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Abstract We present competitive and uncompetitive
drug—drug interaction (DDI) with target mediated drug
disposition (TMDD) equations and investigate their phar-
macokinetic DDI properties. For application of TMDD
models, quasi-equilibrium (QE) or quasi-steady state
(QSS) approximations are necessary to reduce the number
of parameters. To realize those approximations of DDI
TMDD models, we derive an ordinary differential equation
(ODE) representation formulated in free concentration and
free receptor variables. This ODE formulation can be
straightforward implemented in typical PKPD software
without solving any non-linear equation system arising
from the QE or QSS approximation of the rapid binding
assumptions. This manuscript is the second in a series to
introduce and investigate DDI TMDD models and to apply
the QE or QSS approximation.
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Introduction

Drugs interact in many different ways with their targets.
Some drug—drug interaction (DDI) mechanisms can be
formulated based on first principles such as competitive,
uncompetitive or non-competitive behavior [1-3].

The first aim of this manuscript is to introduce competitive
and uncompetitive DDI as part of target-mediated drug dis-
position (TMDD) principles [4, 5]. We investigate pharma-
cokinetic DDI properties and present the baseline situation
for constantly available substances, e.g. necessary to
describe interaction of endogenous and exogenous agents.

The second aim is to provide quasi-equilibrium (QE) and
quasi-steady state (QSS) approximations for DDI TMDD
models with rapid binding [6]. Such approximations result in
a collection of differential and algebraic equations [6-8],
formulated in total concentration and total receptor variables.
In contrast to the single drug case, in the DDI TMDD situation
the non-linear equation system providing the free drug con-
centrations can no longer be solved explicitly, as presented by
Yan, Chen and Krzyzanski [9] for competitive DDI TMDD.
Therefore, based on the single drug case, we derived an
ordinary differential equation (ODE) formulation without
solving any equation system [6]. Here we apply the developed
method to DDI TMDD models to avoid solving any equation
systems and to obtain a formulation in free concentration
variables. Our QE or QSS representation for DDI TMDD
models can be straightforwardly implemented in standard
pharmacokinetic / pharmacodynamic (PKPD) software.

Theoretical
We divided the construction and approximation of a gen-

eral TMDD model into four steps, see Fig. 1 in [6]. In the
following we apply this construction principles to the
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competitive and uncompetitive DDI TMDD model. To ZRC4 = kouaCa - R — (kogps + Kinsa JRCa (4)
keep the focus on the DDI TMDD models, we provide dt
detailed mathematical derivations in the Appendices. d

—RCp = kongCp - R — (koggp + kins)RC . (5)

Competitive TMDD

If two drugs A and B compete for the same receptor R and
thereby form two complexes RC4 and RCp, this is called
competitive interaction [1-3, 9, 10]. In this mechanism

dt

The initial values of Egs. (1)-(5) are defined by their steady
state baseline values. Under the assumption that the base-
line concentrations of the free drugs is C§ >0 and C >0,
the receptor and the complexes are in steady state and
initial conditions read

both drugs have equal rights, i.e. if only one drug is on

board, the system reduces to the single case. We call this Cx(0) = Cg’( (6)

property symmetric DDI behavior. R(0) = R

Original formulation in free variables _ Ksyn (7)
Kdeg + Kinta kl;Aiigt ~+ Kins kl;giig "

The binding kinetics of competitive DDI and its extension
to TMDD are presented in Fig. la. The original model

equations read

d
_CA = I}’lA([) — kglACA - konACA "R

konx CIR®

RCx(0) = RCY =
X( ) X kQﬁX + kintX

(3)

where X either represents A or B, i.e. X € {A, B}. The input

dt (1) functions have the form

+ koaRCy
d Inx(l) :IangX + In?(d(t) (9)
g €8 = () = keinCp — konsCp - R (2) = kaxCy + kinxRCy + In’ (1)

+ koppRCp with Inpuex denoting the inflow baseline and Iny?(r)
d standing for the administration of the drugs. Egs. (7)—(9)

dt
+ koffARCA + k(,_f/BRCB

Fig. 1 Schematic of the
competitive DDI TMDD model
described by Egs. (1)—(5) (panel
a) and the uncompetitive DDI
TMDD model described by
Egs. (23)-(27) (panel b)
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—R= ksyn - kdegR — konaCa - R — konpCp - R

(3) are obtained similarly as in the single drug case [6]. Note
that for a zero baseline concentration C§ = C% =0 we

a Competitive

Binding kinetics TMDD formulation

Ca+ R = RC,
Cs+R = RCp

b Uncompetitive
Binding kinetics

Ca+ R = RC,
Cs+ RCy = RCyp

Ing keip
----- ()=
T o) +

k konas k:
In onA —_ intAB,
---é->[ Cy ]-l- [ R ]< _[ RC, ]<k— RCypp >
of fAB

ka ffA
kdegl l kintA
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Table 1 Matrices Mcon(Ca, Cg,R) and My,(C4, Cg, R) for QE approximation of DDI TMDD implementation

Competitive
Det — R(R + Cp + KDB) CAR
Mcom(Ca, Cp, R) = 7= ( CgR Det — R(R+ Ca + Kpa)
—(R+ Kpp)R —R(R+ Kpx)
with

Det = R* + CaKpg + CsKpa + CaR + CgR + KpsKpg + KpaR + KpgR

— (R + KDA)CB

— (R4 Kpp)Cy
Det — CA(R + KDB) — CB(R + KDA)

Replacing Kpx by Kssx for X € {A, B} gives matrix Mc,, for the QSS approximation.

Uncompetitive

Det — R(CsR + CpKpa + KpaKpas) — CaRKpa — Cs(CaR + CpKpa + KpaKpas)
My,(Ca,Cs,R) = ﬁ —CBRKpy Det — CoR(R + Ca + Kpa) — KpaCaCg
—(CgKpa + CsR + KpaKpas)R — CARKpa Det — C4(CaR + KpapKpa + CpKpa)

with

Det = R2Cy + CyRKpy + CsRKps + C3R + CoCyKpa + K2, Kpas + KpaKpasR + CaKpaKpas

RCY = RCY =0,
Ingggen = Inpasep = 0.

In order to provide valid QE or QSS approximations
please note that the competitive TMDD model Egs. (1)—(5)
are symmetric in A and B and have the property that if one
drug is absent the model equations reduce to the single
TMDD equations for the other drug. This means for the
parameter values of the competitive system in particular,
the QE or QSS assumptions for each single system have to
be satisfied. Thus, as in the single drug case [6] we follow
Peletier et al. [11] and assume

have R = kyyn/Kaeg and

koﬂ)(
konX RO

kimx k k
ax( intX 7 deg : elX) <my
Kogx Ko~ kofix

kogr

konR

<1 (10)

(11)

with

5 Mx <l1.

In addition, in case of an IV bolus we assume

dosex  po. (12)

In case of constant infusion, i.e. In§? = kyyx > 0, 1> 0, we
assume

Cyx > RO, (13)

with Cyx = lim,_, Cx(¢) denoting the steady state of the
free concentration of drug X.

Final QF and QSS approximation in free variables

We apply the techniques of [6] to Egs. (1)—(5) (for details
see Appendix “Derivation of the final QE and QSS
approximation in free concentration variables”) and obtain
its QE and QSS approximation written as ODE formulation
in the original variables:

d
—C
dar A
d

dt
d

dr

- MCom(Cf‘n CBvR) . gCOm(CA7 CBvR) (14)

where matrix Mc,,(Ca, Cp, R) is listed in Table 1,

gCom(CA; CBa R)

Cs-R
Ins(t) — keiaCa — kima I/;
YA )
Cg-R (15
= Ing(t) — kepCp — kins [?7
YB
Cy-R Cg-R
ksyn - kdegR - kinlA K—YA - kintB K—YB
with  the baseline initial values defined by
gcom(CY, CY, R) = 0 resulting in
ks n
R(0) =R = ég o (17)
kdeg + kimA Kya + kintB Kvs
and the input functions
COR®
Inx (1) =kax Cy + kinx ——— + In§ (1), (18)
Kyx
with
ko ko kin
KDX = X and KSSX = M (19)
konX kanX

where Y denotes either D (the dissociation constant) or SS
(the steady state constant). According to the rapid binding
assumptions, the complexes can be recovered from
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Ca - R and RCp = Cs-R
YA YB

Egs. (14)—(20) are the final competitive DDI TMDD model

in free concentration variables with QE or QSS

approximation.

Similar to the single drug case, one has to investigate the
IV bolus situation again, since we are dealing here with
two infinitely fast processes running at the same time. We
are proceeding as in [6]. We mimic an IV bolus by an IV
short infusion, instead of solving the algebraic system of
balance equations

RCy =

(20)

) Cneanew d

Czew + AT _ CA + RCA + O‘ieA
YA

Clr;ew N CgeaneW _ CB n RCB i dOSeB
Kys

) Cneanew Cneanew
R A + B =R+ RC4 + RCp

Kya Kyp

to compute the new states C}*, CE" and R"" after
administration, where V is the volume of distribution.

Please note that Eqgs. (14)—(20) with a short IV infusion
is an easy to use ODE which avoids the computation of the
solution of any algebraic system.

The first attempt to derive a QE approximation for a
competitive DDI TMDD system was by Yan et al. [9].
They wused the total variables Ciu = Cyq + RCy,
Cios = Cp + RCp, Ryt = R+ RC4 + RCp and wrote the
algebraic equations (20) of the QE assumptions in the form

KYA(CtotA - CA) (21)
:(Rtot - CtotA - CtotB + CA + CB)CA

Kyg(Cios — Cp)

22
:(Rtot - CtotA - CtotB + CA + CB)CB . ( )

However, in contrast to the single drug case, no explicit
solution for C4 and Cp of Egs. (21)—~(22) is known. Thus,
the reduction of the differential algebraic model equations
to an ordinary differential equation in the total variables
Ciom, Ciop and Ry, is not possible.

Uncompetitive TMDD

If drug A binds to receptor R forming a complex RC4 and
drug B binds now to this complex RCy4 only, and additionally
forms a complex RCyup, this mechanism is called uncom-
petitive DDI. Hence, drug B acts as an antagonist and its
effect depends on prior activation of the recepter R, see
[1-3, 10, 13]. We call this unsymmetrical DDI behavior. In
case of uncompetitive DDI TMDD, drug A follows TMDD
behavior. However, drug B has first-order elimination in
absence of RC4 and changes to TMDD behavior in presence
of RCy. Interestingly, in unsymmetrical cases, i.e., situations
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of DDIs where the roles of A and B are not interchangeable,
there will be a fundamental difference between the QE and
QSS approximation.

Original formulation in free variables

The model equations of the uncompetitive DDI TMDD
model in original variables read

d
7 Ca = Ina(t) — keiaCa — konaCa - R + koaRCy (23)

d
—Cp = InB(l) — keiBCB — konaBCph - RCy

dt (24)
+ koaBRCap

d

ER = ksyn - kdegR - konA CA ‘R + kojj‘ARCA (25)

d
—RCy = konaCa - R — kpnapCp - RC,
e ACA nABCB A (26)

+ koagRCap — (koga + kinea ) RCa

d
ERCAB = konasCp - RCs — (kograp + kinas)RCap . (27)

In Fig. 1b the schematic of Egs. (23)—(27) is presented. The
steady state baseline initial values are

Cx(0) = Y 28
X
R(0) =R’
ksyn
- Kina C Kssapt+kiman Cy Cp @)
kdeg + FZITa,
KssapKssa +lin#
C'RK.
RC4(0) = RCY = A SSALE) — (30)
KssaKssap + Cp 7t
C() CORO
RCAB(O) - RCgB - AZB . (31)

0 ki
KssaKssap + Cp 3t

onA

Please note, to shorten the notation in Egs. (29)-(31) we
used Kssx from Eq. (19). The input functions have the form

In (1) = kaaCS + kimaRCS + kinasRCSg

+ Iy (1) G2

Ing(t) =kapC% + kinapRCSy + Iny (1) (33)

where Iny?(t) denotes administration of drug A or B.

To locate parameter regions for which the uncompetitive
system (23)—(27) admits a valid QE approximation please
keep the following properties of the system (23)—(27) in
mind. If drug B is absent, the model equations reduce to the
single TMDD equations for C4, R and RC4. On the other
hand, in absence of drug A due to the unsymmetry in the
equations, drug B follows a simple linear one-compartment
PK with elimination rate k3. Following Peletier et al. [11]
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we assume the QE assumptions for the parameter belong- where matrix My, (Cy, Cp, R) is listed in Table 1, and
ing to drug A
kg g gun(Ca, Cg,R)
_foffA_ CAR CoCgR
konaRO <l (34) Ing(t) — keiaCa — kina KLDA — kintan ﬁ
k; k k. CaCgR
ax( intA 7 deg , elA) <my —_ InB(t) _ kelBCB _ kintABL
Koga~ Koga ~ Kopza (35) KpaKpas
k, CsR C,CgR
with k0,jf??0 ny <. ksyn - kdegR - kinrA KLDA - kintAB %
In addition, in case of IV bolus we assume (44)
dose, 0 According to g,,(CY, C%, R) = 0 the baseline initial values
> R". (36) read

In case of constant infusion of drug A, that is, Inj“d =
kinta > 0 for 1 >0 we assume

Cyn > RC. (37)

Moreover, in order to achieve a fast binding of drug B to its
complex we in addition assume

korap <K KonaB- (38)

Final QF approximation in free variables

We now apply the principles of [6] to Egs. (23)—(27) (see
Appendix “Derivation of the final QE and QSS approxi-
mation in free concentration variables”). The QE approx-
imation provides the algebraic equations

0 = CAR — KpsaRC, (39)
0 = C3RCs — KpagRCus. (40)

The QSS approximation of the complexes now reads

kin
0= CAR - k AB RCAB - KYSARCA (41)
onA
0 = CpRCy — Ks5apRCyp (42)

see Appendix “QSS approximation” . Interestingly, in
Eq. (41) the parameter k,,4, which should be eliminated by
the approximation, is still involved. Hence, traditional
singular perturbation theory [6, 15] does not eliminate all
production rates. Therefore it seems to be not an adequate
reduction tool for this DDI case.

The final equations for uncompetitive DDI TMDD
model in free variables with the QE approximation are

d

'

d

—C,
dr

Ly
dt

= Myn(C4, Cg,R) - gun(Ca, Cg,R) (43)

Cx(0) = Cy (45)
R(0) =R’
o kxyn (46)
- 0 ¢
kdeg + kintA IT;; + kinrAB ﬁ

(see Appendix “Baseline initial values for the uncompeti-
tive TMDD model”). The input functions are

CORO
Ina(t) = kaaC3 + kina I?;
DA
(47)
AR
kin — t
+ ZABKDAKDAB + In“ (1)
COCOR0
Ing(1) = kpCl + kinap ——2— + Iny’ (). (48)

KpaKpas

From Eqgs. (39)—(40) the complexes can be obtained via

C4R
RCy = — 49
7 Kopa (49)
C,CgR
RCyp=——7—. 50
A KpaKpas (50)

Drug administration can be performed analogously to the
competitive DDI TMDD case. In particular, an IV bolus
will be mimicked by a short IV infusion.

Methods

To implement the presented QE or QSS approximation in
ODE formulation with free concentration variables, IV
bolus administration has to be mimicked by a short IV
infusion. Explanation and full details for our ODE formu-
lation with an IV short infusion in ADAPT 5 [16], NON-
MEM [17], R [18] and MATLAB [19] can be found in [6].
Oral drug administration can be implemented as usual. In
Appendix 5, the NONMEM control stream of the com-
petitive DDI TMDD with QE approximation and IV short
infusion Egs. (14)—(18), and ADAPT 5 source code for the
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Competitive (Original)

a 1% 5y b 102
N
o< 10° & 10°
1072 102
0 10 20 30 0 10 20 30

Fig. 2 Properties of the original DDI TMDD models. Competitive: In
panels a and b the single drug profiles of drugs A and B (blue dotted
lines) are compared with the competitive model (black solid line)
Egs. (1)—(9) for dosey = 100, dosep =100 and no baseline
CX = Cg = 0. In panels ¢ and d, the effect of the administration of
one drug only on a present concentration of the other drug is shown
by two examples: (i) drugs A and B are in baseline C$ = C) = 1, and
one administration at time ¢ = 12 of drug B with doseg = 100 (red
dashed lines) causes an increase of drug A concentration, (ii) drug A is
administered with dose4 = 100 at ¢ = 0 and drug B administered with

uncompetitive DDI TMDD scenario Egs. (43)-(48)
is presented. Full files are available as supplemental
material.

We also implemented the original competitive and
uncompetitive DDI TMDD model with IV bolus Egs. (1)-
(9) and Egs. (23)—(33) in ADAPT 5 and produced data with
the residual error model

Var; = (oY (1;))*

where Var; is the variance at the ith time point ¢#;, ¢ is the
variance parameter and Y the model prediction.

Results

First, typical concentration profiles and pharmacokinetic
interaction properties of the original competitive
Egs. (1)-(9) and uncompetitive Egs. (23)-(33) DDI
TMDD model were produced. Second, the QE approxi-
mation quality in ODE formulation in free concentration
variables with IV short infusion was visualized for
escalating doses. Finally, we fit data produced by the
original formulation with our QE approximation in
ADAPT 5 and NONMEM.
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Uncompetitive (Original)

f 102k
= 10°
[1]
o
102
0 10 20 30
g 102 . h 102
1 ~So
1 S
ST o1 g
o . Yy o
1
1
100 — 10° 5
] 10 20 30 0 10 20 30
Time t

dosep = 100 at t = 0 and additionally at t = 12 (black solid lines),
and causes an increase of drug A concentration. Uncompetitive: In
panels e and f the single drug profiles of drugs A and B (blue dotted
lines) are compared with the uncompetitive model (black solid lines)
Egs. (23)-(33) for doses = 100, dosep =100 and no baseline
C4 = CY = 0. In panels g and h drugs A and B are in baseline C§ =
CY% = 1 with one administration at time ¢ = 5 of drug A with doses =
100 and non of drug B (red dashed line) and the other way around
(black solid lines) (Color figure online)

Typical concentration profiles
Competitive DDI

In competitive DDI both drugs compete for the same
receptor, a common behavior in different DDI scenarios.
For example, often therapeutic antibodies and hematopoi-
etic growth factors are agents competing for the same
receptor with endogenous substances [9]. Also endogenous
immunoglobulin G antibodies (IgG) compete with exoge-
nous IgG for the neonatal Fc receptor [9], and erythro-
poiesis-stimulation agents compete with endogenous
erythropoietin for the same receptor.

Two properties of the competitive TMDD model
Egs. (1)-(9) were observed: (i) if model parameters of drug
A and B are equal, also the concentration profiles C4 and
Cp are equal, (ii) concentration profiles C4 and Cg, when
administered in combination, appear to be higher up to a
certain time point compared to the single profiles, if the
number of receptors is equal for the single and multiple
case. In Fig. 2a, b, property (ii) is shown in case of no
baseline concentration.

Next the pharmacokinetic interaction was assessed. Both
drugs interact with each other in a competitive manner and
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administration of one drug has an effect on the concen-
tration profile of the other drug. Let drug A be present in
the system. Administration of drug B causes a decrease in
the number of receptors R and simultaneously an increase
of the complex RCg. Due to the competing behavior, a
release of bounded drug A from the complex RC,4 occurs
and therefore an increase of the concentration of drug
A. Hence, an increase of free drug concentration C4 can
occur without actual administration of drug A. As example,
this behavior is shown for endogenously available drug
A and B at baseline C3 = C > 0 with different adminis-
trations in Fig. 2c, d. In the above examples, a certain set of
model parameters (kg4 = 0.1, koua = 2.5, koga = 0.1,
kina = 0.1, kep = 0.2, kopp =5, kogs = 0.1, kiyg = 0.1,
keyn =5, and kg = 0.25) was chosen. These settings sat-
isfy the conditions (10)-(13) with my = mp = 2.5 and
R® € [10,20]. The actual value of R° depends on the
baseline values Cg, Cg with 0 < CX, Cg <I.

Uncompetitive DDI

In uncompetitive DDI the action of drug B depends on
prior activation of receptor R [13], i.e. if drug A does not
bind with R producing a complex RCy, drug B is not active
in the mechanism. Hence, drug B acts as an antagonist.
Uncompetitive interaction is attractive from the perspective
of selective drug action [21], but is still a rare mechanism
[22]. Some examples without TMDD behavior are: (i)
lithium inhibiting inositol monophosphutuse [21] for psy-
chiatric medication, or (ii)) memantine an NMDA receptor
antagonist for Alzheimer’s disease [13]. Currently we are
not aware of uncompetitive DDI TMDD examples. How-
ever, investigation of this case is useful to open the route
for the more common non-competitive scenario where drug
B binds to both, the receptor R and the complex RCy.

In the uncompetitive TMDD setting, drug B binds to the
complex RC4 produced by drug A only. Hence, if no drug
A is on board, or the complex RC, is nearly eliminated,
drug B follows a first-order elimination process. In contrast,
if RC, is available, drug B follows typical TMDD-like
profiles, see Fig. 2e, f.

Again the pharmacokinetic interaction, i.e. the effect of
administration of one drug on the profile of the other drug
was examined. If drug A is administered, complex RC, is
build up and therefore more targets are available for drug
B causing a decrease in its free concentration. For admin-
istration of drug B, complex RC, decreases but only causes
a marginal effect on the concentration profile of drug
A. For endogenously available drugs at a baseline Cg =
CY > 0 the two cases are visualized in Fig. 2g, h. In the
above examples, we selected the model parameters as
keia = keiap = 0.1, kopa = kopap = 2.5, koga = kogap = 0.1,

kintA = kintAB = 0.1, ksyn = 5 and kdeg = 0.25. These
parameter values satisfy (34)—(38) with my = 2.5, kouap =
25kopap and R € [10,20]. As in the competitive case the
value of R’ depends on the baseline values C9, C with
0<Cy, <.

Approximation quality of the QE formulation
Competitive

The QE approximation in the ODE formulation with an IV
short infusion Egs. (14)—(18) captures reasonably well the
dynamics of the free concentrations from the original
Egs. (1)-(9), see Fig. 3a, b. Next the QE approximation
quality if only drug A is administered and concentration of
drug B is present was assessed. As an example we consider
baseline concentrations C$, C% > 0. For administration of
drug A only, the concentration profile of drug B increases.
The QE approximation produces an immediate increase of
Cp caused by the rapid binding assumption, whereas the
original system shows a more slow or fast increase. The
sharpness of increase of the original system depends on the
magnitude of the values k,,z and k,z. We increased the
values k,,p and kg with an equal ratio Kpg, and observe
that the original system converges to the QE approxima-
tion, compare Fig. 3c, d. This shows that the rapid binding
in the original system has to be fulfilled in order to obtain a
reasonable approximation.

Uncompetitive

Also the QE approximation in ODE formulation with an IV
short infusion Eqgs. (43)—(48) captures reasonably well the
dynamics of free concentrations from the original equa-
tions (23)—(33), see Fig. 3e, f. Again drug A administration
only in presence of concentration of drug B was examined.
Consider as example baseline concentrations Cg, Cg > 0.
For increasing values of k,,4 and k. with equal Kpy the
original system for drug A and drug B converges to the QE
approximation. Due to the antagonistic nature of drug B,
the kouap and kyp4p do not seem to be related to the process
of convergence.

Parameter estimation

The QE approximation of the competitive Eqgs. (14)—(18)
and uncompetitive Eqgs. (43)-(48) DDI TMDD model in
ODE formulation with an IV short infusion was applied to
fit produced data from the original formulations Eqgs. (1)—
(9) and (23)—(33). All parameters could be well estimated
from the produced data. However, in the uncompetitive
case it can be difficult to estimate all three drug B related
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Competitive (QE)

a b
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= =
o o

10° 10°

102 K -2 K

0 20 40 o0 %o 20 40 60

(7]

102}

Ca)

10°

Fig. 3 Visualization of the QE approximation. Competitive: In
panels a and b concentration profiles from the original formulation
(red dashed lines) Eqgs. (1)—-(9) and the approximation of the QE
formulation Eqs. (14)-(18) (black solid lines) are shown for
escalating doses of dosey = doseg = 10,100,1000 at =0 and no
baseline C§ = C% = 0. In panels ¢ and d the effect of one drug
administration on the present concentration of the other drug is
shown. The original (red dashed lines) and QE approximation (black
solid lines) profiles with a baseline C§ = C% = 1 are shown for a dose
of doseA = 1000 at t = 0. The k,,z and k,yp are multiplied by the
factors 0.1, 1 and 10 in such a way that Kpp stays the same to show

parameters, since drug B switches from the typical TMDD
profile back to first-order elimination, if only few or no
complex RC, is available. Therefore, we fixed Kp4p in our
example. Applied model parameters for data production,
initial estimates and final estimates are listed in Table 2. In
Fig. 4 the fits of the competitive case (panels a and b) from
NONMEM and the uncompetitive case (panels ¢ and d) in
ADAPT 5 are shown.

Discussion

Competitive and uncompetitive DDI was extended with
TMDD behavior and the baseline scenario for endogenously
available substances was included. DDI TMDD models
describe the interaction on the pharmacokinetic level instead
on an effect level as presented in [3]. We investigated the
properties of the competitive and uncompetitive mecha-
nisms. For example, if both drugs compete for the same
receptor, administration of a single drug A only, will have an
impact on the present free concentration profile of drug
B. However, a systematic investigation with mathematical
characterizations of the DDI behaviors is crucial to fully
describe and quantify the behaviors of these effects.
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the convergence of the original formulation towards the QE
approximation. Uncompetitive: In panels e and f concentration
profiles from the original formulation (red dashed lines) Eqs. (23)—
(33) and the approximation of the QE formulation Egs. (43)-(48)
(black solid lines) are shown for escalating doses of doses, = doseg =
10, 100, 1000 at = 0 and no baseline C = C% = 0. In panels g and
h original (red dashed lines) and QE approximation (black solid
lines) profiles with a baseline C§ = C3 = 1 are shown where for drug
A is administered with a dose of dose, = 100 at t = 24. The k,,4 and
koa are multiplied by the factors 0.1, 1 and 10 in such a way that Kp,
stays the same (Color figure online)

We applied the QE or QSS approaches to construct
approximations resulting in a collection of differential and
algebraic equations. Interestingly, the QSS approximation
is not capable of removing all drug related parameters (i.e.
kona) in the uncompetitive case.

In the QE or QSS approximation, we now deal with a non-
linear equation system for the free drug concentrations, as
initially shown in [9] for the competitive DDI case. In total
variables, for such systems no explicit solution is known.
Therefore, we investigated the single drug case again in a
separate manuscript [6], and generalized the presented
method to the QE or QSS approximation of DDI TMDD
models. An equivalent formulation for the free drug con-
centrations in ordinary differential equations was obtained
without solving any equation system. Our formulation can be
implemented in any PKPD software as demonstrated for
ADAPT 5 and NONMEM. In the QE or QSS approximation
the rapid binding process is approximated by an infinitely
fast process. This implies that in the IV bolus situation, which
is also an infinitely fast process, one part of the drug goes to
the free drug concentration and the other part is infinitely fast
bound to the complex. Hence, we mimic the administration
of an IV bolus by an IV short infusion. An oral administration
can be applied as usual because the drug goes to an additional
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Table 2 Estimated model parameters of the QE approximation of the competitive and uncompetitive DDI TMDD models formulated as ODE in

free variables

Parameter Definition Original Initial Estimate (CV% or r.s.e.)
ADAPT 5 NONMEM R MATLAB
< Maximum likelihood > < Weighted least squares >
Competitive DDI TMDD
keia Elimination rate 0.4 0.5 0.398 (13) 0.397 0.347 (22) 0.343
Kinta Internalization rate 0.1 0.2 0.114 (11) 0.114 0.124 (14) 0.121
kona Binding rate 2.5 — - - - —
kogta Dissociation rate 0.1 - - - - -
Kpa Dissociation constant  0.04 0.1 0.060 (58) 0.059 0.045 (66) 0.040
keis Elimination rate 0.25 0.4 0.240 (17) 0.240 0.283 (25) 0.290
king Internalization rate 0.1 0.2 0.120 (10) 0.120 0.125 (14) 0.124
konB Binding rate 5 - - - - -
ko Dissociation rate 0.1 - - - - -
Kps Dissociation constant  0.02 0.1 0.024 (30) 0.024 0.030 (52) 0.029
a2 Residual variance 0.1 0.2 0.170 (15) 0.170 - -
Uncompetitive DDI TMDD
keia Elimination rate 0.1 0.2 0.097 (1.0) 0.097 0.097 (1.0) 0.097
Kinea Internalization rate 0.1 0.2 0.102 (11) 0.103 0.098 (9.6) 0.098
kona Binding rate 2.5 - — - - -
kofta Dissociation rate 0.1 - - - - -
Kpa Dissociation constant  0.04 0.1 0.051 (12) 0.052 0.055 (12) 0.055
keis Elimination rate 0.1 0.2 0.096 (1.0) 0.096 0.096 (1.2) 0.096
KiniaB Internalization rate 0.1 0.2 0.112 (7.8) 0.112 0.126 (9.8) 0.126
konaB Binding rate 5 - - - - -
kofaB Dissociation rate 0.1 - - - - -
Kpap Dissociation constant  0.02 0.02* - - - -
a2 Residual variance 0.1 0.2 0.070 (14) 0.070 - -
Fixed model parameters in both cases are kyy, = 5 and kg4eg = 0.25
* Fixed
Competitive Uncompetitive

a 102 b 102 C 102 d 102

=100 = 10° = 10° =10°

& S J J

102 102 102 102
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Time t

Fig. 4 Visualization of plasma concentration versus time data fitting
from the original formulation with the QE approximation: Fit (solid
lines) of the QE approximation of the competitive Egs. (14)—(18) in
NONMEM (panels a and b) and the uncompetitive DDI TMDD

absorption compartment and not directly to the free drug
concentration.

The original DDI TMDD systems can be well described
by the QE approximation if the rapid binding assumption in

model Egs. (43)-(48) in ADAPT 5 (panels ¢ and d) in ODE
formulation with an IV short infusion. Data (crosses) were produced
with the original formulations Egs. (1)-(9) and Egs. (23)—(33)

the original system is fulfilled. We demonstrated that e.g.
in case of drug A administered to a system where con-
centration of drug B is present, the k,, and k. parameter
have to be large, to satisfactorily describe the increase of
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drug B. This is in accordance with the rapid binding
assumption. Moreover, we emphasize that our applied
method is valid in general and can be applied to other
systems with rapid binding behavior to construct appro-
priate QE or QSS approximations without running into
trouble with solving nonlinear algebraic equations.

Overall we presented DDI mechanisms with TMDD
behavior and provided QE approximations which can be
straightforward implementation in PKPD software. This
opens the route to apply DDI TMDD models (i) for PK
DDI characterizations of compounds with TMDD behav-
ior, (ii) as subsystems in physiologically more complex
scenarios, such as (minimal) PBPK models, and (iii) as the
PK DDI part in PKPD models.

Acknowledgements This work was supported in part by NIH Grant
GM24211.

Appendix 1: Derivation of the final QE and QSS
approximation in free concentration variables
Competitive DDI

Step 1: Total concentration formulation

Similar to the single drug case [6] the key for the QE or

QSS approximation is to reformulate Egs. (1)-(5) in total
drug and total receptor concentration variables. With

Cion = C4 + RCy (51)
Cioz = Cp +RCp (52)
Rt()t = R + RCA + RCB (53)
we obtain

d

7 Croa = Ina(t) — keiaCa — kinaRCy (54)
d

o7 Cio = Ing(t) — kepCp — kinsRCp (55)
d

ERM[ = k:yn - kdegR — kinaRCp — kingRCp (56)
d

ERCA = konACA ‘R — (koﬁ‘A + kintA)RCA (57)
d

ERCB = konsCp - R — (kogm + kiniz)RCp. (58)

The baseline initial values are
Cioix(0) = Cg,,x = Cg + RCg)(
R (0) =R = R°+RCS + RCY (59)

RCx(0) =RCY

@ Springer

for X € {A,B}. The values CY, C%, R’ RCY, RCY in
Eq. (59) are chosen according to Egs. (6)—(8) and the input
functions in Egs. (54)—(55) according to Eq. (9). Substi-
tuting free variables in Eqs. (54)—(58) with total variables
from Eqgs. (51)—(53) we obtain

d
7 Croa = Ina(t) — keia(Cioa — RCa) (60)
— kinaRCy
L oo = I (1) — ket (Cons — RC)
dt totB — B elB totB B (61)
— kinsRCp
d
ERZU[ = Kgyn — kdeg (Rtot - RCA - RCB) (62)
— kipaRCp — kingRCp
d
—RCy4 = kppa(Cioa — RC4) (R — RC4 — RC
71 RCa A(Crora 'A) (Rior A B) (63)
— (kogra + kinta )RC
d
—RCp = kyup(Croig — RCg)(R;0os — RCy — RC
dt B B( totB B)( tot A B) (64)

- (ko B + kimB)RCB .

In comparison to Eqgs. (1)-(5), Egs. (60)—(64) have the
advantage that the parameters k,,x and k,yx appear in the
equations of the complexes only.

Step 2: QF and QSS binding relations

We assume rapid binding between C,4 and R, as well as Cp
and R. Hence, QE or QSS approximation of the complexes
RC, and RCp in Egs. (57)-(58) provide the algebraic
equations

0= (C,D,A - RCA)(Rm, — RC4 — RCB) — KyaRCy (65)
0 = (Cios — RCp)(Riot — RC4 — RCg) — KygRCp  (66)

for Y € {D, SS} with Eq. (19) (see Appendices 2, 3). The
differential algebraic equation (DAE) form in total vari-
ables is then given by Egs. (60)—(62), (65)—(66).

Step 3: QF and QSS model equations

To avoid solving the coupled non-linear equation system
Egs. (65)-(66) numerically, we transform Egs. (54)—(56),
(65)—(66) back to the free variables. From Eqgs. (65)—(66)
we obtain the complexes

Cx R

RCyx =
X Kxa

(67)

The next step is to differentiate Eq. (67) and to express
%Cmm,%cmm,%&m appearing at the left hand side of
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Egs. (54)—(56) in terms of C4, Cp and R and their deriva- d
tives. Using Egs. (51)-(53) we can calculate from dt Ca
Eqgs. (54)-(56) d
d d d E CB = MCom(CAv CB7R)gC0m(CA7 CBvR) (72)
—Cioa = —Cs +—RC
g A = A + A dg R
d d R d Cy 4
=—C —Cy | — —R | —
a (dt A> Kon (dt )KYA 68)  here
CaR _
= Ins(t) — kaaCa — kimAKL Mcom(Ca, Cg,R) = Q7' (C4, Cp,R).
YA
d d d Q7! denotes the inverse matrix of Q and the explicit rep-
a Ciop = ECB + ERCB resentation of Mc,,, is listed in Table 1.
d d R d Cp
=56t (dt CB) Kpp " (dt R) Kvp (69)  Uncompetitive DDI
CgR . .
= Ing(t) — kapCp — kintBK— Step 1: Total concentration formulation
YB
i R, — i R+ i RC. + i RC The total drug and receptor variables are
e " dt dr T dr P
d d R d Cy Ciora = C4 + RCp 4+ RCyp (73)
=—R+|—Cs)|—+(—-R)—
dt (dt A) Ky (dt > Kya (70) Cios = Cp + RCyp (74)
d R d Cp
—Cp | — —R ) — Ry =R+ RC4 + RC, 75
+<dt B)Ky3+(dt )KYB tot A AB (75)
CaR CgR and we obtain
= ksyn - kdegR - kinzA o kintB = .
Kya Kys d
) ) — Croa = Ina(t) — ketaCa — kiaRCs — kinapRCap ~ (76)
The equivalent matrix form reads dt
d
da Cy 7 Cios = Ing(t) — kupCp — kiniaRCagp (77)
dt
d d
Q(Ca, Cs,R) ECB = gcom(Ca, Cg, R) (71) ERtot = keyn — kdegR — kinsaRCA — KiniapRCap (78)
d R d
- —RCp = kpuaCs - R — kppapCp - RCp + kopagRC
dt e ACA onABCB A + KoaRCap (79)
with — (koga + kinia )RCy
d
Q(Ca, Cp, R) ERCAB = konaBCs - RCa — (kogaB + kinian)RCap. (80)
R Cy
1 +— 0 — . . . .
+ Kya Kya The baseline initial values are obtained by applying
_ 0 | R Cp Egs. (73)—(75) to the initial values Eqgs. (28)—(31). This
h + Kyp Kyp leads to
R R GG Coon(0) =C°,, = CY+RCY +RCY,
Kya Kysp Kya  Kyp 0 0 0
8com(Ca, Cp, R) Co(0) =Cny = Cy - RC3y
CaR R (0) =Ry, = R’ +RC} +RCyy
Inp(t) — keiaCa — kinia ——
Kya and the input functions Egs. (32)—(33).
_ Ing(t) — kapCs — kins CgR Again substituting the free variables in Eqgs. (76)—(80)
Ky yields
C4R CgR
kvn_keR_kin 7_kin -V d
5 deg A KYA B KYB ., CzotA = InA (t) - kelA(CtozA - RCA - RCAB)

Eq. (71) is equivalent to

dt (81)

— kinaRCp — kinsapRCap

@ Springer



38 J Pharmacokinet Pharmacodyn (2017) 44:27-42
d d 1 d d
—Cioig = Ing(t) — keig(Cioip — RC, —RCy = — —C4 |[R+C4—R 91
o B (1) 18(CroiB AB) (82) i ea Kon ((dt A> + AT > (91)
— kinapRCap
d 1 d
fRCAB = =00 *CA CBR
; ok ()
_Rtot = ksyn - kdeg (Rzot - RCA - RCAB) d DATDAB di (92)
dt (83) d d
— kinaRCp — kinaRCap G (E CB) R+ CaCs ER> '
d

—RCy = konA(CtotA —RCy — RCAB)

dt
(Rtot —RCy — RCAB) (84)
— konas(Cios — RCag)RCy
+ koagRCap — (koga + kinea ) RCa

d
—RCup = konas(Cios — RCap)RCy

dt (85)

— (koas + kina)RCap -

Note that in the formulation Egs. (81)—(85) the parameter
konx s kofx, intended for elimination show up in the equa-
tions of the complexes only.

Step 2: QF binding relations

In Appendix 2 it is shown that the QE approximation
provides the algebraic equations

0 = C4R — KpaRCy (86)
0= CBRCA — KDABRCAB (87)
and the resulting DAE consists of Egs. (81)—(83), (86), (87).

Step 3: QF model equations

Using Eqgs. (73)—-(75) and Eqgs. (76)—(78) we can compute

d d d d
L Com=2Co+ SRCy+ER
dlCutA dtCA +dt Cy +dt Cap
CiR (88)
= Ina(t) — keiaCa — kina N
DA
ko CaCBR
intAB KDA KDAB
d d d
—Ciog =—0C —RC, 89
258 = 5 B+dt AB (89)
CACgR
= Ing(t) — kesCp — kinag ﬁ
d d d d
—R;os = —R+—RC —RC,
e = gt T g et g s
C4R
== k_vyn - kdegR - kintA L (90)
Kpa
k. CaCBR
intAB KDAB KDA .
In addition, from Eqs. (86)—(87) we obtain by

differentiation
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With Eqgs. (88)—(92) the equivalent matrix form reads
d
ER

P(C4,Cg,R) = gun(Ca, Cp, R) (93)

with P(C4, Cp,R) = I + P(Cy4, C3, R),

P(Cy4,C3,R)
R CgR CsR Ca CaCp
Kps  KpaKpap  KpaKpap Kpa KpaKpas
_ CgR C4R CyCp
KpaKpas KpaKpas KpaKpas
R n CgR C4R Cy CuCp
Kpa  KpsaKpap KpaKpap Kpa KpaKpap
and
gun(Ca, Cs,R)
C4R C4CR
Ina(t) — ke Ca — kinp 22 — Kina A2
nA( ) el[A“A intA KDA intAB KDA KDAB
C4CgR
= Ing(t) — kepCp — kinan KonKonn
C4R C4CgR
ksyn - kdegR - kintA K—DA - kintAB ﬁlglg)/\l}

Finally, Eq. (93) can be written as explicit ODE

d
—C,
ar A
d
—C,
dr ®
d

dr

= MUn(CAv CBaR)gUn(CA; CB7R)

where
Muy,(Cy,Cp,R) = P~'(Cy,Cg, R)

is listed in Table 1.

Appendix 2: QE approximation

The QE approximation is based on the theory of Fenichel
[14] which allows a specific selection of the rates to be
accelerated.
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Competitive 0 = kyuaCaR — kypuapCRCy + koffABRCAB (106)
.. L ) L — koaRCy
To justify the QE approximation we increase the binding
rates konx, kogx, where X € {A, B}, by replacing with 1 k,,x, 0 = konapCRCy — kofaRCyp . (107)
1 . . . - .
~kopx with & > 0 small in Eqs. (54)—(58). Since the ne})v Substituting Eq. (107) in Eq. (106) leads to
constants are much larger this can be regarded as rapid
binding and we obtain 0 = kona CaR — kopaRCy (108)
d kon ko = — .
ERCA _ A CA .R_ < A + kintA>RCA (94) 0 ko,,ABCBRCA koﬁABRCAB (109)
g €
Dividing Eq. (108) with k,,4 and Eq. (109) with k,,4p gives
% RCy — kon Cp-R— <k0ﬁ‘B 4 kintB> RCp. (95) the QE approximation of the complexes
g g
0= CsR — KpaRCy (110)
Multiplying Eqgs. (94)—(95) by ¢ gives
plying Eqs. (94)-(95) by ¢ & 0 = CsRC4 — KpapRCyp . (111)
d
S%RCA = konaCa - R — (koga + €kinia )RCa (96)
d . . .
¢ RCy = koupC - R — (kogm + ekini) RCp. (97)  Appendix 3: QSS approximation

Taking the limit ¢ — 0 in Eqgs. (96)—(97) results in
0 = konaCa - R — kogaRCy (98)
0 = konsCp - R — koysRCp. (99)

Dividing Eq. (98) by k.4 and Eq. (99) by k,,.p gives the QE
approximation of the complexes

0=Cs-R— KpsRCy (100)

0=Cp-R— KpsRCp. (101)

Uncompetitive

Accelerating the binding rates k,,x and k,zx with X €
{A,AB} in Egs. (76)—(80) gives

d knnA konAB kﬂ

—RCy = CuR — CpRCy + 7AB RCyp
dt € € €
Koo (102)
- ( (f +kimA>RCA
d k(m kﬂ'
—RCyp = AB CgRCy — ( AAB + kimAB>RCAB- (103)
dt £ &
Multiplying Eqgs. (102)—(103) by ¢ leads to
d
—RCy = kppaCaR — kpuapCpRCy + koreapRC,
Sdt A ACA ABCBRCy + KkoapRCap (104)
- (k()ﬁ‘A + SkinlA )RCA
d
EERCAB = konapCsRCa — (kogan + €kinap)RCas.
(105)

Taking the limit ¢ — 0 in Eqgs. (104)—(105) results in

Following the classical singular perturbation theory [15] all
complex related processes are assumed to be rapid,
including the internalization from the complexes.

Competitive

Accelerating the rates with ¢ small in Eqgs. (54)—(58) yields

d k,m ko kin
ZRCy=""C,-R— <i+—“>RcA (112)
dt I3 3 e
d kon ko kin
—RCp=-"2Cy-R~ (ﬁB+’B>RcB. (113)
dt I3 I3 e

Multiplying Eqgs. (112)—-(113) by ¢ and taking the limit
e—0

0 = konaCa - R — (koga + kina )RCa (114)
0 = konsCp - R — (Kos + kins) RCp. (115)
Hence, the QSS approximation reads
0=Cs-R— KssaRCy (116)
0= Cp-R— KsspRCp. (117)
Uncompetitive
We obtain from Egs. (76)—(80) with ¢ small
d kun kon ku 1/
ZRCy ="22Cy - R—"22Cy - RCy + "2 RC g
dt € € €
(118)
ko . kin
- (%+T’A)RCA (119)
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d kan ko ktn
T RCas = 4B g RCy — (Z’“H ;AB)RCAB

(120)

Multiplying these equations by ¢ and then taking the limit
& — 0 results in

0 = kopaCaR — konapCRCy + kofapRCap

— (koga + kina)RCa (121)
0 = konapCRCa — (kogap + kinias)RCas - (122)
Inserting Eq. (122) in Eq. (121) gives
0 = konaCaR — kinaBRCap — (koa + kinia )RCa (123)
0 = konaBCRCx — (kogap + kintan)RCap - (124)

Dividing Eq. (123) by k,.4 and Eq. (124) by k,,4p provides

kinzAB

0= CsR - RCap — KssaRCy (125)

onA

0 = C3RCy — KssapRCas . (126)

Appendix 4: Baseline initial values
for the uncompetitive TMDD model

According to Egs. (26)—(27) the baseline conditions for the
complexes with the concentrations C9, C$ >0 are

Kinta + koga kiniaB

konA konA ( RCA ) _ ( C2R>
0 kinap + kogan RCyp 0o /)
B

konAB

(127)

Applying Cramer’s rule to Eq. (127) and using the defini-
tion from Eq. (19) yields the solution

CIR°K
0 AR Kssap
RC, = 0 kmrAB (128)
KssaKssap + Cp
CO CORO
RCyp = (129)

KssaKssap + C3 k’"";"

Inserting Eqs. (128)—(129) into the baseline condition of
the receptor equation (78) leads to

n Kina CSKssap + kinuap CSCY

S
KssapKssa + =5

ksyn = kdeg R,

which is equivalent to
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ksyn

R’ =
+ Kinia C Kssap+kinan CQCY

kdeg

Ok
tAB
KissapKssa +%

The baseline concentrations of the input functions then
follow from Egs. (76)—(77).
Appendix 5: Source codes

The matrix representation applied in Eqs. (14)-(15) and
Egs. (43)-(44) is of the general form

H, My My M3 G
Hy | = | My My My Gy
Hj M3 Mz Mg G

Hence, performing matrix multiplication the right hand
side of the differential equation reads

H; = MGy +M,Gy + M3G3
Hy = MGy + Mx»nG; + Mp3Gs
Hi = M3,Gy + MG, + M33G3

compare the lines 113-128 for the competitive and the
lines 221-239 for the uncompetitive case. The variables
Hi,...,H; correspond to DADT(1), ..., DADT(3) in NON-
MEM and XP(1), ..., XP(3) in ADAPT 5.

The lines of the code are numbered for referencing but
are not part of the code implementation.

NONMEM control stream for competitive DDI
TMDD

The S$DES block of the control stream is presented.
Additionally, the first lines of the data file is shown to
present the IV infusion mechanism. The full control stream
is available in the supplemental material.

101: $SDES

102: EPSILON = le-4

103: ; Doseat T1 =0

104: INA=0

105: INB=0

106: IF (T.GE.O0.AND.T.LE.O+EPSILON)
THEN

107: INA = 100*EPSILON** (—1)

108: INB = 100*EPSILON** (-1)

109: ENDIF

110: CA=A(1)/

111: CB=A(2)/

112: R=A(3)

113: DET = R**2+CA*KDB+CB*KDA+CA*R+

CB*R+KDA*KDB+KDA*R+KDB*R
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114: G1
KDA

115: G2 = INB - KELB*CB - (KINTB*CB*R)/
KDB

116: G3 = KSYN-KDEG*R~-
(KINTB*CB*R) /KDB

INA - KELA*CA - (KINTA*CA*R)/

(KINTA*CA*R) /KDA-

117: M11 = (1/DET) * (DET - R* (R+CB+KDB) )
118: M12 = (1/DET) * (CA*R)

119: M13 = (1/DET) * (-CA* (R+KDB) )

120: M21 = (1/DET) * (CB*R)

121: M22 = (1/DET) * (DET - R* (R+CA+KDA) )
122: M23 = (1/DET) * (-CB* (R+KDA) )

123: M31 = (1/DET) * (-R* (R+KDB) )

124: M32 = (1/DET) * (-R* (R+KDA) )

125: M33 = (1/DET)* (DET-CA* (R+KDB) -

CB* (R+KDA) )
126: DADT (1) = M11*Gl + M12*G2 + M13*G3
127: DADT (2) = M21*Gl + M22*G2 + M23*G3
128: DADT (3) = M31*G1 + M32*G2 + M33*G3
The first lines of the data file are:
150: #ID TIME TYPE DV MDV
151: 101 .1
152: 102 .1
153: 10.00011 .1
154: 10.00012 .1
155: 12 132.94320
156: 12 228.36210

ADAPT 5 source code for uncompetitive DDI
TMDD

The subroutine DIFFEQ is presented. For full source code
see supplemental material.
201: Subroutine DIFFEQ(T, X, XP)
202: Implicit None
203: Include 'globals.inc’
204: Include 'model.inc’
205: Real*8 T, X (MaxNDE) , XP (MaxNDE)
206: Real*8 KELA, KDA,KINTA, KELB,
KDAB, KINTAB, KSYN, KDEG
207: Real*8 CA,CB,RR,R0
208: Real*8 DET,M(3,3),G(3)
209: KELA = P(1)
210: KDA = P(2)
211: KINTA = P(3)
212: KELB = P(4)
213: KDAB = P(5)
214 : KINTAB = P (
215: KSYN = P(7)
216: KDEG = P(8)
217: RO = KSYN/KDEG
218: CA =X(1)
219: CB = X(2)

6)

220: RR=X(3) + RO

221: DET = RR**2*CA+4CA*RR*KDA+CB*RR*
KDA+CA**2*RR+CA*CB*KDA

222: & +KDA**2
*KDAB+KDA*KDAB*RR+CA*KDA*KDAB

223: G(1) = R(1)-KELA*CA- (KINTA*CA*RR) /
KDA

224: & -KINTAB* ( (CA*CB*RR) / (KDA*KDAB) )

225: G(2) = R(2)-KELB*CB-KINTAB* ( (CA*
CB*RR) / (KDA*KDAB) )

226: G(3) = KSYN-KDEG*RR-
KDA

227: & -KINTAB* ( (CA*CB*RR) / (KDA*KDAB) )

228: M(1,1) = (1/DET)* (DET-RR* (CA*RR+
CB*KDA-+KDA*KDAB) )

229: M(1,2) = (1/DET) * (-CA*RR*KDA)

230: M(1,3) = (1/DET)*(-CA* (CA*RR+CB*
KDA+KDA*KDAB) )

231: M(2,1) = (1/DET) * (-CB*RR*KDA)

232: M(2,2) = (1/DET)* (DET-CA*RR* (RR+
CA-+KDA) )

233: M(2,3) = (1/DET) * (-KDA*CA*CB)

234: M(3,1) = (1/DET)* (-RR* (CB*KDA+
CA*RR-+KDA*KDAB) )

235: M(3,2) = (1/DET) * (-CA*RR*KDA)

(KINTA*CA*RR) /

236: M(3,3) = (1/DET)*(DET-CA* (CA*RR+
KDAB*KDA+4CB*KDA) )

237: XP(1) = M(1,1)*G(1)4M(1,2)*G(2)+
M(1,3)*G(3)

238: XP(2) = M(2,1)*G(1)+M(2,2)*G(2)+
M(2,3)*G(3)

239: XP(3) = M(3,1)*G(1)+M(3,2)*G(2)+

M(3,3)*G(3)
240: Return
241: End
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