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o B9 HAY YRS e B 0 RgAY Y e S,
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P mYL oFEE BAE 2 g A A o
e oR5T RN A5 25 12 U ASIE ekl A9 o8 AREAL Aoz WY £ &
3wyl Atk # ERAL Aok geld kS 54 4Bs] A SIS AT R wyel e
BANA DRE o) Br). w0 A GAARE ol golol A HEY RIS Agste] Lo Boza FAL o
uE A,

20| At orsst, SpENRH, ulMEH

oF5-8h(pharmacokinetics) o] & 9] F4, 232, A W ¥3} @ wids A

3 (pharmacodynamics)& 2o 23238 k2o AAUFSS et Hofolth, = 9_'1.\% —.}\C_’_ O%E
o] T At W2 FFFEe W3 2P o, FqE2 A o w

3} 3= Zlolt} (Gibaldi®} Levy, 1976). ©]& F3to] £ <
7] S8 EE AR Ty @ S8 2A5H "k B =F
12 B} giet

ofo] QA Well S0l H &, X, thAt 223 w29 AAHE AXA H=t o= 7hAAntct D}E
W, 53] o], A, IF S° A EAo BEEE EA4 wet e A3

Zh-g-o] 7H7R L1l tr}a]— T2 olfr= oFo] Aol Al AHg-5te] vrehbs ol shA <l Uﬂ7‘]‘4% EQ”‘S "]‘%‘
o] ool thaf Yetl= 25 kel 71 Aol 7t Ql7] wiZolth. o2 dk okEdtAQl SAE vEk
Y= getu|els B84 (Volume of distribution; V), 4&(Clearance), 44<4 % A4 (elimination

rate constant; K), S44EA4(absorption rate constant; K,) S°] It} (ALdstn s

o Mo

o !
= pul
(clearance)< ci.k%?‘jloﬂ ]_35]35 T OE 3% Hez §ForHE FFo] £4FHE S 9

o £ 2007d AR (AHFAAAUT) ] ALOE FFAEATAD A0S Bo} 58 AT (KRF-2007-
532-E00004).
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mgc). ol okEo] Folst 4E 24N SR AR WP/t YAHE A4 WP #

A7 ek okgel WagT RESAL Aol okEol £4¥E SEE AWAETh 2ASEA
<(elimination rate constant; K)+v A7t FEo] 2AEE &S YERH 2407 (half life,
Al

] SR
tyo)e B W SEH ADPORRH 1/22 gasted BT AE etk AwlE &
SRR 2L AYS BUE 5 ot ko] we] 245 M mebA] rh} A4F GBS Fo
sokshe7le A9shet $28 982 Bk (DiPiro 5, 2005 254 5, 2001).

VAT AEY AANASE RF ¥ ALA G} 299 yEARE A5Y 29 APALo2A

2. Tt 9k=sSH @3 (Population pharmacokinetics model)

FEst BYPe A Al mE A vel WS FuHom

2o A= k=38l Aol xR
i (structural model)3} F=2 &ALt A It Xo] & 1St FAEH (statistical model) =

v

2.1. PAP¥(Structural model)

o= ol F oj2] AeA Aol 2A AR FeeEE WS BR AL FES i]a]z‘s}h FA+
< m Bxteith. ol A AAES IS B shur o5 RYe ARt S, oF
=2 T, VX, UAF 223 243 22 o] e 7 RYor xdske Aolth oF HSH
AL AN o7 o] AZs= 13 123 (compartmental model)& A-&3tc}h. o= AJA| o
A gl ol S HHS] fol AAS T ool 2ot Aer 47, o]FE T v B
Fol itk ofzoll thel A2l A S dedtehe = o S AIA Tl o dAWe e ¢
H3lE S28 gdske ZAojth AlZlel] e A Wi e Hsle SE2 BAGT AYadss
= AR T met QA WolA FEo] 24 E WIS BAREE Zlojtt. Y3 £59 /g2 2
AAe] AT A= AA AEF ol Frkshe AolBR o] o] &3sto] £ RS Alerh
Wagner (1993) S5 3tel T2oe Sobyue 2as 2ol gek 2 A Such 744 2
ool gEje] 232 I8 23 (one-compartmental model) &2 BE XA 22 & AAo] 3hfe] 7
o8 oFolA Urky M Aotk o BAL ohEo] FojH F EukR AAe RE HB
Hi%qﬂ 73 gttt
o]7& 23 (two-compartmental model)-2 AIX| 22 9L A AS S48} = oh2 3hfe] B 79,
o9 2748 TR o] ZBHE A0z FRo] Fol F A2 B 2
A A7l PSS AU, HBE Ro] § FATYo] REHT of FATHLERE H2TI
o8 ool olEHE By WlE HAFYN FATHOE FHE U}, o] 7Y HAL o F
3} gk Zojtt. o8 2 ¥ (multi-compartmental model) S48 o]Q]o] o] -
246]'0:] AT v FEE 1Y o= O]%é Ashe Adolng & o B339 Ryo] Hrt.
FoaAHe g2+ 93 A (bolus injection), F+F —?— 12} §4(1st order absorption)$} 02} &
4=(zero order absorption), Z]—L,—Zé—?—(mfusmn) So] 9lon o]Eo] BFgAo 7 JeEh}r|E 3t} B
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Cone (ng/mL)

Ka K
Dose -.» Elimination

O 2.1, AP IAELRH(YES 52| 2¢f=2s5E(conc), XFS AlZH(time)S LIEFMCE)

Time (hours)

ERoAE 418 13542 ¥ (one compartment 1st order absorption model)& ©]-§3}o] 31
< AWs7lz gtk 39 212 & (Dose)o] Ko £E2 Foll F5F0 K9 58 245+ A
vehdith @ 8&9] TR HMEFHE 55 (cone)E 7HEFS A7 time) & VERH 41F 1
T BRPIAY Azt M =] Wslhe 299 AT Zo] vrhd 4 Qlt} o] 4o
kil

H
5 o ot

U

ct) = gi [eiKt - eiK‘lt} (2.1)

(D)3 F53 setule 9l 2

2.2. SH2Y (Statistical model)

FAREAAY Wl st A U9 exE YERE el W W5 23 (intra-individual variability
model) &} 7191 7+ 2Fol & UERE 79 2+ W5 2 (inter-individual variability model) 22 37 &

2 U= 5 9tk

2.2.1. Ji2 W s 2% (Intra-individual variability model) 3t 7]<lof tfsle] LA L] oF=
B8 ¥ Aol get SEE 24T ARE o[ 8ol 4 (2.1)% Rl o5 seulEE A7) AAAE
4 21)0 24 71 Feke) MAPHT AL o Bar}

Y; = gKaKi—aK [eiKti — eiK“tJ} +¢5 (2.2)
= f(D,t;,V,Kq, K) + €5,
ej ~ N(0,0%),
4714 Yy ATk 1,0 249 oFge] WASEE UL, DE $%L V, K., K& 5% B4
2e03 f A (213 2 elo) of5E ReoR oFEe mase ta HAgRrel 4 (2.2)0)
V, Ko, K5 27 9t} 4] (2.2)8 Zo] &

WA 37149 Btz @ Aol the o} shejulel
o] "ol Felz BE @5l st d
model)°]2}al 3t} (Gabrielsson3} Weiner, 2006).
ol R w=7F ARl wel eaRRAte Frkeke FEfe] R¥2 vl ¥ (proportional error
model) o2}l stof th53 2t

Yj = f(D;t;,V, Ko, K)(1 + ),

ej ~ N(0,07).
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Z2E o] F 7IXE EF 2 & 3 23 (combined error model)& AME317] = Shot.
Y} = f(D7tj7Vv7Ka7K)(1+€11)+€2j’
e1j ~ N(0,0,7), €2j ~ N(0,02%).

2.2.2. JlQl ZI YiE D3 (Inter-individual variability model) °JFEo] obdA, 84 59
A5 AT DANTIN 5L Ao FRANA Foldk F AL A7) e W A
(2.2)0l] AFA7IE HIBE the k53 setn|ElE AA Ak o™ il 7F Aol A A3

)
£ A= gFo] It °F53H(population pharmacokinetics) ©]t} (Atkinson %, 2007).
WE] @5l 0] we} Gelitke 71 sl oo tleh BEAE Tels) BB S AW

Ev
i
o
M

Yij = f(Di,tij, Vi, Kai, Ki) + €5 (2.3)
= f(Di, tij, 0;) + €ij,
€ij ~ ]V(O,U2)7
714 Yi;& i s@ze) digt A7t 40049 EFEEE JEnY 0, =
Azl thgt 58t g UERdn) o) & sletu|Elo) it /¢l 7F AEAS 1iste] o e
A& stoh

log0; =log +n;

1% Vi
0= | K, |, 0;, = | Ka; |,
| K | | K
_7711'_ 0] Wil Wi2 w13
= |mn,| ~N 01,2, Q= |wa wee was|. (2.4)
| 73; 0 | W31 W32 W33
ol= v]A¥ &3 3 2 ¥ (nonlinear mixed effect model) 22 o538} slgjnlg 6,5 W n, 2 B
S BFED el Zolth SRR 4B BF 0 e AARE 919} 2o] 0,9 RLE 4
FREROE 2IATREE AR 297 Dol
714 nie QA T WEES U ¥MgRE T By o]F Al T AelE vEde 3
4~(covariate) €2 A& A st} FHSTEE A, A9, AT 59 A7EH S0 A, o

A5 59 Belad BAL

<

= A4S o)&ob thE3t Zo] yehd 4 Qi
log0; = log 6 + a1y + -+ - + g Tri + 1,

AZIA 214, .. 2w A FFAY FHSES Vet A T HES T AW kT B

Fog 7+ Afdel gt gt RpEo] fRle] EAE Thetd 4 QA He ol 4

FoAT u FYPHA S 2H e ol o 98-S st

M~ UlH
S od

3.

i

HAY EFEFARYZHS s PHELS SAT RofllA 70dd] ZRE 80dthze| Harville
(1977), Laird®} Ware (1982), Racine-Poon (1985) & W2 d3Eo] o]FojX ). Lindstorm}
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Bates (1990)3} Davidian3} Giltinan (1995)= Z259ke] AFSo] & A= o] gty 80dtel Eof
AR RReRE ok RREAS Asto] wHY EREILAL AR AT (Wakefiled,
1996).

NONMEM (Beal3} Sheiner, 1979; Jonsson} Karlsson, 1999)-2 NONlinear Mixed Effect Modeling9]
okxkZ 1970 dth ' ) A}el Lewis B. Sheiner?} 578212l Stuart L. Bealo] 3502 73t AnE
Aoz AR oks /s B Ao 7 de] 203 JYrH(FF A Fa1). o] Lz E oA vl
P EREARYY B FAHE Aot HldAE2 AAE 0] &3 ZARPEFFE o] &8tk Qi)

WA 2704 Aot Aok ofs e PR A R e vkt 2] 2dsHAL

yi = f(Di, ti, 0:) + €, (3.1)
€ ~ N(0,0°T,,),
0; = d(zi,0,m:), i=1,...,m,
ni ~ Np(0,),

iR S @Al thst SAAE WEjolw, D WA @A &L, = SHAAE,

=
L b
FUSE, 0 A K5 BAE T2 0 AT o5 BiE

Tiv i = o b}-E}-L]\_h:}‘ ol= ;QDJ' O—}:Eo‘é—_‘
Bol o] Byo A oFEst B 0 9, Q9 0?9 AU EFAAE 7T AN Y SEErE
WA A Akl oFsket
L(0,9,0%) =[]p (wl0.2.0%)
=1

_ H/p(yi|ﬁi,0'2)p(9i|07ﬂ)d0¢. (3.2)

1=1

ey ARe 4 94 gt FeY B okl BYo] BN ASE AL AAE AAA o]
A9 =3 AR E ToHe dlol ofelgol Brk o2 Akl HlAe A= AAS ol gt

Yi = f(D’Lat’L70777’L) + R’L% (Diyti,9,0—277]i) Ei*7 (33)
Ei* ~ N(O,In).

oluf

Var(yi|8:) = Ri(Di, t:,0,0°,m:) (3.4)

olth. 4 (3.3)& n; = n*oll th3}e] Taylor series expansiong 3HH o33} 2T},

Yi & f(Dhthg?n*) +R7«% (Di7ti76702777*) €

+ Zi (Di, ti,0,0%) (i —n*) + Ui (D5, :,0,0%,0%) e (ni — ), (3.5)
N 0
Z; (Di7ti79777 ) = %‘f (DZ775279,771) |’Hi:77*7

0 R’L% (Diat’i70702’/’7i) |”r)7;:7]*'

Ui (Diytiyavn*) = 87]
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Conc

Time

J2 4.1. Theophylline: 12Ho| HéFE 5T I M (Y S theophylline?| HESTZE, XF2 AlZHhr)E LIEIUCE)

First Order method(FO &39)= 4l (3.5)0A n* =0, e = 08 7PASH= Aoz
yi = f(Di,t:,0,0) + Ri (Di, t:,0,0)e; + Zi(Di, t:, 0, 0)n; (3.6)

2 AT 4] (3.6)2 €9} npoll st AP Aojm=m 4] (3.2)F closed form 2 UERE 4= 9131, o]
£ ol§3k] MLEE 7 4 Stk

First Order Conditional Estimation method(FOCE &3 )= 4] (3.5)0A n* = 7, e, = 0 18]
AL e = 022 7445k

yi ~ f(Di, £:,0,0) + Ri2 (Di, t;,0,0)e; + Zi(Ds, ti,0,7:) (n; — i) (3.7)

2 ZAAZIE W ot o] gt ¢; 9 n;ofl thek A3 Aot}
FOS} FOCE F4%+-2 NONMEMe|A Alg3tal = FHHOR kg /e ReA S 95y
7hg wo] 2olal Q= W eltk. FO W2 1T AREE B ofet n* = 002k 7HE7HA] 3t
A7 E HAONA GA e AR BobA HEETF ol v} AlaksFe] @A frof wE ATt
AANE A& 5 ‘2,111]-— o] 9t FO ¥ tjfE FOCE W9 27|A& Fahedlol] %ol 2
olt}. Laplacian ®H-2 NONMEMOAA Alg=E= T el FAUWHOZ 4] (3.5)2] Taylor series
expansion= 2%]-@}7};(] a3t o]+ FOCE ®iol| u|gto] Alileko] wolx = Aol vjs] 2 F8S
7WA A B3l ol 2rolA] GHeth HIEo] AR WY tiAlel EMS o]8dte] FEs S
0|83t ¥ (Samson 5, 2007) ] thFE L oL} ofA B3I A= o1 it

M
EE

4. OlMl: 7| 2tX| 22K Theophylline

Theophylline2 7]#A] A2 dA 2 2 w4 2 X 5A 2 2o]= 2Fo|t}t. Boeckmann 5
(1994)+= 1294 A] 320mge] theophyllines A2 13] FoJ3t & 254|175 < 119 9] S 53 <F
UFETE 249 AR AT Atk o] ARE o83 AU oFEN RIE 24 B B

29 3 S -

S 412 1299 o] HE BFEE FTHS ekl Zolth. SFERe] 2347 ¥ FBY F3%
S& HUL deple 1042 F S & O OE S5, 2 o FE & O AN gadhe 33
= Hol1 Qlrh. oFEE RYPor o]HE %"é% Z uehd & 9 478 14§52 (one compart-
ment 1st order absorption rate model)& ©]-83}th. Model 12 4338 13 SR oF5st ma
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i 4.1. Model 1
est. (s.e)

log K, 0.399 (0.2030) K, 1.490

log K —2.440 (0.0486) K 0.087

logV 3.480 (0.0520) \% 32.460

40 41 42 43 44 40 41 42 43 44 40 41 a2 43 44
log(Weight) loa(Weight) loa(Weight)

O 4.2, 7 FHX| 2} log(weight)2] A&

9 Ko, K, V7} 22454228 02 the /P98 & 83372 29 (combined error model)©]ch.
- e_K“'it”] (1 + e1iz) + €2i5, (4.1)

€1i; ~ N (0, 0'12)7 €2ij ~ N(O,azz),
0; = [Kai, Ki, Vi]" =67,
N5 = [M1i, 20, m33) - ~ Np(0,9).

°]E NONMEM®] FOCE g o|&3te] 243 23S 2 4.19] A 2|33 tH(NONMEM code: -
= B 1), 19 4.19] A2 Model 18] 3% o A58 2 y(t) = (D/32.46){1.49/(1.49—
0.087)}(6—0.08” _ 671.4915)% UFERAT]

Model 194 oF5s B4 7HQ1A AolE FHFTER AWl B7] A8 log Ka, log K, logVe] &
Aol MPEE nu, N2, s FAT] AR FAA A FHFQ weightele] BAE AFHES
CHNONMEM | A= 7] AL 935te] “POSTHOC” optionS A|F3t: th). 18 4.2% 243
My M2i, N3 =2 weighte] AATE Yepdth. #2 AL lowess lined YERATE 132 log(weight) 2}
EBISH Fo] AABAE Holal Qlon g IFZE g FAE HolA O naE log(weight) 7} &
7}ato) wet 27kt gadte <k % Hol3 9t} Model 294 032} log(weight)7ke] A #A|
£ 1Ejste] 23S A oFEst WMSLES weightol] i3t AF TS nessict =44
log(V) = 0.764 + 0.641 log(Wt) oL} 2H 0.7642] AL X7} 1.148 ¢ 228 FAHo| 0olgk= 7}
AL foskA oA Dk ©]E A AIA Model 3914+ log(V) = 0.827log(Wt) & H%F B3oz A

O

(¢}

50
A3ttt =, Theophyllinel E4ET AL AAETASTE 791 71 xpo]7) glov) BEx AL 79l
weightoll whe} 2to] 7} U] V = Wi¥827 2] #A 7} et

5. HEL} &

ol Al AR Hkel Zo] Adk oFEe REL HAY EFEARPLR AFEA] U FET B
TE= MAA Aol Uehlle FER AWstaat she Zlojtt. ol F3te] 7ile] 545 1
sto] Fopbo] e &3S A HEE Jok s By YAk el e F83% A
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i 4.2. Final model

est. (s.e)
log K, 0.403 (0.204) Ka 1.50
Model 2 log K —2.44 (0.0479) K 0.087
log V/ 0.764 + 0.641 log(Wt) (1.14, 0.27) 1% 2.14W¢0-641
log K, 0.365 (0.196) Kq 1.50
Model 3 log K —2.45 (0.0597) K 0.087
logV 0.827 log(W't) (0.00983) 1% W0-827

£ ARt ot 2y FAE B A @ﬁﬂxl FAREE 72 At A T shve vlA
¥ Estay Ry w4zAdolth. e tjiE NONMEM softwared]] 9]&35t] FOL FOCE
WS o] 83t HU¢=F4(MLE)S T3t Qloi Taylor seriesE ©]-&3to] A3} Al7]= A
A ASHE @27 B E A EvhE Aolth Q, o 59 AR 244 tial A= REML(restricted
maximum likelihood) W ARR3FA] ka1 ML(maXimum likelihood) W& ARgsto2x EAee
underestimatedtd] H+= 59 EA|AEo] 9t} E3F FOU FOCE ¥ 2% %27)X 0 93 3 A 2
7] W2l 271X mEtA = 4 A 7S ok At 5 "3?_“/} weba] B3 Aol & H U=
A8 & A HE o] Fasitt. B3 4 23 AA delA Edske Aap & Z8% it olE
A3l QA RIIES SATAETY 1L JRAAE o] Fofof gt

25 A. NONMEM 4JH

NONMEM-Z v]13 EFEARYPO R o]Fol] ok, Fee B9 By 24E 9ot /dd &=
EgojZ 1970 dt) & o] AFQl Lewis B. Sheiner?} 7 &k=}Ql Stuart L. BealO] Z=z o= 7tsgich
NONMEMOo & F73t ok, = Ryo] epd/do] ARl dddelA A=A dejzro]7] Az
3 A= o] Ak EatEel o) 71 dE] 2olal e AZES|o]o|t}

NONMEMYS] 74 & AA

)

£ OFF figel 9 YT 25 HI0Y R 2 YT ANl 5 o
5 oY RYE AQAT TG FPFAA S P2 mYol ARl gk olth vy,
3 om w3

FAZo] uj-2 AL 5ukA}E (sparse data)ol] AT B4FA o] 7453}T)
NONMEM®] @8 Abgo] BRI 2471 %51 AL 5 A H717HA= B A7ke] 22
t}= Zojtf. NONMEMoAE 2o &3t ZE Y& control fileZ |3} ARRAl= o] control
file 24 $13 NONMEM®] 92 A5kl §lojof st} w3k DOSEA oA AHSstE S FHof 9l
o] A== &AHolle 538t DOS FH ool I5HA] g2 AMEAREA A= AR ZHA 7 B4k
LAA Zojtt.

o B4 F2 o5 £% 5 B FEQ 23S control ﬁlea oA A s 9l
)el

Y2 B. Model 1 HgrE 2|5t NONMEM control file

$PROB THEOPHYLLINE POPULATION DATA
$INPUT ID AMT TIME CP=DV WT

$DATA THEO1.TXT

$PRED

DOSE = 320
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KA=THETA (1) *EXP (ETA (1))

K=THETA (2) *EXP (ETA(2))

V=THETA (3) *EXP (ETA(3))

IPRE = DOSE *KA /(Vx (KA - K)) * (EXP(-K*TIME) - EXP(-KA*TIME))
Y = IPRE + IPRE*EPS(1) +EPS(2)

$THETA 1 0.01 20

$0MEGA BLOCK(3) 6 .005 .0002 .3 .006 .4

$SIGMA

0.4 0.4

$EST METHOD=COND INTER POSTHOC; MAXEVAL=450 PRINT=5 POSTHOC
$cov

$TABLE ID TIME CP

AFH, BF3), 01012 (2001). <AFEFA ofsh>, BAEH A4
o|BHTHS} (2006). <okl o>, Alhsta Eu.

Atkinson, A. J., Abernethy, D. R., daniels, C. E., Dedrick, R. L. and Markey, S. P. (2007). Principles of Clinical
Pharmacology, Elsevier, San Diego.

Beal, S. B. and Sheiner, L. B. (1979). NONMEM User’s Guide, Division of Clinical Pharmacology, University
of California, San Francisco.

Boeckmann, A. J., Sheiner, L. B. and Beal, S. L. (1994). NONMEM Users Guide: Part V, NONMEM Project
Group, University of California, San Francisco.

Davidian, M. and Giltinan, D. (1995). Nonlinear Models for Repeated Measurement Data, Chapman and
Hall, London.

DiPiro, J. T., Spruill, W. J., Wade, W. E., Blouin, R. A. and Pruemer, J. M. (2005). Concepts in Clinical
Pharmacokinetics, American Society of Health-System Pharmacists.
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A Statistical Approach to the Pharmacokinetic
Model
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Abstract
The Pharmacokinetic model is a complex nonlinear model with pharmacokinetic parameters that is some-
times represented by a complex form of differential equations. A population pharmacokinetic model adds
individual variability using the random effects to the pharmacokinetic model. It amounts to the nonlinear
mixed effect model. This paper, reviews the population pharmacokinetic model from a statistical viewpoint;
in addition, a population pharmacokinetic model is also applied to the real clinical data along with a review
of the statistical meaning of this model.

Keywords: Population pharmacokinetics, mixed effect model, nonlinear function.

This research was supported by the research fund of The Korean Statistical Society in 2008.
LCorresponding author. Assistant Professor, Department of Statistics, Ewha Womans University, 11-1
Daehyun-Dong, Seodaemun-Gu, Seoul 120-750, Korea. E-mail: lee.eunk@ewha.ac.kr





