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Abstract

Drugs interact with their targets in different ways. A diversity of modeling approaches exists to
describe the combination effects of two drugs. We investigate several combination effect terms
(CET) regarding their underlying mechanism based on drug-receptor binding kinetics, empirical
and statistical summation principles and indirect response models. A list with properties is
provided and the interrelationship of the CETs is analyzed. A method is presented to calculate the
optimal drug concentration pair to produce the half-maximal combination effect. This work
provides a comprehensive overview of typically applied CETs and should shed light into the
question as to which CET is appropriate for application in pharmacokinetic/pharmacodynamic
models to describe a specific drug—drug interaction mechanism.
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Introduction

Drugs interact with their targets in many different ways, e.g. compete for the same receptor,
aim on different targets or act as antagonists to name a few. Understanding interactions is
crucial to develop beneficial combination therapies but also to decode undesired effects. A
wide range of diverse methodologies were developed to describe different drug—drug
interaction (DDI) mechanisms. This work investigates and summarizes typically applied
DDI mechanisms in pharmacokinetic/pharmacodynamic (PKPD) modeling [1].

In PKPD modeling the effect of a single dose is usually described by the Hill equation [2-4],
also called sigmoidal function or Emax model. The Hill equation can be derived from first
principles of drug-receptor binding kinetics [5] and describes a non-linear profile with
saturation behavior. The equation has simple characteristics such as a maximal effect
parameter to denote the saturation, a parameter to describe the concentration producing the
half-maximal effect, and a coefficient to alter the shape towards sigmoidal profiles.
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The effects of two drugs administered in combination depend on the interaction mechanism
of the drugs. Ariéns and colleagues [6-8] presented mathematical expressions related to the
Hill equation to describe different DDI mechanisms where we will focus on competitive,
uncompetitive and non-competitive interaction. Other commonly used combination effect
terms (CETS) are based on statistical assumptions such as Bliss Independence [9, 10],
Loewe Additivity as in Greco’s model [9], simple summation of Hill equations, indirect
response models [10], generalized surface response models [11-13] and sometimes
equipped with additional interaction parameters [14, 15].

Although many of these CETs are extensively presented in the literature, a clear derivation
of the CETs is often missing and therefore the underlying interaction mechanism is not
obvious.

In this manuscript, we focus on CETs derived from drug-receptor binding kinetics, empirical
or statistical summation principles, and interactions received from an indirect response
model. We reveal the underlying mechanisms, rigorously derive the CETS, and investigate
their properties. Some CETs are compared regarding the intensity of their predicted effects.
Finally, we provide for selected CETs the optimal minimal drug concentration pair
necessary to achieve the half-maximal effect.

In general, CETs are subunits which can be incorporated at any level of the full model
complexity, e.g. in semi-mechanism based PKPD models, in more mechanistic approaches
such as cell cycle based models or even in quantitative systems pharmacology models. To
build a realistic model, CETs have to be chosen accordingly to the underlying interaction
mechanism and positioned in the right spot of the interaction. Altogether this work should
shed light into the question as to which CET is appropriate for application to describe a
specific drug—drug interaction mechanism.

Derivation and properties of combination effect terms for drug—drug

interaction

Introduction to combination effect terms

Single effect terms—A single drug effect of concentration Cbased on the Hill function
reads

C 8l
Emaw (m)

e(C)= z
Hws)

7 ErnazC?
- ECL+CY @)
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where £.,,x 1S the maximal effect, £Csq the concentration necessary to produce the half-

Ema:v . . . . . - . .
maximal effect — and y the Hill-coefficient. Equation (1) is the classical dimensionless
representation whereas Eq. (2) is more common in PKPD modeling. The inhibitory form is

Inae (165) " Ly
(ICO T ICH O

)

with the restriction /;,,<1.

Pharmacokinetic/pharmacodynamic drug—drug interaction modeling
situations—In PKPD modeling roughly two categories of models are applied to describe
data from drug—drug interaction (DDI) experiments. Data measured at two time points, i.e.
at start and end of the experiment, are typically modeled by an effect surface without a time
dimension of the form

P:PO(l_I(CAvCB)> (4)

where Ay is the response, e.g. proliferating cells, if no drug is present, and Pthe response
after drug administration; see [14] or [16] for more details. The inhibition mechanism of the
two drugs is specified by the CET A C,4, Cg). From Eq. (4) restriction (Cy4, Cp)<l is
obvious. For models characterizing dynamic growth over time, first a growth function g [17,
18] needs to be specified. Then cytostatic DDI effects can be modeled by inhibition of
growth

SP=g(P)(1~1(C,,C,)), PO)=R

and cytotoxic effects by a killing term

& P=g(P) ~ E(C,,C,)P, PO)=P,

where the CET is £(Cy4, Cp).

In the above models, C4 and Cgcan be the drug concentration in plasma [15] or delayed
concentration effects [19], e.g. due to signaling pathways. A general PKPD structure with
cytotoxic drug effects is shown in Fig. 1, to visualize a typical spot of DDI. Modified or
extended formulations of this structure are frequently applied in drug development, see e.g.
[15, 19-26]. Moreover, also in more mechanism-based models, such as cell cycle models
[27, 28], appropriate CETs are necessary to model DDI at specific interaction targets, e.g. on
different cell phases or induction of apoptosis [26]. The major task when developing a DDI
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model of the above forms is to incorporate an appropriate CET at a specific spot in the
PKPD model that describes the underlying DDI mechanism.

Combination effect terms—In general, a CET is a mathematical function that combines
the single drug concentrations C4 and Cgtogether with their individual parameters (£,,ax4,
EC50, v 4) and (Emaxs ECsos, ¥s). More precisely, the parameters of a CET are those
from the individual drugs and the maximal combination effect £,,,45 Of the CET is then a
result from the specific structure of the CET. We call a CET symmetric if interchanging the
roles of drugs A and B leads to the same CET. Let us state and formalize the desirable
properties of CETs that one somehow implicitly takes for granted:

Positivity: The effect of a CET should be bounded from above and below:

0< E(C,,C,)<E C,.Cp>0.

mazAB,

Scaling: The CET should be linear in the maximal single effects, i.e. a doubling of £, or
Emaxa and Epaxpg simultaneously should result in a doubling of the CET effect.

Diagonality: Symmetric CETs applied to drugs A and B with similar properties and y 4 =
v5=1, should be describable as a single effect term, i.e.

E (% %) =e(Cy+0C7), €20

where o is a CET-specific constant. Hence, a symmetric CET acts like a single effect term
with the double concentration plus perhaps some quadratic deviation.

In this work, CETSs are derived from three structurally different underlying mechanism
categories:

1. Drug-receptor binding kinetics
2. Empirical and statistical summation principles

3. Interactions from an indirect response model

CETs based on drug-receptor binding kinetics

Avriéns and colleagues [6] presented the competitive, uncompetitive and non-competitive
CETs but, to our knowledge, omitted the derivations in their publications. In this section we
deduce these three CETs from drug-receptor binding kinetics. The construction consists of
two components: (i) establishing the underlying drug-receptor binding system, and (ii)
defining the effect based on the drug-receptor complexes.

A general drug-receptor binding system is based on the following mechanisms. Molecules
C, of drug A bind to a receptor /and produce a drug-receptor complex RC,4. Drug
molecules Cgof drug Balso bind to this receptor & producing a drug-receptor complex RCg
and additionally bind to RC4 resulting in a third complex RC4s: A necessary assumption
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for Ariéns CETs is that the binding and dissociation rates of drug Bto produce RCx4 or
RC4pare equal. The ordinary differential equations [29] are:

d

%CA =—k,,Ca Rtk RC, C, (0)202 (5)

%CB =—k,,Cp R+koj]‘B RC, — (]fonB CyRC, +kujjB RC,,

C,(0)=C? ©)
%R: - km,A CA R+kuﬁA RCA - km(,R CB R+koﬁ8 RCB
R(0)=R? @)

%RCA =k, C,R— kojj"A RC, — k()év,B C,RC, +knﬁ'B RC,,

RC, (O):RCA (8)
d

—RC,=k, ,C,R—k,,RC, RC,(0)=RC"

dt .onB B (9)

d

ERCAB:]C

C,RC, —k,,RC,, RC,, (0)=RCY,

onB offB

(10)

The binding rates are k,,4 and kg5 and the dissociation rates are k,s4 and A,z The total
amount of receptors Ry = R+ RCxq+ RCg+ RCygimplies

d i d d d
2 R=2 R+ LRC + L RO, +ZRC, =0
g g At g e T = gy

and therefore a constant number of total receptors RY , exists. For drugs following target-
mediated drug disposition the total receptor is additionally modulated. The resulting CETs
due to Ariéns can be compared with TMDD maodels in baseline (see Eq. (21) in [30] for the

competitive CET).

Typically, rapid binding of the drug with the receptor is assumed to produce the complex,
see originally [5, 29]. From this assumption, &,,xand Kzx, where X'stands for A or B, can

ko_ X

be replaced by their dissociation constant Kpx= L . Under such steady state assumptions

on.
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and observing that the total concentration of receptors Y . is constant, the equation system
for the complexes RC4, RCpg, and RC4pis

C

1424 A A Cy
Kpa KDC$ %)A RCA K,
N CRLT s RC, |=R),| <
K Kpp  Kpp B L e
DB
) 1 RC,p 0
Kpp (12)

This equation system (12) can be adjusted depending on which complexes are involved in
the specific drug combination mechanism. The resulting equation system can then be solved
with respect to the complexes. In the second step, the CETs are constructed by summation of
the complexes driving the combination effects. For this purpose the intrinsic activity (the
ability of a complex to produce maximum functional response) is applied. Let a and 8
denote the intrinsic activities of drugs A and B varying from 0 to 1 when acting as single
drug. We define the functions

a,if RC, drives the effect
0, else
B,if RC, drives the effect

b= 0, else

and the general summation form becomes

E,,=aRC,+bRC, +f(a7 B)RCAB - (13)

Hence, the complexes RC4 and RCgare either included or not depending on their
contribution to the total effect. The function fa, B) = 0 combines the intrinsic activities a
and g and describes how the interaction of the intrinsic activities of drug A and B drive the
contribution of the complex RC4pto the total effect. Ariéns presented the summation rules
for the competitive, uncompetitive and non-competitive mechanisms. Using the solution of
complexes RC4, RCgand RCapgfrom Eq. (12), Eq. (13) can be reformulated to the general
form of a CET

0 Oy Cp Cy Cp
E :Rmt (aKDA +bKDB +f(a’ﬂ) Kpa KL)B>
T e
DA DB DA “*DB (14)

See Appendix 1. From Eq. (14) it can be directly seen that any CET based on drug receptor
CA CB

binding kinetics can be written with dimensionless variables K,, and K,, i.e. in a fraction

of the drug concentration and the dissociation constant.
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Based on Eg. (14) we obtain the Emax-formulation £(C,4, Cg) for appropriate assignment of

the total receptors Y , and the intrinsic activities. Further system (5)—(10) ensures that the
effect £45is never negative and bounded by a maximal effect £,,,45, i-6. Emaxas2Eas20
for C4, CB=0. For the inhibitory formulation ACa, Cg) we have &, 4, fla, f)<1 and, thus,

/maXAB’Sl-

Competitive CET—For a competitive interaction, two drugs A and B exhibit an affinity
for the same receptor system R [6]. More precisely, if a receptor is occupied by molecules of
drug A, then molecules of drug B cannot bind to this receptor, see Fig. 2a for the binding
schematic. The complex RCagis not present in this mechanism and equation system (12)
reduces to

c

C C
1+KDAA KDA RC, —R IEPAA
Cy 1+ RCB tot ' .
K K K (15)

DB DB DB

The two complexes RC4 and RCgare added together with their intrinsic activity a, Sas
weights by

Ef];’m:aRCA +BRC,  (16)

resulting in

e, YRt an

See Appendix 2. With the single maximal effects £ —=aR) ,and £ =3RY , and the
Hill coefficients 4, y5> 0 the Emax-formulation reads

c A c B
A B
EC ) +Emu,.7,B (EC )

ECom(C C ):Em”“”A( 504 508
A»YB

c TA C B
T ()
QECSOQ ECSQB .
A B B A
— €7nu:cA ?A EqSOB +§mazB CBH ECSO’YA
A B 'B A TA B
CA ECESOB +CB ECSOA +EC50A ECSOB (18)

where ECso4 = Kpa and ECsgp = Kpg are the single drug concentrations producing half-
maximal single effects. The maximal combination effect is the maximal single effect

Com __
E mazAB max | & mazA, E mazB, [ *
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The CET is symmetric and an inhibitory formulation exits. All properties are summarized in
Table 1. The competitive term £€97(C,4, Cg) with ¥4 = ¥z =1 was also presented in [31]
and Eq. (18) was simplified to a single maximal effect EﬂclfgqumzA =E__,in[32]. If
drug Bis an antagonist, i.e. binding of drug molecules only cause a blockage of the
receptors and does not produce an effect, i.e. 8=0, E;a5 = 0 one obtains

5
B ( Cy >A
marA EC50A

C TA c B
A B
1+<EC5OA) q+<EcsoB>

C’AA

EComGad (CA , CB ):

— Emaz/l -
A
YA a4 EC50u ~1B
CA +EC50A+ B CB
ECS(JA

which is also called the Gaddum equation [33].

Uncompetitive CET—In uncompetitive interaction, drug B binds to the complex RCy4.
Binding of drug Bto R does not occur and therefore no complex RCg exists; see Fig. 2b.
Hence, drug B only produces an effect if drug A forms the complex RCa. If drug Bis
administered alone no effect occurs, whereas if drug A is given alone, the effect corresponds
to the single case. This is a non-symmetric behavior. The equation system for the complexes

IS
Cy Cy C
1+KDA K. RCA _RO K[?A
Y 1 RC,, ot 0
K (19)

and the summation of the complexes [6] becomes

Er=aRC,+a(1+8)RC,;  (20)

where —-1<f" Depending on the sign of g the appearance of drug B increases or decreases
the combination effect with drug B. With the complexes from Eq. (19), Eq. (20) is

c

0 A 0 C4 C
Un Rmt Kpa ! Rmt Kpa KDBB
Ell'=a—7¢g e ta(l+8 ) —F ee]
AB 1424 4 24 B A | JA B
Kpy  Kpy Kpg Kpy " Kpy Epg (21)

See Appendix 3. We then obtain the £, formulation
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c c YA c B
EU” C C . EmazA (ECAO ) (1+B ) marA (ECf;A ) <ECSBOB )
( AD )* C TA C TA C B
e (mr) () ()
YA oA 7B YA g%A / 5OBAYA B
:Enmw/l (C EC5p+C4" Cp )+ﬂ BraeaCa” Cp
CAEC.E +EC”A ECJB,+C ACIP : (22)

50B 50A 508

Since B and not £,z is present in Eq. (22), the actual value of 8* has to be determined
from the combination data and describes a synergistic or antagonistic influence on the
combination effect. The maximal combination effect is

EngAB max {17 1+/B/} E on

For B’ < 0 a reasonable inhibitory formulation exists.

Non-competitive CET—The non-competitive situation corresponds to the general
scenario represented by Egs. (5)-(10) where all complexes are involved see Fig. 2c for
schematic. According to Ariéns [6] the complex RCgdoes not contribute to the effect and
the summation reads

Ei\i‘;"zaRCA—i-a(l—l—B,)RC

resulting in
0 N C4 Cp
ENon:RtOt (a KC +ac 1+ Kg" KDB)
AB C
1 A B a B
TR TRy T K Koy (23)
C

Note the appearance of KLL; in the denominator of Eq. (23) in contrast to Eq. (21). The
Emax-formulation reads

l:J

Ch A ’ _Cu B
Emaz/l (EC_ ) +(1+ﬂ )Emaz/l (EC ) ( )
50A 50A

B
C TA C B Cy B
1+ (e ) () ()
+ (EO:) 7) +7(E6505 , ECS/OA . 5gB
A A A
_ Braea (C ECsih+C 4 CpP )*ﬁ Baen Cat O
T A BCE,+CP EC, +C“ CP +ECSH, EC;% ' (24)

cw
=]

EN(m(CAv CB):

In “Discussion” section we additionally discuss a non-competitive term from [14].

CETs from empirical and statistical summation principles

In this section, CETs are considered that are derived under an additivity or no-interaction
assumption. However, we emphasize that the term “additivity” is used to describe different
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approaches [34-37], and therefore we cover all the different additivities as summation
principles in the following.

Loewe Additivity CET—Loewe Additivity [34, 38] assumes that two drugs act additively
through a similar mechanism on the same target [39, 40], see Fig. 2d. Given the single drug
ECsq’s, the concentrations C4 and Cgnecessary to produce the half-maximal combination
effect have to fulfill

+ C
wa ECs  (25)

Extending Eq. (25) for an arbitrary effect £ranging from 0 to £,,2x45 gives

_ G G
DC, DC, (26)

where DCx is the concentration that produces for the single drug the given effect £and X
either represents A or B. Greco and colleagues [9] applied the single drug Hill Eq. (1) of the
form

DC Tx
Ermes(552)
DC Y
L () ™

50X

E—
(27)

and rearranged Eqg. (27) with respect to DCx. Then substituting in Eq. (26) gives
C C

1= A —+ B -

See Appendix 4. For ¥4 = ¥5= ¥, Eq. (28) can be solved explicitly with respect to £and
we obtain the Loewe CET
c, c )v

—A B
Emam <ECSOA + ECxn

Loewe
E (C,,Cp)= 1+(C—A+C—B>7
ECya * EC5p (29)

See Appendix 4. In Eq. (29) both drugs have the same single maximal effect. Note that the
Loewe CET Eq. (29) corresponds to the competitive CET for £2xa = Emaxs = Emaxand ya
=yg= 1. Further if we insert the basic Loewe Eqg. (25) into Eq. (29) we obtain the half-

E max

maximal effect )

again.
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Bliss Independence CET—RBIiss Independence [41] describes the additive effect of two
drugs at different targets with independent mechanisms and no interaction between the drug
action exists [39], see Fig. 2e. Bliss Independence is derived from probability theory. The
probability for non-mutually exclusive events that either drug A or drug Bacts is

P(AU B)=P(A)+P(B) — P(A)P(B)
).

=P(A)+P(B)(1- P(4)). (30

Following Jonker et al. [42] we set the probability of a single effect based on the single Hill
function Eq. (1) with £,5x=1and y=1as

c

X
ECSOX

P(Cx)_

— T
Y (e

where Xrepresents either A or B. Equation (31) ranges from 0 to 1. Substituting Eq. (31) in
Eqg. (30) gives
C

+ A
ECE)OA

c

B
EC5OB

C, c

B
EC. T EC

50B

50A
c B CB

! C C
I+ 52—+ +5c2
EC5 04 BEC5p " EC504 ECxp (32)

P(AUB)=

We multiply Eq. (32) with £,,,,, introduce the Hill parameters, and obtain

¥ ¥ v ' K

o P () o) ™ ) () )
1SS — - 2 2 °

BFE (0, C,)= : ° : d

vy Yy v v
1+< Cy )A+( Cp >B+ C 4 )A( Cp )B
EC504 EC50p ) EC504 B EC50m

_ EmaCyt ErmazC B oA
TEC]A 1A "ECIB 4B\ ECIA +C A
504 TCA 505 TCn 504 TCA (33)

Emas ) (34)

where a similar maximal effect of both drugs is assumed. Substituting

1= CA + CB + CA CB

ECSOA ECsOB ECSOA ECSOB (35)
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Emaw

with ¥4 = yg=1in Eq. (33) provides the half-maximal effect 5 Equation (35)
corresponds to arguments from Chou and Talalay [40] for mutually nonexclusive drugs
acting on different targets.

Greco’s model CET—Greco et al. [9] further extended Eqg. (28) by adding an additional
term resulting in

1: A - + CB

n T 1

T (38)

1

E Y
504 (E'ma.'z:*E B
+a =

ECsoA EC&.OB ( Emaz—FE

Q

See Fig. 2f. In Eq. (36) an interaction parameter a is applied to indicate antagonism (a <0)
and synergism (a > 0). For ¥4 = y5= ¥ EQ. (36) could be solved explicitly with respect to
Eand Greco’s CET reads

c c o _Cp )7
B ( N B UanA B )

mar\ EC,,, " ECyyp EC, 4 ECy
9] Cp )7 '

C C
1+ < A + B +C¥ A
ECESOA ECSOB ECESOA ECSOB

EGT&CO(CA, CB):

@37)

As shown before for a = 0, Eq. (37) is the Loewe CET as presented in Eq. (29). For a =1
Eq. (37) formally results in the Bliss CET with 4 = yg= 1. But keep in mind that the Bliss
CET describes the effect when the two drugs act on different targets whereas the Greco CET
is based on the Loewe Additivity assuming one target.

However, allowing negativity of the interaction parameter a could lead to a negative effect.
As example we set y =1, Cq= ECsga and Cg= ECspg. Then we have
24«

EGTGCO(ECAa ECB):EmawB_’_—a

which is negative for a from -3 to -2.

Summation CET—An empirical approach to construct a CET with an increased maximal
combination effect is to simply sum up the single drug effect terms, compare [15] for a
linear CET and [19] for delayed effects of non-linear CETSs, and see Fig. 2g. Assuming that
the drugs act at different targets the summation CET reads

YA B

) C E C
Sum maxz maz
B~ (CA7CB): VAA AWA + 7BB B”’B
EC4+Cy EC;L+Cp (38)
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C Ya C B C Ya C B
A B A B
EmazA <E050A ) +Emaa:B (ECSUB ) + (EmazA +EmazB) (ECSOA > <ECSOB >
= C YA C B C YA C B :
1+ () + (et )+ (mets) ()
ECSOA ECsOB ECSOA ECSOB (39)

In contrast to all derived CETSs before, the maximal combination effect is now the sum of the
single maximal effects:

Sum __
mazAB  ~ mazA mazB*

CETs from indirect response models

Indirect response models (IDR) [43] are probably the most frequently applied components in
PKPD and are also important parts in complex systems pharmacology models. In this
Section, we derive CETs from IDR models where the drugs either act on the inhibition or
the stimulation of the production rate [10].

IDR inhibition CET—The first form is

4 Res=kin(1 —i(C,))(1 —i(C)) — Ko Res
Res(()):]f’# (40)

out

where Res denotes a response, ki, is the production rate, &, the loss rate, and A C) the
single drug inhibition model Eg. (3), compare Fig. 2h for schematic. Rearranging Eq. (40)
gives

d

ERGS:km(l —I'PR(C,,C,)) = koutRes Res(0)=

k n
k(mt (41)

and the CET is obtained by calculating

I'PR(C,, Cp)=i(Cy)+i(Cy) —i(C)i(Ch)

c 7A c B c R ael B
ool 52— ) " Hws (762 ) T F(Lees Hmess —Tmast Tmass ) | 62— i
mazA \ IC mazB \ IC. mazA maxB mazA~ mazB Ic Ic
50A 508 50A 508

- C TA C B C TA C B
(es) "+ () () ()
1C50a 1Cs50p 1C504 1C5p (42)

It is clear from Eqg. (39), that an inhibitory formulation of the summation CET does not exist.
The scaling condition is fulfilled but diagonality is violated, see Appendix 6.

See Appendix 7. In [14, 16], Eq. (42) was applied to non-dynamic models, compare Eq. (4).
In the literature [10, 14, 16], Eq. (42) was thought to be the non-competitive CET from
Arién’s approach. Although Eq. (42) looks structurally similar to the CETs from Arién’s
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theory, Eq. (42) does not match into the Ariéns formalism, since multiplication of the single
maximal values

LT =0B (Rl

produces a quadratic amount of total receptors whereas the Ariéns concept implicitly

assumes a fixed number R , of receptors, see Eq. (11). The scaling property is violated by
EQ. (42) due to /paxalmaxs. However, for /.4 and /4.5 close to identity, Eq. (42) reduces
to the inhibitory form of the Bliss Independence CET Eq. (33). Hence, Eq. (42) can be
interpreted to act on two different targets and colloquially considered as non-competitive.

In the Emax-formulation of Eq. (42) the effect could become negative which can simply be
seen from

+2E

-F B
mazB marA " maxB <0

4

marA

if Eaxa, Emaxs™>4. Hence, Eq. (42) is only useful in the inhibitory formulation Eq. (42).

IDR stimulation CET—If the production rate is stimulated in IDRs

%Rcs:km(l‘fe(CA))(1+G(CB)) — Ky Res
:k‘in(1+E'§tzm(CA, CB)) — k,mtRes RCS(O): :;:Zt

compare Fig. 2i for schematic, then by similar calculations the corresponding CET reads

Ca

0B 50A

: Emaz/\ (
ES(C,, Cp)=

Cp

“50B

e

L () M+ (met) " () (me) ™

50A 50B
(43)

Summary of CET properties

Properties of the presented CETs are summarized in Table 1. We indicate the construction
principles and symmetry of CETs. Validity of the desired properties namely positivity,
scaling and diagonality are stated. The maximal combination effect £,,x45 is listed and we
indicate whether the CET can be written in an inhibitory form, i.e. can be applied as
(1-/AC4, Cp)), compare e.g. Equation (4). In Fig. 3, a comparison of the presented CETs
with respect to the maximal effect and the number of targets is shown.

:e(CA)+e(CB)+e(CA)6(CB)' (44)
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In [44], Eq. (43) was applied in non-dynamic models describing stimulatory effects. Note
that no negativity occurs because of the summation of the term £, aEmaxs in EQ. (43).
Nevertheless, justification based on Arién’s approach also does not hold, because of the
quadratic amount of receptors and also the scaling property is violated. Equation (44) can be
considered as an extension of the summation CET Eq. (38) with an additional build-in
synergism term &(C4)&(Cp) to produce a higher maximal combination effect. In [20] a
structurally similar approach to Eq. (44) with linear CETs was applied.

Relationship of CETs and the optimal concentration pair for half-maximal effect

We investigated several DDI mechanisms and derived the corresponding CETs. Hence, if the
underlying DDI mechanism is known in application, the appropriate CET can be applied
directly at the specific interaction position in the PKPD model. For example, often the
combination of endogenous substances with exogenous agents acts in a competitive manner
on the same receptor [30]. However, if the underlying DDI mechanism is not known, e.g. in
early drug development, different CETs have to be tested and selection criteria need to be
formulated.

First, we present relationships of the symmetric CETSs regarding their effect, if the same drug
concentration is applied, which may help to identify the corresponding DDI mechanism.
Second, we investigate selected CETSs regarding the optimal drug concentration pair to
achieve the half-maximal effect. In contrast to the single case, where a unique concentration,
the ECyp, exists to produce the half-maximal effect, for CETs several concentration

mazrAB

combinations are possible for the half-maximal combination effect .Based on a
pharmacological reasonable objective function, we determine the optimal concentration pair
for each CET and classify the interaction of the two drugs into synergistic, additive and
antagonistic.

Relationship and ranking of the symmetric CETs—A ranking of the presented
symmetric CETSs is established with respect to their effect for the same drug concentrations.
In the case of arbitrary £,,axa, Emaxs: 7.4 y5> 0 one can show (Appendix 8)

O<ECO”L(CA, CB)<ESum(CA7 CB)<EStim(CA 7 CB)' (45)

For Epaxa=Emaxsand y 4, y5> 0 we obtain

0<E“™(C,,Cp)<EP(C,,C)
<ESm™(C,,C,)<ES™(C,,CL).

A

(46)
If Eppaxa=Emaxsand ya=ys=1 the realtions

0<BO(C,, C,)< B2 (C,, O <BH(C,,C,)
<ES™(C,,C,)<ESm(C,,C,) @7)
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hold where E°™ (¢, C,)=E**(C,,C,)=ES™%°(C,,C,,)and
ESeC,,C,)=EP"(C,, C,) Exemplarily we visualized the relations from Eq. (45) as
heat map in Fig. 4.

Optimal concentration pair for the half-maximal effect of CETs—For CETs the
discussion about the necessary concentrations to produce the half-maximal combination

effect TAB is much more extensive than for single effect terms, since the concentration

mazAB

pair to produce is no longer unique and, in addition, every CET has to be treated
separately. This provides the opportunity to compute the optimal concentration pair

E
(C,,C ) (denoted by bars) to produce TAB for every CET.

For single effect terms the equation defining the unique half-maximal effect reads

_ Emag <%50>’Y _Emax
e(C)— 1+<Egso>“/ - 2

that is equivalent to
(5ew)
I=( ——
ECs5 (48)

and the necessary concentration C = ECyq can be directly seen from Eq. (48). However, for
CETSs the drug concentration pairs (C4, Cp) satisfying

E‘ITI()'I'
E(CA?CB): '2”AB

form a curve in the 2-dimensional (C4, CB)-space that we call the half-maximal effect
curve.

To calculate the optimal concentration pair for a CET, two steps are necessary: (i) establish
the half-maximal effect curve, and (ii) optimize the concentration pair with respect to an
appropriate objective function.

Any presented CET in this work could be written with the dimensionless variables, i.e. as a
fraction of actual concentration and the concentration necessary to produce half-maximal
single effect:
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For example, compare Egs. (18), (22), (24), (29), (33), (37), (39), (42) and (43). For
simplicity we assume y4 = g =1 in this Section. The half-maximal effect curve of all
possible concentration pairs (Ca, Cpg) for the given single £Csg4 and ECsg g reads

{(ze2r 5ot ) iB(C,, Cp)="m542,C, €, 2 0}

A 508
:{<ECA vEgB );EgB :@(EgA )70,470320}
50A 50B “50A

‘50B

where ¢ is a function being specific for the underlying CET.

C C
To calculate the optimal concentration pair EC:OA ’ WBOB to achieve for given
single £Csq’s, we utilize as objective function either the Loewe Additivity Eq. (25) or the
Bliss Independence Eq. (35) depending on the underlying mechanism. If the drugs act at the
same target, we apply as objective function in our optimization task an extended version of
Eq. (25) with a combination index C/[45]

mazAB

c, C
ECy, EC.;  (49)

B

CILoewe _

If it is assumed that the two drugs do not share the same target, do not interfere with each
other, and are mutually non-exclusive the resulting combination index is

C, N c,
ECSOA ECSOB

C

A

tEC

50A

C

B

EC5  (50)

CIBliss:

See [40]. However, both approaches Egs. (49), (50) assume an equal maximal single effect
and due to their own symmetry they are only applicable to symmetric CETSs. In both

! 508
curve generating the minimal C/L0ewe or C/8%ss, The CET specific functions ¢ are

independent of the actual values of £,;,04 and E;.¢5. Additionally, based on Egs. (49) or
(50) the area of antagonistic (C/-%€%€ or C/5/55> 1), additive (C/Lo€W€ or C/B/S5= 1), or
synergistic (C/-92we or C/B/s5< 1) behavior of a CET can be classified.

C, c
scenarios, we are looking for a solution pair <ECSOA " EC on the half-maximal effect

For all necessary calculations of the following see Appendix 9. For the competitive CET Eq.
(18) with Ejaxs = Emaxa all pairs on the half-maximal effect curve are optimal, i.e.

C C
(EC:OA , ECB ) =(e,1 —¢),e between 0 and 1,

50B

compare Fig. 5a. For the Greco CET Eg. (37) with |a| <1 the optimal solution pair is
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G G
ECs04" ECsp

(,1—¢) e between Oand 1,ifa=0
= <\/1+a71 1+a71)’ if0<|a| <1

See Fig. 5b. Hence, for 0<|a| <1 we have a unique optimal solution. For the Bliss CET Eq.
(33) the optimal solution with respect to Eq. (50) is

<Eg:0A , Egis > =(&, ¢y (€)), € between 0 and 1

with

Ca

; ( C, \_l"mn
Bliss EC, 1 CA
50A + EC50A

and again all pairs on the half-maximal effect curve are optimal, see Fig. 5c.

Comparing Eq. (25) with Eqg. (49) and Eq. (35) with Eq. (50) directly shows that the Loewe
and Bliss-CET satisfy C/Loewe =1 /55 = 1 on their entire half-maximal effect curve.
Hence, symmetric CETs whose drugs share the same (not the same) target behave
synergistic, additive or antagonistic, if they perform better, equal or worse than the Loewe
(Bliss) CET.

More care is necessary for CETs with higher maximal combination effects than the maximal
effect from the single drug, since the objective functions Egs. (49), (50) defining the
classifications have to be scaled appropriately with £,,5x4 and E;2x5. For the summation
CET Eq. (39) application of our minimization method leads to the optimal solution

C, Gy
A B ) —(1,1
()~

50

if Emaxa = Emaxs:

For more general assumptions, such as different maximal single effects and individual Hill
coefficients, the presented method in the Appendix can be applied but more detailed
investigations and calculations are necessary.

Discussion

CETs are important components to construct PKPD models with DDI effects. Therefore, it
is essential to have a rigorous knowledge about their underlying pharmacological
mechanism and mathematical properties.
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We investigated CETs based on drug receptor binding kinetics, statistical and empirical
summation principles, and indirect response models. The presented CETs could be
categorized based on different criteria. First, for some CETs the maximal combination effect
Emaxas 1S the maximal single effect, whereas for others it is a combination of the two single
maximal effects. Second, most CETs are symmetric, i.e. interchanging the roles of Aand B
leads to the same CET. However, we also presented non-symmetric CETs where only an
effect exists, if drug A is an agonist and drug B an antagonist. Third, some CETs describe
the DDI on one target, whereas others assume action on two targets.

A general drug-receptor binding kinetic concept is presented according to Ariéns who
derived the competitive, uncompetitive and non-competitive CETs from first principles.
These three CETs fulfill positivity and scaling, and the symmetric competitive CET also
diagonality.

Additive interaction is usually defined based on two different principles. The Loewe
Additivity assumes that the two drugs act on one target whereas Bliss Independence assumes
two independent mechanisms on two different targets. From these two fundamental
principles we also derived CETs which describe two different types of additivity. The
constructed Loewe CET becomes equal to the competitive CET, derived from drug-receptor
binding kinetics, if the single maximal effects are equal and the Hill coefficients have the
value 1. Further we investigated Greco’s model that is based on the Loewe Additivity. This
model is equipped with an interaction parameter a to account for antagonistic or synergistic
behavior but surprisingly can produce negative effects, if the interaction parameter indicates
antagonism and the CET is used with sufficiently large concentrations. This is not an issue
when fitting data only but may produce paradox results for simulations. However, the
interaction parameter a in the Greco model connects the Loewe Additivity for a = 0 with
the Bliss Independence for a = 1, which explains the flexibility of Greco’s model. All these
CETs are symmetric and fulfill the diagonality condition but CETs with two targets have
some deviation in contrast to CETSs describing one target. The summation CET is
structurally different since it realizes a maximal combination effect which is the sum of the
single maximal effects and it does not fulfill the diagonality criteria.

Finally, we investigated CETSs derived from indirect response models. These CETs are
fundamentally different to the previous ones from Ariéns, Loewe and Bliss due to a
multiplication term of the single maximal drug effects in the enumerator. They do not fulfill
the scaling and diagonality conditions. However, interestingly the frequently applied CET
Eq. (42) is structurally close to the Bliss CET if the two single maximal inhibition
parameters are nearly unity.

For comparison of the different symmetric CETSs, a ranking regarding their combination
effect for the same drug concentrations was established. Depending on the relations of single
maximal effect parameters among each other and the Hill coefficients, orderings of different
CETs can be shown. Such relationships may open the route to identify an appropriate CET
regarding its predicted effect.
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The last part of this work was dedicated to the computation of an optimal concentration pair,
which is essential in application. In general, optimization can be performed at different
levels of the model. For example, Gabrielsson et al. [46] presented the optimal concentration
pair for a cytotoxic and a cytostatic drug to achieve tumor stasis for a specific tumor growth
PKPD model. Since we are interested in different CETs and do not consider a specific

mazAB

PKPD model, the optimal drug concentration pair to achieve the half-maximal effect
was investigated. In general, to apply optimization techniques, an objective function
representing reasonable pharmacological evaluation criteria has to be chosen. Since one part
of the CETSs deal with one target and the others describe two targets, we either chose as
objective function the Loewe Additivity or the Bliss Independence, both equipped with a
combination index. Because every CET has to be treated separately, we selected the
competitive, Bliss, Greco and the summation CET to introduce the optimization method and
to present the optimal concentration pair for half-maximal effect. To simplify the
calculations and to avoid distinction of cases, we investigated only Hill coefficients equal to
one. Additionally, we focused our investigations to equal maximal single effects due to the
properties of Egs. (49)—(50). But we would like to emphasize that the objective functions
based on Loewe or Bliss principles can be generalized for varying maximal single effects
and Hill coefficients.

The Loewe, summation and IDRCETS can be straightforward extended for more than two
drugs. An example of the Loewe CET for three drugs is shown in [47]. The competitive and
Bliss CET have to be re-derived from their basic principles. In the non-symmetric
uncompetitive and non-competitive situation more knowledge about the desired interaction
mechanisms is necessary.

Obviously, several other CETSs exist to describe DDI. To obtain more flexibility, additional
parameters were introduced, e.g. based on polynomials [13], multi-parametric models with
varying potencies [11] were developed, and approaches to cover wider ranges of
combination behavior [12] were constructed. However, methods of such types were out of
the scope of this manuscript.

In conclusion, the presented CETSs are crucial components to describe a certain DDI
mechanism in a PKPD model, and the presented and derived knowledge about CETs is
essential to construct more mechanism-based PKPD models for DDI.
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Appendix 1: Drug receptor binding kinetics

General derivation

From the conservation of receptors and complexes Eq. (11) we obtain the receptor
representation
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R= (Rtot RCA - RCB - RCAB)' (51)

Rewriting the complexes Egs. (8)—(10) with Eq. (51)

4RC,=k,,C,(RY), — RC, — RC, — RC,,)

-k, ., RC, kCRC

offA onB

+koﬁc RC,, (52)

onA

RC =k,,,Cy(Riy — RC, — RC,, — RC, ) — k., RC,, )

d

RC, .=k, ,C,RC,

E onB njjB RC

AB* (54)

Pseudo steady-state analysis of Egs. (52)—(54) for the complexes and substituting Eq. (54)
into Eq. (52) then leads to

offA

R0, —RC, - RC, — RCAB) — &, RC,

=k, .C (Rtot RC, — RC, —RC,,) -k, RC,
k ( offB

0=k CRC -k, ,RC,,

onB off B

A _ "offB i
and K os= L we obtain

onA onB

C (Rfot RCA - RCB - RCAB) - KDA RCA (55)
0=C ( "tot T RCA - RCB - RCAB) - KDRRCB (56)

0=C,RC, - K ,RC,,. (57)

Dividing Eq. (55) by Kp4 and Egs. (56)-(57) by KpgWwe obtain the matrix notation Eq. (12)
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C c C
14+ =4 A A Cy
Tor Ry, o | (RO )
S L/ B RC, |=Ry,| =
Kpp  Kpp B et K
DB
&, 1 RC s 0
_KDB
We apply Cramer’s rule and obtain
CA CA CA
1+ KDA KD K A
c, 1+é‘B s 14 Ca | Cn | CsC
Mo=det =2 —14+—2a 4+ B
0 K KDB KDB KDA KDB DA“*DB
— =L 0 1
KDB
9 . 1?4 I?A IgA
OV K by D A
Mi=det R(t) ti 1+ (’AB Ci :R(t)ot?C‘L >0
ot Kpp Kpp  Kpp DA
0 0 1
Oy 0 Cu Oy
e, faw,r T,
C c
Ms=det =& R) =B B =RY B >0
2 K(DJB tot KDB KDB tot KDB =
_ B
Ko 0 1
1+ Oy 1. RY Ca
KDA K% tot IéPA
Ma=det | <& 1498 RO o |[_pgo Ca ©
KgB KDB tot KDB tot KDA KDB
— £ 0 0
K}')B

Note that A is strictly positive and M, /=1, 2, 3 are non-negative for C4, Cg=0. The

complexes then read

c

RO A
RC :M1: tot K,
A M() 1+C_A+C_A+%
Kpy  Kpy  EpyEpg
C
RO B
RCB:_M2: c tactKDB c.C
Mo 14 g g A i
DA DA papB
C C
RO A B
M ot Kpy Kpg

RC

KDA KDA DA DB

Inserting Egs. (58)—(60) in Eq. (13) then results in Eq. (14).

AB:MO:1+ CA + CA +%

(58)

(59)

(60)
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Appendix 2: Competitive CET

Derivation

Applying Cramer’s rule to Eq. (15) gives

o ¢, . C
Moidet C DA D, :1+YA—+FL>O
KB 1+ B DA DB
DB D
R?ot[? K C
= A D — R0 A >
My =det R o I+ ¢, Rz 20
tatKDB IéDB
1+[§7A R(t)OtKA 0 CB
Mo=det CBDA 0 C%A =Ry K, >0
KDB RtOtKDB
The complexes then read
0o C4
pe M M,
My qq e fa
Kpa * Kpa  (61)
e
re, Mo MR,
B ]\/10 1+C_A+ CA
Kpa " Kpa (62)

Inserting Egs. (61)-(62) in Eq. (16) then results in Eq. (17).

Maximal effect

Y Y
ECs0,4 EC50,

ECm(C,,C,) < max{E

mazA’ Enm:z;B} 1+ ( Cy )WA +( Cp >“’B

EC50,4 EC50,B
< maX{Em(zmA, Em(mB }'
Diagonality
If drug A equals drug B, we have

C, C, " C,

[ Com (CTA CTA) _ 2EchA QECgUA ___mazA QCEC:)()A
) mazA A A A
b+ TBC50, | 2850, r EC504
:e(CA)'
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Agonistic-antagonist

For an antagonistic drug B we have & Cg)=0 for C5=0 and therefore £,,,5= 0. Hence, we
obtain with Eqg. (18)

c A c B
E _A) +E (_B)
Ecom(c C ): mazA (ECSOA _ mazxB ECSOB
A’ B

>
1+( - )7A+( - >
ECs0a EC50p

Appendix 3: Uncompetitive CET

Derivation

The determinants for Cramer’s rule applied to Eq. (19) are

K
T 1

CA C'A
It x c
MO:det CBDA DA =]4+-=4 +—B B >()

DB

RO Cy Cy c
]ledet tot Kpy Kpy :R(f)ofK—A > 0
0 1 Ot K pa

C C
I Ry c, c
My=det goa T Roa ) RO 4 Zn >,
K,

The complexes then read

C
RC _Ml_ R(t)OtKDA
A M0_1+CA+CA Cp
Kpy " Epa Kpg (63)
0o C4 Cp
ro M Fow R,
B M, 1+ C4 +C’ Cy
Kpa  Bpa Kpg (64)

Inserting Egs. (63)—(64) in Eq. (20) then results in Eq. (21).

Appendix 4: Loewe CET

Derivation

Rearranging Eq. (27) with respect to DCy gives
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E e
PC=FCu (55) ™ o)

Substituting Eqg. (65) in Eq. (26) gives Eq. (28). Equation (28) can be written with y4= ¥5
= yas

1 1/ C, C,
E 4(Emax E) <ECSOA +E05013 )

resulting in

_ _ Ca Cp )”
E*(Emaz E)<EC5OA+EC . (66)

50B

Rearranging of Eq. (66) gives the Loewe CET Eq. (29).

Appendix 5: Bliss CET

Diagonality
We have
C C C C
EBliSS ( QQA QQQ): Emaa; ZEC;‘OA +E’IT’I,H,.’I} QEC?OA +Enz,r),'t 450‘:014 EC?OA
’ c c e}
1+ ZECgoA + 2EC‘20A + 2EC§
o4 L
1+ Eg,/:m +F;Ar ECsa " 4ECS,, )
! 50A
1
Hence, the diagonality condition is satisfied with o= T
Appendix 6: Greco and Summation CET
Diagonality of the Greco CET
For ¥4 = yg= 1 we obtain with Eq. (37)
CA CA (‘A C A
[ Grreco Ch Cu) Eimaz <23050A 138G, T¥ 160y, Flg0a )
20 2 - c c2

c
A A A
I+ 2EC50 4 + 2EC50 4 teipe2

2 50A
=€ —CA +a ‘L}
ECy,, ' VIECZ |
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and the diagonality condition is fulfilled with 0:%

Diagonality of the summation CET
For equal drugs we can compute

c

c. C B, cn 3EC C
ESum (7/\7 7A) :2#:26 <7A) >6<CA>
1+2EC50A

Thus, 5 9 )cannot be written in the form assumed in the diagonality condition.

To see the last inequality please note that with

fi(@)=2e(z), fa(x)=e(22)

we have

/ Jfl(o):.fg(())a ,
fi(x)=2¢ (z), fo(z)=2¢ (21).

C
Since €' (X)> 0 and ¢ monotone decreasing, £ (x)> A(x), x> 0 follows and with :UZTA the
inequality.

Appendix 7: IDR CETs

Equivalent formulation for the inhibitory CET

To demonstrate the equivalence of Eq. (40) with Egs. (41)-(42), we have to show

i(CA)—’—i(CB) - Z‘(CYA )i(CB):IIDR (CA? CB )

The denominator from Eq. (42) can be written as

_ ICIATCTE +CNATO)E, +CoP ICIA +ClACT?

De ¥ 0]
IC41C%

and the numerator reads

I COAICIE +1

vazA LazA
Noy= —maz mat.

CPPICIA+(I,  +1

mazA mazB mazA " maxB )

Ta M'B
Cy"Cy
Ya B :
I1C4 ICsg%;

Hence, we obtain
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N Liaga O (1058 +C 0 )+ (10584 +C3 ) =W paes L) O C°
De N (fc;;*A ;c“ ) (IC;;BB +c”’j ) .
I S Cyu + L gz C _ L rga C L rawn Cp
(1048, +C”A ) (e, +C”B ) (1o +C“ ) (1055 +C P )

Diagonality of the stimulation CET
If drug A equals drug B, we have

Ca C C C
A _FE A J ___A A
EStim CA CA _ EmaJ:A 2EC'(JA +Ema1:A 2EC - 504 +(2EmazA +EmnTA)4EC50 EC.
20 2 c A

+
2BC50, ' 4ECZ ) |

50A

1+ +

2EC 50A
c2

1 2 A
CA 02 4 (Enmw/i +Emaa:A) ECiUA

=e\mo T e )+ <, c o
so4 1+ 5568

+ogi—+
504 2ECs504 4ECfUA

Eq. (46). In the case of Ea0a = Emaxs = Emaxand ¥4 = yg= 1 we obtain Eq. (47) with
evaluation of Eq. (67) at n € (0,1), n=1in Eq. (68).

C

; C
St e . .
Hence, 27" < 2A ) 2A > cannot be written in form of a single drug effect term. With similar

calculations we obtain the same conclusion for /PR

Appendix 8: Relationships

To simplify the notation we set

) ()
= and y= = .
<EC EC,,,

50A

For Epaxa Emaxs, va 5> 0, Eq. (45) follows from

E y E x y FE T
mazA L 7YI(J’I'B mazA m arB mazA
1+z+y + 1+z+y < 1+x + 1+y < 1+z
+Emasz+Emu'rAZ EmmBy
1+y 1+x 1+y

In the case of Eaxa = Emaxe = Emax> 0 and y4, 5> 0 we have

T4y r+y+nxy
—< maxr 3, .
1+z+y I+a+y+nzy  (67)

Emax

z+y+2nzy

<BEpagg——————
max Ttz tytnry (68)
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where 7> 0 indicates existence of the multiplicative term xy. In Egs. (46)—(47) the last
inequality is obvious. Evaluation of Eq. (67) at =1 and Eq. (68) at =1 yields

Appendix 9: Optimal concentration pair for half-maximal combination effect

In the following calculation we assume y4 = ¥5= ¥ =1 and set

c

r=—= Y= ¢
ECy," 7 ECy,; (69)

B

Competitive CET

We assume Epaxg = Emaxa = Emax> 0. Using Eq. (18) by definition of the half maximal
effect curve we have to solve

Bzt +Emay _ E,,,,QJ;AB _ Eras
14+z+y 2 2

ECom(CA’ CB):

which is equivalent to

2z4+2y=14+2+y.

This leads to

y=1—=x

and the CET specific function for the half-maximal effect curve reads

Peom (@)=L = 2. (70)

The next step is to investigate the C/values on the half-maximal effect curve which is due to

Loewe Additivity Eq. (49) given by the objective function

h(z)=z+y=z+¢(z) (71)

with its specific ¢ under the constraints x20; ¢(x) =0. In case of the competitive CET we
obtain

P (@)=24+(1 = 2)=1  (72)

which gives the solution C/-%€%¢ = 1 and optimal concentration pairs are given by
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EC,,, EC,

50B

(T,y)= ( s s > =(eg,1—¢), 0<e <1 arbitrary.

Greco CET

Emax
With Eq. (69) we obtain from Eq. (37) with E:T

l=z+y+azy=z+(14+azx)y

resulting in

_1—3:
Cl4ax’

(meco(x) _1 S (6% S 1

With Eq. (71) the objective function reads

hGTeco (.’L’) :"L._’_QD Greco (ZL')

and we calculate

, o —(tax) - (1 -2)a  —(14a)
Ao (@) =1H (1+a:1:)2 =it (1+am)2_

if and only if
(1+az)2:1+0¢.
This leads to
C 1 —1
Fma VAT e <1,
ECSOA «@
Using
Vita—1\ Ita-1 O,
Greco « - o 7ECSOB
we obtain
) 2
Criewe=oz== (V/1+a - 1) , 0<fal < 1.
«

J Pharmacokinet Pharmacodyn. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Koch et al.
For a = 0 we have Agreco(X) = X+ pGreco{X)=1 Which leads to C/-oewe =1,
Bliss CET
Using Eqg. (33) we obtain
T+y+xy _1
I+aty+ay 2
which is equivalent to

r+yt+ry=1. (73)

This leads to

1—2
14z

% Buiss (z)=

According to Eq. (50) and Eq. (73) the objective function reads

P piiss (z)=2+y+ay=1.

We obtain the solution
(f’ ﬂ):(E, P Biiss (5»7 0<e<l
with C/Blss = 1.

Summation CET
With Eq. (69) and Ejax4 = Emaxe = Emax We obtain from Eq. (38)

x Y E s
E — mMac. :E .

Rearranging with respect to y

r4y+2ry=1+x+y+zy

results in

1
Y= =Psun (2)-
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We set with Eq. (50)

by, (¥)=2+y+oy=r+0,, (T)+ap,, (2)

=z+1+1

Sum.

and obtain

/

1
hSum (I):l B F:()

and therefore

=1
Hence, we obtain
P Sum (1)=1
and the optimal pair is
(,7)=(1,1)

with C/B/5s = x+y+1=3. Please note that a classification of the area of antagonistic, additive,
or synergistic does not hold since the objective functions Egs. (49), (50) defining the
classifications have to be scaled appropriately, if £;20a5 > MaxX{Emnaxa Emaxa}-
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Fig. 1.
A schematic of a typical semi-mechanistic PKPD model with possible delayed drug effects

and apoptotic cell population. The interaction of the two drugs is indicated by E denoting an
appropriate combination effect term
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Fig. 3.
Comparison of presented CETs with respect to the maximal effect and the number of targets
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(a) (b)

Competitive CET Summation CET
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Fig. 4.

Page 37

()

Stimulation CET
20 .
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Heat maps visualizing the effect of the competitive (E2x48 = 2) EQ. (18), summation
(Emaxas = 3) Eq. (39), and stimulation (Eaxas = 5) Eq. (43) CET are shown. Brighter
color denotes a higher combination effect. The single maximal effects were set to £;5x4 = 2

and £,2x5=1 (Color figure online)
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Fig. 5.

Fogr the competitive (a) Eg. (18), Greco (b) Eg. (37) and Bliss Eq. (33) (c) CET optimal
concentration pairs from Loewe Additivity (a, b) and Bliss Independence (c) are indicated
(solid black line and yellow area). Green surface denotes area of synergism and red surface
is area of antagonism. Additionally, for the Greco CET (b) half-maximal effect curves for a
= 0.75 (aashed dotted line) and a = —0.75 (dashed line) are shown, and the corresponding
unique optimal concentration pair is indicated (circles) (Color figure online)
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