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Specification of the matrix exponential form of the effect compartment Specification of differential equations in the Component Pascal file:
Backg round model. This involves user specification of the non-zero elements of the

° N o | | | rate constant matrix in the Component Pascal file TwoCptindEffiModel.odc.

There is increasing interest in and use of Bayesian methods for PKPD modeling.
® Abarior o wic Bavesian PKPD modaling is th of cust _ 3 TwoCptEffCptModel.odc.

arrier to wider use of Bayesian modeling is the amount of custom programming 1
required for each application. V; TV_VO compartment PK n_")del PROCEDURE UserKMatrix(IN theta: ARRAY OF REAL; nCmt: INTEGER): PROCEDURE UserDerivatives(IN theta, x: ARRAY OF REAL;
-~ with first order absorption POINTER TO ARRAY OF ARRAY OF REAL; numEq: INTEGER; t: REAL; OUT dxdt: ARRAY OF REAL) ;

® PKBugs and Pharmaco [1] partially address this problem by providing functions for linear Q VAR VAR

1, 2 and 3 compartment PK models and data management tools for WinBUGS [2], kMatrix: POINTER TO ARRAY OF ARRAY OF REAL; CL, Q, V2, V3, dka, kout, yeff0, EC50, ka, k10, k12, k21, ksum, conc: REAL;

i, j: INTEGER; BEGIN

® But they are limited to a small number of models and do not properly handle time-varying 1 ka 2 CL CL, Q, V2, V3, dka, ke0, k10, k12, k21, ksum, ka: REAL; CL := thetal[0];

covariates. BEGIN - L
® _ _ _ _ V2 NEW (kMatrix,nCet,nCmt) ; Q - theta[1] -

There is a need for a more comprehensive model library comparable in scope to NON- (« Initialize to all zeros %) V2 := thetal2];

MEM®/PREDPP [3]. i FOR i := O TO nCmt-1 DO; V3 := thﬂta[EE] ]

BUGS language model for fitting a two compartment model. FOR j := 0 TO nCmt-1 DO; dka := thetal[4];

® The combination of the BUGS language and a flexible PKPD model library would fa- guag 9 P kﬂurix[i_j]ﬂ :m 0 kout := thetal[5];

cilitate modeling and simulation tasks where the outcomes are causally related to drug ?"""1 END; END; yeff0 := thetal6];

exposure, e.g., models for clinical outcomes, adverse events, dropouts, and clinical trial N (* 2 cpt model with lst order absorption *) ECE0 := thetal7];

simulations. foxil i Limsub)d CL := theta[0]; k10 := CL/V2;

Q := theta(1);

# Inter-patient wvariation k12 := n,l’"lrg;

- - logthetal[i, 1:5] " dmnorm{logthetaMean[i, 1:5], omega.inv[1:5, 1:5]) V2 := LhBtﬂ[E]; k21 := n;vaﬁ

ObJECtIVE logthetaMean[i, 1] <- logCLHat + 0.75=log(weight[start[i]1/70) # CL V3 := theta[3]; : ’
logthetaMean[i, 2] <- logQHat + 0.75%log(weight[start[i])/70) # Q dka := theta[4]: ksum := k10 + k12 + k21;

. ] ] . . logthetaMean [i, 3] < logViHat + lf:-g(ifﬂigh‘t[Eta.r': [(111/70) &V kﬂﬂ 1 thﬂtﬁ[ﬁ] ; ka + d_ka o (kﬂuﬂ - Hath , Sqrt Eksum-kﬂum_i . ﬂ*klﬂ-k_‘?l })HQ . ﬂ .
To support fully Bayesian PKPD modeling by developing a collection of BUGS language imiatﬂmEi' :} <= iug:m.-,; + log(weight [start [1]1/70) 8 V2 . K10 := CL/V2:
. : - . . . . ogthetaMean [i, <~ logDkaHat # ka - alpha e b
functions that implement or facilitate user implementation of nonlinear-mixed effects popu- thetali,6) <- 1 & F1 k12 = Q/V2; (# Differential equations for the model excluding piecewise *)
lation PKPD models. ti:::ﬁg o " : g k21 = Q/VS; (* constant input rates provided in the data set =)
theta[i,9] <- O # tlagl ksum := k10 + k12 + x21;
theta[i,10] <- 0 # tlag? ka := dka + l:kE'LIEl = Hath.Sqrt{ksu:n#ksum-d.mklﬂﬂ-]ﬂl}}fﬂ.{l; Axdt [D] TR x[ﬂ];
thetal[i,11] <- 0 # tlag3 (* Assign nonzero rate constants *)
Implemented PKPD Models T § Aeaign nonzoro rs axat[1] i= ka * x[0] - (k10 + K12) # x[1] + k21 * x[2];
. Drligt:heéa[i.j]] e topthetali.i] kﬂatr:}xfl.ﬂ] 1= Ka: dxdt [?1 :"ikf;izf x[1] = k21 » .'.'.'.[2]?
The current prototype BUGS PKPD model library contains functions implementing: } KMatrix([1,1] := -(k10+k12); ;“ic [E‘-'I x[ i ' tvatto - (1 - ) a (5] 50t 200)
kMatrix[1,2] := k21: xdt s = put = ya = = gconc +conc) J*lx +1||'E
— SpeCifiC linear Compartmental models: # Call to FK model library to calculate amount in each cozpartment at each time ¥Matrix[2,1] := klﬂt (% x [31 - l’ﬂff _ :.refID *)
xhat[start[i) ;end[i],1:3] <- TwolptModel(time[start[i]:emd[i]], amt[start[i):end[i]l], xMatrix[2.2] : kﬂll. )
u : : . rate[start[i]:end[i]]), ii[start[i):emnd[i]], evid[start[i] :emd[i]], ' i '
One compartment model with first order absorption cmt [start [i] :end[i]], addl[start[i):end[i]], ss[start[i]:end[i]], thetal[i,]) Ea:r::uc Eg.;j T kiut; END UserDerivatives:
® Two compartment model with elimination from and first order ab- ; paiimmbt e
sorption into central compartment rorti 4n 1emone RETURN kMatrix;
== General linear compartment models described by a matrix exponential function ! . g . :
p y p logiobsli] - dnors(logliatlil tmw) END UserKMatrix; Predicted (posterior median and 90% credible intervals) and
— . . ’ CHat[i] <- 1000#*xhat[i,2]/thetalsubject[i],3
General compartment models described by a system of first order ODE'’s. logCHat [i] <- log(zax(CHat[il,epe)) observed response 2 measurements.
Y _ PROCEDURE (m: MatExpModel) InitModels;
The one and two compartment models are precompiled. } BEGIN
m.nParamatar := 12 study 1 0 mg study 1 5 mg study 1 10 mg
® General linear or nonlinear compartment models require user specification of a rate con- # Prior distributions o Filndex := 6: L ST TR TELLA J LA S TTLUL N L UL D
. y . 1 LHat " dm 0,1.0E-8 ) - ’ 200 1 L 150 . a 250 Borg e -
stant matrix or ODE’s in a template Component Pascal procedure that must be compiled 12;;; i dm;“:é_l_ﬁ_m] m.tlagiIndex := 10; i SIS PN M . 5 N S T S -5 I s
using the BlackBox Component Builder [4]. logViHat ~ dmorm(0,1.0E-6) m.nCmt := 4; S B e e e T B B P e P e
° 9 P [ ] logV2Hat ~ dnorm(0,1.0E-6) END InitModel: 3"—'———-F___"“" ;_-.:-—-—r*—*—iz-‘é' £ " el #v—;;ﬁg E P R T PO i
The models and data format are based on NONMEM®/NMTRAN/PREDPP conventions iﬂs‘i’;‘;ﬂtj‘ ﬂﬂ;f:éiﬁmﬁ‘ﬁj L e e e T SN s Eot R Rt B T e T
. . . og at) <= leo at g 100 - R, B 8 100 ’L——-—-h——ae__,_‘_‘?:-—'—- B g 150 | PO PRSI g TSN .
|nCIUd|n . log{QHat) <- 1 Hat e % & 7 8 l E 0| g 31 32 33 33 35 g VT 57 58 58 8|
9 12E{V1Hatj < ;EL?HH study 1 5 mg study 1 10 mg study 1 20 mg RS T e lE‘% PRSI e M 5 e I =
= Recursive calculation of model predictions log(V2Hat) < logV2Hat LA JR LA AP LA T LA SR LU A S s e s S 2 e - i e e e i
log(DkaHat) <- logDkaHat 04 ... ; e ‘ : ! 100 o e e e %,_,___ o f__‘_.;-..-—- 150 fovea et [ 250 Jgee .
" This permits piecewise constant covariate values tau <- 1/(sigma=sigma) g e Rt s, et e e e e R R B e R B ana A 50 et i nklaliitl W - e I NN i N : 50 4t I e s
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== Bolus or constant rate inputs into any compartment z::'[j?;“fé] ljlm::;:‘;ﬁ;f‘l;f&!’;l“i[;]f 1:51, B) Lot it it dioe s SN i e e e P:ﬂf'““f":"“*f:ﬁ ) individual redictons individual preictons ndividual precictons
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= Handles single dose, multiple dose and steady-state dosing histories wee - b S duchos o Qs SR - it o g Ao e S R e o i s i RTINS LLX UL S SO S 25T W1 R e
L } P P vy ey =y L S [V TR P - CEN P . ] . S
= Implemented NMTRAN data items include: e o foe b R Mr‘:f\;ﬁ:‘ i TMMM% ’ e e e e i = s e et e i M ol o A ot
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® Core model library procedures are programmed in Component Pascal and compiled with I e e PSR A - A R . R I R R R R [ O T R PR i e e B BTN R e e em o ememo e e e e " e
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® An extensible object-oriented programming approach is used to facilitate development of A A A A A5 _ L . S ﬁmi*‘-;.;—*i‘*r S S 8 P?r?hﬁf‘j:lﬁ““ g v /% A A Gl N S b il THJ skl idad: L L i U L. SR L L N L. S L L L
ree 100 i - ] E 400 1 i . . " F1 . s 100 , L 4. I 100 | E ] ] F
additional models. o3 W G N CF N N - 5 W N N . e St o il Sl e el AT > A e £ R N S N . £/ DD W S I & T N e S
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The BUGS language interface to WinBUGS 1.4.3 is implemented using WBDev [5]. e ction e i e aicions § P e A S el il gy T O l?@ S o - 3 e b Lo e i
. O . Stluldv'l mmg studyzzﬂ mg Stl.Id}'EZ‘Dmg 0510 20 0510 20 0510 20 0 50100 0 50100 0 50100 0 50100 0 50100 0 50100 . . E : : 1
ne and two compartment models: dose dose dose - R D N S & ST FepOE L - E ISR (Y S ,
P I i P P i o PP Sk oI T ok u U ks w PRI individual predictions individual predictions individual predictions 5% S i T I T R B Eg S st staad [ T - g ? e
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== Analytical calculations programmed in Component Pascal S [ @7 A -' @ : Sudyeaims Sudyeaime I it s | gy e fa [ s
. 5‘:"; A #;_-___‘fg F; [ 203—/-]\('\ I W /\‘ —— mg‘j"‘w‘-r"/ g | B | T 0 50100 0 50100 0 50100 050100 "“";“l"“ — ""'1—"" : — 1 = - ‘_'1_'_"" =5 — - - it
. 116 17 118 119 120 | 142 143 144 185 166 167 168 169 170 o _l o6 | 197 | 188 | 18 | 200 o _.l @ | 2 -1 | 24 | % :| - - 1 . 2 r = = = 0 a & |1| = X 2 ao
® General linear compartmental models: I N ) . A | |- o 1| A ME 077 e e 0P AT 2 [T e Predicted (posterlor %:.P‘- R el i:i b o | [ et .5 VO oYy W
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— H £ 1000 I g 8 L g %] \ ) L 3 [ 1o l ] I [ 100 0 - ose pse bse
Component Pascal wrapper procedures that call DLLs programmed in FOR- § O L“L__h_._.h__ﬁ Emg/i& A7 e s | f PO puyy ) Tl S AS A o T e AT ST I e [ mEdlan and 90 /0 CrEd indiuidualimdimions individualimdictions indiuiduult:)redlctiom
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| | — b= oA e (B DM e g B o kb b S e ible intervals) and ob
= The DLLs are generated from Expokit [6] for matrix exponential calculations and wi T h S O O N w1 oo e R e served response 1
LAPACK [7] f ix calculati =5 W N NN U S ¢ ) P O et SR § PR OV U N Y — o e il M e
[ ] or matrIX caicu atIOHS 10 20 L 651:3'20' LN 5510'2;1 I:I:lsluwu e 55150' T II:Irsluul:-ul 65'0“50' o Itlas.lmuul e u5:01|50| o0 175- 177 78| 179 [' 180 | 100 4 201 2 200 | 204 205 |. measurements
®G | rt tal dels: piukchunl prodict individ Idos:d' t Individ aldn::dictions T il ol T P A )
enera Compa mental models: i |:|tu:::2n:ngmns in |:|tu:::rzu::gluns individual p clss'mé-u“”165":11:';-3"“”;55-60" ";5}_@" o Iés::}rﬂ;o----- '65'n150r- D I nt PI n
dose dose I..
== Numerical solution of ODEs via Runge-Kutta 4th/5th order method. S Ll PTG &kt T P i P & PR individual predictions individual predictions eve op e a s
600 - 600
== Uses ODE solver code provided (but not documented) in WinBUGS. ﬁﬁifﬁ ,,I —— ,,/1 r~ I = ,f‘ | A A Predicted (posterior me- , . _ . . . .
T T T e D j:” 5 g d 9(0%/ dibl ® Revise prototype library using better programming practices to enhance extensibility, main-
= Steady-state calculations based on solution of boundary value problem. Requires I < A e e e e MU VI S lan an o credibie tainability, reliability and efficiency. Specific changes include:
. . . . . B 600 = 600 | =
numerical solution of algebraic equations. Uses procedures from LibSolve [8]. fo] [ PO £ en PV intervals) and observed .
S S T T 183 184 8| g ° 1 208 207 208 208 20| — Use Of faCtOr deS| n attem
= | o - ® |||~ | .. % plasmadrug concentra- Two compartment PK model with
Programmed in Component Pascal. O e O o e < _ f' _ iy = Adaptive allocation of arrays to eliminate limits imposed by fixed size arrays while
B Al A A B MY s |2 ] tions. irst order absorption + indirect ac- also avoiding inefficiencies due to overuse of dynamic allocation.

=]
g
=]
o

® phase 1 study in healthy volunteers Improve method used for general compartmental model steady-state calculations.

3
V3
Simulated Examples nividual oeadictions ndividual emdictions Q tion PKPD model — Implement additional ODE solvers, e.g., LSODA, CVODE, etc..
2
VZ

. : : ¢ Implement additional models to be determined in collaboration with potential users.
Parallel dose-escalation design

¢ Develop documentation for both users and developers.

— 25 subjects per dose arm 3 Two compartment PK model with o | |
— Single doses V, first order absorption + effect Develop OpenBUGS interface for the model library.
" Placebo, 5. 10, 20 and 40 mg | Q compartment PKPD model ® Execute rigorous and well-documented testing of the model library components.
: ® :
= PK: plasma concentrations of parent drug (c) . k, 2 CL L Conduct beta testing
= PD: 2 different responses V, :
- R 1 E ¢ r £ offect t t rati (R ) ﬁ Emax Ce for(i in l:msub){
esponse 1: Emax function of effect compartment concentration (R, k 1= ) - - - -
el # Inter-patient wvariatian
. . . _ X etai, 1:8) © 1 otaMoan(i, 1:5), omega.invw[1:6, 1:5])
® Response 2: Indirect effect model with drug effect on kout (inhibitory k EC50 T Ce :E:n::n:mln.]u Tf::é;if:hf:. rﬁ;tg[;c1iht?:=i:tltJ][:'rﬂ} - BUGSMOdeI lera ry DIStrIbUtlo“
EmaX) (R ) 4 el logthetaMean[i, 2] <- logfHat + 0.76+logl{weight :u'lfu_rf [1])/T0) =2 0Q
oK and PO ; 0 0195 095 05 075 1 53 4 6.8 19 18 and 24 c, o hotaeam (1 4] <= JogValies + Yewwsdsht loeass E111770) . V2 ® BUGSModelLibrary is an active, open-source project of Metrum Institute (http://www.metru-
— an measured a . 0. , 0. . 0.5, 0. 01,2, 3,4,6, 8, , an logthetaMean[i, E] <- loglkabat # ka - alphal minstitute.org).
hours after dose. . logtheta{i, 6:8] “ dmmorm(logthetaMean(i, 6:8), omegaPD.inw[1:3, 1:3])
= logthetaMean[i, €] <- logKoutiat s kout ° _ _
® phase lla trial in patients ottt oot i:ﬂ:::ﬂ::%t' - g j::g:;f_;iﬂf M- BUGSModelLibrary may be downloaded from http://bugsmodellibrary.googlecode.com.
= Multiple doses Shivsanil; gey-Sig e W - N— theta[t,9] <- 1 @ Fi
e TR A gt oA 3 kT P theta(i,10] <- 1 # F2 o
" 20 mg bid (q12h) x 7 days e = éi . u_;Szl;ﬁi..,tgu‘i;it_ﬂ;;a]iiéf 'y thetalt,11] <- 1 # 53 BUGS language model for fitting
Jegthusaionntl, 4] <~ JagiTier + Lngiveight fatastiLid/re 2 v2 theta[4,13] <- O # tlagl
== 100 patients per treatment arm e e e - chotali,14] <~ D § tingd a two compartment PK model
e " o e e with first order absorption and
== Sparse PK data (3-6 samples/patient) Shetali.8] < 12 F2 e
thatald,10] <- 0 ® tlagl for(] in 1:8)4 an indirect action PKPD model.

theta[i,11] <- O # tlagd loglithetai,j]) <= logtheta]i.jl
. . eheta[i,12] <= 0 # tlagd logl(thetaPred[i,]]) <- LogthetaPred(i.j]
log (cij) ~ N (log(&;) _.:172) } e erences
E!j - f:}cyf (t‘.‘, l. DJI‘TJ : CL-..W ij Vvi:'“ VQ} . kﬂ}} J_D,E}_Lh-tl[ll dﬂDm{_EEH‘:rJL:‘ﬂ‘.t ..tﬂ.'l.l.!:b]_.']

log(ECEQ[1]) <- lagRCEO[4] # Call to PX model library to calculate azounmt in each cozpartzent at each time

] CL'r "11"},15 wku: e - T - L T — ¥ ; . T 517 . . . .
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