
HAL Id: anses-03317990
https://anses.hal.science/anses-03317990

Submitted on 9 Aug 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Application of in vitro data in physiologically-based
kinetic models for quantitative in vitro-in vivo

extrapolation: A case-study for baclofen
Emma E.J. Kasteel, Leonie S. Lautz, Maxime Culot, Nynke I Kramer, Anne

Zwartsen

To cite this version:
Emma E.J. Kasteel, Leonie S. Lautz, Maxime Culot, Nynke I Kramer, Anne Zwartsen. Application
of in vitro data in physiologically-based kinetic models for quantitative in vitro-in vivo extrapolation:
A case-study for baclofen. Toxicology in Vitro, 2021, 76, pp.105223. �10.1016/j.tiv.2021.105223�.
�anses-03317990�

https://anses.hal.science/anses-03317990
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Toxicology in Vitro 76 (2021) 105223

Available online 20 July 2021
0887-2333/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Application of in vitro data in physiologically-based kinetic models for 
quantitative in vitro-in vivo extrapolation: A case-study for baclofen 

Emma E.J. Kasteel a, Leonie S. Lautz b, Maxime Culot c, Nynke I. Kramer a, Anne Zwartsen a,* 

a Institute for Risk Assessment Sciences (IRAS), Faculty of Veterinary Medicine, Utrecht University, P.O. Box 80.177, 3508TD Utrecht, the Netherlands 
b Risk Assessment Department, French Agency for Food, Environmental and Occupational Health & Safety (ANSES), 14 rue Pierre et Marie Curie, Maisons-Alfort F- 
94701, France 
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A B S T R A C T   

Physiologically-based kinetic (PBK) models can simulate concentrations of chemicals in tissues over time without 
animal experiments. Nevertheless, in vivo data are often used to parameterise PBK models. This study aims to 
illustrate that a combination of kinetic and dynamic readouts from in vitro assays can be used to parameterise 
PBK models simulating neurologically-active concentrations of xenobiotics. Baclofen, an intrathecally adminis
tered drug to treat spasticity, was used as a proof-of-principle xenobiotic. 

An in vitro blood-brain barrier (BBB) model was used to determine the BBB permeability of baclofen needed to 
simulate plasma and cerebrospinal concentrations. Simulated baclofen concentrations in individuals and pop
ulations of adults and children generally fall within 2-fold of measured clinical study concentrations. Further, in 
vitro micro-electrode array recordings were used to determine the effect of baclofen on neuronal activity (cell 
signalling). Using quantitative in vitro-in vivo extrapolations (QIVIVE) corresponding doses of baclofen were 
estimated. QIVIVE showed that up to 4600 times lower intrathecal doses than oral and intravenous doses induce 
comparable neurological effects. Most simulated doses were in the range of administered doses. This show that 
PBK models predict concentrations in the central nervous system for various routes of administration accurately 
without the need for additional in vivo data.   

1. Introduction 

Physiologically-based kinetic (PBK) models simulate concentrations 
in tissues based on biokinetic properties of chemicals and physiological 
properties of animals and humans. These models consist of different 
compartments (organs and blood) to simulate time-concentration pro
files of chemicals (Paini et al., 2019). Because PBK models simulate 
concentrations as opposed to measuring them, these models help reduce 
the need for expensive pre-clinical studies of pharmaceuticals and 
ethically questionable in vivo toxicity testing studies (e.g. 90-day repeat 
oral dose study in rat (Loizou et al., 2008; Perry et al., 2020)). Also, 
populations of specific interest, like children, elderly or the sick, can 
relatively easily be modelled, since these populations are often excluded 
from clinical studies. By making effective use of all available in vitro and 
in vivo data, PBK simulations can highlight important factors underlying 
kinetic variability (e.g. age, body composition, gender, (patho)physio
logical conditions, etc.), while minimising animal experiments (Fairman 

et al., 2020; Punt et al., 2019). 
In a next generation risk assessment of chemicals, the use of PBK 

models can provide a framework to facilitate quantitative in vitro-in vivo 
extrapolation (QIVIVE). Using QIVIVE, in vitro hazard characterization 
data can be used to predict in vivo therapeutic and toxic doses (Paini 
et al., 2019), thereby improving our mechanistic understanding of dif
ferences in therapeutic and effective doses between animals and 
humans. A next generation PBK (NG-PBK) model refers to a PBK model 
that is build, parameterised and evaluated without the need for pro
ducing new animal in vivo data, but instead is solely based on in silico, in 
vitro and/or human in vivo data (Paini et al., 2019). 

The benefits of PBK modelling over traditional pharmacokinetic 
studies are especially relevant to neurologically-active chemicals due to 
several reasons. First, there is a paucity of adequate information on (pre- 
)clinical brain concentrations (Gaohua et al., 2016). Second, the brain 
contains various fluids, barriers and interfaces laced with transporters 
and ion channels with which xenobiotics (including therapeutics) 
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interact (Dauer and Przedborski, 2003; Nestler et al., 2002), and cellular 
structures influencing the distribution of xenobiotics in the central 
nervous system (CNS) (de Lange, 2015; Stolp et al., 2013). Furthermore, 
species differences in these transporters at the blood-brainbarrier (BBB) 
and blood-cerebrospinal fluid (CSF) barrier (BCSFB) hamper extrapo
lation from animal in vivo data (Morris et al., 2017). Moreover, plasma 
concentrations are often not a satisfactory surrogate for brain concen
trations due to the various barriers in the brain and the barriers sur
rounding the CNS (Simon et al., 2018). Therefore, subdividing the brain 
is important for pharmaceuticals with a CNS target site and for intra
thecally administered pharmaceuticals as their distribution into the 
different brain regions influences target site concentrations. 

The aim of this manuscript is to illustrate how effective intrathecal, 
oral and intravenous doses of neurologically-active xenobiotics could be 
predicted using NG-PBK models with a compartmentalised CNS using 

solely in silico and in vitro kinetic and toxicity data as input. Since the 
concentrations of many neurologically-acting chemicals are influenced 
by active transporters and therefore plasma concentrations cannot be 
related to brain concentrations, in addition to validation data on total 
brain concentrations (CSF and brain matter) often being unavailable, the 
use of flow-limited models based on brain:plasma partition coefficients 
is not preferred. Our models build on the models of Gaohua et al. (2016); 
Verscheijden et al. (2019); and Yamamoto et al. (2018) using a com
partmentalised CNS. Gaohua et al. (2016) developed and evaluated a 
brain model for paracetamol and phenytoin. Using this model as a 
starting point, Verscheijden et al. (2019) published a paediatric brain 
model that was evaluated for different analgesics, including paraceta
mol and ibuprofen, and the antibiotic meropenem. Moreover, Yama
moto et al. (2018) published a human PBK brain model, based on an 
earlier published rat PBK model, and investigated the influence of 

Fig. 1. Schematic representation of the full body PBK model with a specialised CNS compartment for baclofen. The permeability limited brain compartment is lined 
in grey, with the three brain barriers/interfaces depicted in purple. Administration routes (oral, intravenous, and intrathecal) are indicated in green. The route of 
elimination (kidney clearance) is depicted in yellow. CNS: central nervous system, CSF: cerebrospinal fluid, QK: flow to/from the kidney, QG: flow to/from the gut, 
QHa: hepatic artery flow, QAd: flow to/from adipose tissue, QRP: flow to/from rapidly perfused tissue, QSP: flow to/from slowly perfused tissue, QC: cardiac output, 
QLu: flow to the lung, QBB: flow to/from the brain, Qbulk: bulk flow from the brain mass to the cranial CSF, Qsin and Qsout: CSF shuttle flow between cranial and 
spinal cord CSF, Qssink and Qcsink: flow from spinal and cranial CSF compartments to blood, respectively, PSb: permeability surface area product between brain 
blood and brain mass, PSc: permeability surface area product between brain blood and cranial CSF, PSe: permeability surface area product between brain mass and 
cranial CSF. 
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healthy and diseased CNS on concentrations of analgesics in the brain. 
While these models significantly improve the simulation accuracy of 
brain concentrations of pharmaceuticals and include a means to simu
late the influence of age and pathophysiology on the pharmacokinetics 
of these drugs, the models are limited to simulating oral and intravenous 
drug administrations and have not been used for QIVIVE of 
neurologically-active substances. While previously published PBK 
models focused on various analgesics, so far no evaluated PBK model for 
intrathecally administered neurologically-acting chemicals is available. 

Baclofen is a gamma-aminobutyric acid (GABA)-B receptor agonist 
often administered intrathecally to treat spasticity and also used (off- 
label) to treat alcohol use disorder (Simon et al., 2018). Intrathecal 
administration is preferred since baclofen appears to be poorly taken up 
across the BBB (Deguchi et al., 1995; Simon et al., 2018). Oral and 
intravenous doses needed to obtain CSF concentrations at therapeutic 
levels result in heavy side effects like drowsiness, memory impairment, 
ataxia and coma (Heetla et al., 2016; Meythaler et al., 2004; Sharma 
et al., 2018; Weißhaar et al., 2012). Since its poor permeability across 
the BBB, oral and intravenous doses and plasma concentrations of bac
lofen cannot be related to (effective) brain concentrations (Simon et al., 
2018). 

We describe and evaluate a NG-PBK model for baclofen, simulating 
concentrations in various fluids and tissues for populations (both sexes) 
of adults and children following intrathecal, oral and intravenous 
administration. In addition, individuals were modelled since the use of 
single patient models could aid in patient-centred treatment. This model 
simulates cerebral spinal fluid concentrations using in vitro BBB 
permeability data, eliminating the need for fitting of values to blood and 
tissue concentrations of xenobiotics measured in animal tests or human 
in vivo studies. The models were computed in both Berkeley Madonna 

and R and the results were compared to available human in vivo phar
macokinetic measurements from clinical studies. In addition, doses 
affecting neuronal cell signalling (in mg) were calculated by correlating 
in vitro data obtained from neuronal activity measurements using micro- 
electrode array (MEA) recordings to corresponding CNS concentrations 
using QIVIVE. 

2. Methods 

2.1. PBK model structure and input parameters 

The models of Verscheijden et al. (2019) and Gaohua et al. (2016) 
were used as a starting point to develop the CNS compartment of the 
baclofen PBK models for adults (age 18–50) and children (age 10). 
Compared to the models of Verscheijden et al. (2019) and Gaohua et al. 
(2016), besides the addition of chemical-specific data, the following 
adaptations have been made: 1) the choice of compartments was altered, 
since not all compartments were relevant for the kinetics of baclofen, 2) 
an intrathecal administration route was added, 3) physiological pa
rameters used were based on different sources (for Gaohua et al. (2016) 
the model code was unavailable, Verscheijden et al. (2019) included 
only a paediatric model). Moreover, compared to Verscheijden et al. 
(2019), a different package was used in R to solve the PBK model. 

All models in the current study are suitable for simulating baclofen 
concentration-time profiles in various organs following intrathecal, oral 
and intravenous administration of baclofen as all dosing routes are 
incorporated in the models. All organs and tissues were assumed to be 
homogenous and were modelled as blood-flow limited, except the CNS 
since the transfer rates across CNS interfaces and barriers are considered 
rate limiting. The CNS compartment is connected to the other tissue 

0 2 4 6 8 10 12

0.00

0.25

0.50

0.75

1.00

1.25

0.00

0.01

0.02

0.03

0.04

0.05

Intravenous dose
(5 mg)

Time (h)

Pl
as
m
a
co
nc
en
tra
tio
n

(m
g/
L)

Spi nal
C SF

co ncentr atio n
(m
g/L)

CSFs BM
CSFs R

Plasma BM
Plasma R
Agarwal et al., (5 mg)

0 2 4 6 8 10 12

0.0000

0.0005

0.0010

0.0015

0.0020

0

1

2

3

4

5

Intrathecal dose
(0.1 mg)

Time (h)

Pl
as
m
a
co
nc
en
tr a
ti o
n

(m
g /
L)

Spinal
CSF

concentration
(m
g /L)

CSFs BM
CSFs R

Plasma BM
Plasma R
Kroin et al., (0.1 mg) Sallerin-Caute et al., (0.1 mg)

0 2 4 6 8 10 12

0.0

0.2

0.4

0.6

0.8

0.00

0.05

0.10

0.15

0.20

0.25

Oral dose
(24 mg)

Time (h)

Pl
as
m
a
co
nc
en
tra
tio
n

(m
g/
L)

Sp inal
CSF

c onc entration
(m
g/L)

CSFs BM
CSFs R

Plasma BM
Plasma R
Kochak et al., (24 mg)

A B C

Fig. 2. Simulations of baclofen concentration-time profiles in a single male adult in Berkeley Madonna and R. Plasma concentrations (black lines) and spinal CSF 
(orange lines) are depicted following a single 0.1 mg intrathecal (A), 24 mg oral (B) or 5 mg intravenous (C) dose. Solid lines indicate simulations performed in 
Berkeley Madonna, whereas dashed lines indicate simulations performed in R. The dots indicate the validation data from clinical studies as described in Methods 
Table S4 in the Supplementary Information. 

0 2 4 6 8 10 12

0.00

0.05

0.10

0.15

0.00

0.01

0.02

0.03

0.04

Oral dose
(2.5 mg)

Time (h)

Pl
as
m
a
co
nc
en
tra
tio
n

(m
g /
L)

Spin al
CSF

co ncen tr at ion
(m
g/L)

CSF Male
Plasma Female
Plasma Male

CSF Female

0 2 4 6 8 10 12

0.000

0.001

0.002

0.003

0.004

0

1

2

3

4

5

Intrathecal dose
(0.1 mg)

Time (h)

Pl
as
m
a
co
n c
en
tra
tio
n

(m
g/
L)

S pinal
C SF

c onc ent ration
(m
g/L )

CSF Male
Plasma Female
Plasma Male

CSF Female

0 2 4 6 8 10 12

0

1

2

3

0.00

0.02

0.04

0.06

0.08

0.10

Intravenous dose
(5 mg)

Time (h)

Pl
as
m
a
co
nc
en
tra
ti o
n

(m
g/
L)

Spi na l
CS F

c once nt rat ion
(m
g /L)

CSF MalePlasma Male
CSF FemalePlasma Female

CBA

Fig. 3. Simulations of baclofen concentration-time profiles in a single paediatric male and single paediatric female. Plasma concentrations (black lines) and spinal 
CSF (orange lines) are depicted following a single 0.1 mg intrathecal (A), 2.5 mg oral (B) or 5 mg intravenous (C) dose. Solid lines indicate simulations of an adult 
male, whereas dashed lines indicate simulations of an adult female. Simulations were made using Berkeley Madonna. 
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Fig. 4. Simulations of baclofen concentration-time profiles of an adult population. Spinal cord CSF (A–C) and plasma (D–F) concentrations are depicted following a 
single intrathecal dose of 0.1 mg (A, D), oral dose of 24 mg (B, E) or intravenous dose of 5 mg (C, F). The population consists of 1000 males and 1000 females. Orange 
lines indicate the median, while grey lines indicate the limits of the 95% confidence intervals. The dots indicate the evaluation data from multiple patients from 
clinical studies described in Methods Table S4 in Supplementary Information. No clinical data is available for spinal cord CSF concentrations following oral and 
intravenous administration, and for plasma concentrations following intrathecal administration. 
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Fig. 5. Simulations of baclofen concentration-time profiles of a paediatric population. Spinal cord CSF (A–C) and plasma (D–F) concentrations are depicted following 
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compartments via the arterial and venous blood and is split into four sub- 
compartments: the brain mass, the brain blood, the cranial cerebrospinal 
fluid (CSF) and the spinal cord CSF (Fig. 1). The flows to (Qbulk), from 
(Qssink, Qcsink) and between (Qsin, Qsout) the CSF compartments are 
dependent on the CSF production rate and on each other (Fig. 1; see 
Supplementary Models for the equations). Several assumptions are made 
for the CNS compartment: [1] only the free fraction of baclofen transfers 
across the BBB and BCSFB, [2] the barrier between brain mass and 
cranial CSF is completely permeable and represented by the passive 
permeability surface area product (PSe) (Gaohua et al., 2016), [3] there 
is no barrier between the cranial and spinal cord CSF, there are just fluid 
flows, depicted by Qsin (flow from cranial to spinal cord CSF) and Qsout 
(flow from spinal cord to cranial CSF) (Gaohua et al., 2016), [4] the 
barrier between the brain blood and the brain mass is the BBB (Gaohua 
et al., 2016) and is represented by a value for PSb (passive permeability 
surface area product BBB) obtained using in vitro experiments (see 
Section 2.1.1), [5] the barrier between the brain blood and the cranial 
CSF is the BCSFB and is represented by a value for PSc (passive 
permeability surface area product BCSFB), which is around two-fold 
smaller than corresponding BBB values, due to a ~two-fold smaller 
surface area (Gaohua et al., 2016; Verscheijden et al., 2019), and [6] no 
metabolism of baclofen occurs in the brain. 

All non-CNS compartments (i.e. kidney, gut, liver, adipose tissue, 
rapidly perfused tissue, slowly perfused tissue and lung) are included 
because they either influence the pharmacokinetics of baclofen by being 
involved in the absorption, distribution or excretion or allow for the 
extension of the model to simulating other xenobiotics and inhalation 
routes in future studies. Since baclofen is not metabolically cleared and 
mainly eliminated via urine (70–80%; Drugbank (2005)), the sole 
elimination route for baclofen is via renal clearance (clinically 

determined CLurine; see Supplementary Methods Table S2). 
Physiological and chemical-specific parameters were taken from 

literature and PK-SIM version 8, and scaled to body weight, body height, 
age and body surface area (see Methods Table S2 and Table S3 in Sup
plementary Information). Using the quantitative structure activity re
lationships (QSAR) described by Rodgers et al. (2005); Rodgers and 
Rowland (2006) for zwitterions with a strong base, partition coefficients 
were calculated, taking the ionization and lipophilicity of the compound 
into account (Rodgers et al., 2005; Rodgers and Rowland, 2006). The 
PBK models were scripted in Berkeley Madonna (BM) version 8.3.18 and 
in R version 3.6.3 using packages ‘RxODE’, ‘truncnorm’ and ‘ggplot2’ 
(Fidler et al., 2020; Mersmann et al., 2018; R Development Core Team, 
2018; Wickham, 2016). The model codes are found in the Supplemen
tary Information (‘Supplementary Models’). 

2.1.1. In vitro BBB permeability 
Regarding its CNS distribution, baclofen has been reported to be a 

substrate for both influx and efflux transporters expressed at the BBB in 
vivo in rats, respectively, the large neutral aminoacid transporter (LAT1, 
aka SLC7A5) (Simon et al., 2018) and the organic anion transporter 3 
(OAT3)) (Deguchi et al., 1995; Simon et al., 2018). No information is 
available on the transporters involved in transport of baclofen across the 
BBB in humans. The expression level of OAT3 in humans is >5-fold 
smaller than in rats, if OAT3 is present at all (Hoshi et al., 2013). This 
implicates that it is unlikely that OAT3 is the main efflux transporter 
responsible for the efflux of baclofen across the BBB in humans. The 
permeability of the BBB by baclofen was measured in vitro using a 
human BBB model derived from hematopoietic stem cells as described 
by Cecchelli et al. (2014). Since the transporters involved in the trans
port of baclofen across the BBB in humans are unknown, it is assumed 
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that this BBB model is representative of the in vivo situation and com
prises both the in- and efflux transporters responsible for the transport of 
baclofen across the BBB. 

2.1.1.1. Chemicals and materials. Baclofen (MW = 213.66 g/mol) and 
the fluorescent integrity marker Lucifer yellow (LY; MW = 457.25 g/ 
mol) and dimethyl sulfoxide (DMSO), were purchased from Sigma- 
Aldrich (St. Quentin Fallavier, France). Acetonitrile, formic acid (FA), 
and ammonium formate were all high-performance liquid chromatog
raphy (HPLC) grade and were obtained from BioSolve (Valkenswaard, 
the Netherlands). HPLC grade water was obtained by a Milli-Q integral 
water purification system (Millipore Merck, Darmstadt, Germany). 

2.1.1.2. Human in vitro BBB model 
2.1.1.2.1. Hematopoietic stem cell-derived endothelial cells (ECs). The 

human in vitro BBB model used in this study was modified from the co- 
culture model of Cecchelli et al. (Cecchelli et al., 2014). In brief, he
matopoietic stem cell-derived ECs were isolated according to the 
method described in Cecchelli et al. (Cecchelli et al., 2014). Vials of 
frozen ECs (1 × 106 cells) were rapidly thawed and seeded in gelatin- 
coated (type A from porcine skin) (Sigma-Aldrich) 100-mm Petri 
dishes (Costar, Corning Incorporated, NY, USA) containing complete 
medium for ECs (endothelial cell medium (ECM) (Sigma-Aldrich), sup
plemented with 5% fetal calf serum (FCS) (Integro), 1% endothelial cell 
growth supplement (ECGS) (Sigma-Aldrich) and 0.5% gentamicin 
(Biochrom AG, Berlin, Germany)). Two days after thawing, around 5 ×
106 cells were present and ECs were trypsinised with trypsine/ ethyl
enediaminetetraacetic acid (EDTA) (0.05%/0.02% in phosphate 

buffered saline – calcium and magnesium free (PBS-CMF) (Biochrom 
AG) and seeded on a semi-permeable Transwell insert (0.4 μm, 12-well 
system, Costar, Corning Incorporated) coated with Matrigel (growth 
factor reduced BD Matrigel Matrix, BD Biosciences), at a concentration 
of 16 × 104 cells per mL (or 80.000 cells per well). Cells were cultivated 
at 37 ◦C in a humified atmosphere at 5% CO2/95% air and medium was 
changed every two days. All sera were heat-inactivated before use. 

2.1.1.2.2. Co-culture of stem cell-derived endothelial cells (ECs) with 
brain pericytes. Two days before ECs were put in co-culture, bovine brain 
pericytes were thawed. Primary bovine brain pericytes were isolated 
according to the method described by Vandenhaute et al. (Vandenhaute 
et al., 2011). Vials of frozen primary bovine brain pericytes (passage ≤3; 
1 × 106 cells) were rapidly thawed and seeded in gelatin-coated 100-mm 
Petri dishes containing complete medium for bovine pericytes (DMEM 
supplemented with 20% FCS, 1% L-glutamine and 0.5% gentamicin). 
After two days, pericytes were trypsinised and seeded, at a concentra
tion of 1.25 × 104 cells per cm2 (or 50.000 per well) on the bottom of 
gelatin-coated 12-well plates. 

Co-cultures were initiated by inserting the Transwell inserts with 
attached ECs into the pericyte-containing well plates and by a subse
quent change of the medium to ECM, resulting in a non-contact BBB in 
vitro model, as no physical interaction exist between the two cell types. 
Experiments were initiated after 6 days of co-culture. Co-cultures were 
cultivated at 37 ◦C in a humified atmosphere and 5% CO2. All sera were 
heat-inactivated before use. 

2.1.1.2.3. In vitro transport studies. Transport studies were initiated 
after 6 days of co-culture for the human in vitro BBB model and all ex
periments were carried out at pH = 7.4 and T = 37 ◦C. 

Fig. 7. Global sensitivity analysis of the baclofen adult population PBK model following intrathecal administration. The ten parameters having the largest influence 
on the spinal cord CSF concentration simulations (A–C) and the venous blood concentration simulations (D–F) are depicted at various timepoints, following a single 
intrathecal dose (0.1 mg). Black and grey depict the total and main sensitivity, respectively. 0.2 h: immediately following administration, 1.5 h: initial elimination 
phase in spinal cord CSF, overlapping with the Tmax (time Cmax is reached) of the venous blood concentration, 8 h: delayed elimination phase. QPR: 
Qproductionrate. 
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Baclofen was first dissolved at a concentration of 5 mM in DMSO to 
obtain a stock solution. Then baclofen was dissolved at 5 μM in Krebs- 
Ringer HEPES (RH) buffer (NaCl 150 mM, KCl 5.2 mM, CaCl2 2.2 mM, 
MgCl2 0.2 mM, NaHCO3 6 mM, glucose 2.8 mM, HEPES 5 mM, sterile 
water for injection – pH: 7.4) containing Lucifer yellow (LY) at 50 μM 
and 0.1% human serum albumin (hSA, Sigma-Aldrich). 500 μL was 
added to the luminal (donor) compartment of the BBB model whereas 
the abluminal (receiver) compartment was filled with 1.5 mL of RH. The 
plate was subsequently incubated at 37 ◦C on an orbital shaker (PX-MIS 
6–1, Polymix, Kinematica AG, Switzerland) with low shaking velocity 
(60 rpm) for exactly 60 min. 

After 60 min at 37 ◦C, an aliquot from each donor and receiver 
compartment was withdrawn and stored below − 65 ◦C until analysis. 
All experiments were performed at least in triplicate. 

Apparent permeability coefficients (Papp) for baclofen and LY were 
calculated according to the following equation: 

Papp
(
cm⋅s− 1) =

J (amount⋅s− 1)

S (cm2)⋅C0
(
amount⋅mL− 1),

where J (in amount⋅s− 1) is the rate of appearance or flux of the com
pound in the receiver, S (in cm2) is the membrane surface area and C0 (in 
amount⋅mL− 1) is the initial donor concentration at t0. 

Possible compound loss was assessed by calculating the recovery 
(mass balance) according to the equation: Recovery (%) = (CDfVD +
CRfVR)/(CD0VD) x 100, where CDf = final concentration of the com
pound in the donor; CRf = final concentration of the compound in the 
receiver compartment; CD0 = initial concentration in the donor 
compartment; VD,VR = volumes in the donor and receiver compart
ments, respectively. 

2.1.1.2.4. Analytical procedures. The amount of LY was determined 

by fluorescence spectrophotometry (Synergy H1, BioTek Instruments 
SAS, Colmar, France) with an excitation wavelength of 432 and an 
emission wavelength of 538 nm. A blank value was subtracted from the 
measured values. 

The quantification of baclofen was performed by Ultra-high perfor
mance liquid chromatography - tandem mass spectrometry (UHPLC- 
MS/MS). 

Sample aliquots were subjected to protein precipitation with ice cold 
acetonitrile. After centrifugation for 20 min at 13200 rpm (MiniSpin 
plus, Vaudaux-Eppendorf), the supernatant were transferred into a 96- 
deep well plate, dried in nitrogen (Evaporex EVX-96, Apricot Designs, 
Monovia, CA, USA) and reconstituted with injection solvent (65% water 
containing 0.1% FA (i.e mobile phase A) and 35% acetonitrile con
taining 0.05% FA (i.e mobile phase B), v/v) before injection into the 
UHPLC-MS/MS (1290 Infinity UHPLC system coupled to a 6460 Triple 
quadrupole mass spectrometer, all Agilent, Waldbronn, Germany). The 
flow rates were set at 0.5 mL/min. Measurements were performed in 
electrospray ionization positive ion mode (ESI+) and multiple reaction 
monitoring mode. MS/MS parameters were as follows: drying gas (ni
trogen) temperature and flow rate were 320 ◦C and 10 L/min, respec
tively, nebulizer pressure was 20 psi, sheath gas temperature was 400 ◦C 
and flow rate was 11 L/min. Nitrogen was used as collision gas. Data 
were acquired and quantifications were done using MassHunter (version 
B.08.02). 

2.1.2. PBK models for baclofen in single adult 
The models were constructed for an average man of 25 years, 175 cm 

and 70 kg and for an average woman of 25 years, 160 cm and 55 kg. The 
simulations were evaluated using clinical data from Kroin and Penn 
(1992; intrathecal), Sallerin-Caute et al. (1991; intrathecal), Kochak 
et al. (1985; oral), Schmitz et al. (2017; oral and intravenous) and 
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Fig. 8. In vitro concentration-response curve and in vivo dose-response curves for inhibition of neuronal activity by baclofen. (A): In vitro concentration response 
curve for the inhibition of neuronal activity by baclofen. Neuronal activity is depicted as the mean effect (compared to baseline activity) on spike rate ± SEM for 
23–26 wells on 4–5 plates. (B): Extrapolated median (black) in vivo dose-response curves for human exposure to baclofen including 5th and 95th percentile of the 
population (grey: intrathecal; green: oral; orange: intravenous). Dose-response curves for intrathecal, oral and intravenous administration (in mg*kg− 1 body weight) 
are estimated based on Cmax values simulated using the adult population models. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 1 
IC50 values (including 95% confidence intervals [CI]) corresponding to the in vivo dose-response curves depicted in Fig. 8B. The IC50 values for the median of the 
population and the 5th and 95th percentiles of the population (lower- and upper bounds) are depicted in μg for intrathecal administration and in mg for oral and 
intravenous administration. Doses are converted from mg/kg to mg by multiplying with the average body weight of the entire simulated population (75.5 kg).  

Dosing IC50 Median [95% CI] IC50 5th percentile[95% CI] IC50 95th percentile [95% CI] 

Intrathecal (μg) 2.3 [1.5–3.7] 2.1 [1.4–3.4] 2.5 [1.6–4.0] 
Oral (mg) 9.6 [6.2–15] 5.8 [3.7–9.3] 16 [11–26] 
Intravenous (mg) 11 [7.4–18] 5.0 [3.2–8.0] 15 [9.4–23]  
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Agarwal et al. (2015; oral and intravenous), with an age between 20 and 
56 years and an unknown weight (see Methods Table S4 in Supple
mentary Information for more details on the evaluation data used in this 
study). The simulations from the single male and female adult models, as 
well as the male and female population models were compared to these 
studies. 

2.1.3. PBK models for baclofen in single child 
The PBK models for baclofen in a single child were based on an 11- 

year-old boy (140 cm and 36 kg) and a 9-year-old girl (120 cm and 26 
kg; based on the evaluation study (Wiersma et al., 2003)). Chemical- 
specific and physiological parameters are listed in Methods Table S2 
and Table S3 in the Supplementary Information. Physiological param
eters were adjusted based on age, height and weight. Some assumptions 
were made for the paediatric models: [1] the absorption rate (ka) for 
children was set equal to the adult value (1.34; see Supplementary 
Methods Table S2), [2] permeability of the paediatric CNS barriers is 
solely dependent on brain volume (scaled to brain volume) and not the 
age-dependent activity of in- and efflux transporters, [3] CSF production 
rate is set to the adult production rate as the production rate is com
parable in children of five years and older (Cutler et al., 1968). 

2.1.4. PBK model for baclofen in adult and paediatric populations 
The single adult and single paediatric models were converted to 

population models by incorporating variability for chemical-specific 
parameters and physiological parameters according to eq. 1: 

Pi = Ppop*eZη  

where Pi is the parameter for the specific individual, Ppop is the pop
ulation average, Z is the standard normal variable and η is the variance 
(Verscheijden et al., 2019). Variances were derived from literature or set 
at 10% if no specific variance was known (see Methods Table S2 and 
Table S3 in Supplementary Information). As renal clearance is known to 
vary heavily, variance was put at 30% (Gowans and Fraser, 1988). For 
the absorption rate constant (ka), a truncated normal distribution was 
used to incorporate variability. Because all physiological parameters are 
dependent on age, body height, body weight and sex, an individual with 
a lower body weight would on average get a smaller organ volume, 
resulting in physiologically plausible individuals. The population PBK 
models were compared to the same evaluation studies as the single 
models, as described in Section 2.1.2. Studies with time-concentration 
profiles following a single dose were used to evaluate the PBK models 
developed in this study. 

2.2. Global sensitivity analysis 

The function ‘soboljansen’ was used in the R package ‘sensitivity’ to 
perform the global sensitivity analysis (Iooss et al., 2020). The impact of 
50 parameters on model output was investigated according to the Sobol 
method (Iooss et al., 2020; Sobol et al., 2007). The global sensitivity 
analysis ranks the parameters according to their influence on the output, 
either venous blood concentration or spinal cord CSF concentrations. 
This identifies the main contributors to variability in the output at eight 
different timepoints after intrathecal, oral and intravenous administra
tion: 0.2 h, 0.5 h, 1 h, 1.5 h, 2 h, 3 h, 4 h and 8 h. Uniform distributions 
were assigned to each parameter, with the minimum at 0.9 x median and 
the maximum at 1.1 x median. The complete R code for the sensitivity 
analysis can be found in the Supplementary Information (‘Supplemen
tary Models’). 

2.3. In vitro neurological effects of baclofen 

Baclofen is a gamma-aminobutyric acid (GABA)-B receptor agonist 
used to treat spasticity (Simon et al., 2018). The stimulation of the 
GABA-B receptor by GABA or agonists reduces the frequency of action 

potentials, which in turn reduces neurotransmitter release. As such, the 
GABA-B receptors are inhibitory receptors which, when stimulated, 
inhibit the continuation of neuronal signalling between neurons (Hon
debrink et al., 2016). Neuronal activity, the signalling between neurons, 
can be measured in vitro using rat primary neuronal cultures grown on 
microelectrode arrays. Neuronal activity measurements were performed 
to determine the in vitro concentration-response curves of baclofen. 

To obtain rat cortical cultures, animals were used in agreement with 
Dutch law, the European Community directives regulating animal 
research (2010/63/EU) and approved by the Ethical Committee for 
Animal Experiments of Utrecht University. In short, mixed males + fe
males, neonatal Wistar rats, 0–1 postnatal, were prepared and cultured 
as discussed in Zwartsen et al. (2018). Next, neuronal activity of rat 
primary cortical cultures was measured prior to and following exposure 
to baclofen using the Maestro 768-channel amplifier (Axion BioSystems 
Inc., Atlanta, USA), as discussed in more detail in Zwartsen et al. (2018). 
The suppliers of the commercially used materials can also be found in 
Zwartsen et al. (2018). Neuronal cultures were exposed for 30 min to 
0.01–10 μM baclofen dissolved in and diluted using assay medium 
(Neural Basal-A supplemented with 25 g L− 1 sucrose, 450 μM L-gluta
mine, 1% penicillin/streptomycin, 2% mL B-27plus and 100 mM NaOH 
(for baclofen solubility)). Raw data files were rerecorded using the AxIS 
spike detector with specific thresholds previously described (Zwartsen 
et al., 2019). As baclofen showed transient effects, only the effects 
following the first 10 min of exposure were used and expressed as a 
percentage of baseline activity (for reference activity, inherent to 
different networks). The results on the mean spike rate from 24 to 26 
wells on 4–5 plates were combined and outliers (effects 2× standard 
deviation above or below average; 4.0%) were removed. Effects, aver
aged per concentration, were used for further statistical analyses. Non- 
linear regressions were used to graph the concentration-response 
curve and calculate inhibitory concentrations (IC50) (GraphPad Prism 
v8, La Jolla CA, USA). 

2.4. Quantitative in vitro to in vivo extrapolation 

Using the population PBK models and the in vitro neuronal activity 
concentration-response relationships, intrathecal, oral and intravenous 
doses leading to the inhibition of neuronal activity were predicted. For 
the extrapolation from in vitro to in vivo effects, it is assumed that only 
the free fraction of baclofen is able to induce effects. In vitro concen
trations are directly related to CSF concentrations in the spinal cord (site 
of action) as no serum was used in the in vitro assay and baclofen is 
~100% unbound in CSF (Friden et al., 2009). Intrathecal, oral and 
intravenous doses were determined corresponding to Cmax values in the 
spinal cord CSF compartment that correspond to a specific nominal in 
vitro concentration. In doing so, the in vitro concentration-response re
lationships were translated into predicted in vivo human bioequivalent 
dose-effect relationships for each administration route and compared to 
each other. 

3. Results 

3.1. BBB permeability 

Baclofen was fully recovered from both sides of the BBB in the human 
in vitro BBB model, confirming the negligible loss of baclofen due to 
adsorption to the transwell plate, metabolism in the cells or insolubility. 
An in vitro apparent permeability (Papp) value of 1.57*10− 5 cm sec− 1 

was determined (Culot, unpublished). This moderate Papp value was not 
influenced by the effect of baclofen on the BBB tightness, as the amount 
of lucifer yellow transferring over the BBB was comparable in both the 
absence (0.47*10− 5 cm sec− 1) and presence (0.55*10− 5 cm sec− 1) of 
baclofen. One limitation of Papp is that it does not account for the 
compound permeability across the cell-free filter. However, the Papp of 
lucifer yellow and baclofen across cell-free filter (respectively 2.47 and 
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6.21*10− 5 cm sec− 1) demonstrate that the ability of the compounds to 
cross the insert is negligible in experiments with cells. The Papp value 
was used in the PBK model to derive the passive permeability surface 
area products for the BBB and the BCSFB (PSb and PSc, respectively). 

3.2. Setup and evaluation of PBK models for single adult 

As a starting point, a four compartment CNS-PBK model with intra
thecal, oral and intravenous administration routes was coded and 
evaluated for a single male adult in both Berkeley Madonna and R. 

Fig. 2A-C depict that the models in Berkeley Madonna and R simulate 
comparable spinal cord CSF and plasma concentrations, except after 
intravenous administration (all maximum concentrations and associated 
timepoints (Cmax and Tmax, respectively) and area under the curve 
(AUC) values can be found in Results Table S1 in the Supplementary 
Information). Following all administration routes, CSF concentrations in 
the spinal cord and plasma concentrations were slightly higher in the 
female model (Cmax ~1.2–1.4 fold higher, Results Fig. S1 and Results 
Table S1 in Supplementary Information), which is attributable to the 
lower tissue volumes and higher fat content in the female model. The 
male model was evaluated visually by comparing predicted and 
observed values of plasma- and CSF concentrations following intrave
nous and oral doses and following intrathecal doses, respectively. Sim
ulations of the CSF concentration in the spinal cord following intrathecal 
administration are supported by clinical data from Kroin and Penn 
(1992) and Sallerin-Caute et al. (1991) (Fig. 2A). All simulations 
following intrathecal doses deviated on average 2.1-fold from the 
observed data, with some concentrations being overpredicted by the 
model. Plasma concentrations following oral and intravenous doses 
were supported by the data from Kochak et al. (1985) and Agarwal et al. 
(2015), respectively (Fig. 2B & C). All simulations following oral doses 
deviated on average 1.5-fold from the observed data. For intravenous 
administration, all simulations deviated on average 1.4-fold from the 
observed data. 

3.3. Setup and evaluation of PBK models for single child 

Next, single male and female paediatric models were developed. The 
model simulations were evaluated using measured plasma concentra
tions of the only paediatric study available in male and female patients 
(age 8–12 years) with gastroesophageal reflux disease (Wiersma et al., 
2003). Data from the patients in this study supported the plasma con
centrations of males well and all simulations deviated on average 1.3- 
fold from the observed data (Results Fig. S2 in Supplementary Infor
mation). Comparable to the adult model, differences in simulated tissue 
concentrations were indiscernible between the models in Berkeley Ma
donna and R (Results Table S1 in Supplementary Information). Like is 
the case with the adult models, spinal cord CSF and plasma concentra
tions were slightly higher in the female paediatric model following all 
administration routes (Cmax ~1.2–1.4-fold higher, Fig. 3 and Supple
mentary Information Table S1). When doses were adjusted for body 
weight, Cmax in paediatrics is lower than in adults (Results Fig. S3 in 
Supplementary Information). 

3.4. Setup and evaluation of the adult and paediatric population models 

Following the single models, both adult and paediatric population 
models were developed and evaluated for a population of 2000 in
dividuals in total (1000 males and 1000 females) by varying most pa
rameters (Methods Table S2 and Table S3 in Supplementary 
Information, Fig. 4 and Fig. 5). For these models, the same evaluation 
data were used as for the single models. Following intrathecal admin
istration in the adult model, all, but three, clinical data points fell within 
the 95% confidence interval limits of the simulated population median 
(Fig. 4A). Following oral and intravenous administration, respectively 
78% and 90% of all clinical data fell within the 95% confidence interval 

limits of the simulated population median. For oral administration, 
some data were slightly overestimated by the model. The population 
models predict the Cmax accurately, but the models slightly underesti
mate the clearance of the chemical from CSF and plasma (Fig. 4). For the 
oral paediatric model, except two datapoints, all clinical data fell within 
the 95% confidence interval limits of the simulated population mean 
(Fig. 5E). 

Using the population models, it was calculated that following all 
three administration routes, the Cmax of both the spinal cord CSF and 
the plasma concentrations were different between males and females 
and between adults and children, except for the plasma concentrations 
after intravenous administration between adults and children (see Re
sults Tables S2 and S3 in Supplementary Information: p < 0.05). When 
comparing the simulations from the adult population model with the 
simulations from the paediatric population model, the simulated 
maximum plasma and spinal cord CSF concentrations in the paediatric 
model were 1.5–2.2-fold lower than in the adult model, when the doses 
were adjusted for body weight (Results Table S3 in Supplementary In
formation). Simulated maximum concentrations of baclofen in the spi
nal cord CSF are ~4600 and ~4150 times lower at a dose of 0.1 mg 
following oral and intravenous administration, respectively, compared 
to intrathecal administration. Most data were within a two-fold change 
of the measured clinical evaluation data as can be seen in the observed 
vs. predicted plots (Fig. 6A–H). At low concentrations following intra
thecal administration, a discrepancy between observed and predicted 
values is visible. 

3.5. Sensitivity analysis 

A global sensitivity analysis was performed to investigate the effect 
of the model input parameters on the simulation variance. The ten pa
rameters influencing the simulations of the spinal cord CSF and venous 
blood concentrations following intrathecal administration most are 
depicted in Fig. 7 for three different timepoints. The results of the 
sensitivity analyses for all other timepoints and administration routes 
can be found in Results Fig. S4 in the Supplementary Information. 

The global sensitivity analysis depicts that the volume of the spinal 
cord CSF (VCSFs) has the largest influence on the simulation of CSF 
concentrations in the spinal cord immediately following intrathecal 
administration (Fig. 7A). In the initial elimination phase (0.5–1 h), the 
production rate of the CSF (Qproductionrate) becomes increasingly 
important and after 1.5–2 h, the Qproductionrate is the only parameter 
with a large sensitivity. In the delayed elimination phase, the VCSFs 
becomes increasingly important again, although the Qproductionrate 
remains to have the largest influence on the simulations (Fig. 7B–C). In 
venous blood, the same parameters have the largest influence at the first 
timepoints following intrathecal administration (0.2–2 h; Fig. 7D–E). 
However, from 3 h onwards, the distribution to the kidney (kidney 
partition coefficient PK) and the clearance (CLurine) become increas
ingly important and are the main contributing parameters at 8 h 
(Fig. 7F). 

Following oral and intravenous administration, the VCSFs and the 
Qproductionrate also greatly influence the CSF concentrations in the 
spinal cord at the earlier timepoints, although less strongly than after 
intrathecal administration (Results Fig. S4C and E in Supplementary 
Information). This gradually switches after 3–4 h to PK and CLurine. For 
oral administration specifically, the absorption rate constant (ka) has a 
large influence on plasma and spinal cord CSF concentrations (Results 
Fig. S4C and D in Supplementary Information). Other parameters that 
influence plasma concentrations most after oral and intravenous 
administration are PSP (partition coefficient slowly perfused tissue), PK 
and CLurine (Results Fig. S4D and F in Supplementary Information). 

3.6. Quantitative in vitro to in vivo extrapolation 

Using in vitro neuronal activity measurements performed on rat 
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primary cortical cultures grown on microelectrode arrays, the potency of 
baclofen to affect signal transduction was investigated. Baclofen 
concentration-dependently inhibited the neuronal activity with an IC50 
value of 0.59 μM [95% confidence interval: 0.38–0.94] (Fig. 8A). 
Complete inhibition of neuronal activity was seen at ≥3 μM. The initial 
drop in neuronal activity following the lowest tested concentration is 
thought to be due to a (unknown) reaction between the solvent and the 
chemical since lowering the concentration did not reveal a biphasic ef
fect (data not shown). 

Using this concentration-response curve and the evaluated adult 
population-based PBK model for baclofen, an estimation of the equiva
lent intrathecal, oral and intravenous doses of baclofen affecting 
neuronal activity was made. As depicted in Fig. 8B, lower doses (in 
mg*kg body weight) of intrathecally administered baclofen as opposed 
to orally or intravenously administered baclofen are needed to inhibit 
neuronal activity. A summary of all IC50 values (including 95% confi
dence intervals) are depicted for the median of the population and 5th 
and 95th percentile of the population (the lower and upper bounds) in 
Table 1. 

4. Discussion 

This study provides a NG-PBK model for adults and children with a 
specialised CNS compartment for the spasmolytic agent baclofen that is 
suitable to simulate time-resolved tissue concentrations for three 
different administration routes. PBK models make it possible to accu
rately describe the distribution of baclofen in tissues in adults and 
paediatrics. This is of interest as doses and plasma concentrations of 
baclofen cannot be related to (effective) brain concentrations (Simon 
et al., 2018), and measuring CSF concentrations is too invasive for 
general practice. Since total brain concentrations (brain mass plus cra
nial CSF) of baclofen following administration were unavailable, the use 
of flow-limited models was not possible. Instead of fitting parameters in 
the permeability-limited brain compartment using pharmacokinetic 
data from animal tests, this model used in vitro kinetic measurements to 
describe the transfer of baclofen over the BBB and in silico models to 
calculate partition coefficients. This resulted in a NG-PBK model without 
any fitted parameters. Moreover, in vitro neuronal activity measure
ments were used in combination with the fully parameterised PBK 
models for QIVIVE and oral, intravenous and intrathecal doses affecting 
neuronal activity were derived. The results show that accurate 
concentration-time profiles can be simulated for baclofen using a NG- 
PBK model without the need for additional in vivo input. Moreover, 
the results indicate that 4150 and 4600 times higher doses are needed to 
reach the same CSF concentrations after intravenous and oral adminis
tration, respectively, compared to intrathecal administration. 

Previously, a PK-pharmacodynamic model was published that 
modelled the concentrations of baclofen in the CSF in humans after 
intrathecal administration and related these concentrations to mea
surements of spasticity (Heetla et al., 2016). As the distance from the 
injection site influences the concentration of pharmaceuticals in the CSF 
greatly, the PK model in this study divided the intrathecal space into 57 
compartments (Bernards, 2006). Although baclofen CSF concentrations 
were related to pharmacodynamic data, the model is not physiologically 
based and focusses solely on the CSF. Moreover, only twelve patients 
were included in the study and the PK data could not be validated. In the 
current study, the spinal cord CSF was modelled as one compartment. 
This is reasonable, because the evaluation dataset used for intrathecal 
administration here (Kroin and Penn (1992); Sallerin-Caute et al. 
(1991)) dosed and sampled at the same site (or close to the dosing site) 
in the spinal cord CSF. Nevertheless, if other (clinical) questions need to 
be answered, splitting the intrathecal space may be a useful addition to 
the model that can help in determining the ideal position of the catheter 
tip or the concentration gradient in the spinal cord and spinal cord CSF 
for specific treatments. 

Incorporating the BBB in PBK models can improve estimations of 

CNS concentrations, especially for compounds like baclofen that are 
tightly regulated by the BBB. This was confirmed by our in vitro BBB 
permeability study, which showed a moderate Papp value for baclofen 
(Papp 1.57*10− 5 cm/s). In comparison, the Papp values of two other 
compounds, atenolol (hydrophilic slowly permeable molecule) and co
deine (more lipophilic, fast rate of transport) are 1.09*10− 5 and 
4.67*10− 5 cm/s, respectively, in the same BBB model (Culot, unpub
lished). This illustrates that the rate of transport of baclofen is indeed 
limited by the BBB. If no BBB is included in the PBK model, the model 
should either fit a permeability constant (if the brain compartment is 
considered permeability limited) or a QSAR should be used to predict a 
brain-blood partition coefficient (if the brain compartment is considered 
blood-flow limited). However, a QSAR as used for the other tissue-blood 
partition coefficients in the model does not take into account the specific 
characteristics of the BBB and the BCSFB, including transporters. Using 
the in vitro BBB permeability of baclofen and the surface area of the BBB 
and the BCSFB, the in vivo permeability of the BBB and BCSFB was 
estimated and incorporated in the model as PSb and PSc. 

Overall, the model results showed that most simulations overlap 
with measured concentration-time profiles within a 2-fold margin, 
which is considered adequate for using PBK models in risk assessment 
(IPCS, 2010). As the therapeutic index of baclofen is unknown, but listed 
as narrow (Arbouw et al., 2014), a 2-fold margin was considered rele
vant for baclofen. The population simulations indicate that the majority 
of the clinical pharmacokinetic data fall within the 95% confidence in
tervals of our simulated population. Some concentrations were, how
ever, either under- or overpredicted by the model and the model seems 
to underpredict the clearance of baclofen from the CSF and the plasma. 
This might partly be due to discrepancies in the data of the validation 
studies. The under- or overpredictions can also be due to the fact that the 
current study simulates the concentration-time profiles without fitting 
any parameters. As a consequence, the input parameters obtained from 
single studies can impact the simulations heavily. The sensitivity anal
ysis suggests that parameters influencing the simulations most are the 
absorption constant (ka), clearance (CLurine), partition to the kidney 
(PK), partition to the slowly perfused tissue (PSP), volume of the spinal 
cord CSF (VCSFs) and the production rate of the CSF (QPR). Four of 
these (ka, CLurine, PK and PSP) are chemical-specific parameters and 
are either based on a few input studies or on QSARs. Moreover, the 
VCSFs and the QPR are known to vary heavily between humans (Gaohua 
et al., 2016) and may therefore explain why simulations are under- or 
overpredicting concentrations. 

While it is known that the development of children influences many 
physiological parameters (Schmitt et al., 2017), quantitative data like 
protein expression of BBB and BCSFB transporters is mostly unavailable 
(Verscheijden et al., 2019). The development and use of a PBK model 
makes it possible to adjust for example transporter activity and other 
processes involved in drug disposition to accurate pharmacokinetic 
parameterization in paediatric PBK models (Verscheijden et al., 2020). 
However, the limited availability of these quantitative data complicates 
the implementation of paediatric PBK models in drug development to 
improve safety and reduce off-label use (Committee on Drugs, 2014), 
even though the traditionally used simple body weight-based scaling 
also ignores these developmental processes and has many other limita
tions (Verscheijden et al., 2020). PBK models usually can predict better 
concentration-time profiles than simple allometric scaling procedures 
(Verscheijden et al., 2020). This model is the first to simulate concen
trations of an intrathecally administered drug in the CSF compartments 
of children. However, the model is at the moment only applicable for 
children aged 5–11. This is due to differences in physiological parame
ters between age groups (like maturation of the kidney) and some of the 
assumptions made (like production of the CSF). Although outside the 
scope of this study, the model may be modified to simulate plasma and 
CSF concentrations for children of all ages following more research on 
age-appropriate (physiological) parameters (Verscheijden et al., 2019). 

The CSF concentrations in the spinal cord and the corresponding 
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dose simulated in the adult model were correlated to the in vitro 
neuronal activity effects using QIVIVE. The inhibition of neuronal ac
tivity was measured in rat primary cortical cultures, which generates 
challenges in translating these data to the inhibition of neuronal activity 
in humans. However, while there are ethical concerns to the use of 
primary cultures and knowledge on human in vitro neuronal cultures is 
increasing (Tukker et al., 2018), no well-established human model is 
developed yet (Tukker et al., 2016). Research has showed that for toxins 
like tetrodotoxin and drugs like amphetamine comparable sensitivity for 
human cultures and rat cultures were seen, but that rat cortical cultures 
were more sensitive to methoxetamine compared to the human model 
(Hondebrink et al., 2017; Kasteel and Westerink, 2017). It was suggested 
that this could be the result of the relatively immature phenotype of the 
used human model or differences in receptor expression or isoforms. 
Also, assuming a narrow therapeutic index of baclofen, especially when 
administered intrathecally (Arbouw et al., 2014), comparing inhibitory 
concentration (e.g. IC50) values or benchmark dose (limits) to clinical 
doses is complex. In addition, the extent of the in vitro inhibition of 
neuronal activity is not (yet) linked to in vivo (therapeutic or toxic) ef
fects. An in vitro effect is not necessarily adverse/therapeutic in vivo, 
because compensatory mechanisms that are not present in an in vitro 
system can compensate the effect of the chemical in vivo. 

When comparing the extrapolated human equivalent effective (IC50) 
doses from our QIVIVE study with the therapeutic doses used in practice, 
the model estimates the oral and intravenous doses well (oral: predicted 
dose 6–16 mg vs. dose regimen 15–80 mg (FDA, 2019); intravenous: 
predicted dose 5–15 mg vs. dose regimen 5–15 mg (Agarwal et al., 2015; 
Schmitz et al., 2017)). On the contrary, the extrapolated intrathecal dose 
(2.1–2.5 μg) differs >20-fold from intrathecally administered baclofen 
for therapeutic effects (50–100 μg (FDA, 2011; FDA, 2015)). This 
discrepancy can be caused by the uncertainty around using an IC50 value 
as an estimate for a therapeutic effect of baclofen. Full inhibition of 
neuronal activity occurs at an intrathecal dose of 39 μg, which is close to 
the therapeutic range. Moreover, this discrepancy can be due to the 
distribution of baclofen over the spinal cord (Bernards, 2006). The rapid 
decrease in baclofen concentration as a function of the distance from the 
administration site in the spinal cord CSF was measured and simulated 
by Heetla et al. (2016), who showed that most drug was recovered 
within one cm from the administration site. The model presented in this 
manuscript is evaluated with sampling data close to the administration 
site, while average CSF concentrations of the complete spinal cord will 
be lower. The inclusion of an injection site compartment into the spinal 
CSF did not improve simulations (data not shown). This shows that for 
intrathecal administration, a more elaborate PBK model describing the 
spinal cord in more compartments may further improve extrapolation of 
doses. 

To determine the robustness of the PBK model, the model was coded 
in both Berkeley Madonna and R. Outputs were highly comparable, as 
demonstrated before (Lin et al., 2017). The limited deviations seen in 
CSF concentrations in the spinal cord following intravenous adminis
tration can be explained by the different ways the numerical solvers 
handle initial concentrations in compartments. This comparison also 
illustrates the limitations of Berkeley Madonna (version 8.3.18) for PBK 
modelling (no global sensitivity analysis). Berkeley Madonna is a user- 
friendly and fast differential equations solver, while R is open access 
and versatile high-level programming platform used in various areas of 
research. 

In conclusion, this study presents a PBK model of baclofen with a 
specialised CNS compartment that accurately simulates concentrations 
of this drug, for adults and children, in plasma and CSF using in vitro data 
to describe the BBB permeability and without any fitting of parameters. 
Using this model, concentrations in the brain mass and other organs/ 
tissues can also be simulated. The model highlights that in vitro data can 
provide a rapid and cheap alternative to in vivo data, both kinetic data 
and hazard characterization/dynamic data, which can be used as input 
for the model. Moreover, adaptation of the population model to an 

individual model, to fit a patients characteristics (like age, weight, 
clearance rates, etcetera), will aid patient-centred medicine. Despite the 
uncertainty around some parameters like the CSF production rate and 
the absorption rate constant, an accurate simulation of concentrations in 
tissues can be made while using these in vitro data, without the need for 
fitting parameters. Also, the combination of using in vitro BBB perme
ability, in vitro effect concentrations and PBK modelling is a significant 
contribution to the 3Rs (reduction, refinement and replacement of ani
mal testing) (Paini et al., 2019). Because none of the parameters were 
fitted, the model is generic and can be applied to other compounds as 
well. Moreover, the QIVIVE approach in this study is an efficient way of 
correlating in vitro effects to in vivo doses. 
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Stolp, H., Liddelow, S., Sá-Pereira, I., Dziegielewska, K., Saunders, N., 2013. Immune 
responses at brain barriers and implications for brain development and neurological 
function in later life. Front. Integr. Neurosci. 7 (61). 

Tukker, A.M., de Groot, M.W., Wijnolts, F.M., Kasteel, E.E., Hondebrink, L., Westerink, R. 
H., 2016. Is the time right for in vitro neurotoxicity testing using human iPSC- 
derived neurons? ALTEX 33 (3), 261–271. 

Tukker, A.M., Wijnolts, F.M.J., de Groot, A., Westerink, R.H.S., 2018. Human iPSC- 
derived neuronal models for in vitro neurotoxicity assessment. NeuroToxicology 67, 
215–225. 

Vandenhaute, E., Dehouck, L., Boucau, M.C., Sevin, E., Uzbekov, R., Tardivel, M., et al., 
2011. Modelling the neurovascular unit and the blood-brain barrier with the unique 
function of pericytes. Curr. Neurovasc. Res. 8 (4), 258–269. 

Verscheijden, L.F.M., Koenderink, J.B., de Wildt, S.N., Russel, F.G.M., 2019. 
Development of a physiologically-based pharmacokinetic pediatric brain model for 
prediction of cerebrospinal fluid drug concentrations and the influence of 
meningitis. PLoS Comput. Biol. 15 (6), e1007117. 

Verscheijden, L.F.M., Koenderink, J.B., Johnson, T.N., de Wildt, S.N., Russel, F.G.M., 
2020. Physiologically-based pharmacokinetic models for children: Starting to reach 
maturation? Pharmacol. Ther. 107541. 

Weißhaar, G.F., Hoemberg, M., Bender, K., Bangen, U., Herkenrath, P., Eifinger, F., et al., 
2012. Baclofen intoxication: a “fun drug” causing deep coma and nonconvulsive 
status epilepticus-a case report and review of the literature. Eur. J. Pediatr. 171 (10), 
1541–1547. 

Wickham, H., . ggplot2: Elegant Graphics for Data Analysis. https://ggplot2.tidyverse. 
org. Springer-Verlag, New York. 

Wiersma, H.E., van Boxtel, C.J., Butter, J.J., van Aalderen, W.M., Omari, T., 
Benninga, M.A., 2003. Pharmacokinetics of a single oral dose of baclofen in pediatric 
patients with gastroesophageal reflux disease. Ther. Drug Monit. 25 (1), 93–98. 

Yamamoto, Y., Valitalo, P.A., Wong, Y.C., Huntjens, D.R., Proost, J.H., Vermeulen, A., 
et al., 2018. Prediction of human CNS pharmacokinetics using a physiologically- 
based pharmacokinetic modeling approach. Eur. J. Pharm. Sci. 112, 168–179. 

Zwartsen, A., Hondebrink, L., Westerink, R.H.S., 2018. Neurotoxicity screening of new 
psychoactive substances (NPS): effects on neuronal activity in rat cortical cultures 
using microelectrode arrays (MEA). NeuroToxicology 66, 87–97. 

Zwartsen, A., Hondebrink, L., Westerink, R.H.S., 2019. Changes in neuronal activity in 
rat primary cortical cultures induced by illicit drugs and new psychoactive 
substances (NPS) following prolonged exposure and washout to mimic human 
exposure scenarios. NeuroToxicology 74, 28–39. 

E.E.J. Kasteel et al.                                                                                                                                                                                                                             

https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/022462s008lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/022462s008lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/208193s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/208193s000lbl.pdf
https://CRAN.R-project.org/package=RxODE
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0080
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0080
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0080
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0080
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0085
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0085
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0085
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0085
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0085
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0090
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0090
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0090
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0095
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0095
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0095
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0100
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0100
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0100
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0100
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0105
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0105
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0105
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0110
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0110
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0110
https://CRAN.R-project.org/package=sensitivity
https://www.who.int/ipcs/methods/harmonization/areas/pbpk_models.pdf?ua=1
https://www.who.int/ipcs/methods/harmonization/areas/pbpk_models.pdf?ua=1
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0125
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0125
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0125
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0130
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0130
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0130
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0135
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0135
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0135
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0135
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0140
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0140
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0140
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0140
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0145
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0145
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0145
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0145
https://CRAN.R-project.org/package=truncnorm
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0155
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0155
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0155
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0160
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0160
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0160
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0165
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0165
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0170
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0170
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0170
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0175
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0175
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0175
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0180
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0180
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0180
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0180
https://www.R-project.org/
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0190
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0190
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0190
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0195
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0195
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0195
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0200
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0200
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0200
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0205
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0205
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0205
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0210
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0210
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0210
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0215
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0215
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0215
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0220
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0220
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0220
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0225
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0225
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0225
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0230
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0230
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0230
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0235
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0235
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0235
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0240
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0240
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0240
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0245
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0245
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0245
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0250
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0250
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0250
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0250
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0255
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0255
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0255
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0260
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0260
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0260
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0260
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0270
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0270
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0270
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0275
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0275
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0275
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0280
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0280
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0280
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0285
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0285
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0285
http://refhub.elsevier.com/S0887-2333(21)00148-X/rf0285

	Application of in vitro data in physiologically-based kinetic models for quantitative in vitro-in vivo extrapolation: A cas ...
	1 Introduction
	2 Methods
	2.1 PBK model structure and input parameters
	2.1.1 In vitro BBB permeability
	2.1.1.1 Chemicals and materials
	2.1.1.2 Human in vitro BBB model
	2.1.1.2.1 Hematopoietic stem cell-derived endothelial cells (ECs)
	2.1.1.2.2 Co-culture of stem cell-derived endothelial cells (ECs) with brain pericytes
	2.1.1.2.3 In vitro transport studies
	2.1.1.2.4 Analytical procedures


	2.1.2 PBK models for baclofen in single adult
	2.1.3 PBK models for baclofen in single child
	2.1.4 PBK model for baclofen in adult and paediatric populations

	2.2 Global sensitivity analysis
	2.3 In vitro neurological effects of baclofen
	2.4 Quantitative in vitro to in vivo extrapolation

	3 Results
	3.1 BBB permeability
	3.2 Setup and evaluation of PBK models for single adult
	3.3 Setup and evaluation of PBK models for single child
	3.4 Setup and evaluation of the adult and paediatric population models
	3.5 Sensitivity analysis
	3.6 Quantitative in vitro to in vivo extrapolation

	4 Discussion
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


