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Moz EAst= A5 B8l o] E&4A FHAE LS
-0 th(Ibrahim, Chu, Chen, 2010). H< 7 7}A] o]%o] v& 79 AA}WTE shie] =3 <
oA EAatE A% E¥(joint modeol] ek A7F wWol o]FolA i =], Bt dAelA
A& el MEZA AR E vFaL ) UKTsiatis, DeGruttola, Wulfsohn, 1995; Waulfsohn, Tsiatis,
1997, Wang, Taylor, 2001; Tsiatis, Davidian, 2004). S}A|qF, W52 21757} o] £ o| AL} A&E o
2 AN A5dAGLE o] iseiA] AbEsE Aol ST HE AT, olid WS Aot AE
255 shtbe] B oA sAlol 24 Flo] HQsitt

#<* Choi, Cai, Zeng, Olshan(2015)°] ©o]&3 WEZA ztmel AEAIZ 2Rl A HEA(joint
analysis) S 93+ EF S ALsATE AEAT AR5 Coxo HEFEEFOR, o]y wES
A g Uuks}A E S8 3 (generalized linear mixed model, GLMM) &.2 R.&3}ald A F ZAxpHs:
o] AP|AE gy Yste] o @ Irandom effect)S FHotE FEE AFEIS FAI
Choi, Cai, Zeng, Olshan(2015)2] 7o A= EM ¢ 12| (expectation-maximization algorithm)
HA ) $-=F A (maximum likelihood estimation) ' H o2 2 HE FA=dH), o= o]&3dl7] Y=
Edgt 22 agio] sty Hsl7|7F 94 %t} Vonesh, Greene, Schluchter(2006)7} #|<Fsh Hl
T (dushAE SR B e FRFA AERY S JdY9adE Fse JHE 4
& AL HUSEFAYHoR B S FAste, FEFEFE A Alltsta FHo)
FAAE s FAS SASS NLMIXED procedureS ©]-&3te] FdE 4= gl WS ALE
2 % 19 42387] 4 Fdo] v} &A%k Vonesh, Greene, Schluchter(2006)2] <1+
g WESY Ayure] A5g AR Alsta dow HARE o]y zme] A&H Abde

O

o
off
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+QlFSE <17 (The San Antonio longitudinal study of aging:
SA ARt AEAN ARe] AFRARYS AAR 74
AT E AT(SALSA) AEE 654 o]4ke] WA A m
A FHA HHAE Yo R % oF FEje] o5& F ol W WS SAS A}
A Ee] Abgol e AJEAI T P ARE EFelal itk AR Q159 AlAA E R A
Ej7F Q1F Fhell Xpol7h A=Al dotry] 9l BAe W89 A A}(Espinoza, Jung, Hazuda,
20109t =9159] AME FEo] Fel wek Aol deAl Fopry] flsf AAIF BE ARl of
3} 54 Z3}(Espinoza, Jung, Hazuda, 2013)= o|n] 29 v} qlvh shxqk & ZAupds 1o #Ad
ol EATE Aozt AZtE R o] HHAE WHsls AFRMRPo s EA o] 7|E AT
Aol vjalstal xfolE YopR Al gl He FE5e AFHEAI RS 1 |
Wz Ao tig frel s HES|E

0 2 5

AL WEER AR 4F AR BANS Qe FHE Fol WS dE AR
FeH wPE ole FHE PEHIL 1

Al RS AJfE) 3804 = SALSA Ago] tiste] AdEA
ANE Hlws L) nxuto 2 4-dgaE A8 2D 1FS

Vonesh, Greene, Schluchter(2006)9} Choi, Cai, Zeng, Olshan(2015)2] <1+ W82 n#}g
HESA 2kg el AEAILE 25 AFEA BYS FES F Adge] #-AAS
ekl A AT e do)adE RYE =
 AFoM e A Y QA AHYgHE wHESAY AR digk 2AERYS
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(Submodel) 1, AERA] &S 2R (Submodel) 22 AHoldtar, P gy} o5 F EPo] T3}

o RARY 204 7o) UF AS R F RS 7 BENS D RARY 12 DU

mYon, RARY 28 B4 we R4 AR oF Fuz 3% 5 Aok a9l o
Al

2 3
kel sk, iwAl ddate] juA wbe S4E dE5AE g0 s
A 5 TR

= =
Ae W, MBS Aue AN ARE SHolgha . 7} RARGe dans} F
Ae we] 245 BYgo et o] e 4 9lrh

- Submodel 1: g(E[y,-/j lw;]) = 8,4 Byxy; + Borg; ++ -+ B, +u;
- Submodel 2: h(t|wu;) = hy(t)explonay; +opry; + - +a,z, +u;) = h,(t)exp(n;) )

3
=

H

QoA grob Pl g0 ARER oIRF Aol AN E BE 2Aogy FHE AHE
gk h() & AEARE dld 9188 (hazard function)® 71 AN EEF by ()9 FeElel wet o
FHo AEEA BYS 75T 7 Atk 2 dFlA = Cox®] FRFF BY, A5 2T, Weibull
28 Al 7HA deje) HlEYES Pgete P08 RARY 23 FEITL e Ey AEA
o WAE Ay mystats 7148 1A THaccelerated failure time; AFT) 239 Fuj2 21wy
25 P38 AR Jbselth AR E I Weibull RE-S AFT 289 dej2% #3303 4= qlok
sb Zol F5d B HAoeEFgor IJAAFE FAste] B dd FES
i q be =

)

L(B.a. by, T)) =f[1f Foly L) fy (T 1) ST L)' F () s

2

71N, p= (60’61’62""’61),’“: (aO,al,aQ,---,ab)',in (%:171/7:27"'7117:”1),0]57—, filylu) = g8 =05

FEUETE, £,(T u)E 779 2% FEUERE, S(T) [w,) e 208 WSS, f,(u)E
o] FEULTS o) o U HE AFEES P, 99 $EasE AF Ates A
o] Brlsala, £AHES Ea 2AE HhES AReath B Ao AE Coxe] HHERE o
2 AR P8 49ollE Choi, Cai, Zeng, Olshan(2015)°] #|AJ3F R &2 o]&3lo] EM
Ao FA8A, AT Weibull RHOZ F53H= 4 -$-9lE SAS NLMIXED procedure&
o] 43} Laplace ZAPHS Fate]l R & FAsginh

3. AA zs &4
3.1 W3 NQEY L :FFTE AF(SALSA) AR

o AOMEYQ w9173 E 7H(The San Antonio longitudinal study of aging: SALSA) At&.+&=
Al oldel MAEA =Rl FHA A=AE o ® sto] AAAQL FofF FEHY] o FE #5
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st 1@ e E= oM hem V1S, of ofwd ARE A7 X Al A5 g 2

etel F ol wlel WESY Anw Qojhch 7 AT hdRel AL
tol, A% & ek o N Wg aew 2
Tz gt ARE EFFeta Qe Amolth #

™ Table 13} 2T}

Table 1. SALSA data

D Sex Age Ethnicity e Time Frailty FU Dead
1 1 70 0 - 0 0 3.8 1
1 1 70 0 1 3.8 1
1 1 70 0 2 3.8 1
1 1 70 0 3 3.8 1
2 0 71 1 0 0 103 0
2 0 71 1 1 0 103 0
2 0 71 1 2 103 0
2 0 71 1 3 103 0

736 0 69 0 2 0 7.9 0

736 0 69 0 3 0 7.9 0

SALSA #&olA ID= #ate] i es yehla & &xfe] disiM ul W v SAske] #
25 A2 AR0l7] wiTdl 4719 FYS ID7F EASH "k AEES UERE BS(sex)T B
A= 1, 2= 022 AoHo i, IFS YEhll= WS (ethnicity)= 12> WAZA w]5Ql
(Mexican American: MA), 02 FH 7 ©]=<¢l(Buropean American: EA)S 2|0|3tc} =9lo] A%
& oF Aeje] of F(frailty) = ’\]7 °J of wel AFAIZE Al A #FH S xSt F ol Al
dolA #=H o8By ARZ 12 I 90 A 3 AEdS ovstar 02 HlE e A
3 o34 4= Q) Frailty’} Aoz ¥AlE AL 2SS 9v|sith FULS $xte] Abd e A7
S Abge] #ASHA ekdhd 1 A ST AR AFS YERATE AE 2FRA
o] AHl(dead)> #5 7IZF w9t BATF APGEAE 1 18 A g2 AS S FEHATES 002 A9

< < g 5
gt WMarolal MFo FEo] Skt Zi% T4 FEol =S ovlgt). Dol (diabetes
mellitus: DM)9} 7 7 o]/de] T AeS Aol &3l =R o (comorbidity)= Z}7} 3l dshd
1, 183 ¢oy g0z =A% WSolry, st HAAH 7AAKmini-mental state examination) S =3
e 1o 1A W7 Wl MMSEE ghol S5 AAFEo] e As Ynlske W
= ] I (geriatric depressmn scale)Z &4 ¥ $EAHEE YelE GDSE
datths As vehlls "R doso Ak
A¥ AFE ofet 1 9]94 ] teiAE wkEE o7 2748}04
F7F QAN 2 =l M ARSE SALSA AbEaE AL
frailty S #1915 o8 Was A7 AFAIHAAN SA4
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7129 SALSA Atzol et wHE-=A g F-2(Espinoza, Jung, Hazuda, 2010)3} AJExIE
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(Espinoza, Jung, Hazuda, 2013) 179 A¥#7} =i o= 7H7h W Qo

7}

Espinoza, Jung, Hazuda(2010)9] =2 6541 /el WA sA] vl=Qlat A v=9E oo
2 ARbe] sl whet z}b Q1F Fhol AAA s ko] YEb= Ae] Aolrt SlEA] Yopry] 9
gk Aol Aatolth. tpol, A, AR - FAIA A9, A AR ol dell kST A=Al o
gk 4 8] ok (pre-frailty) o] -, Ficol i, - 7HA ol o] RMIASS ZEa Sle=Ae ofF & F
Hulge AAstar, AT AR S AL Al A #EE AAA sk o5 B5T ol %
Y Ay A5E FHUFE o] AEF=H A 2] (generalized estimating equation)S F3 7} WS
of gk FaFS EAsATE AAISA v=lo]l A vl=elel Hlel] AAA sk Y T
of frolshAl wokar, A slokssdel UMW Aok w73kl FerE Ee FYol A2 A
FE s|oF AR #5E el =/ vedtes A A3E BT Jth

Espinoza, Jung, Hazuda(2013)9] =itollA= A7 odzte] Abgo ol Abg AlY e FEdd
AR O] Algre]l SAE AEE Cox®] HENE BP0 F53 Ao AFAE AL Stk

tol, Ad, A, aE, 9l A7AE ARl 9] soF o, Bk, F 7HA] o] A ES
Al Z=A 9 o, JAFEMMSE), a5l AEGDS), AdE AFBMDE sHFoR

stel ME RIS FEIAG ABBY AGl A AFS] oG Fol molA] ggron,
ol7k Be A%, el WAel Aol A ARl frolahl gtk B Fh A8AIAY
F M olge] WA 2E AEUSE, $L3Y At ¥ FEOE BEY w9 A

% EEe] AT ANFE] BL4F JYRE Wolxivks ARS Ak

N

SHAIRE =019] FoF AEHE w0 R EA st JA AN FTEeEFo] BAEA Hal, o2 9l
3 AAsHE ASghe] dxbe] AE Aset AHUHY e Aoz oifH o AR E4S
Hkdsty] 98 eSS ARE VSN EFRY 0T Byt 7 At doadE A
& By FHAPoEN T EYS Afste] T ARHTE Ao B4 Rl s 32.1)F
7} 322" M= AR SA 7 A gl gl dutsA et gy Al 7hA] e A
EEA HPo R FA89 A, 323)ddA] AFEY S o] &5 A4S HAAlsh

=5 .

= W49l OlF(ethnicity) ¥+ 1}o](age), AW
(sex), 7] 7Heducation), 9=%(income), T35 (DM), F 7}A] o]Aate] vt ASS FAo ek 9
=419 o (comorbidity)E Egsle =919 ARES SHHSTE AAIYGLE FHH R ZF AIF
Atole] & of Adefe] WstEth AFAIR Al YA A Abolell A mRlE 0] &Sk AE7E e
= AL wdsty] Qs A A AL 0, YA AJES 12 A3 W4 T
F7kete] RS FEEATh Ao digh 7 oAt doadt o=

7

g (E(Fmiltyij | u])) = B, + B, Ethnicity, + B, Age; + BySex; + 3, Fducation, )
+ BsIncome ; + 3,DM,; + B;Comorbidity; + B, T_ind ; +u,
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9 Aol AAFS 0t ZATFE 3T & dov] muA ohdsh L 48 Fa o
Fel(Fraitty)l A3 A EIF FRE o) 2AFFES 2 F Yn

exp(g(E(Frailty; | u;)))
1-+exp(g(E(Frailty,; | u,)))

p(Fmilty]7 1 |u )=

n;
{ p(Frazlty]7 =1lu )ﬂm”y"(l *p(Frailtyij =1 |ui))17ﬂmhy" du;
j

o)zt uol W3} Ftol 0 Babol o29) AFREES Y, FAHRE olgsfo] 2Akshe
WHo R SEFFE Fete] R IAATE F45H H=l, SAS NLMIXED procedures At
&oto] SALSA #[5e] WES4 25| e B9& F483 drhs Table 29 2k
Table 2. Parameter estimates from GLMM for frailty of SALSA data

Effect Estimate S.E. Odds Ratio (95% CI) p-value

Ethnicity (MA vs EA) -1.133 0372 0.32 (0.16:0.67) 0.002

Age (l-year increment) 0.095 0.044 1.10 (1.01-1.20) 0.031

Sex (male vs female) 0.702 0.315 2.02 (1.09-3.74) 0.026

Education (1-year increment) -0.107 0.045 0.90 (0.82-0.98) 0.017

Income (l-category increment) -0.263 0.062 0.77 (0.68-0.87) <0.001

DM (diabetes mellitus) 1.242 0.351 3.46 (1.74-6.90) <0.001

Comorbidity 0.584 0.295 1.79 (1.00-3.20) 0.048

T_ind 1.576 0.251 4.84 (2.95-7.92) <0.001

o 4707 1.125 <0.001
Table 29| W8S BW #ASA vl=AdMA)e] FHA FI=SAEA) Blaste] 1A% & ke
AdEg B gEo] FosH gk AS & 7 Ak Eg tolrt ‘E‘é%?% W2l A-drE,
s dv =AY E, AES FAd F UM €3 Qe =1 E S gEo] =
Vel w&FEs STl 58 2JAYFE AAA sk 7}%*301 %OVJE}% Adg B
o 1

2) BE 7E 24

AEAE AR sl tgst Feje] e 2ES Fel ddel fF 2as FAsa 7
2ol Ads vasjR izt drh 4 el r()= AEAR ] hek AT E Coxol B A
= IANRRE b (ol 5EF 7ol dashA @, AFEFelAT n()E ARt #Agle]

AA3 ghN)SZ 7P 8L, Weibull Ufﬂoﬂﬁh B g 2 s AR g g
7R g = SENeEe] Ad2gs Uehlls FEoR A Asvky 34T b doas
uis EFEA Tk 2 ATelAE SALSA x}» | g ERYY] SHNsR S A8
A Al AREE Ag 9ol QIAFEMMSE), +E5E(GDS), ATAIEE Aol e] s ool i
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(frailty0) & 7183l Toinds E83HA] otk T3 A3 Ao wazg ga7) fogs o
Astel Edetel $AL AR o SPAFER olTo)W A YA B el ol
o A3} 2.
n;, = ay Ethnicity; + a,Age; + azSex; + o Fducation; +ozIncome ; +agFrailty,,
+a, DM, + agComorbidity;, + agMMSE, + o, GDS; + oy, Ethnicity,* Sex;

9] BYPEL SASH R Sow f7 FAT F lom, g_ﬂﬁﬂré Table 3] “g2]3}51th Weibull
EGl A <] 7IZM§§§}¢E APPOﬂ e} S7kehs AR AL, e 6.8 o] Al A
9 gkol ARl 71AH7 gkt vt 4 7}Xl FoM B aseE, A7AE AA

oI 4e) Sbels] Aolol m Ak 9o Aol EAFET B 5 9
F olt 2ok ASS Bt Qe A%, F A ol4el mAAne 2
2o 579 wAFE A 7ol folsA B et AnE mw, a9t vz

| £24% A 9g0] Beth AFRIE AYF F BYoA

A 9] ot AF3 Ade) wEAs Gask feldd, dRe A4

M s A% ot A BYe Aui A fA18 A o

Table 3. Parameter estimates from the three survival analysis models for SALSA data

Cox PH model Exponential model Weibull model
Estimate p-value Estimate p-value Estimate p-value
Ethnicity -0.504 0.069 -0.471 0.087 -0.493 0.075
Age 0.082 <0.001 0.079 0.001 0.082 <0.001
Sex 0.609 0.011 0.544 0.023 0.589 0.014
Education 0.038 0.127 0.033 0.182 0.036 0.147
Income -0.065 0.045 -0.060 0.062 -0.064 0.047
Frailty at baseline 0.370 0.088 0.343 0.117 0.380 0.080
Diabetes 0.490 0.004 0.435 0.011 0.467 0.006
Comorbidity 0.382 0.015 0.358 0.022 0.379 0.016
MMSE -0.075 0.006 -0.074 0.006 -0.074 0.006
GDS 0.038 0.012 0.033 0.027 0.037 0.014
Ethnicity*Sex 0.727 0.022 0.704 0.027 0.729 0.022
A 0.00059 <0.001 0.00015 <0.001
v 1.512 <0.001

SALSA 7hsze] AR B gty Aelw: wuEg Amel dF 2y4 $A4uY 10 o
@ PaE AVRNFEFRIY 4 @5 2 Feeln o] BN Qr 0T YERA
! 1, 2,

2R BAA of Dokl 0 AL 07 FYIA Dk A 1A AL 2ok
iy

(Model 1), xlfilﬂasé( odel 2), Weibull X8 (Model 3) Al 7}A 3 ﬂH nygow ?L? m} 321
A3} 32244 AR SHHSE TR ARESHR e, FARY 2004 AFAIZE Al oA 9
5] oFo] H(frailty0) = E5F5FA] hdth FAEE 104 AJZFA H *6‘1 fol 57 AR 23
5ol Qa1 doadE Foto FARY 29 AdAHo] 7] wEolth FARY 1, 28 R o=
ZdstH o 2k
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- Submodel 1: g(E(Frailty;;|v;)) = j,+ 3,Ethnicity, + 8, Age,; + B3Sex; + 3, Education;
+ fBsIncome ; + B;DM, + 3,Comorbidity;, + 3 T _ind ; +u,

- Submodel 2: h(tlu;) = hy(t)exp(a, Ethnicity; +a,Age; +aySex; + o Education,
+azcome ;+ o zDM,; + o, Comorbidity;
+agMMSE, + g GDS; + oy Ethnicity,;  Sex; +u;)

AAH w0l e A2 M8t 23S FAste] F
T_LTXgH,j,gi IAAATE =4S = At = Oﬂ%ﬁwb Model 12] 7d-$-ol| = Choi, Cai, Zeng,
Olshan(2015)¢] AIA& R &S o] 83191, Model 29 Model 39 7o+ SAS NLMIXED

N

procedure S ©]-&-3}% T
Zt AR g0l A AFE= Table 49 2T} Model 29} 32 A3= A FAFSFL Model 1
ol Adte FAHE AT e tE B f g zpolzt AARE Alge] Wy fojdelle & A
T 7HA ol M AES FAlol ¢kal E=A] 9] of H(comorbidity) 2] ]+ 7]
5 Model 29} 394 F2J3HA] &3kott Model 19A4= 93 A3E EMJ_ Sex9] 3|AAGF
= Model 164%F 5 °] shA] sttt FEE whek A dojane] Alg o] FAA7F Model 19
Ae 1 F98d 1, o2 YA s F¢F 01 sAE Fsittr & & k. uehA
A =159 5‘1% FEHE YEhE gt AEAIZE bl frefgh A o] EAjgtal A

),

_11)1'
(3

N th

Table 4. Parameter estimates from joint analysis models for SALSA data

Model 1 Model 2 Model 3

Estimate p-value Estimate p-value Estimate p-value
Intercept -7.759 0.009 -6.687 0.116 -6.786 0.110
Ethnicity -1.186 <0.001 -1.309 0.006 -1.308 0.006
Age 0.122 0.003 0.086 0.140 0.088 0.131
Sex 0.513 0.071 0.862 0.039 0.872 0.036
Submodel 1 Education -0.114 0.006 -0.121 0.043 -0.122 0.042
Income -0.296 <0.001 -0.307 <0.001 -0.307 <0.001
Diabetes 1.192 <0.001 1.627 0.001 1.621 0.001
Comorbidity 1.090 <0.001 0.626 0.110 0.628 0.107
T_ind 1.782 <0.001 2.020 <0.001 2.042 <0.001
Ethnicity -0.483 0.091 -0.384 0.153 -0.396 0.143
Age 0.092 <0.001 0.092 <0.001 0.097 <0.001
Sex 0.597 0.016 0.540 0.024 0.585 0.015
Education 0.039 0.141 0.033 0.180 0.035 0.151
Income -0.096 0.005 -0.067 0.034 -0.072 0.023
Diabetes 0.569 0.001 0.527 0.002 0.565 0.001
Submodel 2~ Comorbidity 0.513 0.003 0.348 0.024 0.373 0.016
MMSE -0.071 0.009 -0.081 0.002 -0.082 0.002
GDS 0.032 0.042 0.030 0.037 0.033 0.023
Ethnicity*Sex 0.719 0.027 0.621 0.045 0.642 0.039

P 0.244 0.006 0.057 0.100 0.065 0.093

A 0.00032 <0.001 0.00008 <0.001
y 1.466 <0.001
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2 ArelMes s EHEG Y o gEle AERIS dfadnE TR Ay
EPoR FEte] v AMEYL =RlASE AF(SALSA) AEE EAEIT AT i dAHE
AAA soF FHE wks SR Aater AgZAA o] ARbe] 7 Adpas pEAeR BAYS
Bk vlaetich. A3 m@e] dihe T Asse] d¥Ads e da EHes
TAAE Aape ogte] AolE Bk AT i v gom FAHgen HE g
of deir= SAH frelgdol dEbh dutshdd e g or w5 slof AEdl st
TAAE Afols ned ZE gEe] foF dFE Fe= AoR UYEgto, Coxdl HlHEE
e 5% AFEAModel o] AtM = o] Bt folehA] &gkal, AFRY I} Weibull
Y T3 ATEAModel 29 3)9] AFAE tholo} 7 7hA] o) o] WAARNF o] &
I7b frefekA etk AR WiE 24 Avbe A3 2Es SR mgvte At
2 Aol Th ol AFEPor YERAS AT S FolaA g st 29
A Byl da s ot AR dehgth wEb A 7HA A3 Bl B =919
FUFEO] BEFE AN o] yelrivtke AdE dS F AT THEL e a2t
A vl 34 das Al 7 ZPel B ko) e dehgth Bad vddRds vt
A AFEA BYModel 29 3)lM = FAFE 00594 = FolahAl eFekot, Coxol HlE9Y
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Joint Analysis Models for Longitudinal Binary Outcome
and Survival Data”

Hyesoo Cho', Inkyung Jung®

Abstract

Joint analysis models, generally in a shared random effects model form, are used to
simultaneously model two or more types of outcomes such as longitudinal outcomes and
survival time data. Most research on joint analysis models deals with continuous longitudinal
outcomes and research dealing with binary outcomes is scarce. In this study, we formulate
joint analysis models for longitudinal binary outcomes and survival time data using a
generalized linear mixed model and a survival model sharing a random effect for correlation
between the two outcomes. We analyzed the San Antonio longitudinal study of aging
(SALSA) data using the joint analysis models to simultaneously model the longitudinal
frailty status of the elderly over four time points and their survival time. The joint analysis
results were somewhat different from those from separate analyses on two outcome
variables. Through the coefficient of shared random effect, we explained the association
between the two outcome variables.

Keywords : Joint modeling, shared random effects, generalized linear mixed model,
proportional hazards model.
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