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Abstract

An important scientific objective of longitudinal studies involves tracking the probability of a subject having
certain health condition over the course of the study. Proper definitions and estimates of disease risk track-
ing have important implications in the design and analysis of long-term biomedical studies and in developing
guidelines for disease prevention and intervention. We study in this paper a class of rank-tracking probabil-
ities to describe a subject’s conditional probabilities of having certain health outcomes at two different time
points. Linear mixed effects models are considered to estimate the tracking probabilities and their ratios of

interest. We apply our methods to an epidemiological study of childhood cardiovascular risk factors.

Keywords: Longitudinal data, linear mixed effects model, rank tracking probability, rank tracking probability

ratio.

1. M2

A A 22 (longitudinal data): zF 7o AN BEX]7} A 7be] whe} vHE A 0 2 o)) = 7o vt
Agieh. Aol Fold zhzte] JiIEel thef ARk el weEt FARACR F2 EfAAeR A5
27F QoAAH, Fdgt A AA ASX 7} o2l QoA B HAZAEC] AR S olghe 7ol AH
S| =t ol E BAIA AARE EAR dole thE AR SR AIAE AR SAS &

A aesteof sirk. A, FAIA AR ohiE ARt v 5432 A5 X 50] At wek <417t
BAlA Aths Holx, ERE AAE ARt the 542 AAE Areke 2 & A4 dolAl=
S8 A A7 Ao ® Atk Holtk. o3 SANA BAIA ARS d2e 44 A A
oJA F 7R AZ ThE A BHE T SAA HEste] W] WEE A5 FHe A
oA FojAE= HnA Ted PAH AR RE, F7|Ho g o] WESsle] SU3 Axto] o] 2+
AFA T2 5 WHEste] AF, 7|55k thh 54T AAIA 2k o] 27]71A] wl¢- vkttt

AXNA 2ol 3t FA A o] 2EL Diggle 5 (1994), Liang 5 (2003)3 Lindsey (1993)°] <] 3}
et FHeol a1, AAA ARE A7) fgt] ARgE 24 39 BAEC tigh 29 2ok
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Molenberghs 2} Verbeke (2005)914 @< = itk Abel] we} vEEA o2 AZ A7t AojA= HAH
X}E«] A BAL ofg] 77 gley, O FY dEAR] B4 542 39 £4S ol&dte] #5d
WS Ao} S YU 72 E A AV SRS 2R Pl gt 228 ke Zojth
2 A7 wiAe] B Age v=e g AF7|AdeA Dol obgEe 43T Al e AAA A=
ojt}. o] AL A&7 2 E 2 /‘133*}74] AF adoll st AgFe sherstarat 25000198 H4d7]
AUES Yo R 1986 dHE 1997371 & 1090l 24 sfuich 28 44 $AE A5k 7159
Atz oty &7 Y Bv F37] ol 27 Aztel wEt RS S E A ol 3y 4R
ARete A= E.LLHQ Hog F2% AF FAE FY shtelrt. & A8Y dA4 dAFAE2 HE =
H Rgso] ofd 2o RS wWY Y ASshe EA o™ volof Fto] 2 AE0]
Lol thel 7t ‘3}5 e AL 22 S 7 ATl AeAE Adshs Ao 4ol 9o a3
th oo & =Rl A Aol whet v SAE £57] Y] B4 e g der A
Botgdlen, 4 573 ARolA Egolehs RESHSTE ofE WS ol So1Z w) 2 o]F9 thE AlY
ANAE 22 S ¢toll Eo7=AE FAS S5 £9 74 534 9 54 FEXE FA4A

2.1. 9132 Ot

s S e z(NGHS)OﬂAit %ﬂ v o AESS SAHSE 1986 dFE 237999 9-104
9] ofol(MQl 49%, 59 51%)ES AR 1997 d7HA] 100 do AA sluic) ol A33 AdF
Agto] P45 =339t (NHBPEP, 2004; NGHSRG, 1992). A& AA] o3 = g 7}
T 79 R2Y] WSS FNIE  UEF **E“El Aok AFAEL o] AolsS e R &
3 22 R wgt RRY 5 AA 7], 74, B¢, AFPAS 2 AEA S &init &
gsto] 71585t FAEL AFHE WS ofof 74%01W Eol oot 95%0l| o]2n ool 10zt
BoAer 8.8W AHE WESUTE (WS 865, 5 9.03]). L 2 HHoA BEIH T2
AE o83t EA=E UL, 7], 554, slelEd 52 B3 77E o83t AulelA A= Ut
AAZ A57F DolA= Aol s AR AR 7F jHRA Aol Wde HEede w 94 A o
B e &3 I SHAEY FHEES ARE VYt dukEAd Ad3A A3 fFe
F stz dds nEsien, 57 @93 7] Y E T ol shuvk S 95 SRRt 2
BFE AE n8Aer AYSaL, +57] A F7) Y £ F o shivlk 4 99 Bl R
o 2 BFE A2% 1R st (Obarzanek 5, 2010). 719t FFAE ©]-83te] BMIE 7
AFskal, BMI 7} /39] 85 E9lith 22 9 Ao, 49 85 299 95 #915 Abeldl A %
Asez, 49 95E9sitt 2 39 vver AFosigiet. 1Y &2 W oot A 2.1%,
<1 ofote] A 5.0%ReH H|Tkel ofofe] -9 Al o] F-p-of e LY {FEE2 64 B
T, 18 e 230 A =2 2o FAFUN

ln

2.2. X2 22X

e BN A B4 DAL solt g AR FEE AV, Lol Aol T 0
= 249 n9e %@m AAEE 0|70l AAA Az 7Pgstel iAm AR niHe) #527}
by €T3 = Lo...m ABOIA BTk ARG 7IA] T AT AHAE el A A%
o @49l o] S B 7108 ehag, Ao14 A 1 € T Stel, ¥k Ao Belsl
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€ e, X(1) = (Xa(t),.. ., Xp() = p AR A HHE 289 SPA5E] Aol
AT+ H“Ei‘% | % il% ‘/}E}‘ﬁi‘r AANA AR T2 A{X(), Y (1), )}l vhste] A7}
o A tiste] AAZ A FESHE= {X(tiy), Y (i), tij; 7=1,...,n5, 5 =1,...,n}2 I
- 71 okl AAb i adA AAAE dEbiH, oFl A j= AR AlFE vERdnh o 7]A4
o AA 9 A7l AAE d5A A Al whet 56k A2 7k StRE, ne] 7t
N e 35 AFE AF t = (t,...,t)" € T/, T > 1«] T2 AgelA AFA7}
Al Aol A o] FH A A2 v F #S5 AN ZE HAE] ALsHA B5F
ARh, A4 A7 Kol glof o 7HA] AAA ] RAR UlF/l Aol A5 Ao AR &
A8 7bsd Aot oAl Tetd BE fAIEC] 44 ARl AS5HAE B
TE+ NGHS #59] 7200% dA)3h= Aot
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&7} 23 (linear mixed effect model)-2 2|8} Fsk Ag|st AA|s 5 ofg] TE Fofol|A
oA AEHT G BA BHOE ARl e} 9 39T JAH Are] BAol de) 2]
th 2 =RAe 9y 54 RS Sl AY 23 25 < NGHS ztg0l| 283} /\‘4
A Fotolal % 7] Eﬂ?:}"/] WH3=

W ulE

J A ol el HRE =AE) Sz Wl QS i 9ol
-_| E ;q 3}—_1_7<]’ U].T;}_ /H b‘ﬂ D:'O']' _Tq— ‘Q j‘] Oﬂ /\:1 H

7k
\__ "1
F 7 (fixed effect) HFole] A3} #A £ AAAAE HHser ‘egol 2 11# Hldﬁé Eﬁé T
ol vl sf4o] goldtthe o) FE 7HAth nlY FHAQ
P aT By dvbAQl FEl= the A (2.)E 29 5 Yok
yZ:Xi,B—s—Zibi—&-ei, t=1,...,n, (2.1)
b; ~ N(0,¥), € ~ N (0,6°I),

oA7IA B p AYE 1A 13 HE o)A, b, iHA A Uit ¢ L] EE T3 (random ef-
fect)o] WE o, X, Z;+= ZtZt oA Ao thst 1A &3} EF a3l 3HE YA 3™
2, 2t n; X p, ny X ¢ AFAolth g+ 1A JNA oigk A W X (within-subject error) WES
Uehdch o714 b9t e, A& SHola zhzh o] 0, BAbo] ¥, 0’19 AFEEE wEn. 3E
Eye] FEAF T2 tite] 2l gubEQl A LS TP eH, Al W vE gle] &
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T T4 AAY A s de st i AR LA} W ;o thato] dubH< &
& 7HAE ohilE AFEE N(0,0°A)9 7H3e & 3%, o 22 R34S 48 £ rt
yi=X:8+%Z,b;,+e€, i=1,...,n, (2.2)

b; ~ N(0,®), € ~ N (0,0°A;

N

71M A FA FLOIER A; = (AM)TANPR HoA £ 9la, By F Wl ATV2S
Ao 2N th39 4E 4& 5 Ut
vi=X{B+Zb;,+¢€, i=1,...,n, (2.3)
b; ~ N(0,%), € ~ N (0,0°T).

A7, yi = (AT Tys, X = (ATYA)TXG, 25 = (AP TZ, 283 € = (A1) eol T
agEE 2y (22)9 (2.3)S BEddos g B 5 gk
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4 (21)9 5ol w2 =Rl B4 ASEE Huich MRS 8 £57] GG B ASE A
gel9T, 14 AT AFRE AF, vol, 7, %—‘?—711, BMI
42 AHgE AR7F 2 ARIvhek 1093 shojer
= 3tk WS Wy = (vi,...,ya) 2 o188 4Y B3 &7 2P $E P4t the} 2

n

L(B,%,0%y)=]]r(y:8, ¥, 0%

=1
= H/p(yilbi,ﬂ,GZ)p(bil‘I’,02)dbi, (2.4)
=1

A7)A y:o] BE UE T4 vt o] FojAu,

exp (—|ly: — XiB — Z;b; 2/952
p(yi|bi7/37a2) = ( || (271—0_2)% || / )7

exp (—bT _lbi/2)

p (bi|®,0%) = 7
(2m) 3 /9]
o)A A4H AY £F T3 2y B4 6,0, 07S FAN] Aste] 9 (22)9] $EIF =
AT ¢=drE A7 Ho-e =5 (Maximum Likelihood; ML) oyt 218 H o= 7
" (Restricted Maximum Likelihood; REML)& ARS-3Hc}.
2.4. =9 8 58
B dAFdAME #E5E AAA ASE e E AR EX T4 ¢ 4 FE gt F8L 3t
2t gty 54 AR oA gdoje] A BE AT Ad st 59 7 xE FojHE w v W
278 952 T8} o] Fol At
Pa(x,t) = Pr{Y(t) € A(t)|X(t) = x(t)}.
E83] A(t) = (—oo,y(1)]9] A% A 2AH ; < 2R 74 Bx 35 345 #AVE 2
th 245 72 B2 @5 e F2E Tl 2AF E90E F2S T 27 Aok A Al A
oj A B F2Le] o]F g Aol L A4 AEXT} Hol7t SolA AT 22 ASA 9 Bxo 4%
= 7 Y=AS Goti7] fte] 4 7FsE(tracking ability) 2hs 7HdS =908ke] ARt o
T BAEZAA 517, s27F FoIR AL(s1 < s2), ¥FEHF] 9 232 -5 (rank-tracking probability;
RTP)& th23 Zo] A=t

RTPs, s, (A, B) = Pr{Y(s2) € A(s2)[Y (s1) € A(s1), X(s1) € B(s1)},

17141 A(s) C R$k B(s) C R 242t vlel 4812 449 p A8 AF0e) 38 Q5-50lt. RIP 3t
o) 2 57 Wael ghol sAHolA Bol £k A% W Wk 24 AW 517 50l 4 FT Aol
&3 33 syo] ZAslta sttt E & S22 +9 3 &E0](rank-tracking probability
ratio; RTPR) 7} 1o H o] tha3 o] A=t

RTPs, s, (A, B)
Pr{Y (s2) € A(s2)|X(s1) € B(s1)}’

RTPR., +, (A, B) =
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Table 3.1. Esimates for the fixed effect parameters under the final model

178 23 %k xE A
Intercept 60.157 1.337%*
Age 4.847 0.194%*
Age? —0.140 0.007**
Race 0.739 0.249%*
BMIPCT 0.094 0.003**

k10 SZo| A EA AT $o3HS LERITH

RTPRs, s, (4, B) =1 A%, Y(s1) € A(s1) ¥ okl A Y(s2) € A(s2)ol gt Ego] S7Fst
A ¥tk AL SJujsiu, o) A()eke A%l tl Y(s)7h 24 0] ok s 4 ek o

WO Z RTPR,, s, (A, B) > 19 3% 7 92, RTPR31,32 (4,B) <19 3%
Y(s)7} &2 24588 ok sjAg. A 2t Az O BE ARl U
5 AR mElA nEshEel ok BHEE FASE S9L BN Ane A

7] 59 WeEY] 230 FF a0 BYs 1ed oy Y Y 3 2 RYE A

ZF 23] AIC, BIC, —2 Res Log likelihood 2 ¥l@3ste] ol 252 71 Hgo] 2 d 1
ot HFToE AEH $£57]) ol it Ay £ 23 2y B4 YA v 2
| 2yl 39 1A &t ek B FAZEE Table 3.10 F2|= ik

yi; = Bo + BiAge;; + BaAgel; + BsRace; + BaBML; + bi + biaAge,; + €ij. (3.1)

Zt MAE R 9HE S0 oste] Aol W WS AWy H5te] BE &3 by = (bin, b)) &
gatlon b+ AR et BF BIE, bt Ageol thet 71271F0l HE &E a5 UE
ok 171004 S8 3} by = (b, bia) E BE] 0] Babel w = (7 o)l o]zt A
ZE w2 ot ZMEEE, QAT 68 AR SHola FYSA AFEE N(0,0%)
skt

HEoz Add Rys AvEy, oo tigt 3] B FHX= 4.847 (p-value < 0.001)=, o 1
7b Skl wel 257 @9l S B 5 vk 2y dold EH;P olxtgel tigh 3 B
F4X7F —0.140 (p-value < 0.001) 2.2 1jo]o] F7to] whe} £57] dto] ALH R F7Fohe 7401
ozt 100 Fukez o] met £57] kel S7REe] A4k oA & AT #+ES FAGE
HES HolA HAcrt AFo)] the 1R EFE 37 B4 FAAIL 0.739 (p-value < 0.001) ZA],

Ql ofofe] A9 il ofote]l vs) £%7] Feto] T H2& It 5 Stk o9 HWEE Adehs
Z5 8 ARE BMI WE9 50 that 3|7 B4 FARXE 0.094 (p-value < 0.001)2A] ¥]WHE7} =
TE $57] o] A2 Zoguul FUHE B 4 Qlth 7 Jiluieh B 109 #5A]7} °*°1§i
tdl, o5 Ausly] fste] 2@ oA Al et BE & b = (ba,bie)” & BTl 0013 &
sko]l Wl A2 E whe thal 7Pttt A5 BYolA gE 2 24 FH A= G = 9.115,
G2 = 0.5622 BojFlod, 7Ha] W exke] B4 FHX & 7 = 6.1682 AR} ol NAE e
£ B Jate] AFel A WEe o 69% (= (G5 + 0i2)/ (G5 + Tip +77))E AAFAL o, 7
Aol gt 5 aFte] WFo] 4T FiEs AR gt s 5 ek AT Aged] 7))ol ﬂ]ﬂ
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(a) Caucasian, mean BMI percentile 65% (b) Caucasian, mean BMI percentile 94%
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(c) AA, mean BMI percentile 65% (d) AA, mean BMI percentile 92%
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Figure 3.1. The longitudinal SBP measurements for four girls from NGHS with predicted subject-specific curves
and mean population curves plotted in dashed and solid lines.

A ZE 2 WEol vXe T vHs Zleg WAt} stder, Wy &
By RYPor AHety] Al 7S A W L xgel gk R4 B £
7Hge] AEshe AE AH R skl A W At AFEEA 2YES HESHL HA e X
Ak A 2z 2 ydehdo] Ete o 08 SAHoR 12 HAAJZES At
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2 W Fieneasnxienenen}

ol 7]oA 1ax AF Aol dlgt & A] $H4(indicator fuction)o]t}. 3t fof 3= = =9 3
H(RTPR)+ th3d}k 2ol #3t3itt.

o

R/T\PA(Sl, 82)
- .
(g) 2 7 eAnXoseBen}

RﬁRA(Sl, 82) =

Z W2 Mol ojo} 59l ool Tlslo] 2% 7] BEo| 120mmHg ©|4H(pre-hypertension) o]
<9 &4 57 ¢ 53 FdEvE FAEk =, s1 A AANA £=7] o) 120mmHg o]
AL, s2 (> s1)AHONA FA £57] Deto] 120mmHgY <=9 +4 F5L A4rsich Figure
Z7] o] 120mmHg ©]4Q A I AJAHQ] 23 Zox
A g <9 4 FEQ dste] 2z vehd %IO]r)r

F 59 27 5o i3k 1=
Moz

7] €<}o] 120mmHg °]%
Figure 3.29] (a)2} (b)= Wl (z =

oIty tpol 9MolA 14AZAE THBAT. w5 24 FEL Ao 30%A 40% Aol 9
on], el ofole] A% F9l cjojol e o]PES Ao WEZo] F& B 5 qdrf. BFAC Wl ojo}
o o9 4 e 374% Amgon, Ha ojole] B £9] F4 HEL 323% AR, Figure
3.29] ()9} () WA(z = 1) olofe} FQ(z = 2) ofojol] that w9] Z4 FEu|o] that Tejzol
o} B@dow wWal ojoje] 9] 24 HEuE 544 FEgon], 59 oloje] B w9 4 FE|
£ 41 AER Wel ofole] A% 9] 24 $Fu|7} 39 ojojo] vls] 27 = AL FAT £ Ytk +
9 27 %E7} N2 WQ ojole] A% Tl clofol wla] lHL Aol 2HAe] WE Zo] 2 A
8 49l wgl ojo}, F9 ofo} BEe] APo]A 1HT} 2 w§] 24 FENE Holmw £57] @
he ko] 24 $HL AT QA BEAFT A7 5 A
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5233} skt 223 7Pl AAlR REE A tel dEshAl ekethe el A
214171 A79 FETHES 1004 92 A = b
A% 53 2L Ao R uF e Ao® FAHA Ut ¢ E]L}E‘r FAA ol Tt 2007 d T
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(a) RTP(s,s+2;Caucasian) (b) RTP(s,s+2;AA)
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(c) RTPR(s,s+2;Caucasian) (d) RTPR(s,s+2;AA)
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Figure 3.2. The estimated SBP RTP(s, s+2; z) and RTPR(s, s+2; ) for Caucasian (z = 1) and African-American
(x = 2) girls.
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3 3% 498 AU2 ARS AT AZE OET 399 AR B4 298 NS B0 o
5o AL 2 YL B W SAo Aol oG AAnolA FAYS) FhE SEA 8 o,
of@ AFAA TAGE SHE w vl e AHelH 1F ‘—\r‘f°ﬂ EEEE RS PEEEE e
Yo e FASET Bgo] Hx ARE ABFOA JFAT YINE S FEtT.

B A7E 438 289 AP AL selsust 248 QAT AR AL GOz ArE 2
otk AAFOR JEBA AF AP oA £9) 24 FEolu 29 F4 FEHE BFHA P9
2 AW QYA A% P A9 S AT AAH oz wo] 203 gt HEelth, £ AT
o4 AHE PHow 9o AEE FesA FEAUCHA A4 QAT B3| Ago] B 4 glo
W =TI S5 AR T Aol Bol vehbe 438 A8 olssh o 328
e ¢ 4 Ut
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(20154 3¢ 162 &4, 20154 3 312 £, 20154 42 62 XHEH)

O OF
ANA A7 Ao F2F %Zﬂ 9] shbs Alzkol Aol met /ie] A% el
gEoltt. 2o dHs o 35 et FHsE A2 A4 1
I A ot Mgl T3 HulE Adnh. 2 =EelAE
7 &Ee AU €4 74 FEel o] A7l <9 748 FEH <A F %
A% 23 23 BES st £ =29 2 obse tAeE A8 A3 AAsde dFshe 9%
kg0l A8 At

n fo
>
© o
L
—|n
i)
rlu
>
e}
>
N
=
rO
o
)
o
oy
fuj
2
u)
L
o by
UG

FRB0: A XIR, MY 28 2 08, 29| £ 52, 29| £ st2l.

of £ES 0UUE AR(AAZZATR)Y AL BFATATLY A2ATAY ALE Bol £AF A

(NRF—2014R1A1A1002465).
1(712-749) A& 72X thatg 280, Jdthdtn 547} E-mail: mjkwak@yu.ac.kr

sl



