai, b, tilzi, u;) = exp{—Ho(0, ai|x;, u;)}
X Zl:[dimwim exp{—Ho(ai, Sm|Ts, wi) }Ao1 (Sm| @i, i) exp{—H1(Sm, bi|xi, us)}
m=1
x exp{—H1(Sm, bi|®i, ui)}] exp{—H (bi, ts|zi, ui)}
= i dimWim exp{—Ho (0, $m|®:, u:) }No1 (Sm|xi, us ) exp{—H1(Sm, ts|®s, us) },

m=1
i € Bs. (29)
Qialas, by, ti|@s, us) = Qs(as, bi, ts|@s, i) M2 (ts|@s, us), i€ Ba. (2.10)
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upR| o g A& 58} 60 g MAY 2T Qs, Qe 2+ v 2t
Qis(ai, bi, ti|@i, ui) = Pr(Ry AT > ti|Hs,a, (a:), @i, ui) + Pr(Rs € (as, t:], T > ti|Hs,a; (a:), @i, ui)

= exp{—Ho(0, as|@s, u;) Aoz (ai|xi, u;) | exp{—Hs(ai, t;|xi, ui)}

t;
4 / exp{—Hs(as, 8|, us) Poa(sles, us) exp{—Ha(s, tslas, us) }ds|

i€ Bs. (2.11)
Qis(ai, bi, ti|xi, us) = Pr(R; > T, T = ti|H3,a; (ai), i, wi)
+Pr(R; € (ai,ti], Ri < Ty = ti|Hs,a,(ai), @i, u;)

= exp{—H1(0, ai|@s, ui) }Ao3(ai|@s, ui) | exp{—Hz(ai, t:|@:, wi) A2 (ts| i, us)

t;
+ {/ exp{—Hg(ai,s|mi,ui)}/\34(s|mi,ui)exp{—H4(s,ti|mi,ui)}ds}

i

X )\42(ti|wi,ui)}, i€ Bg. (2.12)

Wk 4] (2.4)-(25), (29)-(2.11)0l o3 SERFE ThT} o] Zojch.

)

, ¢(-) & Bol 00]1L, ®ite] o?Ql Apze] S5
B =R SAS NLMIXED procedure® #A] =
% (marginal likelihood) & t23} Zro] A2]sla1,

m(¢) = [+ [ LQ)dur -+ du,.

f(€) = —logm(¢)E 7% &A o= (& :rLfﬂ'J— (é) 2 ol A A4kt S| A1 QH(Hessian) 29
AP LS (9 T4t FHo FHFOoE Hosir} =& A3 M E = dE 220 o
3 ABo] Q35 =t B =Foixl= Pinheiro9} Bateb (1995)7} A orsl 2 A% 2 R FE 9 (adaptive
importance sampling)& AFE8}2} sttt ek H A (2 A7) Y3 BATS £(¢O)S dxpu R
¢l A PE (gradient vector) 2} o] Apu|EX]|Q1 A FES o] &vhe WHE-FARTE (iterative quasi-
Newton) W& AH&-skaLA} St

2204 Aet FFF AR JHE AFHY| A3 AP L FP3IATE 2F (2.3)004 71HA
o] é slpon ZEdEle g =e
~ N(0,07). 1,0.5) 8 2oy M3t S8 A7 C = 1812 1 H3s}
. BEO A7) ne 2000F VAP 5000 v aEgdh i (i =1
q

—l—‘

= =0l Z7IALAL WA RS 129, = 15, 31,.. ., 166, 181Y
t}. JFHUr AR #5 Alzé% AZH AR thE ¢ Q7] Wl He] 001, iF
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Table 3.1. Regression parameters in the different scenarios of the simulation study

Scenario Bo1 Boz2 B12 Bo3 B32
1 0.004 0.004 0.004 0.006 0.006
2 0.004 0.006 0.006 0.006 0.006
3 0.004 0.004 0.006 0.006 0.006
4 0.004 0.006 0.008 0.006 0.006
5 0.004 0.004 0.002 0.006 0.006
6 0.004 0.006 0.004 0.006 0.006

A7} 59 ATFREONN AL U5E AQR Aol toto] FAA LA B A, F 0 =
lo <l <+ <linyg < liz = 1812 AHOJHt). ¥ 2= B(1,0.5)d4 AR, =21
AT mA e Bo) 00]3, Farel 0,19 AFEENA wE AT 3 = explu) 2 A3}
AT o1, wozi, uozis 27 U(0,1)0lA A Gt 3kab. Ry, Ti, Live 242 soll gk 34
Ao1(s|xs, us) +1og(l—wuo1i) = 0, Ao2(s]xs, ui) +1og(1—wuo2i) = 0, Aos(s|xs, ui) +log(1—wuos:) = 02
= Ho3IAE &, Aoji(s|ze, ui) = vi{(Bojzi)s + 060]'890"}7 j=1,2,3.

o AL W C < Ri ATi A LiolH A 7RAl= SAMAE AR &2 AlF CollA F=2
H ez AFAsHA(i € Br), WL T, = Ry AT A Lo iR MA= SAMAES AE3HA
I ol Abgst Zles BYsink(i € Be). 2l U4 Ry = R AT, A Lio]d ©A 2%, 1
L;=R;\T; ANL;°|8 GA3LZ 0|53t}

o A2 winE U(l — exp{Ai2(Ri|wi, us)}, 1)oA A8 et shxb. o, A(s|lz,u) =
Yi{(Brz2zi)s + 125”2}, T, soll that WA Ara(slzi, wi) + log(l — uizs) = 09] = 2 H9
32 T C < Tiol¥ A A= SIS At AR CollA 2=daE 2= Zosidd
(i € Bs), 28A kod iAA MAle FAE AR AIF TiolA AFgst o a Aoss]

U]'(’L S 34).

- WY R € (0,li)01H a; =0,b; =11 2 T X, BL Ry € (ln—1,i, lra) OV A a; = lem,i, by = Ui 2
=9ttt o k=2,3,...,11.

- 2 T R € (i, O) oA WA 35 Al ool FArA o] 8ekA] ekgt7]
o #3& ARBYsof stk B C < Tiol| a¥A) 7HAlle SRS AR I A
STEEYE 20 ARSI (i € Br), ZFA Fo® iWiA A= SIS AFESHA ok
Tyl A Abdat 2oz AAsATt (i € By).

A3 ugei 2} usai s 22 U(1 — exp{Asa(Li|zi,us)}, 1) & U(1 — exp{Asa(Li|zs, ui) }, 1) oA A

g ekl SRR, Agj(slai, ui) = vi{ (Bsiwi)s + s}, j = 2,4 Ri®}F T8 247 sof o

WA A Ago(s|xi, wi) 4 log(1 — uze:) = 02F Asza(s|zs, ui) + log(1 — uze) = 09 &2 AR 3HA};. T

1§ i

4 C < R AT ol iR A= LTF Tof] S7AHAS AEsHA a1 AlF ColA =ddd 2o

2 QOB (i € Bs), ¥L T; < Riol¥ i1 A= LTF $oll S-S BAsHA ¢k Tiol
Al A e ® ABofetdnt (i € Bs). L Y R; < T o] TA4R o] FFirt

o THAl4: wsoi T U(1l — exp{Aaz(Ri|zi,ui)}, 1) AT deetn &b ©F, Aso(s|zi,ui) =
Yi{(Bazzi)s + auzs®?}. T,E soll that WA Aso(s|zi, wi) + log(l — uazi) = 09] = 2F9
StAb wY C < Tpold ¥4 A= LTF o] SRS APt AR ColA F=2dd 2o
2 ZAY3Aal(i € Bs), 213 A gkod AR A= STAE AEI AF TiolA Abgst Zles
3] BF3ATHi € Bs).
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Table 3.2. Scale parameters of the weibull distribution in the different death rates of the simulation study

Death rate ap1 02 12 o3 @32
Low 0.002 0.001 0.0005 0.004 0.001
Modertae 0.002 0.002 0.0010 0.004 0.002
High 0.002 0.003 0.0015 0.004 0.003

Table 3.3. Average percentage of death event rates in the different scenarios of the simulation study based on
500 data sets of 200 subjects when = ~ B(1,0.5) and 0g1 = 0p2 = 012 = Op3 = 032 =1

Scenario Route Low Moderate High

2 17 23 29

1 4 6 7 8
6 15 17 19

2o0r4or6 13 16 18

2 21 27 32

9 4 7 8 8
6 15 17 18

2or4dor 6 14 17 19

2 17 24 29

3 4 8 8 8
6 16 18 19

2or4dor 6 14 17 19

2 21 27 32

4 4 8 9 9
6 16 17 19

2o0r4or6 15 18 20

2 17 23 29

5 4 5 5 6
6 14 16 18

2 or 4or 6 12 15 17

2 20 26 32

6 4 6 7 7
6 14 16 18

2or4dor 6 14 16 19

2 2 sAAT tsl AR 7R A& IS (Table 3.1), 71A Ao 7= of
3l Al 7FA] 23 (Low, Moderate, High)-& 1183}it} (Table 3.2). AFd Y@ Eof tjst :o"@‘j’ok U’
£ AvEle EE vad] B9, AlvE L 13 28 ST B §579F BAglel 4% A
£ S o] Ay st 01301] S7Vehe Aol 58} 62 S0l A o] J-r-ff =7
Folth =3 FHAAS t'“é‘?-_r—‘)r AFg A@E "/HEP THFY BIE AVE| e HE vlwd] BY, Al
vele 1, 3, 58 AR 22 Ffold, 2, 4, 62 ARRT FA7F 2 H9-olth Table 3.32 I AAS
e A AR 22l e 2AY AEa 42 ATES L 2 4, 6 08 A7
Table 3.32 E W Alvz| 2o AAglo] AL FEo] ‘Low’ oA ‘High’Z H3to wat 4
4 97 AR AT AT 28004 AT AN FALE Rl dhF A= (F Zel

E] o FHE]' ZEL2) SAS NLMIXED procedure®| 4] A& 3= adaptive importance sampling
HHH S AR5, F] A= iterative quasi-Newton WH-S ARSIl on HojutE3l4= 5009, AF

AAE 7]—7‘v_‘—(relat1ve gradient convergence criterion)-2 107822 A3}¢ith. Table 3.4% 37 A4

P
o o
B S

Mo off
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Table 3.4. Empirical results of the proposed method in terms of the average of the relative bias (R.Bias), the
standard errors (SEM), and the coverage probability (CP) based on 500 data sets of 200 subjects when = ~ B(1,0.5)
and Op1 = Op2 = 012 = 0p3 = 032 =1

Low Moderate High

Scenario Param. True R.Bias SD SEM CP R.Bias SD SEM CP R.Bias SD SEM CP

(%) (x10%) (x10%) (%) (%) (x10%) (x10%) (%) (%) (x10%) (x10%) (%)
Bo1 0.004 —-8.1 109 116 94.0 —10.3 122 119 90.6 —10.1 115 121 93.2
Bo2 0.004 2.7 103 107 94.6 2.5 122 122 94.6 3.1 131 137 96.6
Bosz 0.006 —2.8 170 173 96.2 —-3.3 178 175 92.8 —5.1 187 176 92.2
Bi2 0.004 —10.9 111 112 91.0 -9.7 131 127 922 —-7.0 142 149 96.2
B32  0.006 4.5 148 157 95.8 9.8 173 179 96.6 6.3 192 196 96.4
o2 0.100 102.0 16935 12758 90.0  84.9 14554 11999 91.8 65.5 13395 11531 92.6
Bo1 0.004 —10.9 117 118 91.4 —-10.5 117 123 92.6 —12.9 123 124 93.0
Bo2 0.006 —0.4 114 124 95.6 —0.7 140 139 94.4 0.7 159 153 93.4
Boz 0.006 —2.0 183 176 92.8 —1.9 172 179 96.2 —-3.2 185 181 924

2 B12  0.006 —9.5 143 150 91.0 —-6.7 182 167 906 —5.6 186 186 94.4
B32  0.006 6.8 150 154 96.2 7.9 196 177 95.0 9.1 200 194 96.8
o2 0.100 82.2 16444 12239 89.6 75.5 17585 11683 86.4 62.0 16508 11178 87.2
Bo1 0.004 —13.5 103 113 924 -13.1 115 118 91.0 —13.2 124 120 89.6
Boz  0.004 1.8 99 105 95.8 1.1 118 120 96.2 0.3 139 135 95.8
3 Boz 0.006 —4.4 185 170 93.0 —-24 181 173 93.0 -34 178 176 95.0
B12  0.006 —10.3 146 141 884 7.6 153 158 91.8 —4.8 159 174 95.6
B2 0.006 7.1 143 155 96.6 6.6 193 177 954 7.8 202 196 94.4
o2 0.100 112.8 19191 12698 88.6 90.9 17250 12046 87.6  62.9 15384 11143 86.8
Bo1 0.004 —12.7 117 117 90.6 —-13.2 117 120 89.4 —-12.3 131 125 89.8
Boz  0.006 1.9 130 125 94.8 0.1 134 137 95.2 3.2 153 155 97.6
4 Boz 0.006 —5.6 176 174 934 —6.7 184 177 90.8 -—-25 191 183 94.2
B12  0.008 —11.7 167 179 91.0 —-6.4 195 200 946 —9.5 216 215 90.8
Bz2  0.006 8.0 170 156 94.0 8.4 185 175 96.2 8.6 193 195 96.8
o2 0.100 81.2 15998 12026 92.4 88.7 16223 12005 89.2 80.3 15959 11828 92.8
Bo1 0.004 —3.9 110 118 958 —6.8 118 119 92.8 =52 122 124 94.6
Bo2  0.004 2.7 104 108 96.4 —0.1 125 121 95.2 5.0 149 139 95.8
5 Bos  0.006 0.0 178 174 952 —1.6 175 174 96.2 —0.9 167 180 96.4
B12  0.002 —11.6 81 82 942 -12.1 97 100 956 —7.4 122 120 95.2
Bs2  0.006 2.6 166 157  95.2 5.2 187 177 93.2 4.4 219 198 93.8
g2 0.100 100.3 21007 13223 89.4 100.3 21007 13223 89.4  72.1 15134 11907 90.2
Bo1 0.004 —8.1 129 121 924 -—7.0 127 125 926 —-9.6 129 126 924
Bo2 0.006 —1.9 127 124 946 —1.6 134 140 96.0 -1.9 156 152 94.0
6 Boz 0.006 —0.1 182 179 94.8 0.4 179 183 95.8 —2.7 187 183 94.2

B12 0.004 —-7.8 114 120 932 —-81 124 134 940 —6.0 142 155 954
B2 0.006 3.6 157 153 95.8 5.0 171 174  95.6 6.2 180 191 97.0
o2 0.100 77.4 17865 12317 90.4 97.5 19692 12513 86.8 69.4 15080 11906 93.0

of tigk Alvel et Al AEE 23l e SAATe) =g dE Bz BA Bl st A4
o] 2o H e & (R.Bias), 3% EFHZH(SD), 4 BF 212 HF(SEM), FHH] 95%4
S AP A E o] ‘Low o
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Table 3.5. Sensitivity analysis of the proposed method depending on the determination of the ratio r in terms of
the average of the relative bias (R.Bias), the standard errors (SEM), and the coverage probability (CP) based on
500 data sets of 200 subjects when z ~ B(1,0.5) and 0p1 = 0p2 = 012 = 0p3 = 032 = 1

T
0.5 0.75 15 2
R.Bias SEM CP R.Bias SEM CP R.Bias SEM CP R.Bias SEM CP
(%) (x10%) (%) (%) (x10%) (%) (%) (x10%) (%) (%) (x10°) (%)
Bor 0.004 —13.1 118 904 —135 118 902 —133 118 91.6 —142 118 910

Param. True

Boz  0.004 1.4 121 97.2 0.0 120 95.8 1.4 121 96.2 3.5 121 954
Boz 0.006 —1.3 174 91.4 —1.4 174 926 —-1.8 174 924 —-2.6 173 92.0
B2 0.006 —82 158 90.8 -9.0 157 914 -85 158 914 —-9.6 157 90.6
Bs2  0.006 7.0 178 95.2 7.4 178 93.6 85 179 952 7.2 177 952

o? 0.100  89.8 12307 92.4 100.8 12424 89.2 100.4 12472 86.4 91.7 12207 88.2

Table 3.6. Sensitivity analysis of the proposed method depending on the underlying frailty distribution in terms
of the average of the relative bias (R.Bias), the standard errors (SEM), and the coverage probability (CP) based
on 500 data sets of 200 subjects when z ~ B(1,0.5) and 0p1 = 0p2 = 012 = 0p3 = 032 = 1
N(0,0.2) U(-0.775,0.775) DE(0.316) G(5.483,0.2)
Param. True R.Bias SEM CP R.Bias SEM CP R.Bias SEM CP R.Bias SEM CP
(%) (x10%) (%) (%) (x10°) (%) (%) (x10°) (%) (%) (x10%) (%)
Bo1  0.004 —14.3 119 86.0 —14.3 119 904 —13.5 118 894 —15.3 119 88.2

Boz  0.004 3.5 123 97.2 3.4 124 958 1.8 122 928 1.0 123 964
Boz 0.006 -—7.2 175 91.2 —-4.3 176 95.0 —-6.4 174 920 -74 174 90.0
B2 0.006 —8.7 160 92.6 —-6.0 161 91.2 —-6.3 162 93.0 —-6.3 161 95.2
B2 0.006 6.8 182 95.2 9.7 184 95.8 6.9 181 96.4 9.6 183 96.6

o? 0.200  29.8 13401 83.2 27.8 13288 86.0 21.2 13005 81.2 24.8 13142 834

AT T U AP ARES LAFS wl v e mhE EuE A2 ok 2 A ARE A
9)3tar s A A Sl e CPE HEF 0.9500 77k A2 yepdth 28y Zd dEe] Hak 24
of tigk CP+= BEFET 22 Aoz eyt

S B oA AlQke 2R o) Aok 24 A (2.1)o] 238 vAY 4

A 4] A5 re] g Ze dE 229

2 G Al (mis-specification) o] Fuhi} RZFSIAE AH R 7] A& BYAHS FP3ct o5 Y3 2

Aol et Alye]l & ‘Scenario 3, AFY 18 EL ‘Moderate’?l 22 143Gt Table 3.5=
o

AA ro] grol Z+ZF 0.5, 0.75, 1.5, 2 w] ro] TS 12 &1 2AJ

2530 A7E Ao
& Zolth A F ASE 2RO HolHe FEe} FAECR Aol

5ol zpo) 7} LTF

g olFo] Sojubs Aol uAE F APt WHlE LTF B4 olFe] Sojst Ffolth 4
Al re] gel 19 wie} A (Table 3.4 Z2)%h wlwsh 2 wf Wrke AFS Robd + Agich wet
A ARG FAe WA 45 o ol o 2MAEFS & 5 gtk Table 362 A Y

i e
R 77} 7hzh U(—0.775,0.775), O|Z A 4R DE(O 316), 2R E G(5.483,0.2)2 W2 o) =Y

Bl 2%

Blo] #xE AP EEE $1 B5E FAYS W FAR] AL AR Aotk U(-0.775,0.775) 9}
DE(0.316)2 A2 thd 2 <l il A= 7‘4% ZHG ne|7h g2 FaE0)a $Ak= Bt
FHE FZolth G(5.483,0.2)= A FEExe th=A vithFolrh. AA| Za e FE7F R E

=]
2)d wio] Ao} vl Hel =z dE ] 4 ol thek CP gho] Bkt 22 3ol
AGA R 27| Agol th3 R.Biasel CP g2 the Aol fsith. webA] Albet F4 =2 A9
Bl Fxof tiel] eSS & 5 AT
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Table 4.1. Regression parameter estimates (Est), their standard errors (SE), and p-values (P) according to a
choice of r

Covariate ¢ 0.5 ! L5 2
Est SE Est SE Est SE Est SE
(x10%) (x10%) P (x10%) (x10%) P (x10%) (x10%) P x10%  (x10%) P
Bo1 —7.7 3.3 0.028 —7.7 3.3 0.028 —7.6 3.3 0.028 —7.6 3.3 0.028
Bo21 19.5 5.4 0.001 19.6 5.4 0.001 19.5 5.4 0.001 19.5 5.4 0.001
Sex Bos1  —5.4 3.7 0.151 —5.4 3.7 0.152 —54 3.7 0.151 —5.4 3.7 0.151
Bi21 466.4 301.5 0.132  471.1 301.5 0.128  470.4 301.1 0.128  470.7 301.0 0.128
Ba21  42.0 89.8 0.644 30.7 902 0.736 26.3  90.2 0.772 24.3  90.3 0.789
Boiz2 —6.3 3.6 0.088 —6.3 3.6 0.089 —6.3 3.6 0.089 —6.3 3.6 0.089
Bo22 1.4 6.0 0.819 1.4 6.0 0817 14 6.0 0.822 1.4 6.0 0.823
Certificate Boz2  —0.6 4.3 0.887 —0.6 4.3 0.891 —0.6 4.3 0.887 —0.6 4.3 0.887
Bi22 —351.1 304.9 0.258 —346.5 305.2 0.265 —346.1 304.9 0.265 —345.5 304.9 0.266
B2z 94.5 119.3 0.434 93.4 120.0 0.442 92.9 120.0 0.445 92.6 120.1 0.446
o2 60.8 65.5 0.360 66.7 68.8 0.339 60.6 65.1 0.359 60.2 64.7 0.360
—2log L 13152 13158 13155 13158
AIC 13184 13190 13187 13190

4. 2H ol

Persones Agées Quid (PAQUID) A}5+= X|vj7} Abgoll ujx]= 93-S doti 7] ol g Ao
A3 F A9 (CGironde, Dordogne)oll AL gl 654 o]A4te] = ES tiAo =z 1988-1990d7}
7 2-3d AR QAFAEEA BT FAA3AE Soll el =AFSE Zeltt (Helmer 5, 2001).
3,675 FA7RAL FolA AT 7% F<t 8329 0] AufR Zk REGEO v (22.6%) LFolA 6390
AR (76.8%), Al2 Rk W] ke 28437 FojlAl= 2,298 0] VeI TH80.8%). L+
PAQUID 755 AH 45 ¢ ¢lo] & +=#o4+= PAQUID 54 1000/E Y& FE31 R
71X ‘SmoothHazard ol 53+ ‘Paql000’ A& EA 33t} (Touraine 5, 2014). ©] A5+ X
o] Ak F7eF APY 7, AT AE Al A8, AR A jEx] ok npx) ek B A AF, AR R
ke AR (AR Ad ke Aeuk dT), AP Aoy SRS AL A, 25WS ol fF
TOE o|FolA r}. B =R+ A I {7} AV FFE 47 SR TEALE
o)ty ek X iR ek ] ok upR| et UhE AP RE 49 o] FHEA] koW T A A
LTF7} 2As Z1o ' sl 1,000 S04 23179 o] LTF 1o Z1FollAl 1597 o] AFgatsl
thH(68.8%). W= Ak vke 186 Fol|A 127 0] AFE3IAIL(68.3%), XmlZ ek ¥hz] k2 583
Zoll A 4389 o] AFGEATHT75.1%). AT A Aol 22 MAEL Fo] 2oz FoFdgov(F
A A =33, 2HY 727 = 1-870) 23 Wl AA e ABAAGL 2aq ZHLEE 7PEsA

Table 4.1-2 A% =7 (2.1)o Z3E v|A 9 A rY kol whet JAATY =85 (Est)} BEL
2ZHSE), #2EE&(P)& Aest Adoltt. ojuf, FWFo R M (sex) T} 2T WF o]F {7 (certifica-
te)& Z3IATE ro Ftell wet Este} SE, PO Frol BT HlRsiglen —2log LY} AICS] 3
r =059 d 7P¢ &2 AoE vyttt old t3dhs ATE FAHCE AFEY, A HolA 4
B LTFE Ao|E:=(0 — 3) ZEs GART} oJ4do] 91 100,000 2 548 (P = 0.151), 25w%
< o|l4rEHA] R Al HT 0|43 Algho] 6% (P = 0.887) Wkou BF FAHCR Fo5AE 4%t
th. LTF o]% APgo & Hou&(3 — 2) FE+ 4R Ho|, 25 XK o3 AFgR T} 0|43}
2] Z8 Abgho] Z4ZE Q19 100,000™ F 420, 9457 B 20 E UEHRBA T BF FAHSE Fo513
AJTHZHZ P = 0.644,0.434). AE) HollA A=) NF, & Xmj&2 A -2 FejE doj==(0 — 1)
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At GART o4o] BRA(AT 1000008 F 77H), ZELKE o4A £ Agrr) ol4
3 Abgro] BEgEo (17 100,000 B 63%) 2 Aol7t A2 fel4E 5%, 10%e14 FAACE §
gttt iR Ak vk o]Fof APFOo R Ho|E=(1 — 2) AE+ oJA4RTE FAdo] BRI (AT
100,000 T 4,664%) I 3ol 7} §ol5E 5%0)A FARCE o3RO (P = 0.132), 25
AEE o]pokA] F3h AFEETE o] gk Abgto] B Zlo® VERA TH( I 100,000 7 3,511%) &
AR oz Rolo GUTHP — 0.255). ANE AL WA BL ARz AolH (0 o 2) HEL
AR o) U}m(om 100,000 & 195%) 7 Aol 7} fel52 5%eld BAR o e Folo
Aon, 2558 o8 AGEY o534 23 Al BE A2 Uehlor(AF 1000008 3
%,] 814 ATHP = 0.819). FF Z|YE|9] BAik AL 60.8(x107 1) o0& F
e He Ao yepd

® o K
r&l'm

LTFo © Bo] w2%lo] 990w} LTF o3 A% 9132 ol 4urt gae] o $& 2o vehdr)
A7 geel A Arjz Aolsle B PR 4ol B Bl wEHo] dglot, Amw g w
2 ool SHTh dAsl AT 98] T £ Aow ehith od A%E Az Agk WA o
& Aol AT FUSA Uehith B9, 25aLE o581 £ak AgRT o] 58 Algte] LTFo ©
Bol Z¥o] YHou LIF o)F A S8 25188 0|48 Agtur) ol5:57) 23 Algo] o
e Aoz Ushth A48 AHels Az doldi AWE 252 o4aA 28 Agur
18 Aetol o Bel B Elol R3O, AN AL Be ol F 1Y APE ZELEE o431 2
3 AR} o] 28 Abgo] B B 9th Tl AmE Ak WA 4L Aol L XELEES o5 A
PR ol 55 5 Ao A% 91e] B 52 Ao tehdth PAQUID

A, 250 o4 vs. 25%a o5 BF) 7 Aol Fw Aolo] thek FARE Fashe] w4
BolA] BUF wkel 2718 RSk o, Lingh Ying (1994, 1995)0) Q5 AR a9 82
Gl ARE ] Aol ABE Hol§ Tes] wjel TS Aot B AGANAH o)

AL g2 7MY FE ok AGY 2] BELT FAF ARG ET B2, B4 05%
AT ZFE SR AHT] 93] FF AT Bl o)A A Akl 29} A ABE] e
A AR Al o] 28 SelA 2R 2 AES FPtdth Atees DANES W A AEE

0] 71l weEh FAR] 2E A dRAH o R Sk A¥e HAA FA ] Avadn et
) 95% A1F 2 2FELS Hrke Aol Yl AP AdES 2AFS o) AFAATl e A
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v 7R Z el tsl 54 2XE %k A2 AT ATE YAAE A8 v sHAES
ZHA 3L Q7] Wl olE } 2gstrta Azt Lin¥ Ying (1994)¢] 4E2s
A = AXH AHo|7F 7%= (cumulative baseline transition intensity)ol tgt
Nelson-Aalen-type®] 7 % 23Y S 7|28 By 24 S SARE9E A
B2 gFsle= A7 Y, Joly 5 (1998)3} Leffondré 5 (2013) o] A Stst 7,‘]\215“ 71A Ao 7}z o thdl ~
Skl &R S A8 A7t 2oeittn AZsith 3 AAIEY 9 A wer PAQUID #f
5o JMIEREE A Aol E}%}%L ]% otR 7] A thA 7HA] HolZA= HE wEAE 7
42 AR FoE 10% A 4EL Hol 0 — 35 (P = 0.354) ALt UmA] Ho]E2 &
F(0 — 1,P = 0.063; 0 > 2,P < 0001~ 1 — 2,P =0.093; 3 —» 2,P = 0.062) v 713
< WESA] GIA T, 2FAE o]F o= Ao 0 — 25(P < 0.001) AL WA HAolgo] B
F0—-1,P=0963;1—2,P=0.147; 0 » 3, P = 0.754; 3 — 2, P = 0.148) v|&91 8 714 *=
BT, et B =AY T FHEE BT R ERYC 285 AR vER R o2 Buk of
e ¥ BWPe 25 a0 unae] 2R AR sAap 9o Azt ek PAQUID
=L EH?& EFH 22 FAEFE 7] A vENE RS TR R RS SAl 1Hske &3
2ol thst A7t dasiria A 24stt
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