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Introduction
Drug-drug Interaction

I Drug-Drug Interactions (DDIs) fall into two major classes:
PK and PD interactions.

I This work is related to PK DDI (changes in the adsorption,
distribution, metabolism and elimination of the drug).

I PK DDIs can be largely attributed to the induction
(stimulation) or inhibition (suppression) of the cytochrome
P450 enzymes (CYPs).

I Most enzymes are located in the liver, which is regarded as
the primary site of drug metabolism.

I The first step of an enzyme kinetic study involves
characterizing the metabolism reaction in human liver
microsomes (Michaelis-Menten Model). These are in vitro
studies.



Standard Model, Design and Data
Enzyme Kinetics Model

In a typical enzyme kinetics reaction enzymes bind substrates
and turn them into products. The binding step is reversible
while the catalytic step irreversible:

S + E ←→ ES→ E + P,

S, E and P denote substrate, enzyme and product, respectively.



Standard Model, Design and Data
Enzyme Kinetics Model

The reaction rate is represented by the Michaelis-Menten
model

v =
Vmax[S]

Km + [S]
,

where [S] is the concentration of the substrate and Vmax and Km

are the model parameters:
I Vmax denotes the maximum velocity of the enzyme and
I Km is Michaelis-Menten constant, it is the value of [S] at

which half of the maximum velocity Vmax is reached.



Standard Model, Design and Data
Enzyme Kinetics Model

η([S],V max,Km)

[S]

Vmax

Vmax/2

Km

Michaelis-Menten Model. The response function:
η
(
[S]; Vmax,Km

)
for the point priors V0

max = 1,K0
m = 1.



Standard Model, Design and Data
Design

I Human liver microsomal preparations are ’subjects’.
I Concentration levels of a probe substrate are design

points.
I A typical design consists of several concentration levels,

same for all subjects.
I We have data from an experiment on 47 liver preparations

and 9 substrate concentration levels, two observations per
each combination (= 423× 2).

I The concentration levels were

{0.3, 0.6, 1.2, 2.5, 5.0, 10.0, 20.0, 40.0, 50.0}.



Standard Model, Design and Data
Data

Plot of raw data

Concentration

R
at

e

0.00
0.05
0.10
0.15

0 10 30 50

●
●

●
●

●

●
●●

●●
●●

●●
●●●●

1

●●
●
●

●●●●●●●●●●●●

2

0 10 30 50

●

●●
●●●

●●

●●
●●

●●
●●

8

●
●

●●

●●
●●●●

●●●●●●

11

0 10 30 50

●
●●●

●●

●●
●
●

●●
●●

●●●●

25

●●●●●●●●●●●●●●●●●●

35

0 10 30 50

●
●

●
●●●●●●●

●●
●●●●●●

38

●
●●

●

●●
●●

●
●

●●
●●

●●
●●

41

●
●●

●

●
●

●

●

●
●

●
●

●●
●●

48

●●●●●●●●●●●●●●●●●●

71

●●●
●●●

●●
●●

●●●●●●●●

72

●●
●●●●

●
●

●●
●●●●●●●●

73
●

●●

●
●

●
●●

●

●
●
●

●
●
●●

75

0.00
0.05
0.10
0.15

●●●●
●●

●●●●●●●●●●

76
0.00
0.05
0.10
0.15

●
●●●

●●
●●

●●●●●●●●●●

77

●
●

●●

●●
●●

●●
●●●●●●

78

●●●●●●●●●●●●●●●●●●

79
●●

●

●

●●

●

●

●
●

●●

●

●
●●

●●

80

●

●●
●

●●

●●

●
●

●●
●●
●●

81

●●●●●●●●●●
●●●●●●●●

82

●
●

●
●●

●

●

●
●

●●●
●●
●●

84
●●●●●●●●●●●●●●●●●●

85

●

●●●
●
●

●
●

●

●

●●

●●●
●●●

86

●●●●●●●●●●●●●●●●●●

87

●●

●
●

●
●

●
●

●●
●●●●●●

88

●●●●●●●●●●●●●●●●●●

89

●●

●
●

●●

●●

●●

●●

●●●
●●●

90

0.00
0.05
0.10
0.15

●●
●
●

●●

●●
●●

●●●●●●

91
0.00
0.05
0.10
0.15

●●
●
●●●

●●
●●

●●
●●●●●●

92

●
●●

●

●
●

●
●●●

●●

●●
●●
●●

93

●●
●●

●●●●

●●

●●●●●
●●●

95

●
●

●●

●●

●●
●●

●●
●●●●

96

●
●

●

●●

●●●
●

●

●
●

●
●●

●
●●

97

●
●

●●
●
●●

●
●
●

●●
●●
●●

98

●

●●

●
●●

●●

●
●

●
●

●●
●●
●●

99
●●●●●●●●●●●●●●●●●

100

●●●
●

●
●

●
●

●●
●●●●●●●●

101

●

●

●

●

●●

●●

●●

●
●

●●
●●
●●

103

●●

●●

●●

●●

●●●●
●●●●

106

●●●
●●●

●●

●●

●●●●
●●●●

107

●●●●●●●●
●●

●●●●
●●●●

108

0.00
0.05
0.10
0.15

●
●●

●●●
●
●●●

●●
●●●●●●

110
0.00
0.05
0.10
0.15

●
●

●
●●●

●
●

●●
●●

●●●●

111

0 10 30 50

●
●

●
●

●
●

●●
●●●●

●●
●●

112

●
●

●
●

●●

●●

●
●

●
●

●●●●●●

114

0 10 30 50

●●●●

●
●

●●

●●

●
●

●●
●●
●●

115

●
●

●

●

●
●●

●

●●

●●●●
●●
●●

118

0 10 30 50

●●●●●●●●
●●

●●●●●●●●

119



Standard Model, Design and Data
Correlation with Enzyme Activity

log activity values
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Standard Model, Design and Data
Correlation with Enzyme Activity

log activity values
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Population Approach - Modelling
Inter-Subject Variability

I The inter-subject variability may be related to the enzyme
activity.



Population Approach - Modelling
Inter-Subject Variability

We express the inter-subject variability by the following relation
between the parameter Vmax and the enzyme activity:

log Vmax = β0 + β1z + b,

where z denotes the log-activity value and b is a random
variable expressing uncontrolled sources of the variability.

We assume that b ∼ N (0, σ2
V).

Similar approach to modelling is shown in
Belle et al (2000). A population approach to enzyme characterization
and Identification: Application to Phenacetin O-Deethylation.
Pharmaceutical Research, vol. 17, No 12, 1531–1536.



Population Approach - Modelling
Model

yij =
Vmaxxi

K + xi
+ εij =

eβ0+β1zj+bjxi

eβ2 + xi
+ εij,

where i is the index of concentration level, j index of the
enzyme activity,

θ = (β0, β1, β2, σ
2
V)T

xi ∈ (0, xmax]

zj ∈ (0, zmax]

bj ∼ N (0, σ2
V), εij ∼ N (0, σ2)



Population Approach - Modelling
Transformation

Box-Cox transformation

h(y, λ) =

{
yλ−1
λ , when λ 6= 0;

log y, when λ = 0.

applied to both sides gives

h(yij, λ) = h
(

eβ0+β1zj+bjxi

eβ2 + xi
, λ

)
+ εij



Population Approach - Modelling
Transformation

To find an estimate of the transformation parameter we apply
the ANOVA method
Latif, M. and Gilmour, S.G. (2011). Transform-both-sides nonlinear
models for randomized experiments. Submitted.

h(yijk, λ) = τij + eijk,

where τij is the mean response corresponding to ’treatment’ ij,
eijk ∼ N (0, σ2

e ).

MLE(λ) = λ̂ is then used to transform the model.



Population Approach - Designing
Definition and Design Region

Here we have two design variables:
I x - concentration of the substrate
I z - enzyme activity (covariate)

ξ =


(

xi

zj

)
wij


i,j

Design Region is D = (0, xmax]× (0, zmax].



Population Approach - Designing
Optimality Criterion

I We are interested in precise estimation of the
transformation parameter and of the Michaelis-Menten
parameters.

I We combined the information coming from the data
through two models:

I the ANOVA model

h(yijk, λ) = τij + eijk

I the transformed MM model

h(yijk, λ̂) = h
(

eβ0+β1zj+bj xi

eβ2 + xi
, λ̂

)
+ εijk



Population Approach - Designing
Optimality Criterion

The combined criterion is

Ψ(x, z; θ, λ) = Ψ1(x, z; θ, λ) + Ψ2(x, z; θ, λ̂),

where
Ψ1(x, z; θ, λ) = − log cTM−1

λ c

Ψ2(x, z; θ, λ) = log det Mθ



Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Optimum Designs
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Population Approach - Designing
Values of the Optimality Criterion for Various Design Replications
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Some Simulations
Parameter Estimates
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Conclusions

I Including enzyme activity into the model helps to get good
designs for precise estimation of the population enzyme
kinetic parameters as well as for assessing the correlation
with the enzyme activity.

I The experiments are substantially smaller than in the
traditional approach.
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