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Aims 

 

To study the relationship between the pharmacokinetics (PK) of gliclazide and
its long-term pharmacodynamic (PD) effect in a large population of Type 2 diabetic
patients and to identify factors predicting intersubject variability.

 

Methods 

 

A PKPD database of 634 Type 2 diabetic patients with a total of 5258
fasting plasma glucose (FPG) samples was built up from the data collected during
the clinical development of a modified release formulation of gliclazide (gliclazide
MR). The PKPD analysis used a nonlinear mixed effect modelling approach. A
mixture model was used to identify patients with a FPG response to treatment. In
patients identified as responders, the decrease in FPG was related to gliclazide
exposure (AUC) by an E

 

max

 

 relationship. An effect compartment was used to describe
the link between PK and PD. A linear disease-progression model was used to assess
the glycaemic deterioration observable over several months of treatment. Simulations
were performed to evaluate the predictive performance of the PKPD model and to
illustrate the time course of the antidiabetic effect of gliclazide MR.

 

Results 

 

Disease state was found to be the main explanatory factor for intersubject
variability in response to gliclazide. The percentage of responders to gliclazide, used
as monotherapy, increased inversely to the number of classes of antidiabetic agents
received prior to entry in the studies. In responders, the initial dose (30 mg) of the
gliclazide MR dosing regimen induced half of the maximum hypoglycaemic effect.
The equilibration half-life between the PK and PD steady states was 3 weeks
(intersubject variability of 84%). The rate of disease progression was 0.84 mmol l

 

-

 

1

 

 year

 

-

 

1

 

 (intersubject variability 143%). The PKPD model adequately predicted the
FPG profiles of 234 patients who received the current formulation of gliclazide.
Simulation of a 1-year parallel dose ranging clinical trial illustrated the influence of
dose, time and type of previous antidiabetic treatment on the percentage of patients
with clinically significant improvement of blood glucose control.

 

Conclusions 

 

This population PKPD analysis has characterized the relationship
between the exposure to gliclazide and its long-term hypoglycaemic effect, and has
established that the intersubject variability in response is mostly related to disease
state. These results underline the clinical interest of quickly increasing the dose of
gliclazide MR according to the response to treatment in order to achieve effective
blood glucose control.
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Introduction

 

Gliclazide is a second-generation sulphonylurea that is
used in the treatment of Type 2 diabetes. Its effectiveness
and safety are well known [1, 2]. Gliclazide improves
defective insulin secretion by interacting with specific
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receptors on pancreatic 

 

b

 

-cells. This stimulation of insulin
secretion leads to a gradual improvement of glycaemic
control [3].

The clinical development of a modified release for-
mulation of gliclazide (gliclazide MR) provided the
opportunity to study the relationship between the phar-
macokinetics (PK) of gliclazide and its long-term
pharmacodynamic (PD) effect. This formulation has
modified release characteristics in order to allow a once-
daily dosing and to better match release of active prin-
ciple to the known circadian variations in glycaemia
seen in Type 2 diabetes. The clinical development pro-
gramme included a phase II parallel dose ranging study,
a phase II dose-escalation study and two phase III con-
firmatory therapeutic equivalence studies. PK and PD
data were collected during these phase II/III trials and a
population PKPD analysis was performed. The results of
the population PK analysis will be fully published else-
where [4].

 

Methods

 

Clinical studies

 

Two phase II clinical studies were performed to select
the best dose-range regimen of gliclazide MR: a parallel
dose-ranging study and a dose-escalation study. The
effectiveness of the selected dose range was then com-
pared in two phase III trials with the currently marketed
formulation of gliclazide in 19 countries [5]. Only
patients who had Type 2 diabetes defined by WHO
criteria [6] were included in these studies. The study
protocols were approved by the ethics committees of the
centres in which the studies were carried out and written
informed consent to participate was obtained from each
patient prior to enrolment.

 

Study designs

Phase II studies

 

The two phase II studies were 10-week clinical trials
composed of a 2-week washout period and a 8-week
double-blind treatment period. In the parallel dose rang-
ing study, 224 patients were randomly divided into six
parallel groups. Each group received placebo or one of
the following doses of gliclazide MR: 15, 30, 60, 90 and
135 mg once daily. In the dose-escalation study, the
washout period was followed by two successive treatment
periods of 4 weeks. Fifty patients were randomly divided
into three parallel groups and each group initially
received placebo or gliclazide MR (15 or 30 mg) once
daily. At the end of the first treatment period, if fasting
plasma glucose (FPG) level was 

 

<

 

7.8 mmol l

 

-

 

1

 

, the
patients continued on the same dose for the last 4 weeks.

If the mean of the two FPG levels was 

 

≥

 

7.8 mmol l

 

-

 

1

 

,
the dose was doubled for the last 4 weeks. The patients
of the placebo group continued to receive placebo.

 

Phase III studies

 

The two phase III studies (study A and study B) were
comparative trials of gliclazide MR with the currently
marketed formulation of gliclazide in different countries.
At the end of a washout period of 2 weeks, 1464 patients
(800 in study A and 664 in study B) were randomly
assigned to receive gliclazide MR or the current formu-
lation. Both groups were treated for 1 year, including
three periods: a titration period of 4 months, a mainte-
nance period of 6 months and a follow-up period of
2 months. At the beginning of the titration period, the
patients started with one tablet of 80 mg of the current
formulation or one tablet of 30 mg of gliclazide MR.
The dosage was then increased every 4 weeks by steps of
one tablet until the patients were well controlled (i.e.
FPG between 4.4 mmol l

 

-

 

1

 

 and 6.6 mmol l

 

-

 

1

 

 for patients
less than 65 years old or between 5.5 mmol l

 

-

 

1

 

 and
7.7 mmol l

 

-

 

1

 

 for patients 65 years or older) or had
reached the maximum currently prescribed dose (320 mg
for the current formulation or 120 mg for gliclazide
MR). Doses of gliclazide MR were administered once
daily and doses of the current formulation 

 

>

 

80 mg were
administered twice a day. At the end of the titration
period, the patients entered the maintenance period for
6 months with the lowest dose having led to the best
glycaemic control. Finally, all patients entered into a
single-blind follow-up period and received gliclazide
MR for 2 months. The patients who received 80,
160, 240 or 320 mg of the current formulation were
switched to 30, 60, 90 or 120 mg of gliclazide MR,
respectively (the difference in dose between the current
and the new formulations are mainly due to a difference
in bioavailability).

 

Pharmacokinetic assessment

 

A sparse sampling design was applied on the last day of
treatment in the phase II parallel dose ranging and in the
phase III studies. Three blood samples were drawn per
patient: just before the last dose (C

 

min

 

), 2 h after dosing,
and at any convenient time between 4 h and 12 h after
dosing. In order to provide enough information for
discriminating among pharmacokinetic models, a full
PK sampling design was applied in the phase II dose-
escalation study. Five blood samples were drawn per
patient on three occasions: on the first day, at the end of
the first 4-week period, and at the end of the study.
Gliclazide plasma concentrations were measured using
high-performance liquid chromatography with ultraviolet
detection. The lowest concentration giving accuracy and
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precision within a limit of 20% was 50 ng ml

 

-

 

1

 

. This
value was taken as the limit of quantification.

 

Pharmacodynamic assessment

 

The primary efficacy endpoints in the phase II/III studies
were glycohaemoglobin (HbA

 

1c

 

) and FPG values at the
end of the study. Although HbA

 

1c

 

 is the most widely
accepted measure of overall long-term blood glucose
control, FPG was selected to reflect the antidiabetic
effectiveness in this PKPD analysis because, unlike
HbA

 

1c

 

, FPG changes occur over short periods of time.
In the phase II parallel dose-ranging study, FPG was
measured before the inclusion visit, and after 1, 4 and
8 weeks of treatment. In the phase II dose-escalation
study, FPG was measured before the inclusion visit and
every week until the end of the 8-week treatment
period. In phase III, FPG was measured before the inclu-
sion visit, every month during the 4-month titration
period, every 2 months during the 6-month maintenance
period, and every month during the 2-month follow-
up period. Plasma glucose measurements were centrally
analysed using a glucose oxidase method (Kodak
Zektachem Clinical Chemistry Slide). The intra-assay
coefficient of variation varied between 1.4% and
1.8%.

 

Patients

 

A total of 1007 patients were included in the gliclazide
MR PK database. In this database, 373 patients received
gliclazide MR only during the last 2 months of the phase
III studies (follow-up period). These patients were not
kept for the PKPD analysis and then a total of 634
patients were included in the gliclazide MR PKPD data-
base. At the end of the phase III studies, the patient
distribution per group of dose of gliclazide MR was well
balanced. The main demographic and biochemical char-
acteristics of the PKPD database are given in Table 1.

 

Population analyses

 

The population PK and PKPD analyses were performed
using NONMEM [7]. Model selection between hierar-
chical models is performed by the likelihood ratio test.
A significance level of 0.05 was used to distinguish
between models. Individual PK and PKPD parameters
were obtained from the population parameters with the
Bayesian 

 

post hoc

 

 option. The procedure used to identify
explanatory factors (covariates) for intersubject variability
in the parameters was conducted as follows [8]. In a first
step, the basic population model, composed of the struc-
tural model and the random effects models without any

 

Table 1

 

Demographics and biochemical characteristics of patients of the PKPD database and the simulation database.

 

PKPD database

Total
on PKPD
database

Simulation database
Phase III studies

Glicazide MR vs. glicazidePhase II studies
Phase III studies

Glicazide MR vs. glicazide
Dose

 

 

 

ranging Dose

 

 

 

increase Study A Study B Study A

 

Number of patients 176 50 242 166 634 232
Age (years) 61 

 

± 

 

10 60 

 

± 

 

8 61 

 

± 

 

10 61 

 

± 

 

10 61 

 

± 

 

10 62 

 

± 

 

10
Weight (kg) 77 

 

± 

 

11 85 

 

± 

 

9 79 

 

± 

 

12 81 

 

± 

 

14 80 

 

± 

 

12 79 

 

± 

 

12
BMI (kg/m

 

2

 

) 28 

 

± 

 

3 28 

 

± 

 

2 28 

 

± 

 

4 28 

 

± 

 

4 28 

 

± 

 

3 29 

 

± 

 

3
Creatinine clearance

(ml min

 

-

 

1

 

)
92 

 

± 

 

25 122 

 

± 

 

27 102 

 

± 

 

28 103 

 

± 

 

33 102 

 

± 

 

30 101 

 

± 

 

29

 

Gender

 

Male 94 35 134 102 365 132
Female 82 15 108 64 269 100

 

Race

 

Caucasian 176 473 240 147 610 230
Others 0 3 3 19 24 2

HbA

 

1c

 

 (%) 8.1 

 

± 

 

1.8 7.6 

 

± 

 

1.0 8.1 

 

± 

 

1.0 8.2 

 

± 

 

1.0 8.1 

 

± 

 

1.3 8.3 

 

± 

 

1.0
FPG (mmol l

 

-

 

1

 

) 11.4 

 

± 

 

2.5 11.8 

 

± 

 

2.4 10.6 

 

± 

 

2.1 10.8 

 

± 

 

2.1 11.0 

 

± 

 

2.3 10.8 

 

± 

 

2.0
Diabetes duration (years) 6.9 

 

± 

 

6.6 8.6 

 

± 

 

9.0 6.3 

 

± 

 

5.6 5.2 

 

± 

 

5.0 6.3 

 

± 

 

6.2 6.8 

 

± 

 

5.9

 

Previous treatment

 

Diet alone 30 1 56 38 125 51
1 OHA class 122 38 152 108 420 158
2 OHA classes 24 11 34 20 89 23

OHA, oral hypoglycaemic agent; BMI, body mass index; FPG, fasting plasma glucose.
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covariates, was built. In a second step, the empirical
Bayes’ estimates of individual parameters were regressed
on the potential covariates using a generalized additive
model (GAM). In a third step the relationships found in
the GAM were tested in NONMEM and were finally
added to the model if they improved the fit as judged
by the likelihood ratio criterion. The tested covariates
were age, sex, weight, body mass index (BMI), creatinine
clearance, type of previous antidiabetic treatment, known
diabetes duration, diabetes history and diabetes compli-
cations. Weight, BMI and creatinine clearance for a given
patient were the mean of his/her covariates collected
during the course of the study.

 

PK modelling

 

Compartment models were fitted to the gliclazide con-
centration time data. The parameters of distribution and
elimination processes were measured in terms of clear-
ances and volumes of distribution. The parameters for the
absorption process were measured in terms of lag-time
and rate constant of absorption. Details of this PK anal-
ysis will be published elsewhere.

 

PKPD modelling

 

A population PKPD model was used to quantify the time
course of effect of gliclazide based on repeated FPG
determinations. To investigate the PKPD relationship
with an effect measured only once a day, it is common
to use a secondary pharmacokinetic parameter such as
area under the concentration–time curve (AUC) or aver-
age concentration [9, 10]. In this analysis, AUC was
chosen and individual AUCs were calculated by dividing
the daily dose by the total apparent clearances estimated
in the PK analysis.

 

Drug effect model

 

The relationship between AUC and FPG decrease was
assessed using an E

 

max

 

 PKPD model coupled with an
effect compartment model according to the following
equation:

where Et is the predicted treatment effect at time t, Emax

is the maximum effect, AUC is the area under the con-
centration–time curve, AUC50 is the AUC which induces
50% of maximal effect and Keq is the rate constant of
equilibration.

The effect compartment was used to describe the
dissociation between the PK steady state of gliclazide,
which is reached in approximately 3 days, and the FPG

E t
E AUC k t

AUC k t AUC
eq

eq

( ) =
¥ ¥ - - ¥( )( )
¥ - - ¥( )( ) +

max exp

exp

1

1 50

steady state, which is reached after 1 month. The delay
in response was estimated by an equilibration half-life
equal to ln(2)/Keq.

Disease-progression model

Type 2 diabetes mellitus is a progressive disease [11]. This
feature can be observed over long-term therapy by a
continuous glycaemic deterioration, especially if there is
no dose adjustment during maintenance therapy [12],
which was the case in the two phase III trials. Therefore,
in addition to the modelling of the magnitude of the
drug effect, it was possible to model disease progression.
As there was no placebo group in the phase III trials, a
simple disease-progression model with a constant rate of
change was used [13] according to the following equa-
tion: St =a ¥ t, where St is the predicted disease progres-
sion at time t and a is the slope of the disease progression.

This hypothesis of linearity was reinforced by the UK
Prospective Diabetes Study (UKPDS), which has shown
linear glycaemic deterioration over 6 years of therapy in
Type 2 diabetes. It was assumed that this process was
unchanging over the 1-year therapy.

Mixture model

Type 2 diabetes mellitus is a heterogeneous disease [14].
Some patients can be less susceptible to a given treatment
than others and some patients may not even be affected
by the treatment. This is illustrated in clinical practice by
the use of a titration period in order to adjust the dosage
for each patient according to their response. If such
variability is not handled in a PKPD analysis this can lead
to inaccurate estimates of PKPD parameters or incorrect
estimates of the effect size [15]. A mixture model was
used to deal with this variability in response. Such a
model can test the hypothesis of no treatment effect
against the alternative that a subset of the treated patients
shows an improvement [16]. The treated population was
hypothesized to be composed of two types of individuals,
those who are affected by the treatment (i.e. responders)
and those who are not (i.e. nonresponders). The proba-
bility (P) for a given patient to belong to one of the two
subpopulations was estimated along with the parameters
of the model. This probability can be interpreted as the
proportion (P) of patients in one type of the population.
In case of no treatment effect the time-course of FPG
was described by the disease-progression model alone,
otherwise the time-course of FPG was described by the
combination of the PKPD model and the disease-
progression model according to the following equations:

No treatment effect: FPGt = Base + St

Treatment effect: FPGt = Base + St - Et
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where FPGt is the predicted fasting plasma glucose at
time t, Base is the predicted baseline fasting plasma glu-
cose, St the predicted disease progression at time t and
Et the predicted treatment effect at time t.

Random effects models

Models for intersubject variability
The differences between individuals in each PKPD
parameter were regarded as random quantities and were
assumed to have a mean equal to zero and variance
estimated using a proportional error model. The magni-
tude of each intersubject variability is expressed as a
coefficient of variation of the population PKPD
parameter.

Models for residual variability
The differences between the observed FPG and the pre-
dicted FPG were regarded as random quantities and were
assumed to have a mean equal to zero and a variance
estimated by an additive error model. The residual vari-
ability is expressed in mmol l-1. This value represents FPG
measurement error, mis-specification of the model and
background noise of the data.

Simulations

Predictive performance of the PKPD model
Simulations of existing FPG data were performed in
order to evaluate the predictive performance of the
PKPD model [17]. The PKPD model was developed on
the FPG profiles of patients treated with gliclazide MR
only. The predictability of this model was then evaluated
by predicting the FPG profiles of patients who received
the current formulation during the 10-month phase III
studies. This evaluation was performed on the PKPD data
collected in the largest phase III study: study A.

To simulate the FPG profiles of study A patients, the
overall design properties of this phase III study including
dose adaptation rules were used. The patients were char-
acterized by their baseline FPG, their apparent gliclazide
clearance and their previous antidiabetic treatment. The
individual PKPD parameters were independently gener-
ated according to the population distributions (mean and
variance) and were randomly attributed to the patients.
Attempts to estimate the covariance between the param-
eters did not improve the fit significantly, so simulation
was performed without covariance. The residual variabil-
ity was used to simulate the individual FPG values. The
standard error on the PKPD parameters was not taken
into account. The simulation was replicated 100 times in
order to provide a distribution of the predicted FPG
profiles. Simulations were performed using Pharsight
Trial Simulator version 2.0.

The predictability of the population PKPD model was
assessed using graphical display. In order to evaluate the
ability of this model to predict the mean response, the
minimum and maximum mean predicted FPG time
courses of the 100 simulations were compared with the
mean observed FPG time course. In order also to eval-
uate the ability of this model to predict the intersubject
variability in response, the minimum and maximum 5th
and 95th predicted percentile lines of the 100 simulations
were compared with the 5th and 95th observed percen-
tile lines.

Illustration of the time course effect of gliclazide MR
In order to illustrate the drug effect of gliclazide MR
and the repercussion of the disease progression on this
effect, a 1-year clinical trial without dose adaptation was
simulated. This study was designed as a parallel dose
ranging study with administration of the five doses of
gliclazide MR: 15, 30, 60, 90 and 120 mg once daily.
The 634 patients included in the PKPD database were
used to perform the simulation. They were characterized
by their baseline FPG, their apparent gliclazide clearance,
their PKPD parameters and their previous antidiabetic
treatment. In order to have patients with the same char-
acteristics, the simulation was performed in 634 patients
for each dose group. FPG values were simulated each
month and the percentage of patients with clinically
significant improvement of blood glucose control was
calculated. Clinically significant improvement of blood
glucose control was defined as a reduction in FPG >10%
from baseline. This criterion of effectiveness corresponds
to the mean intrasubject variability of a FPG measure-
ment at 24-h intervals. This simulation allowed what
proportion of patients who may expect an improvement
in blood glucose control as a function of dose and as a
function of time to be estimated.

Programs

All PKPD evaluations were performed on an AlphaServer
2100 4/200 (Digital) with NONMEM version 5.1 soft-
ware using the first order estimation method and a con-
vergence criterion of four significant digits. The Fortran
compiler was Digital Fortran for Open VMS, version 7.0.
The GAM was implemented into the program Xpose
[18], version 2.0, using S-PLUS 2000 software (Statistical
Sciences, Seattle, WA, USA: StatSci, a division of
MathSoft, Inc., 1995). Graphics and splines were per-
formed using SAS (version 6.12 software; 1990 SAS
Institute Inc., Cary, NC, USA) and Excel 97 software.
PKPD simulations were performed with Pharsight Trial
Simulator version 2.0 and SAS version 6.12 software
(SAS Institute Inc., 1990).
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Results

Pharmacokinetic results

A one-compartment open model with first-order absorp-
tion and elimination was found to describe adequately
the pharmacokinetic profile of gliclazide MR. The phar-
macokinetics are characterized, for a patient of 80 kg by
an apparent clearance of 15 ml min-1 (0.90 l h-1) and an
apparent volume of distribution of 19 l. The absorption
phase gives a peak between 6 h and 9 h after drug
administration. The decline in the plasma concentration
is described by a single exponential term with an elim-
ination half-life of about 16 h. The pharmacokinetics of
gliclazide is linear after single and repeated administration
in the range of doses 15–120 mg. The gliclazide MR
apparent clearance was characterized by a moderate inter-
subject variability of 41% and a low intrasubject variabil-
ity (i.e. interoccasion variability) of 16%.

Pharmacokinetic/pharmacodynamic results

The PKPD database was composed of 634 Type 2 dia-
betic patients and included a total of 5258 fasting plasma
glucose samples. The time course of FPG was fitted using
a combination of a drug-effect model, a disease-
progression model and a mixture-effect model (Figure 1).
The final population PKPD parameters from the NON-
MEM model and their precision estimates are given in
Table 2.

Drug effect model

The baseline FPG was found to be related to the type
of previous antidiabetic treatment (Figure 2): the baseline
value was 9.6 mmol l-1 in patients previously treated with

diet alone, 10.9 mmol l-1 in patients previously treated by
a single class of oral hypoglycaemic agent (OHA), and
12.2 mmol l-1 in patients previously treated with two
classes of OHA. Intersubject variability in baseline FPG
was 17%. This variability was 19% before inclusion of the
previous treatment in the model. The population Emax

was found to be related to the baseline FPG (Figure 3)
and was expressed as a percentage of this value (29%).
Intersubject variability for Emax was 30%. The final pop-
ulation AUC50 (AUC that induces 50% of maximal
effect) was 20 mg h ml-1. Intersubject variability for

Figure 1 Mean observed and predicted fasting plasma glucose 
(FPG) vs time after repeated administration of the modified release 
formulation of gliclazide. Points represent the observations. The 
dotted line represents a cubic spline through the observations. The 
solid line represents a cubic spline through the population 
predictions.
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Figure 2 Mean observed fasting plasma glucose (FPG) vs time curve after repeated administration of the modified release formulation of 
gliclazide. Function of type of previous antidiabetic treatment. Points represent the observations. The solid lines represent a cubic spline 
through the observations. OHA, Oral hypoglycaemic agent.
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AUC50 was 60%. The final rate constant of equilibration
(Keq) was 0.033 day-1, which corresponds to an equili-
bration half-life of 21 days. Intersubject variability for Keq

was 84%.

Disease-progression model

The constant rate of the disease progression (Figure 4)
was 0.84 mmol l-1 per year. Intersubject variability for
the slope was 143%.

Mixture model

The percentage of nonresponders was found to be related
to the number of classes of OHA prescribed before the
patients stopped their treatment and started gliclazide
MR as monotherapy. The percentage of nonresponders
was 12% in patients previously treated with diet alone,
24% in patients previously treated by a single class of
OHA, and 50% in patients previously treated by two
classes of OHA. A different residual variability was used
for the two subpopulations of patients. The nonre-
sponders had a higher residual variability in their FPG
time course (Figure 5). The residual variability was
1.7 mmol l-1 in case of no treatment effect and
0.8 mmol l-1 in case of treatment effect.

Covariate analysis

The number of classes of OHA received prior to entry
in the studies was the only covariate found to have a
significant influence in NONMEM, on baseline FPG
and on the percentage of nonresponders as described

Table 2 Results from the final population PKPD model.

Parameters Intersubject variability Residual variability

Estimate

Standard
error of 
estimate Estimate (%)

Standard
error of
estimate Estimate

Standard
error of 
estimate

Baseline FPG (mmol l-1) 17 1
Diet alone 9.6 0.2
1 OHA class 10.9 0.1
2 OHA classes 12.2 0.2 
Emax (% of baseline FPG) 29 1 30 7
Gliclazide AUC50 (mg.h ml-1) 20 3 60 47
Rate constant of equilibration keq (day-1) 0.033 0.005 84 41
Equilibration half-life (day) 21 
Constant rate of disease progression in 

FPG (mmol l-1 year-1)
0.84 0.12 143 18

Percentage of nonresponders (%)
Diet alone 12 3
1 OHA class 24 4
2 OHA classes 50 7

Additive residual error (mmol l-1)
Responders 0.8 0.03
Nonresponders 1.7 0.06

OHA, oral hypoglycaemic agent.

Figure 3 Relationship between the post hoc parameter estimates 
for maximum hypoglycaemic effect (Emax) of gliclazide and baseline 
fasting plasma glucose (FPG). Points represent the observations. 
The solid line represents a linear regression model through the 
observations.
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above. The GAM analysis also suggested that AUC50

increased with the number of classes of OHA and
inversely for Emax, that the constant rate of the disease
progression increased with BMI, and that the baseline
FPG increased with the duration of diabetes. In NON-
MEM, the inclusion of diabetes duration alone on the
baseline FPG was significant, but this influence disap-
peared after inclusion of the number of previous antidi-
abetic agents. The reason for this may be that these two
covariates are correlated, with an increase in the number
of OHA classes from 0 to 2 when the diabetes duration
increases from 4 to 9 years.

Simulations

Predictive performance of the PKPD model
A total of 232 Type 2 diabetic patients were included in
the simulation database. Main demographic and bio-
chemical characteristics of these patients were similar to
those of the patients included in the PKPD database
(Table 1). The comparison of the observed FPG time
courses and the predicted FPG time courses is shown in
Figure 6. The mean observed FPG profile lay within the
minimum and maximum mean predicted profiles of the
100 simulations. The 5th and 95th observed percentile

Figure 4 Mean observed and predicted fasting plasma glucose (FPG) vs time after repeated administration of the modified release 
formulation of gliclazide. Function of the study phase and function of the response to treatment. Points represent the observations. 
The dotted line represents a cubic spline through the observations. The solid line represents a cubic spline through the individual 
predictions.
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lines mostly lay within the minimum and maximum 5th
and 95th predicted percentile lines predicted profiles of
the 100 simulations. This figure illustrates that the pop-
ulation PKPD model predicts accurately the mean
response but also the intersubject variability in response.

Illustration of the time-course effect of gliclazide MR
Figure 7 shows the percentage of patients with clinically
significant improvement of blood glucose control (i.e.
decrease in FPG of at least 10% of baseline) as a function
of dose, time and type of previous antidiabetic treatment.
Percentages are displayed after 2, 6 and 12 months of
treatment. The percentage increases with the dose of
gliclazide MR and decreases with the number of OHA

classes used prior to entry in the study. Higher percent-
ages were obtained in OHA-naive patients. After
2 months of treatment in patients who previously
received a single class of OHA, the first dose inducing
improvement of blood glucose control in more than 50%
of patients was the 30-mg dose, and more than 75% of
these patients had an improvement on the 120-mg dose.
The disease progression induced a slight decrease in the
percentage after 6 months of treatment which was more
pronounced after 12 months. In the patients who previ-
ously received a single class of OHA, the first dose
inducing improvement of blood glucose control in more
than 50% of patients after 12 months of treatment was
the 60-mg dose.

Discussion

The main purpose of this paper is to report the results
of the population PKPD combined analysis of the long-
term antidiabetic effect of the modified release formula-
tion of gliclazide (gliclazide MR). This PKPD analysis
leads to a better understanding of the kinetics of the
hypoglycaemic effect of gliclazide and of its intersubject
variability.

The FPG profile over 1 year with gliclazide MR was
best described by the combination of three models: a
mixture model, a drug-effect model and a disease-

Figure 5 Individual predicted fasting plasma glucose (FPG) vs 
observed FPG after repeated administration of the modified release 
formulation of gliclazide. Points represent the observations. The 
dotted line represents the identity line. Top, responder patients; 
bottom, non-responder patients.
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Figure 6 Comparison of observed (solid lines) vs simulated 
(dotted lines) fasting plasma glucose (FPG) time courses after 
repeated administration of the current gliclazide formulation in a 
phase III trial (study A). From the bottom up, the solid lines 
represent the 5th percentile line, the mean and 95th percentile line 
of the observed FPG time course, respectively. For each of these 
observed profiles, the dotted lines represent the minimum and 
maximum predicted profiles obtained from 100 simulations of the 
phase III trial.
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Figure 7 Percentage of patients with clinically significant improvement of blood glucose control (i.e. reduction in fasting plasma glucose 
(FPG) >10% from baseline) as a function of dose, time and type of previous antidiabetic treatment after simulation of repeated 
administration of the modified release formulation of gliclazide. OHA, Oral hypoglycaemic agent.
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progression model. The mixture model was used to esti-
mate the percentage of patients unaffected by the treat-
ment. The probability of response to gliclazide was found
to decrease with the number of OHA classes received
prior to entry in the studies. Type 2 diabetes mellitus is
a progressive disease, which requires increased intensity
of therapy and often adding new agents with time [19].
This was illustrated in this analysis by the observed cor-
relation between the diabetes duration and the number
of antidiabetic agents prescribed prior to entry in the
studies. Therefore, it is consistent to observe a lower
percentage of responders to gliclazide, used as monother-
apy, in patients in whom glycaemic control was previ-
ously achieved with combined therapy only. The gradual
deterioration of blood glucose control in Type 2 diabetes
was also reflected in the baseline FPG, which was found
to increase with the number of previous antidiabetic
agents.

In responders, a significant Emax relationship was estab-
lished between the area under the concentration–time
curve of gliclazide (AUC) and the decrease in FPG. The
AUC producing half maximum effect (AUC50) was just
below the mean AUC of the 30-mg dose, which is the
initial dose of gliclazide MR dosing regimen. The highest
tested dose of 120 mg would be predicted to produce
87% of the maximum hypoglycaemic effect. The
hypoglycaemic efficacy (Emax) of gliclazide was found to
be directly related to the baseline FPG level; the higher
the FPG level, the higher its decrease from baseline. This
correlation agrees with previous findings [20].

The use of a compartment-effect model allowed the
delay in response to be described by an equilibration
half-life. When a patient had a response at any given dose,
the mean equilibration half-life was 21 days, meaning
that 50% of the effect was obtained in 3 weeks of treat-
ment and that most of the activity was obtained after

3 months of treatment. This result indicates that a lack of
a significant decrease in FPG after 2 weeks of treatment
could be a sufficient indication to increase the dose. This
is in agreement with recent recommendations to quickly
increase the dose of oral hypoglycaemic agent until ade-
quate glycaemic control is achieved or response is not
observed. This result also indicates that the washout
period of 2 weeks was perhaps too short to remove
completely the influence of OHA received prior to entry
in the studies. This probably resulted in an underestima-
tion of the baseline value and also of the size of the
antihyperglycaemic effect of gliclazide in this analysis.

The decrease in FPG induced by gliclazide is pro-
gressively altered by the natural deterioration of glycae-
mic control in Type 2 diabetes. The progression of the
disease was estimated by using a linear model. The slope
which characterizes this increasing hyperglycaemia was
0.84 mmol l-1 per year. A large variability in this param-
eter was found between individuals (143%) and no
explanatory factor was identified in this study. Many
other studies, such as the UKPDS [21], have illustrated
that Type 2 diabetes is a progressive disease [22, 23] with
a similar linear increase in fasting plasma glucose. In these
studies, the decline in metabolic control is mostly related
to the deterioration of the pancreas b-cell function.

The aim of this population PKPD combined analysis
was not only to describe a process that develops over
time, but also to build a PKPD model which can be used
for simulation. Before performing any simulation, it
should be established that the PKPD model is predictive.
For this purpose, an acceptable way is to predict the FPG
profiles of patients different from those used to develop
the PKPD model. The FPG profiles of patients who
received the current formulation of gliclazide in the
phase III clinical trial (study A) were simulated. The mean
response and the intersubject variability in response were
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satisfactorily predicted by the simulations. This ability of
the PKPD model to predict both the mean and the range
of FPG time courses can be interpreted as a qualification
of the model.

When this predictability was established, a parallel
dose-ranging study was simulated in order to illustrate
the impact of disease progression on the improvement of
glucose control induced by gliclazide over 1 year at dif-
ferent dose levels. This simulation shows the need to
adjust therapy regularly in Type 2 diabetes mellitus in
order to act against the deterioration of glucose control
and to take into account the previous treatment when
changing therapy.

In conclusion, this population PKPD analysis has char-
acterized the relationship between the exposure to gli-
clazide and its long-term hypoglycaemic effect, and has
established that the intersubject variability in response is
mostly related to disease state. The results underline the
clinical interest of quickly increasing the dose of gli-
clazide MR according to the response to treatment in
order to achieve effective blood glucose control.
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