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ABSTRACT
Purpose To develop a physiologically based pharmacokinetic
model in adults and children for clobazam, its active metabolite
norclobazam and stiripentol and to account for significant clinical
interaction that has been reported when clobazam and stiripentol
are co-administered.
Methods A PBPK model with ten compartments was devel-
oped. An in vitro-in vivo extrapolation technique was used to scale
clearance in children for clobazam and norclobazam and clear-
ance parameters for stiripentol were obtained from fitting. Other
drug and system parameters were obtained from the literature.
Results The tissue/blood partition coefficients adequately predict
observed volume of distribution for clobazam and stiripentol. In a
clinical study in children where clobazam was administered alone
and co-administered with stiripentol, the predicted and observed
minimum concentration at steady state (mean and 95% confi-
dence interval) during clobazam monotherapy were 0.19 (0.05–
0.49 mg/L) and 0.20 (0.17–0.23 mg/L), respectively, and predict-
ed and observed norclobazam concentrations were 0.49 (0.16–
1.38 mg/L) and 0.95 (0.91–0.99 mg/L), respectively. From an
interaction study with stiripentol the predicted stiripentol concen-
tration was 10.12 (2.51–39.36 mg/L) and the observed concen-
tration was 10.0 (8.3–11.7 mg/L); the predicted clobazam con-
centration was 0.29 (0.07–1.05 mg/L) and the observed concen-
tration was 0.31 (0.24–0.38 mg/L); and the predicted
norclobazam concentration was 2.30 (0.45–5.53 mg/L) and the
observed concentration was 4.32 (3.77–4.87 mg/L).
Conclusions The PBPK model adequately described observed
data and the extent of interaction between clobazam/
norclobazam and stiripentol.
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INTRODUCTION

Severe myoclonic epilepsy in infants (SMEI) also known as
Dravet syndrome (DS) is a rare form of epilepsy that affects at
least one in 40,000 children up to the age of 7 years, it
accounts for about 7% of severe forms of epilepsy in children
under the age of 3 years [1, 2]. The seizures associated with
DS are known to be some of the most resistant to conventional
therapies. A number of studies have investigated existing and
newer drugs including combinations of drugs for the treat-
ment of DS. Drugs such as lamotrigine, vigabatrin and car-
bamazepine have been implicated in exacerbation of seizure
[2–4] and treatments that include others such as clobazam
(CLB), valproic acid (VPA), levetiracetam, zonisamide,
topiramate and stiripentol (STI) have shown positive effect
in the treatment of DS. The best results to date were obtained
in a combination therapy involving CLB, STI and VPA in a
randomised placebo controlled trial [5]. In this study, DS
patients on CLB and VPA were randomised into STI or
placebo arms in a double blind manner to investigate the
effect of STI as add-on therapy. This combination proved
effective in reducing the frequency of seizure in DS.
Subsequently, both in the Europe and United States, STI
was granted orphan drug status by the EMEA and FDA
indicated for the treatment of DS [2, 3].

CLB is a 1,5-benzodiazepine, its pharmacokinetics (PK)
has been extensively reviewed in the literature: it is rapidly
absorbed following oral dosing; it reaches a peak within 2 h;
and has a half-life (t1=2 ) of between 10–50 h in healthy young
subjects [6]. The route of administration of CLB is mainly
oral. CLB’s major metabolic pathway is dealkylation to N-
desmethylclobazam also known as norclobazam (NCLB).

K. Ogungbenro (*) : L. Aarons I CRESim & Epi-CRESim Project Groups
Centre for Applied Pharmacokinetic Research, Manchester Pharmacy
School, The University of Manchester
Oxford Road, Manchester M13 9PT, UK
e-mail: kayode.ogungbenro@manchester.ac.uk

Pharm Res (2015) 32:144–157
DOI 10.1007/s11095-014-1451-y



Both CLB and NCLB are pharmacologically active although
NCLB has less pharmacological activity, its t1=2 is longer,
about four times that of CLB, and therefore has much higher
plasma concentrations at steady state, suggesting it may con-
tribute more to pharmacological activity following multiple
dosing. Conversion of CLB to NCLB is by CYP3A4,
CYP2C19 and CYP2B6 [7]. CLB is also metabolised to
hydroxyclobalzam (OH-CLB) by CYP2C19 and CYP2C18
although this is a minor route of elimination of CLB [7]. Both
NCLB and OH-CLB can be further metabolised into
hydroxydesmethylclobazam (OH-NCLB). NCLB is
metabolised predominantly by CYP2C19. CLB is widely
distributed in the body and the apparent volume of distribu-
tion is around 1 L/kg [8]. Plasma protein binding of CLB and
NCLB are 0.87 and 0.7 respectively [8].

STI is an antiepileptic drug that has shown remark-
able results as add-on therapy with CLB and VPA [9].
Following oral administration, STI is rapidly and exten-
sively absorbed from the gastro-intestinal tract, maxi-
mum concentration (Cmax ) is reached within 2 h of
administration [4]. Although the absolute bioavailability
of STI is not known, more than 70% of the adminis-
tered dose can be accounted for in urine [4]. The most
important route in the biotransformation of STI in-
volves the opening of the methylenedioxy ring to gen-
erate catechol derivatives (50% of acute dose and 67%
of chronic dose [10]). Glucuronidation is another im-
portant route, (22% of acute dose and 30% of chronic
dose [10]). STI distributes extensively into body tissues
and the apparent volume of distribution is 2.4 L/kg in
healthy adult male volunteers [11] and 3.2 L/kg in
children [4]. STI is highly bound to plasma protein,
approximately 0.99 [12].

Although several metabolites have been reported following
administration of STI in man, the enzymes and the mecha-
nisms involved are still not well understood [10]. However, it
has been shown both by in vitro and in vivo experiments that
STI is a potent inhibitor of a wide range of CYP enzymes i.e.
CYP1A2, CYP2C19, CYP3A4 and CYP2D6 at therapeutic
concentrations [13, 14]. Consequently this leads to increased
plasma concentration of other co-administered drugs with
potential consequences for clinical outcomes. Clinically such
interactions have been reported between STI and other anti-
convulsant drugs such as carbamazepine, phenytoin and CLB
[15]. In a placebo-controlled clinical trial where DS patients
were randomised into CLB andVPA and CLB, VPA and STI
arms, addition of STI to the CLB and VPA combination has
been reported to produce modest increases in the plasma
concentration of VPA and a marked increase in the plasma
concentration of CLB and NCLB [5]. The effect of STI has
been reported to have contributed to the efficacy reported for
the combination and this may have also contributed to the
side-effects.

This work forms part of the CRESim (Child Rare Euro-
Simulation) project funded by ERA-NET PRIOMEDCHILD
(http://www.priomedchild.eu/) and designed to investigate the
use of modelling and simulation in the development of drugs for
rare diseases. In this case the disease condition is DS and the
drugs of choice are STI, CLB and VPA. The aims are to
develop a physiologically based pharmacokinetic (PBPK) mod-
el for plasma and tissue concentration prediction for use in
clinical trial simulation and to investigate using the PBPK
model, changes in plasma concentration of CLB and NCLB
with age and to predict changes in CLB/NCLB concentrations
when CLB is co-administered with STI.

MATERIALS AND METHODS

PBPK Model Development and Assumptions

This work focused mainly on the development of a PBPK
model for CLB and NCLB as well as STI. The model incor-
porated inhibition of CLB and NCLB metabolism by STI
reported in the literature based on evidence from in vitro and
in vivo experiments. The model was developed for adults and
scaled to children using age-dependent changes in anatomical
and physiological functions. Variability on system and drug-
specific parameters were also introduced to simulate observed
plasma concentrations.

The PBPK model developed for STI, CLB and NCLB is
shown in Fig. 1. The model has ten compartments for gut
lumen, enterocyte, gut tissue, systemic blood, kidney, liver,
brain, spleen, muscle and rest of body. All tissues weremodelled
assuming a flow limited assumption, described by Eq. (1)

VT
dCT

dt
¼ QT Cb −

CT

Kp;T

� �
ð1Þ

where VT , CT , QT , and Kp;T respresent the volume,
concentration, blood flow, tissue/plasma concentration ratio
of the different tissues and Cb is the systemic blood concen-
tration. Oral administration is into the gut lumen from where
it is absorbed by a first order process via the gut wall.

System Parameters

The model was developed for adults and scaled to children.
System parameters were obtained for adults (18–20 years and
70 kg) from the literature for organ/tissue volumes, blood
flows, cardiac output and other parameters. Also reference
values were obtained for children at different age groups (0, 1,
5, 10, 15 years) from the literature to account for age-
dependent changes in anatomical and physiological parame-
ters such as organ/tissue volumes and blood flows [16]. Age-
dependent changes in body size descriptors such as body
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weight (BW) and height were also obtained from the litera-
ture, these were used to predict body surface area (BSA) using
the Haycock and Dubois equations [17, 18]. Cardiac output
in children was predicted using the equation developed by
Johnson et al. [19]. For Monte Carlo simulation purposes,
reference values for organ/tissue volumes and blood flows
were expressed as functions of BW and cardiac output at the

reference age groups for children and adults. For ages in
between the reference age groups, simple linear interpolation
was used to simulate fractions of body weight and cardiac
output for different tissues, these were converted to organ/
tissue volumes and blood flows using simulated weight and
cardiac output. Table I shows organ/tissue volumes and
blood flows for adults and Table II shows other system pa-
rameters that have been used to scale metabolic parameters in
the gut and the liver from in vitro systems.

Drug Specific Parameters

Tissue/blood concentration ratios (Kp ) were predicted for
CLB, NCLB and STI using the equations proposed by
Rodgers and Rowland [20, 21]. Kps for the rest of body
compartment were obtained by lumping other tissues that
have not been accounted for explicitly in the model, values
for the Kps for different tissues are shown in Table I. Other
drug specific parameters used in the prediction of the kinetics
of CLB, NCLB and STI are shown in Table III.

Clobazam/Norclobazam

The developed PBPK model for CLB and NCLB was based
on the assumption that CLB is metabolised only to NCLB and
NCLB is metabolised only to OH-NCLB in the gut and the
liver. The conversion of CLB to NCLB in the gut is by
CYP3A4 and CYP2C19 and the metabolic intrinsic clearance
of CLB (also the formation clearance of NCLB) in the gut was
given by Eq. 2 (for the linear range).

Clint; gut CLBð Þ ¼ ESFCLB ⋅
X

i

Vmaxi
Kmi

⋅ ISEFi ⋅ Scai ð2Þ

where i ¼ CYP3A4 and CYP2C19 , ISEF is the intersys-
tem extrapolation factor, Sca is the total gut scaling factor
which is related to the enzyme abundance in the gut, ESF is
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Fig. 1 Physiologically based pharmacokinetic model for clobazam/
norclobazam (CLB/NCLB) and stiripentol (STI).

Table I Organ Volumes (V), Blood Flows (Q) and Tissue/Blood Concentration Ratio (Kp ) for Different Tissues/Organs and Drugs in Adults

Parameters Organs/tissues

Systemic blood Kidney Liver Gut Enterocyte Brain Spleen Muscle Rest of body

V (L) 5.3 0.31 1.8 1.7 0.12 1.45 0.15 29 –a

Q (L/h) 356.31b 79.5 25.38 54.6 21.38 46.8 11.7 66.3 –
c

Drug Kp

CLB – 0.73 0.88 1.29 – 1.51 0.79 0.70 1.11

NCLB – 0.93 1.1 1.58 – 1.89 0.99 0.88 1.29

STI – 2.86 3.60 5.79 7.16 3.0 2.8 6.72

a 70 - ΣVT
b cardiac output
c CO - ΣQT
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empirical scaling factor for CLB, Vmax is the maximum
metabolic velocity and Km is the Michaelis-Menten constant.
ISEF is a parameter that is used to scale activity per unit of
enzyme in recombinant system to human liver microsomes.

The conversion of CLB to NCLB in the liver is by CYP3A4,
CYP2C19 and CYP2B6 and the hepatic intrinsic clearance of
CLB (the formation clearance of NCLB) in the liver is given by

Clint; hep CLBð Þ

¼ ESFCLB ⋅
X

i

Vmaxi
Kmi

⋅ ISEFi ⋅Abi ⋅MPPGL ⋅ LWð3Þ

where i ¼ CYP3A4; CYP2C19andCYP2B6 , Ab is the
enzyme abundance, MPPGL is the milligram protein per
gram of liver and LW is the liver weight.

The conversion of NCLB to OH-NCLB in the gut and
liver is by CYP2C19 only. The intrinsic clearances of NCLB
in the gut and the liver are given by

Clint; gut NCLBð Þ

¼ ESFNCLB ⋅
Vmax2C19
Km2C19

⋅ ISEF2C19 ⋅ Sca2C19 ð4Þ

Table II System Parameter Values Used in the PBPK for Clobazam (CLB) and Norclobazam (NCLB) [22]

Parameter Description Value

Sca3A4
nmol=gut

Total gut scaling factor for CYP3A4 66.2

Sca2C19
nmol=gut

Total gut scaling factor for CYP2C19 1.5

Ab3A4
pmolP450=mgprotein

Hepatic enzyme abundance for CYP3A4 137

Ab2C19
pmolP450=mgprotein

Hepatic enzyme abundance for CYP2C19 14

Ab2B6
pmolP450=mgprotein

Hepatic enzyme abundance for CYP2B6 17

ISEF3A4 Intersystem extrapolation factor for CYP3A4 0.24

ISEF2C19 Intersystem extrapolation factor for CYP2C19 0.24

ISEF2B6 Intersystem extrapolation factor for CYP2B6 0.43

MPPGL mg=gð Þ Milligram protein per gram of liver 39.79

LW gð Þ Liver weight 1,600

Table III Drugs Specific Parameter Values Used for Describing the Kinetics of Clobazam (CLB), Norclobazam (NCLB) and Stiripentol (STI)

Parameter Description CLB NCLB STI References

MW (g) Molecular weight 300.74 286.71 234.29 –

fu Plasma fraction unbound 0.13 0.3 0.01 Greenblatt [8], Lundbeck [48], Levy [12]

B/P Blood/plasma concentration ratio 1* 1* 0.58 Levy [12]

fa Fraction absorbed from the gut 0.87 – 0.82 Rupp [47], Moreland [10]

ka (h−1) Absorption rate constant 1.8 – – Greenblatt [8]

Vss (L) Volume of distribution at steady state 63 – 235 Ochs [33], Chhun [11]

CL (L/h) In vivo clearance 1.98 1.09 – Greenblatt [8], Pullar [45]

CLR (L/h) Renal clearance 0.05 0.08 – Volz [49], Pullar [45]

Vmax (3A4) (nmol/min/nmol P450) Maximum metabolic velocity 6.2 – – Giraud [7]

Km (3A4) (μM) Michaelis-Menten constants 29 – – Giraud [7]

Vmax (2C19)

(nmol/min/nmol P450) Maximum metabolic velocity 1.15 0.22 – Giraud [7]

Km (2C19) (μM) Michaelis-Menten constants 31.9 5.74 – Giraud [7]

Vmax (2B6)

(nmol/min/nmol P450) Maximum metabolic velocity 5.70 – – Giraud [7]

Km (2B6) (μM) Michaelis-Menten constants 289 – – Giraud [7]

Ki (μM) (3A4) Inhibition constant 1.59 – – Giraud [13]

Ki (μM) (2C19) Inhibition constant 0.52 0.14 – Giraud [13]

*assumed
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and

Clint; hep NCLBð Þ

¼ ESFNCLB⋅
Vmax2C19
Km2C19

⋅ISEF2C19⋅Ab2C19⋅MPPGL⋅LW

ð5Þ

Vmax and Km values for the enzymes involved in the
metabolism of CLB and NCLB have been determined by
Giraud et al. [7] in recombinant systems (Table III) and were
used in the equations above to predict the intrinsic clearances
of CLB and NCLB. Other system parameters such as ISEF ,
Ab ,MPPGL and Sca were set to default values used in the
program Simcyp [22]. ESF parameters were set to values
that allow CLB and NCLB clearances to match in vivo values.

Stiripentol

Due to lack of information in the literature on the character-
isation of the metabolism of STI in in vitro systems, parameters
for the clearance of STI were estimated. From an in vivo study
involving healthy volunteers, 18 metabolites of STI were
identified in urine and these along with the parent compound
accounted for more than 70% of the administered dose [4,
10].Most these metabolites were formed by the opening of the
methylenedioxy ring to generate catechol derivatives. It has
also been suggested that the metabolites are not detectable in
plasma because they exist as conjugates and are subsequently
excreted into urine as conjugates [12]. For compounds in this
structural class, it has been suggested that conversion of the
methylenedioxy ring to its catechol derivatives is catalysed by
cytochrome P-450 enzymes [10]. CYP1A2, CYP2C19 and
CYP3A4 have been suggested as the Phase I enzymes in-
volved in the metabolism of STI based on in vitro studies [4].
However no data is available in the literature on the contri-
bution of each of these enzymes and other parameters neces-
sary for in vitro-in vivo extrapolation (IVIVE). Plasma concen-
tration data from in vivo studies have shown that STI exhibit
nonlinear kinetics, Levy et al. and others [11, 12, 15, 23, 24]
have reported Michaelis-Menten kinetics for STI in humans.
It has also been shown that single dose kinetic data does not
predict steady state plasma concentration levels [12]. In this
current study, elimination of STI was therefore described
using a Michaelis-Menten kinetic model and the parameters
(Vmax and Km ) were estimated by fitting the PBPK model
to plasma concentration data obtained from the literature,
assuming the liver is the main organ responsible for elimina-
tion. Also differentVmax parameters were assumed for single
and chronic dosing to account for time-dependence in the PK
of STI that has been reported in the literature [12]. The fitting
was carried out using the NONMEM software using a naïve
pooled data approach [25]. The data used for the fitting

included data obtained following single and chronic dosing
of STI in healthy volunteers. The single dose data was obtain-
ed from an individual after doses of 300 mg, 600 mg and
1,200 mg on three different occasions [12]. The steady state
data was obtained from two individuals who received STI
three times a day for 14 days using three dosage increments:
600 mg/day (3 days), 1,200 mg/day (4 days) and 1,800 mg/
day (7 days). Nine samples, each separated by 1 h were
collected on days 3, 7 and 18 [23].

Clobazam/Norclobazam and STI interaction

The metabolic interaction between STI and CLB/NCLB
which has been studied using both in vitro and in vivo experi-
ments was incorporated in the PBPK model [13, 14]. Giraud
et al. [13] investigated the inhibitory effect of STI on CLB/
NCLB metabolism mediated by CYP3A4 and CYP2C19
enzymes using recombinant system. The mechanism of inter-
action and the inhibition constant (Ki ) reported were incor-
porated into the PBPK model.

Scaling

The PBPK models developed for adults were scaled to chil-
dren assuming pathways for drug metabolism are the same in
adults and children. Benzodiazepines are known to bind to
albumin in plasma, and therefore binding to albumin was
assumed for CLB and NCLB [26]. Plasma protein binding
was adjusted in children using the equations proposed by
McNamara and Alcorn [27]. Age related changes in albumin
levels in children were predicted using the equation proposed
by Johnson et al. [19]. For STI the same binding parameter
estimate was assumed in children and adults due to lack of
information in the literature on the plasma protein it binds to.
Enzyme abundance (CYP3A4 and CYP2C19 in the gut and
CYP3A4, CYP2C19 and CYP2B6 in the liver) were adjusted
for CLB and NCLB clearance prediction in children using the
equations proposed by Salem et al. [28]. Renal clearance was
scaled to children using GFR. Reference values for GFR at
different paediatric age groups were obtained from the data
published by Johnson et al. [19]. The hepatic intrinsic Vmax

for STI was scaled to children by using allometry [29].

Variability

Variability on drug and system parameters was introduced in
the PBPK model, allowing simulated and observed plasma
concentration data to be comparable both in terms of the
mean profile and variability. Variability in the simulations was
mainly due to variability on BW and BSA. Variability on BW
propagates in the simulation through organs/tissue volumes
while variabilities on HT and WT propagate through cardiac
output and therefore through organ/tissue blood flows. Other
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drug and system parameters with variability are GFR , HT ,
ka , fa , Sca , Kp , fu , CLR , Vmax and km . A lognormal
distribution was assumed for all parameters and a CV of 15%
was used.

Simulation

The PBPK model was used to simulate plasma concentration
profiles following single and chronic dosing of CLB and STI
both in adults and children. Simulated plasma concentration
profiles were compared with observed data reported in the
literature for the drugs to allow assessment of the model. In all
cases, attempts were made to match data used for simulations
with the reported data in the publications especially in terms
of age and dose. Simulations were performed for a virtual
population of 1,000 subjects in all cases and 2.5th, 50th and
97.5th percentiles were determined and plotted together with
observed plasma concentration data. In some cases individual
plasma concentration data or mean and standard deviation or
standard error were reported, whereas in other cases individ-
ual profiles or population mean profiles with standard devia-
tion or standard error bars were reported in figures. For the
latter, the data were digitized using GetData Graph Digitizer
[30]. The interaction between STI and CLB and NCLB was
also incorporated in some of the simulations and the extent of
the interaction at different paediatric age groups was simulat-
ed. The differential equations that describe changes in plasma
and tissue concentrations were implemented in MATLAB
software [31] and also used for simulations.

RESULTS

Parameter estimates in Tables I, II, III and IV for system and
drug specific parameters were utilised in the PBPK model.
Table IV shows the parameter estimates and the percentage
relative standard errors (SE% ) obtained from fitting the
PBPK to STI plasma concentration data obtained from the
literature using NONMEM. All the parameters were well
estimated as the SE% are below 20% for all parameters. As
expected the maximum metabolic rate parameter, Vmax

estimated following single (Vmax; s ) and chronic (Vmax; c )
dosing were significantly different. The enzyme(s) responsible
for the metabolism appears to have lost more than 50% of the
activity following chronic dosing. The simulated median plas-
ma and tissue profiles for CLB, NCLB and STI following oral
single dose of CLB (30 mg) and STI (300 mg) in adults are
shown in Fig. 2. For CLB, following a very rapid absorption,
the plasma profile fall mono-exponentially and the profiles for
other tissues such as the gut, kidney, liver, brain, spleen,
muscle and the rest of body are parallel to plasma profile.
The highest Cmax of CLB is achieved in the brain out of all
the tissues/organs. The profiles for NCLB in the tissues follow
the same pattern as CLB, howeverCmax of NCLB is achieved
much later in all the tissues compared to CLB. Also t1=2 of
NCLB is longer than CLB in all the tissues. For STI, a rapid
absorption is followed by a biphasic decline of the profiles in
all tissues especially in plasma; an initial rapid decline is
followed by a slower decline. The highest Cmax is achieved
in the liver compared to all tissues and the t1=2 of the drug
appears to be longer in the rest of body, which is consistent
with a very large volume of distribution for the drug, which
has been observed with in vivo data [11].

Figure 3 shows normalised simulated plasma concentration
profiles (2.5th, 50th and 97.5th percentiles) with the observed
plasma concentration data of CLB and NCLB following
single dose (10, 20, 30 and 40 mg) administration of CLB in
adults. Individual data were obtained from multiple sources;
10 mg data was obtained from Tedeschi et al. [32], 20 mg that
data was obtained from Ochs et al. [33], Greenblatt [34],
Divoll et al. [35], Greenblatt et al. [6], Bun et al. [36], and
Greenblatt et al. [37], 30 mg data was obtained from Pullar
et al. [38] and Jawad et al. [39] and 40 mg data was obtained
from Vallner et al. [40]. All these data were dose normalised.
In the figure, 95% prediction interval appears to under-
predict the variability in CLB data, whereas the interval
appears to be satisfactory for NCLB.While the median profile
appears to be satisfactory for CLB, it appears to over-predict
the observed data for NCLB.

Figure 4 shows simulated plasma concentration profiles
(2.5th, 50th and 97.5th percentiles) superimposed with mean
observed plasma concentration data and standard deviation
bars of CLB and NCLB following chronic dosing of CLB in

Table IV Parameters Values Estimated for Stiripentol (STI) Following Fitting of the PBPK Model to Plasma Profiles

Parameter Description Estimate SE (%)a

Vmax; s mg=hð Þ Maximum metabolic velocity (single dose) 270 13

Vmax;m mg=hð Þ Maximum metabolic velocity (multiple dose) 118 8

Km mg=Lð Þ Michaelis-Menten constant 0.03 15

ka =hð Þ Absorption rate constant 0.58 13

a Percentage relative standard error
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adults [33]. The data was obtained from nine healthy volun-
teers that received 5 mg CLB twice daily for 22 consecutive
days. The prediction interval shows adequate coverage of the
data both for CLB and NCLB and the simulations therefore
reflect the mean observed profile and the variability in the
data. Figure 5 also shows simulated 95% prediction interval
and the median profiles superimposed with the mean ob-
served plasma concentration data for CLB and NCLB follow-
ing chronic dosing of CLB in adults [36]. In the study, six
healthy volunteers received 10 mg of CLB twice daily for 28

consecutive days. Only the mean data was reported in the
publication and the model prediction of CLB concentrations
shows slight over-prediction, while that of NCLB shows slight
under-prediction.

Figure 6 shows simulated plasma concentration profiles
(2.5th, 50th and 97.5th percentiles) and the observed plasma
concentration data in an adult following three single doses of
STI on different occasions [12]. The data in the plots was part
of the data used for fitting to estimate some drug specific
parameters for STI, especially the parameters that describe
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the nonlinear elimination. The median profiles in the plots
can therefore be seen as fitted lines and the prediction intervals
are based on simulations using these parameters and other
parameters with variability incorporated on all parameters.
Figure 7 shows simulated plasma concentration profiles (2.5th,
50th and 97.5th percentiles) and the observed plasma concen-
tration data in an adult following chronic dosing of STI in
three dosage increments [23]. The data in the plots was also
part of the data used for parameter estimation and themedian
line is therefore a fitted line.

Figure 8 shows simulated plasma concentration profiles
and the observed mean plasma concentration data (with stan-
dard deviation bars) in healthy volunteers (adults) on oral STI
for 13 days in three incremental doses i.e. 500 mg twice daily
(1 day), 1,000 mg twice daily (1 day) and 1,500 mg twice daily
(11 days) [14]. Twelve subjects were enrolled in the study and

minimum plasma concentration (Cmin ) was determined on
days 11, 12 and 13. Themodel satisfactorily predicts themean
Cmin but over-predicts the variability in the data. Figure 9
shows simulated plasma concentration profiles and the ob-
served trough plasma concentration data (with standard devi-
ation bars) in three different age groups including children
and adults following chronic oral dosing of STI.May et al. [41]
provides detailed information on the experimental settings,
demographic data, STI doses and plasma concentration ob-
served in the different age groups. Only one data point for
each age group was reported in the publication as shown in
the plots. In all age groups, the model appears to slightly over-
predict the trough concentration and the variability in the
data.

Figures 10 and 11 show simulated median plasma concen-
tration profiles for CLB and NCLB and simulated plasma
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concentration profiles (2.5th, 50th and 97.5th percentiles) for
STI for different paediatric age groups and adults following
chronic dosing of CLB and STI. Figure 10 shows the effect of
STI on the inhibition of the metabolism of CLB and NCLB,
the simulations were based on oral administration of
0.5 mg/kg/day and 50 mg/kg/day for CLB and STI respec-
tively for 28 days. The plots show that Cmax of CLB and
NCLB in the presence and absence of STI increases with age.
The effect of STI is more pronounced on NCLB compared to
CLB. The effect of STI on CLB is more pronounced in adults

compared to other age groups while the effect of STI on
NCLB is more pronounced in the 12 years old compared to
other age groups. STI profiles in Fig. 11 shows that the highest
Cmax is observed in adults, the non-linearity in the metabo-
lism of STI appears to be more pronounced as age increases
thereby leading to more accumulation of the drug. Also, the
variability in the simulation appears to be more pronounced
as age increases.

The plots in Fig. 12 show the effect of STI on CLB and
NCLB as observed in a clinical study in children (3–16.7 years)
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where CLB was administered alone and co-administered
with STI. The plots show 95% prediction intervals and
median profiles of CLB and NCLB with and without
interaction with STI. Also superimposed on these are the
reported mean plasma Cmin (and the 95% confidence
interval bars) during one dosing interval after several doses

of CLB and STI. The study was carried out in SMEI who
received CLB and STI twice or thrice daily for a month.
Chiron et al. (5) presented the details of the study which was
designed to show the efficacy of STI as an add-on therapy
in the treatment of SMEI. The predicted and the observed
Cmin of STI in the children (mean and 95% confidence
interval) were 10.12 mg/L (2.51–39.36 mg/L) and
10.0 mg/L (8.3–11.7 mg/L) respectively. For CLB alone
the predicted and the observed Cmin were 0.19 mg/L
(0.05–0.49 mg/L) and 0.20 mg/L (0.17–0.23 mg/L) respec-
tively and for NCLB the predicted and the observed Cmin

were 0.49 mg/L (0.16–1.38 mg/L) and 0.95 mg/L (0.91–
0.99 mg/L) respectively. For CLB (including interaction
with STI) the predicted and observed Cmin were
0.29 mg/L (0.07–1.05 mg/L) and 0.31 mg/L (0.24–
0.38 mg/L) respectively and for NCLB the predicted and
the observed Cmin were 2.30 mg/L (0.45–5.53 mg/L) and
4.32 mg/L (3.77–4.87 mg/L) respectively. The results show
that the model adequately predicts CLB mean Cmin with
and without interaction with STI, but for NCLB the mean
Cmin is under-predicted with and without interaction. The
mean Cmin for STI is also adequately predicted. In all
cases i.e. CLB and NCLB with and without interaction and
STI, the variability in the data is under-predicted although
the observed variability for CLB, NCLB and STI in the
study is much lower than what has been reported in the
literature for other clinical studies [42, 43].
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DISCUSSION

This work has developed a PBPK model for the purpose of
predicting plasma and tissue concentration in adults and
children following acute and chronic dosing of CLB and
STI. The work forms part of a project that is dedicated to
the use of modelling and simulation in the evaluation of
treatments for rare diseases in children. In this case the disease

is DS and the treatment includes CLB, STI and VPA. The
focus of this work is on CLB and STI and the main objective
was to develop PBPK models that predict tissue concentra-
tions, especially brain, so that this can be linked with disease
model that is being developed in another part of the project to
produce a PBPK-PD model that is capable of simulating
clinical trial outcomes. CLB is metabolised to an active me-
tabolite, NCLB that has a longer t1=2 and achieve a higher
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concentration following chronic dosing and has been sug-
gested to be more important for the efficacy of CLB following
long term dosing. It is therefore important that this metabolite
is accounted for in the model developed for CLB. The model
also incorporates the reported PK interaction that has been
demonstrated between CLB/NCLB and STI both in in vitro
and in vivo systems. It has been demonstrated that STI is a
potent inhibitor of several CYP450 enzymes and this has been
suggested as the rationale for its success as an add-on therapy
in the treatment of DS. The approach that has been followed
in this work is to develop and validate a PBPK model in
adults, which is then scaled to children using age-dependent
anatomical and physiological information in children. This is
similar to a workflow that was published recently for develop-
ing a PBPK model to support paediatric research and devel-
opment using Lorazepam as a case study [44].

The PBPKmodel developed for CLB/NCLB and STI has
compartments for gut lumen, enterocyte, gut tissue, systemic
blood, kidney, liver, brain, spleen, muscle and rest of body.
The data used for model building and validation were obtain-
ed from the literature: both in vitro-in vivo extrapolation
(IVIVE) and parameter estimation techniques were used.
PBPK models based on IVIVE techniques have been widely
used to describe the PK of drugs and in this work this was
applied to CLB and NCLB. However in the case of STI due
to lack of information in the literature on the in vitro charac-
terisation of STI metabolism, parameter estimation was used
based on information in the literature. Kps are a very impor-
tant component of PBPKmodels that help to explain how the
drug distribute into different tissues. A number of equations
have been developed to predict Kps when experimentally

determined values in preclinical species such as rat, mice,
rabbits, dogs, monkeys etc. are not available. These equations
require input parameters such as the physicochemical prop-
erties and plasma protein binding of the drug. In this study the
equation proposed by Rodgers et al. [20, 21] has been used to
predict Kps for different tissues and the Kps for the rest of
body compartment was obtained by lumping other tissues/
organs that have not been accounted for explicitly in the
model. The predicted volume of distribution at steady state
(VSS ) using the Kps were 0.85 L/kg, 0.99 L/kg and 2.2 L/kg
for CLB, NCLB and STI respectively. The observed VSS

were 0.9 L/kg (male), 1.10 L/kg (female), 0.87 L/kg (young
male), 1.4 L/kg (young female), 1.4 L/kg (elderly male) and
1.8 L/kg (elderly female) for CLB [8, 33]. For STI the ob-
served volume of distribution is around 3 L/kg [4]. These
show that the distribution of CLB and NCLB are limited to
highly perfused tissues while STI tends to distribute to some
extent to adipose and other related tissues. This is also
portrayed in the profiles of the drugs in Fig. 2 with CLB and
NCLB showing monophasic decline and STI showing a bi-
phasic decline.

The clearance of CLB and NCLB used in the PBPKmodel
was extrapolated from in vitro parameters that have been
obtained from previous experiment that was used to charac-
terise their metabolism. However ESF were also needed to
recover the observed plasma concentration profiles for both
CLB and NCLB. While the intrinsic clearance obtained was
too high for CLB, it was too low for NCLB. The reported
in vivo oral clearance (CL=F ) in the literature for CLB and
NCLB are approximately 1.9 and 1.1 L/h respectively, with
the bioavailability of CLB reported to be up to 0.87 [8, 32, 33,
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Fig. 12 Simulated plasma concentration profiles (2.5th, 50th and 97.5th percentiles) and observed mean plasma concentration with standard deviation bars of
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35, 38–40, 45–47]. The hepatic intrinsic clearance of CLB
(Clint; hep CLBð Þ ) and NCLB (Clint; hep NCLBð Þ ) calculat-
ed using Eqs. 3 and 5 above and then scaled using the well
stirred model gave hepatic metabolic clearances in blood of
3.48 L/h and 0.15 L/h for CLB and NCLB respectively
without ESF . However when ESF were included in the
equations, the hepatic metabolic clearance in blood were
2.12 L/h and 1.58 L/h for CLB and NCLB respectively. It
is not clear why it is not possible to recover the intrinsic
clearance from in vitro parameters or why the system is incon-
sistent for CLB and NCLB. However it is not unusual in
PBPK modelling based on IVIVE to use in vivo experimental
values to recover observed values. Due to lack of information
in the literature, it was not possible to use IVIVE technique to
describe the PK of STI and therefore estimates for some
parameters in the PBPK model were obtained through pa-
rameter estimation. STI is an orphan drug and it is therefore
not surprising that there are gaps in the information that is
available in the literature. Vmax , Km and ka were estimat-
ed from fitting the PBPKmodel to plasma concentration data
that have been reported in the literature following single and
multiple doses. Because it has been shown that single dose
kinetic data does not predict steady state plasma concentration
levels, different Vmax estimates were obtained for single and
steady state data. The estimates obtained for the two param-
eters were significantly different possibly suggesting loss of
activity by the enzyme involved in the metabolism following
chronic dosing. This suggests possible time-dependent inhibi-
tion of the enzyme or some other mechanism such as product
inhibition that can lead to reduce activity following chronic
dosing of a drug. Tran et al. [14] from their work concluded
that STI did not appear to be a mechanism based inhibitor,
but with the limited amount of evidence in the literature on
the accumulation of STI at steady state this needs to be further
investigated in order to have a better understanding of the PK
of STI especially following chronic dosing. Also an important
limitation of this work is the amount of data used to estimate
Vmax , Km and ka for STI. These parameters therefore
need further validation using a larger data set or this part of
the model replaced with IVIVE information once the metab-
olism of STI is fully characterised.

CONCLUSION

A PBPKmodel that describes the PK of CLB, NCLB and STI
has been developed based on IVIVE extrapolation and pa-
rameter estimation techniques. The model incorporates a
clinically significant interaction that has been reported for
CLB/NCLB and STI. The model can be used to simulate
plasma and tissue concentrations in both adults and children
following oral dosing of CLB and STI and should help to

improve the use of CLB and STI in the treatment of patients
with DS.
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