
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2018

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 246

Mechanism-based modeling of
biological processes involved in
oral absorption

BENJAMIN GUIASTRENNEC

ISSN 1651-6192
ISBN 978-91-513-0225-6
urn:nbn:se:uu:diva-340238



Dissertation presented at Uppsala University to be publicly examined in A1:111a,
Biomedicinskt centrum, Husargatan 3, Uppsala, Friday, 16 March 2018 at 09:15 for the
degree of Doctor of Philosophy (Faculty of Pharmacy). The examination will be conducted
in English. Faculty examiner: Dr Jörg Lippert (Clinical Pharmacometrics, Bayer AG,
Leverkusen, Germany).

Abstract
Guiastrennec, B. 2018. Mechanism-based modeling of biological processes involved in oral
absorption. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Pharmacy 246. 64 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0225-6.

For orally administered drugs, the rate and extent of absorption are governed by the physiology
of the gastrointestinal tract, the characteristics of the dosage form and the physico-chemical
properties of the drug. This thesis primarily aimed to improve the mechanistic understanding
and the predictability of processes involved in the absorption of orally administered drugs using
a population modeling approach. A secondary aim was to propose an optimized dosing regimen
for first line anti-tuberculosis drugs in underweight Indian children.

A model characterized the effect of pH, mechanical stress and formulation on in vitro
extended release (ER) tablet erosion. The model was further used in combination with
anatomical tablet location data to predict the in vivo erosion dynamics. The proposed approach
could help address challenges related to the development of future ER formulations.

Gastric emptying regulates the rate of entry of nutrients into the small intestine. Bile acids
are essential for the intestinal absorption of lipophilic drugs, but the determination of their local
intestinal concentrations is difficult. A modeling framework was developed to characterize the
relationships between nutritional intake, rate of gastric emptying, gallbladder emptying–refilling
patterns and plasma concentrations of bile acids. This modeling framework could be used in
combination with systems pharmacology models to predict the drug-drug interactions and food
effects associated with gastric emptying, as well as to link the postprandial changes in plasma
bile acid concentrations to the variability in drugs’ absorption.

Optimal doses of first-line antituberculosis drugs have not been firmly established. In
an underweight Indian children population, the pharmacokinetic-pharmacodynamic model
identified rifampin as single predictor of unfavorable treatment outcome. Children with low
body weight and/or HIV coinfection had a higher probability of unfavorable treatment outcome.
Doses increase were proposed and could provide crucial information for future guidelines.

In summary, the developed models enabled the prediction of the in vivo erosion profile
of ER formulations based on in vitro dissolution data. A modeling framework predicted the
postprandial gastric emptying rate and enterohepatic circulation of bile acids. Finally, a model-
based approach was used to identify risk factors and propose optimized dose recommendations
in tuberculosis-infected Indian children.
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vivo correlation; NONMEM, pediatrics, pharmacometrics, tuberculosis

Benjamin Guiastrennec, Department of Pharmaceutical Biosciences, Box 591, Uppsala
University, SE-75124 Uppsala, Sweden.

© Benjamin Guiastrennec 2018

ISSN 1651-6192
ISBN 978-91-513-0225-6
urn:nbn:se:uu:diva-340238 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-340238)



 

 

 

An expert is a person who has made all the mistakes 
that can be made in a very narrow field. 

 
Niels Bohr 
  

A ma famille 



 

 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Guiastrennec B, Söderlind E, Richardson S, Peric A, Bergstrand 

M. (2017) In Vitro and In Vivo Modeling of Hydroxypropyl 
Methylcellulose (HPMC) Matrix Tablet Erosion Under Fasting 
and Postprandial Status. Pharm Res., 34:847–859. 
 

II Guiastrennec B, Sonne DP, Hansen M, Bagger JI, Lund A, Re-
hfeld JF, Alskär O, Karlsson MO, Vilsbøll T, Knop FK, Berg-
strand M. (2016) Mechanism-Based Modeling of Gastric Emp-
tying Rate and Gallbladder Emptying in Response to Caloric In-
take. CPT Pharmacometrics Syst. Pharmacol., 5:692–700. 
 

III Guiastrennec B, Sonne DP, Bergstrand M, Vilsbøll T, Knop FK, 
Karlsson MO. Model-Based Prediction of Plasma Concentration 
and Enterohepatic Circulation of Total Bile Acids in Human. 
[Submitted] 
 

IV Guiastrennec B, Ramachandran G, Karlsson MO, Kumar AKH, 
Bhavani PK, Gangadevi NP, Swaminathan S, Gupta A, Dooley 
KE, Savic RM. (2018) Suboptimal Antituberculosis Drug Con-
centrations and Outcomes in Small and HIV-Coinfected Children 
in India: Recommendations for Dose Modifications. Clin. Phar-
macol. Ther. [Epub ahead of print] 

Reprints were made with permission from the respective publishers. 
  



 

 



 

Contents 

Introduction ............................................................................................... 11
Oral drug absorption ............................................................................. 12

Physiology ....................................................................................... 12
Bile acids ......................................................................................... 13
In vitro–in vivo correlation .............................................................. 15
The BCS classification .................................................................... 15
ER formulations ............................................................................... 16
In vitro dissolution testing ............................................................... 16
In vivo measurements ...................................................................... 17

TB in Indian children ........................................................................... 18
Epidemiology and challenges .......................................................... 18
RNTCP treatment guidelines ........................................................... 18

Pharmacometrics .................................................................................. 19
Context and definition ..................................................................... 19
NLME models ................................................................................. 20
Maximum likelihood estimation methods ....................................... 20
Models for drug absorption ............................................................. 21

Aims .......................................................................................................... 22

Methods ..................................................................................................... 23
Model development and evaluation ..................................................... 23

Software ........................................................................................... 23
Model selection and evaluation ....................................................... 23
Stochastic models ............................................................................ 24
Covariate analysis ............................................................................ 24

In vitro–in vivo modeling of ER formulations ..................................... 25
In vitro tablet erosion ....................................................................... 25
In vivo tablet erosion ........................................................................ 26

Gastric emptying and bile acids EHC .................................................. 27
Clinical data ..................................................................................... 27
Gastric emptying model ................................................................... 27
CCK model ...................................................................................... 28
Bile EHC model ............................................................................... 28

  



 

Treatment of Indian children with TB .................................................. 29
Clinical data ..................................................................................... 29
PK models ........................................................................................ 29
Treatment outcome model ............................................................... 30
RNTCP dosing regimens ................................................................. 30

Results ....................................................................................................... 31
In vitro–in vivo modeling of ER formulations ..................................... 31

In vitro tablet erosion ....................................................................... 31
In vivo tablet erosion ........................................................................ 34

Gastric emptying and bile acids EHC .................................................. 36
Gastric emptying model ................................................................... 39
CCK model ...................................................................................... 40
Bile EHC model ............................................................................... 41

Treatment of Indian children with TB .................................................. 43
PK models ........................................................................................ 43
Treatment outcome model ............................................................... 44
RNTCP dosing regimens ................................................................. 45

Discussion ................................................................................................. 47
In vitro–in vivo modeling of ER formulations ..................................... 47
Gastric emptying and bile acids EHC .................................................. 48
Treatment of Indian children with TB .................................................. 50

Conclusions ............................................................................................... 52

Acknowledgements ................................................................................... 54

 



 

Abbreviations 

API active pharmaceutical ingredient 
AUC area under the concentration-time curve 
BCS biopharmaceutical classification system 
BOV between occasion variability 
BSV between subject variability 
BTV between tablet variability 
CALUSI caloric content in the upper small intestine 
CCK cholecystokinin 
CCKF first CCK plasma peak 
CCKL second CCK plasma peak 
CMC  critical micellar concentration 
COV a covariate 
CV coefficient of variation 
DCP calcium hydrogen phosphate 
efatduod fat equivalent amount in duodenum 
EH hepatic extraction 
EHC enterohepatic circulation 
EMA European medicines agency 
ER extended release 
FDA food and drug administration 
FOCE first-order conditional estimation 
GBrefill postprandial gallbladder refilling function 
GI gastrointestinal 
HIV human immunodeficiency virus 
HPMC hydroxypropyl methylcellulose 
HPMCtablet total amount of HPMC remaining in the tablet 
INH isoniazid 
IVIVC in vitro–in vivo correlation 
KA absorption rate constant 
KG gastric emptying rate constant 
KM HPMCtablet for which the release rate is half of VMAX 
MMM magnetic marker monitoring 
NLME nonlinear mixed-effects 
OFV objective function value 
OGTT oral glucose tolerance test 
PBPK physiologically-based PK 



 

PD pharmacodynamic 
PK pharmacokinetic 
PRM a model parameter 
Punfavorable probability of unfavorable treatment outcome 
PZA pyrazinamide 
RGB,out rate of gallbladder emptying 
RIF rifampin 
RNTCP revised national TB control programme 
RSE residual standard error 
RUV residual unexplained variability 
SCM stepwise covariate modeling 
T2D type 2 diabetic 
TB tuberculosis 
TBA total bile acids 
USP2 United States pharmacopeia dissolution apparatus 2 
VMAX maximal HPMC release rate 
VPC visual predictive check 
WHO world health organization 
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Introduction 

The oral route is the most common way of administering drugs. Oral dosage 
forms are often preferred by the patients, for their convenient, non-invasive 
and economical aspects. They are also appreciated by the manufacturers for 
their flexibility which allows to modulate the rate, extent and site of release of 
the active pharmaceutical ingredient (API). However, this route also presents 
some drawbacks, for instance the absorption in the gastrointestinal (GI) tract 
can suffer from poor bioavailability and high variability.1 These drawbacks 
are imputable to changes in the physiology of the GI tract, the characteristics 
of the dosage form and the physicochemical properties of the API.2,3 

Numerous studies have been conducted in an attempt to characterize the 
different aspects of drug absorption. Physiological effects of bile acids con-
centration, pH, intestinal permeability, motility and metabolic activity have 
been identified.1 Pathological factors such as tuberculosis (TB) infection or 
malnutrition can also impair these processes and modify the exposure to the 
treatment drugs.4 Adding-on to the complexity, the quantification of the effect 
of these factors is challenged by their variability and the complex procedures 
required to obtain in situ samples from the different GI fluids.5 

In parallel, considerable efforts have been made to characterize the effect 
of factors inherent to the dosage form and the API, thus making in vitro testing 
a cornerstone of drug development. Recent in vitro tests have been developed 
to mimic in vivo physicochemical conditions with the use of biorelevant dis-
solution media for fasting and postprandial statuses, but in most cases, those 
remain static representations of highly dynamic systems.6 

Given the complexity of the GI tract, accurate in vivo predictions cannot 
solely rely on in vitro testing and new approaches are needed. Nonlinear 
mixed-effects (NLME) modeling has proven to be a powerful tool for inte-
grating multi-dimensional information and describing dynamic processes 
while considering multiple levels and sources of variability.7 NLME modeling 
approaches have many applications including the establishment of in vitro-in 
vivo correlations (IVIVC)8, the description of complex physiological pro-
cesses9, and the evaluation of the efficacy of dosing recommendations in spe-
cial populations10. 
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Oral drug absorption 
Physiology 
The human GI tract implicates numerous organs working together to process 
food for proper nutrient absorption (Figure 1).1,3 These processes are synchro-
nized via different hormonal and neural pathways.11 The physicochemical 
properties (e.g. secretions volume, pH, mechanical stress) are varying between 
different GI segments and between fasting and postprandial states.1,3  

 

 
Figure 1. Schematic representation of the anatomy of the gastrointestinal tract. 

In the fasting state the stomach has an acidic pH, relatively low volume of GI 
secretions and the migrating motor complex (i.e. strong peristaltic waves start-
ing from the stomach and propagating through the small intestine) ensures the 
cleaning of the undigested matter.1,12 In the postprandial state, the presence of 
food causes an increase in the stomach pH. The stomach acts as “gate keeper” 
of the small intestine. It holds, grinds and homogenizes the ingested food via 
the combined action of the walls’ contraction and of the digestive enzymes. 
The transfer of the homogenized food or chyme from the stomach to the small 
intestine is called gastric emptying. The gastric emptying represents a key el-
ement of the GI tract, as it ensures a constant rate of caloric delivery and thus 
preventing the digestive and absorption processes in the small intestine from 
being overwhelmed.13 The entry of the chyme into the small intestine, triggers 
the release of cholecystokinin (CCK), a gut hormone involved in the regula-
tion of pancreatic enzyme secretion, intestinal motility, satiety signaling and 
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inhibition of gastric juice secretions.14,15 This postprandial CCK elevation also 
triggers gallbladder contractions resulting in the flow of bile into the small 
intestine lumen.11,15 The bile and pancreatic juices are mixed together with the 
chyme and propelled down the GI by the successive segmentation and peri-
staltic contractions phases of the small intestine. Along the small intestine, 
water and nutrients are gradually absorbed through the intestinal wall. The 
remaining unabsorbed material constitutes the faeces which are subsequently 
eliminated by the body via the colon.  

Bile acids 
Bile acids are water soluble, amphipathic molecules formed in the liver as an 
end product of cholesterol metabolism. These molecules are essential for the 
absorption of lipophilic compounds thanks to their emulsifying action. The 
total bile acids’ (TBA) pool is mostly constituted of primary (cholic and che-
nodeoxycholic acids) and secondary (deoxycholic, ursodeoxycholic and 
lithocholic acids) bile acids that can be found in their glycine/taurine conju-
gate and unconjugated forms.16,17 In the terminal part of the ileum, the primary 
bile acids are transformed into secondary bile acids and conjugated bile acids 
are deconjugated under the action of bacteria (Figure 2).17 

 

 
Figure 2. Schematic representation of the synthesis of the most common bile acids. 
Adapted from Mcstrother (Wikimedia Commons, licensed under CC BY 3.0). 

In the fasting state, most of the bile flowing from the liver is directed toward 
the gallbladder, where it is stored and concentrated. Yet, about 10% of the 
incoming bile flows into the duodenum during this period.18 When the chyme 
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enters the duodenum, the bile flow is directed toward the intestinal lumen by 
the coordinated relaxation of the Oddi sphincter and contractions of the 
gallbladder.17,18 In the upper small intestine, about 30% of the bile acids 
(mainly unconjugated forms) are absorbed by passive diffusion.19,20 The re-
maining fraction represented by ionized bile acids cannot cross the cell mem-
branes and is thus propelled down the small intestine. Along the small intes-
tine, the water is progressively being reabsorbed causing an increase in the 
concentration of bile acids. Above a certain threshold called the critical mi-
cellar concentration (CMC) the bile acids are forming micelles (i.e. aggregate 
of surfactant molecules in a colloidal solution). These micelles are essential to 
the emulsification of fat and lipophilic molecules (e.g. lipophilic vitamins and 
API).16,21 Bile acids are efficiently (~95%) reabsorbed via active transporters 
in the terminal part of the ileum; the remaining 5% is excreted with the feces.16 
Upon their re-absorption, the bile acids transit through the portal vein to the 
liver where they are efficiently conjugated and extracted (55-90%). However, 
part of the bile acids escapes this hepatic extraction (EH) and reaches the sys-
temic circulation, this pool constitutes the “spillover”.17,22 The bile acids, ex-
tracted by the liver, are actively secreted into the biliary canaliculus, from 
which they either flow back directly to the small intestine or to the gallblad-
der.17,18 This cycle is known as the enterohepatic circulation (EHC) of the bile 
acids and can occur several times during each meal (Figure 3).17 
 

 
Figure 3. Schematic representation of the EHC of bile acids. Note, organs are not to 
scale. 
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In vitro–in vivo correlation 
According to the United States pharmacopeia, an IVIVC is the ability to “find 
a relationship between an in vitro characteristic of a dosage form and its in 
vivo performance”.23 In other words, in vitro tests are used to predict the PK 
and PD characteristics in animal and human. IVIVC has a central role in the 
drug development process.1 In fact, according to guidance from the European 
Medicines Agency (EMA)24 and from the Food and Drug Administration 
(FDA)25, some in vivo studies (e.g. bioequivalence studies) can be waived 
when a strong IVIVC can be demonstrated. Nevertheless, establishing strong 
IVIVC can be challenging for some API.1,26 

The BCS classification 
Amidon et al. established the biopharmaceutical classification system (BCS) 
in order to anticipate the IVIVC of API based on their aqueous solubility and 
GI permeability (Table 1). 2,27 The recent years have seen an increase in the 
number of lipophilic compounds entering development pipelines.28 Lipophilic 
compounds labeled as BCS class II (i.e. high permeability) and IV (i.e. low 
permeability) often exhibit a low bioavailability in the fasting state. However, 
for some of these compounds, the bioavailability can be improved by the use 
of specific formulations or by the concomitant administration of a high-fat 
meal. This increased bioavailability is imputable to the inhibition of efflux 
transporters and to the solubilizing action of the bile acids micelles.29,30 While 
the BCS classification can be used to anticipate the pharmacokinetic (PK) be-
havior and the effect of food for some of the classes, it does not allow to iden-
tify specific influential factors (e.g. meal properties), nor to quantify the vari-
ability and the magnitude of these effects on the PK parameters.3,29,31 

Table 1. BCS classification and meal effect for immediate release dosage forms 
Class Solubilitya Permeabilityb Expected effect of a 

high-fat meal27,29 
Relevant examples 

I High High No effect on bioavailabil-
ity, increased TMAX 

isoniazid32 c 

II Low High Increased bioavailability, 
variable effect on TMAX 

rifampin33 

III High Low Decreased bioavailability, 
increased TMAX 

acetaminophen34, 
pyrazinamide35 and  
isoniazid32 c 

IV Low Low Variable effects – 
TMAX: time to plasma peak. a A high solubility is defined as the solubilization of a biorelevant 
dose of API in 250 mL of aqueous media (37°C and 1–7.5 pH); b A high permeability is 
defined as an extent of absorption  90% of the administered dose in human; c isoniazid is at 
the border between BCS class I and III. 
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ER formulations 
Immediate release oral dosage forms start releasing the API as soon as they 
enter in contact with GI fluids. For some API this behavior may need to be 
modulated by using modified release formulations. This type of formulations 
can for example be used to reduce the GI-related toxicities, bypass the first-
pass metabolism or enhance the solubility of lipophilic API. Common modi-
fied release formulation feature: extended release (ER), delayed release, tar-
geted release and orally disintegrating dosage forms.36 Herein, the focus is on 
the ER type dosage forms, commonly used to reduce the dosing frequency for 
API with short elimination half-life and to reduce the side effects of API ex-
hibiting highly variable plasma concentrations. Hydrophilic matrices tablets 
are a common type of ER dosage forms where an API is dispersed through a 
hydrophilic polymer such as hydroxypropyl methylcellulose (HPMC). HPMC 
is known for its a safe and biodegradable profile, its compatibility with nu-
merous API and its high load capacity. When ingested, the HPMC matrix 
swells and forms a rubbery gel caused by the diffusion of water into the tablet 
glassy core. Hydrophilic API are released by their diffusion through the gel 
layer and into the dissolution media, while the less soluble API and the HPMC 
polymer itself are released via the progressive erosion of the gel layer (Figure 
4).37–40 The proportion of HPMC within the tablet and its different properties 
can be adjusted to modulate the release rate of an API to specific therapeutic 
needs.41 The development of HPMC matrix tablets can be challenging due to 
the numerous factors influencing their rate of erosion and hence requires ex-
tensive in vitro testing to achieve the desired release profile.37,38 

 

Figure 4. Illustration of A) an USP2 apparatus, B) the erosion mechanism of HPMC 
matrix tablets and C) the typical erosion time-course of HPMC matrix tablets. 

In vitro dissolution testing 
The development of oral dosage forms heavily relies on in vitro dissolution 
testing. The United States pharmacopeia dissolution apparatus 2 (USP2) is a 
widely used test developed to evaluate the erosion of tablets and the solubility 
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properties of an API over time (Figure 4). The USP2 experiments are typically 
conducted under a range of experimental conditions (e.g. pH, ionic strength 
and mechanical stress) to characterize the effect of covariates on the release 
rate (Figure 4).42,43 The USP2 apparatus can also be used with biorelevant 
media (i.e. mimic the composition and properties of GI fluids) in order for 
example to evaluate the food effect on BSC class II compounds.43 The use of 
the USP2 apparatus is however constrained to static in vitro experiments (i.e. 
fixed experimental conditions), though increasingly complex tests have re-
cently been described.42,44 

In vivo measurements 
In vivo measurements provide essential information about different physio-
logical and pharmacological factors in real conditions. They are used to con-
firm or infirm the predictions made by in vitro models and to improve the 
knowledge of the physiological and pathological processes. Trials in animals 
and humans are highly regulated and must comply with ethical guidelines to 
ensure that the burden to the subjects is minimal. Imaging techniques and bi-
omarkers can give access to different variables while minimizing the costs and 
burden to the subjects (e.g. circumvent invasive sampling technique). 

Tablet location and erosion rate 
Magnetic marker monitoring (MMM) is a non-invasive, high resolution tech-
nique relying on the measurement of the magnetic dipole generated by labeled 
dosage forms using sensitive magnetic field sensors. The magnetic moment is 
generated by adding black iron oxide, a commonly used as food colorant, to 
the formulation and magnetizing it. This procedure allows for real-time in vivo 
monitoring of the erosion and the GI location of solid dosage forms under 
different prandial statuses.9,45,46 

Gastric emptying rate 
A direct measure of the gastric emptying rate would be a challenging task. 
Instead the plasma concentration of acetaminophen (i.e. paracetamol) follow-
ing an oral dose can be used as surrogate. Acetaminophen, a BCS class III, is 
not absorbed through the stomach wall, but is extensively and rapidly ab-
sorbed in the upper small intestine.29,47 Consequently, gastric emptying is the 
rate-limiting step in the absorption of acetaminophen and is therefore repre-
sented by the rate of appearance of acetaminophen in the systemic circula-
tion.48,49 

Bile acids distribution 
Bile acids are naturally present in plasma making it challenging to evaluate 
some of their properties, such as their half-life in plasma. Among other, one 
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technique consists to administer of radiolabeled bile acids and to study their 
PK properties.50 

TB in Indian children 
TB is an infectious disease caused by the bacteria mycobacterium tuberculosis 
that generally affects the lungs. The infection occurs upon inhalation of in-
fected droplets which are propelled into the air by the coughs, spits or sneezes 
of the infected subjects.51  

Epidemiology and challenges 
The World Health Organization (WHO) estimates that in 2016 about 718,000 
children were newly infected and 253,000 deaths were caused by TB.52 India 
bears the highest pediatric TB burden in the world, accounting for approxi-
mately 31% of all new cases.52 Coinfection by the human immunodeficiency 
virus (HIV), young age and malnutrition are commonly encountered in TB-
infected subjects in India. These aggravating factors can deteriorate the prog-
nostic of the TB infection due to the intensification of the symptoms and a 
decreased exposure to treatment.53,54 The assessment of the response to anti-
TB treatment is challenging and consequently only a few studies have at-
tempted to establish the exposure-response relationship of anti-TB drug in 
children.55–58 Therefore, dosing recommendations for children are often based 
on adult data.59 

RNTCP treatment guidelines 
The treatment of drug sensitive TB typically starts with a 2-month intensive 
phase comprising of treatment by isoniazid (INH), rifampin (RIF), pyra-
zinamide (PZA) and ethambutol, followed by a 4-month continuation phase 
of treatment by INH and RIF.4 

In India, the Revised National TB Control Programme (RNTCP), created 
in 1997 to reduce the incidence of TB by providing the diagnosis and the full 
treatment course for free and by using the directly observed treatment short-
course strategy to ensure high levels of adherence.60 However, the thrice-
weekly dosing of first line anti-TB treatment previously recommended by the 
RNTCP (Table 2) has been shown to lead to suboptimal anti-TB drug concen-
trations in adults and children.61,62 Thus, in 2012 the RNTCP pediatric guide-
lines were revised, to increase the RIF dose from 10 to 15 mg/kg and to refine 
the treatment weight bands, nevertheless the thrice-weekly dosing was kept.63 
More recently in 2016, the RNTCP pediatric guidelines were revised one more 
time to finally adopt a once-daily dosing regimen and fixed dose combination 
tablets in an effort to align with the recommendations from the WHO (Table 
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2).64,65 These new guidelines were however not officially launched until No-
vember 2017.66 In this thesis work, the pre-2012 and 2016 guidelines will re-
spectively be referred to as the “previous” and the “new” RNTCP guidelines. 

Table 2. Intensive phase pediatric treatment as recommended by the RNTCP 

Weight band Isoniazid dose Rifampin dose Pyrazinamide dose Ethambutol dose 

kg mg (mg/kg)a mg (mg/kg)a mg (mg/kg)a mg (mg/kg)a 

Previous thrice-weekly RNTCP recommendationsb 63 

6–10 75 (9.4) 75 (9.4) 250 (31.3) 200 (25.0) 

11–17 150 (10.7) 150 (10.7) 500 (35.7) 400 (28.6) 

18–25 225 (10.5) 225 (10.5) 750 (34.9) 600 (27.9) 

26–30 300 (10.7) 300 (10.7) 1,000 (35.7) 800 (28.6) 

 

New once-daily RNTCP recommendationsc 65 

4–7 50 (9.1) 75 (13.6) 150 (27.3) 100 (18.2) 

8–11 100 (10.5) 150 (15.8) 300 (31.6) 200 (21.1) 

12–15 150 (11.1) 225 (16.7) 450 (33.3) 300 (22.2) 

16–24 200 (10.0) 300 (15.0) 600 (30.0) 400 (20.0) 

25–29 225 (8.3) 375 (13.9) 850 (31.5) 575 (21.3) 

30–39 250 (7.2) 450 (13.0) 1,100 (31.9) 750 (21.7) 
a Doses in mg/kg are reported for the average body weight of each weight band; b Doses admin-
istered thrice-weekly using single drug formulation tablets; c Doses administered once-daily 
using fixed dose combination tablets. 

Pharmacometrics 
Context and definition 
In 2013, bringing a new drug to the market had an estimated average cost of 
2.5 billion dollars, a number that has almost doubled through the last decade.67 
Facing this situation, the FDA launched in 2004 the Critical Path Initiative to 
in an effort to modernize the drug development process by incorporating the 
most recent scientific advances. In the associated white paper, the FDA stated:  

“A new product development toolkit — containing powerful new scientific and 
technical methods such as animal or computer-based predictive models, bi-
omarkers for safety and effectiveness, and new clinical evaluation techniques 
— is urgently needed to improve predictability and efficiency along the critical 
path from laboratory concept to commercial product.”68 

Pharmacometrics is defined as “the science of developing and applying math-
ematical and statistical methods to characterize, understand, and predict a 
drug’s PK, pharmacodynamic (PD), and biomarker-outcomes behavior”69. 



 20 

Through the last decade, this emerging science has been gaining considera-
tion, and will likely continue to do so according to the Pharmacometrics 2020 
strategic goals issued by the FDA.70  

NLME models  
NLME models are a central part of pharmacometrics. These models are used 
to describe a system of interest with a set of mathematical equations, typically 
implemented as ordinary differential equations. The term mixed-effects orig-
inates from the fact that the typical population parameters (i.e. fixed effects) 
and the variability (i.e. random effects) are modelled simultaneously. Differ-
ent levels of variability can be modeled, including the variability between in-
dividuals, between occasions and the residual unexplained variability (RUV). 
Part of the variability, can be explained by the inclusion of covariate (e.g. tab-
let formulation, subject characteristics, etc.) on the different model parame-
ters. The general form of an NLME model for continuous data can written as 
shown in Equation 1. 

 (Eq. 1) 

where yij is the dependent variable at the jth observation of the ith individual, 
f(.) is a function of tij the independent variable, θ the vector of typical param-
eter values, Xi the matrix of covariates and ηi the vector of individual specific 
random effect parameters. ηi is assumed to follow a normal distribution of 
mean 0 and variance ω2. The RUV represented by εij is assumed to follow a 
normal distribution of mean 0 and variance σ2. Of note, the RUV in Equation 
1 was implemented as an additive term, but several alternative implementa-
tions can also be used (e.g. proportional, combined).69 

Maximum likelihood estimation methods 
The maximum likelihood estimation is used to find the parameters that for a 
given model maximizes the likelihood of observing the data. For nonlinear 
models, the likelihood cannot be obtained directly and has to be approximated. 
Different approximation methods are available. In this work, the first-order 
conditional estimation (FOCE), and the Laplacian (second order) method will 
be used. The parameter estimation criterion relies on the minimization of the 
-2 log-likelihood called the objective function value (OFV) which is numeri-
cally easier than maximizing the likelihood. 
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Models for drug absorption 
Depending on their complexity, PK models can be categorized from simple 
empirical models, more advanced mechanism-based models or highly com-
plex physiologically-based PK (PBPK) models. The choice of developing/us-
ing either of these three categories is based on the purpose of the model and 
of the availability of data. 

Empirical models 
Empirical models are the most commonly developed models. With regards to 
absorption they can provide information such as the relative bioavailability, 
the delay and the absorption rate of an API.71 However, the extrapolation to 
different populations or experimental conditions can be limited (e.g. predic-
tion of the food effect on the absorption profile of a drug). 

Mechanism-based models 
Mechanism-based models are more complex and attempt to describe physio-
logical and pharmacological processes as accurately as possible.8,9 These 
models can to some extent be used to extrapolate outside the studied popula-
tion or experimental conditions (e.g. a gastric emptying model can be used to 
predict the absorption profile of a drug under fasting and fed conditions). 
However, the development of mechanism-based models can be time consum-
ing and lead to complex systems where not all parameters can be properly 
estimated. When the data (usually from several experiments) contains limited 
information to support the parameter estimation, frequentist priors can be in-
troduced to stabilize the estimation step.72 Alternatively, if no information in 
the data would allow adequate estimation of a specific parameter, it may be 
fixed to appropriate literature values and further evaluated through a sensitiv-
ity analysis.10 

PBPK models 
PBPK are extremely complex models, where parameters have been deter-
mined a priori based on in vitro and in vivo experiments. Due to their com-
plexity these models are usually used for simulation only, although specific 
parameters can sometimes be estimated when sufficient data is available.73 
The main advantage of PBPK models is that they can be used to predict the 
PK of an API for which very limited information is available (i.e. early stage 
of drug development).74 For example, the Advanced Dissolution, Absorption 
and Metabolism (ADAM) or the Advanced Compartmental Absorption and 
Transit (ACAT) models respectively developed by Simcyp® and GastroPlusTM 
can be used to predict the solubility, the precipitation, the GI transit and the 
membrane permeability of different API based on their physicochemical prop-
erties and the characteristics of the target population.75,76  
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Aims 

The primary aim of this thesis was to improve the mechanistic understanding 
and the predictability of processes involved in the absorption of orally admin-
istered drugs through a NLME modeling approach. The secondary aim was to 
propose an optimized dosing regimen for the first line anti-TB drugs in under-
weight Indian children with and without concomitant HIV infection.  
 
The specific aims were: 

 
• To establish a model-based approach linking in vitro dissolution assays to 

in vivo erosion of ER solid dosage forms. 
 

• To predict the relationship between the nutritional intake, the regulation 
of gastric emptying, gallbladder emptying and the spillover of bile acids 
in plasma. 
 

• To propose an optimized dosing regimen for anti-TB therapy, with INH, 
RIF, PZA and ethambutol, in underweight Indian children with and with-
out concomitant HIV infection. 
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Methods 

All studies for which clinical data were included in this thesis were conducted 
in accordance with the good clinical practice standards. Ethical approval was 
obtained from appropriate local authorities and informed consent was ob-
tained from all subjects. In Paper IV the data were obtained from two nonin-
terventional studies where the subjects’ parent/guardian provided a written in-
formed consent; children aged 7 or older provided their assent. 

Model development and evaluation 
Software 
Data were analyzed using a NLME modeling approach as implemented in the 
NONMEM software (v.7.3) and aided by functionalities of the PsN toolkit 
(v.4.4.2 or above).77 The FOCE method with eta–epsilon interaction was used 
for continuous data and the Laplacian estimation method for discreet data. 
Data management, post-processing and model diagnostics were conducted in 
R (v.3.2.0 or above) and facilitated by functionalities of the package xpose 
(v.0.4.0 or above).78 

Model selection and evaluation 
Model selection was based on differences in the OFV, with a significance 
level of 5% for nested models. Graphical diagnostics, scientific plausibility 
and parameter uncertainty were also considered for model selection. Parame-
ter uncertainty, which was reported as relative standard error (RSE) was ob-
tained from the NONMEM sandwich estimator computed following an im-
portance–sampling step. 

Throughout their development, the predictive performances of the models 
were evaluated with visual predictive checks (VPC). In VPC, the 5th, 50th and 
95th percentiles of the observed data are compared to the 95% confidence in-
terval around the 5th, 50th and 95th percentiles of the simulated (n = 1,000) 
data.79 In Paper I, prediction-corrected VPC were also used to evaluate the 
model performances across all experimental conditions and formulations sim-
ultaneously.79 
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Stochastic models 
The variability in model parameters was evaluated at different levels. For Pa-
per I, between tablet variability (BTV) was evaluated on the in vitro data, 
while between subject variability (BSV) and between occasion variability 
(BOV) were evaluated on the in vivo data. Each occasion was defined by the 
intake of a new formulation or a different prandial status. In Paper II and Pa-
per III, the parameter variability was expressed as a single term accounting 
for both BSV and BOV. In Paper IV only BSV was evaluated. 

For model parameters bound between 0 and 1, a logit transformation was 
applied prior to the implementation of the variability.80 Log-normal distribu-
tions were used for parameters in the normal domain and normal distributions 
for parameters in the logit domain. In Paper III and Paper IV, correlations 
between parameters at the individual level were also evaluated.  

Proportional, additive, and combined models were tested for the RUV on 
continuous data. 

Covariate analysis 
For Paper II to Paper IV, weight-based allometric scaling was applied to all 
volume and clearance parameters of the base models using exponents of 1 and 
¾ respectively. The reference body weight was set to 70 kg for Paper II and 
Paper III and to 17.8 kg for Paper IV.81  

For all papers, the covariate selection was performed through a stepwise 
covariate modeling (SCM) approach with forward inclusion (P < 0.05) and 
backward deletion (P  0.01) steps. Categorical covariates were implemented 
as fractional change in the typical parameter value in relation to the most com-
mon category. Continuous covariates were first implemented linearly as frac-
tional change in the typical parameter value for each unit change in the co-
variate to its median value (Equation 2); nonlinear relationships were only 
considered once covariates were included in the forward selection step. 

 (Eq. 2) 

where TVPRM is the estimated typical value of the model parameter (PRM), 
SCOV is effect slope of the covariate (COV) on TVPRM and COVMED is the me-
dian value of COV. 
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In vitro–in vivo modeling of ER formulations 
In vitro tablet erosion 
Tablet erosion experiment data 
The erosion of four HPMC-based ER formulations (Table 3) was investigated 
with an USP2 apparatus under a range of experimental conditions, namely 
mechanical stress (i.e. rotation speed), pH and ionic strength (Table 4). 

Table 3. Formulation of the HPMC-based ER tablets82 

Component 
Formulation 
no. 1 no. 2 no. 3 no. 4 

Methocel K4M % (w/w) 23.0 10.0 - - 
Methocel K100LV % (w/w) 17.0 30.0 40.0 20.0 
Calcium hydrogen phosphate % (w/w) 57.6 57.6 57.6 77.6 
Black iron oxide % (w/w) 1.4 1.4 1.4 1.4 
Sodium stearyl fumarate % (w/w) 1.0 1.0 1.0 1.0 

Table 4. Summary of the in vitro USP2 apparatus experimental conditions 
 pH 1.2 pH 6.8 

 
Formulation Mechanical stress  

(rpm) 
Formulation Mechanical stress  

(rpm) 
Low ionic 
strength 
(98 mOsm/kg) 

no. 1 - no. 1 50/100/150 
no. 2 - no. 2 25/50 
no. 3 - no. 3 25/50/100/150 
no. 4 - no. 4 50/100 

High ionic 
strength 
(232 mOsm/kg) 

no. 1 25/50/150 no. 1 50 
no. 2 50/100 no. 2 50 
no. 3 25/50/150 no. 3 50 
no. 4 50 no. 4 - 

In vitro model development 
An in silico tablet erosion model was developed to characterize the in vitro 
release of HPMC. A Michaelis-Menten type model (Equation 3) was pre-se-
lected for its potential ability to describe changes in the tablet erosion rate as 
a function of HPMCtablet, the total amount of HPMC remaining in the tablet at 
a given time. 

 (Eq. 3) 

where VMAX is the maximal HPMC release rate and KM is the amount of 
HPMC in the tablet for which the release rate is half of VMAX. The model was 
implemented using differential equations to facilitate the inclusion of time 
varying covariate effects such as a change in pH after the gastric emptying to 
the in vivo model. 
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The presence of an onset on the release of HPMC from the tablet (i.e. initial 
tablet hydration) was tested using a lag-time.83 The effect of experimental con-
ditions (mechanical stress, pH and ionic strength) and tablet formulations 
(proportion of high molecular weight HPMC and calcium hydrogen phosphate 
(DCP)) were tested on the structural model parameters using the SCM ap-
proach. Nonlinear relationships were evaluated using power and Michaelis-
Menten type covariate-parameter relationships upon the linear covariate in-
clusion by the SCM. 

In vivo tablet erosion 
Clinical data 
In a crossover design, five healthy subjects received formulations no. 1 and 2 
under fasting status and formulations no. 3 and 4 under both fasting and post-
prandial status.82 MMM measurements were used to monitor the tablets loca-
tion in the GI tract (i.e. stomach, small intestine or colon) and to quantify their 
erosion. Food and fluid intakes were standardized throughout the duration of 
the study. MMM measurements were carried out until the net magnetization 
of a tablet was below 15% of its initial value, but no longer than 14 h post 
administration. 

In vivo model development 
The selected in vitro model was used as a starting point for the in vivo model 
development. The in vitro model parameters were fixed to their final estimates 
and the GI tract tablet location (MMM data) was used as a time-varying co-
variate to dynamically adjust the local pH and the mechanical stress in the 
model. 

The erosion rate appeared to vary throughout the small intestine, thus three 
alternative approaches were tested to split the small intestine location into its 
proximal and distal parts, either by: 1) using the fractional length of the sec-
tions and the individual transit times, 2) estimating a delay after the individual 
gastric emptying time or 3) setting this delay to one hour as reported by oth-
ers8. The resulting GI location (i.e. stomach, proximal small intestine, distal 
small intestine or colon) was then used in the model to dynamically adjust the 
properties of the tablet environment.  

Within each GI location, the pH distribution (mean and standard deviation) 
was set to literature values.84,85 The extent of the mechanical stress on the tab-
lets was estimated and expressed as USP2 apparatus rotation speed unit equiv-
alent (i.e. rpm). For formulation no. 3 and 4, a postprandial effect was tested 
by adjusting the distribution of pH values in the stomach; the postprandial 
effect in other GI segments was assumed to be negligible. A potential post-
prandial effect was also tested on the mechanical stress in the stomach. 
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Simulation of the in vivo tablet erosion 
Model simulations were performed to illustrate the expected in vivo HPMC 
release time profile for different formulations and prandial statuses. New 
MMM GI location profiles were simulated using a previously published Mar-
kov model.9 The HPMC release profiles were then simulated using the newly 
generated GI location profiles into the in vivo tablet erosion model. 

Gastric emptying and bile acids EHC 
Clinical data 
Acetaminophen (i.e. gastric emptying marker) data were obtained from 33 
subjects with type 2 diabetes (T2D) and 33 non-diabetic control. In a crossover 
study design separated by washout periods, subjects were successively admin-
istered: water, three different glucose solutions, and three isocaloric test drinks 
with low, medium and high fat content (Table 5). Gallbladder volumes, 
plasma CCK and individual bile acids concentrations were also measured in 
the individuals (15 T2D and 15 controls) who received the 75-g glucose solu-
tion and the fat-based test drinks. Acetaminophen, CCK and individual bile 
acids plasma concentrations were collected repeatedly from 20 min before and 
up to 4 h after the administration of the test drinks; gallbladder volume was 
measured from 10 min before and up to 60 min after. TBA concentrations 
were determined by calculating the molar sum of the 12 most common bile 
acids. 

Table 5. Properties of the test drinks 
Test drink Water OGTT 

25 g 
OGTT 
75 g 

OGTT 
125 g 

Low  
fat 

Medium 
fat 

High  
fat 

Volume (mL) 100 300 300 300 350 350 350 
Carbohydrate (g) 0 25 75 125 107 93 32 
Protein (g) 0 0 0 0 13 11 3 
Fat (g) 0 0 0 0 2.5 10 40 
Energy (kcal)a 0 100 300 500 503 506 500 
OGTT: oral glucose tolerance test. a Caloric content calculated using 4 kcal/g for carbohydrates 
and proteins and 9 kcal/g for fats.86 

Gastric emptying model 
Published population models were used as starting point for the description of 
acetaminophen’s PK.87–89 The acetaminophen absorption rate constant (KA) 
was implemented using a frequentist prior from a published study to allow its 
distinction from the gastric emptying rate constant (KG).47,72 The postprandial 
effect on the gastric emptying rate was implemented using a feedback from 
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the caloric content of the upper small intestine; linear and nonlinear (Michae-
lis-Menten and sigmoidal) functions were evaluated.90 Delays in the initial 
phase of gastric emptying were evaluated on all test drink with a lag-time and 
an onset function.91 Presence of a saturable first-pass acetaminophen metabo-
lism was evaluated using a Michaelis-Menten type function. Saturable absorp-
tion of nutrients from the upper small intestine was implemented using pub-
lished parameter values for glucose.87 An SCM approach was used to evaluate 
the reported effects of gender, obesity, and T2D on the rate of gastric empty-
ing.34–37  

Sensibility of the model to fixed parameter values (i.e. KA, nonlinear glu-
cose absorption parameters) was evaluated though a sensitivity analysis where 
the value of the fixed parameters was sequentially modulated by ±25%, and 
the predictions of the new model compared to the reference. 

CCK model 
Graphically, the postprandial plasma CCK concentrations displayed two dis-
tinct peaks: a first high and narrow (CCKF) and a second lower and wider 
(CCKL).92,93 Two indirect response models were used to describe the changes 
in CCKF and CCKL plasma concentrations. The postprandial effect was imple-
mented via stimulation of the rates of CCKF and CCKL production. Alterna-
tively, precursor pools were tested on each indirect response model to mimic 
exhaustion of the secretion process. In this case the postprandial effect was 
implemented as an increase in the rate constant of release from the pool into 
the plasma.94 The effect on CCK secretion was tested through linear and non-
linear (Michaelis-Menten and sigmoidal) functions of the amount of nutrients 
in duodenum for CCKF and upper jejunum for CCKL.14 The relative potency 
of proteins and carbohydrates to trigger the release of CCK were evaluated in 
regards to fats.95 Nutrients in duodenum and upper jejunum were nonlinearly 
absorbed as described for the gastric emptying model.87 The total plasma CCK 
concentrations were obtained by summing the predicted CCKF and CCKL con-
centrations. An SCM approach was used to explore the possible effects of age, 
gender, body weight, body mass index, and T2D on key structural parameters. 

Bile EHC model 
TBA distribution model 
Published data on radiolabeled total cholic acid serum concentrations follow-
ing an intravenous administration were used to develop the TBA distribution 
model; assuming a similar distribution between TBA and total cholic acid.50 
One- and two-compartment models with elimination mediated through a liver 
compartment were compared. The Small et al.’s equation was used for liver 
volume calculations.96 
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TBA EHC integrated modeling framework 
The modeling framework was designed around the key physiological compo-
nents of the EHC of TBA. The gallbladder volume dynamics was character-
ized by an indirect response model. Two alternative emptying mechanisms 
were tested; gallbladder emptying was either driven by 1) the predicted plasma 
CCK concentrations, or 2) a signal of the nutrients in the upper small intes-
tine.97 In both alternatives, the effect on gallbladder emptying was tested 
through linear and nonlinear (Michaelis-Menten and sigmoidal) functions of 
the emptying signal. 

Postprandial TBA plasma concentrations were characterized by two dis-
tinct peaks, which were assumed to be associated with the recirculation of bile 
acids.22 A transient postprandial gallbladder refilling period was tested to al-
low the model to predict these double peaks despite a sustained emptying sig-
nal.98 The size of the TBA pool was assumed to be constant (i.e. no loss to the 
colon nor de novo production by the liver). The liver compartment was imple-
mented as a well-stirred type model, for which the volume was computed us-
ing Small et al’s. equation.96,99 The EH determined the TBA fraction arriving 
to the liver and returning to the gallbladder. Constant and concentration-de-
pendent Michaelis-Menten EH functions were evaluated. The TBA fraction 
escaping EH was directed to the plasma compartment. 

Sensitivity of the model to fixed parameter values was evaluated through 
simulations and re-estimation similarly to the method described for the gastric 
emptying model. 

Treatment of Indian children with TB 
Clinical data 
Data were obtained from 161 treatment-naive Indian children (1–15 years 
old), 84 had drug-sensitive TB monoinfection and 77 had TB-HIV coinfec-
tion.56,57 All children received a thrice-weekly course of anti-TB treatment for 
6 months as per the previous RNTCP guidelines.63 Eligible children were also 
given antiretroviral treatment. The PK study was conducted at least two weeks 
after initiation of the treatment. INH, RIF and PZA concentrations were col-
lected at 0, 2, 4, 6 and 8h post dose. After 6 months, the treatment outcome 
was reported as unfavorable (i.e. treatment failure or death), favorable (i.e. 
treatment completion or cure) or unknown (i.e. lost during follow-up).56,57 

PK models 
To describe the PK of INH, RIF and PZA, one- and two-compartment models 
with linear/saturable elimination and constant/saturable relative bioavailabil-
ity were compared. KA estimations were supported by the use of frequentist 
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priors, which were based on literature values.71,72,100 Delays in drug absorption 
were tested using chains of transit compartments.71,101 Age-related maturation 
parameters for INH and RIF clearances and RIF absorption delay were fixed 
to literature values.71 For subjects with the rapid INH acetylator polymorphism 
(i.e. high metabolism), the effect was tested on the clearance and the relative 
bioavailability.71,102 An SCM approach was used to investigate the effects of 
covariates on the drug’s apparent clearances, distribution volumes and relative 
bioavailabilities. 

Treatment outcome model 
The probability of unfavorable treatment outcome (Punfavorable) was modeled 
with a logistic regression model; subjects with unknown treatment outcome 
(n = 19) were excluded from this analysis. An SCM was used to evaluate the 
effect of INH, RIF, PZA drug exposures (implemented as the total weekly area 
under the concentration-time curve (AUC)) and subject characteristics (e.g. 
HIV status, demographics, etc.) as predictors of Punfavorable. 

RNTCP dosing regimens 
The PK-PD model was used to predict Punfavorable under the previous (thrice-
weekly) and the new (daily) RNTCP dosing regimens. Drug exposures were 
simulated 1,000 times for children within the respective RNTCP pediatric 
weight ranges. Punfavorable was computed for each simulated individual before 
being summarized by weight bands and by each predictor of the treatment 
outcome. Optimized doses were proposed for each of the new RNTCP weight 
bands based on a Punfavorable of 5% or less.65,103 
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Results 

In vitro–in vivo modeling of ER formulations 
In vitro tablet erosion 
The Michaelis-Menten model appropriately described the HPMC release rate 
of the four formulations under all studied experimental conditions (Figure 5). 
Parameter estimates are reported in Table 6. 
 

  
Figure 5. Prediction-corrected VPC of the in vitro released HPMC time course for all 
formulations and experimental conditions. The median (bold line), 5th and 95th per-
centiles (dashed lines) of the observed data are compared to the 95% confidence in-
tervals for the median (grey areas), the 5th and 95th percentiles of the simulated 
(n = 1,000) data (blue areas). 
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Table 6. Parameter estimates of the in vitro model 
Parameter (units) Estimate (RSE%)c 
VMAX (mgHPMC/h) 22.0 (2.5) 
KM (mgHPMC) 34.2 (6.1) 
Lag-time (h) 0.179 (15) 
MK4M50-VMAX (% w/w) 18.7 (3.5) 
SDCP-KM (% w/w-1)a 0.0522 (33) 
SDCP-VMAX (% w/w-1)a 0.0332 (24) 
SpH-KM (pH unit-1)a 0.0935 (15) 
SpH-VMAX (pH unit-1)a –0.0319 (24) 
Srpm-VMAX (rpm-1)a 0.0115 (2.9) 
BTV VMAX (CV %) 5.96 (17) 
Additive error (mgHPMC)b 1.95 (14) 

a effect of covariates reported as relative the change in the model parameter typical value for 
each unit change of the covariate in reference to its median; b reported on the standard deviation 
scale; c reported on the approximate standard deviation scale. 
 

The introduction of a lag-time (11 min) describing the initial tablet hydra-
tion significantly improved the fit of the model. Effects of pH, mechanical 
stress, the proportions of high molecular weight HPMC and DCP in the tablet 
were found on VMAX (Equation 4), while KM was impacted by pH and the 
proportion of DCP in the tablet (Equation 5). No significant effect of the ionic 
strength was detected. 

 (Eq. 4) 

 (Eq. 5) 

where TVVMAX and TVKM are the typical (i.e. formulation no. 3, pH 6.8 and 
mechanical stress of 50 rpm) parameter values of VMAX and KM. ηi represents 
the BTV on VMAX. Erpm-VMAX, EpH-VMAX, EDCP-VMAX and EMK4M-VMAX are respec-
tively the relative effects of mechanical stress, pH, DCP and high molecular 
weight HPMC on TVVMAX. EpH-KM and EDCP-KM are respectively the relative 
effects of pH and DCP on KM. EMK4M-VMAX was best described by a saturable 
relationship (Equation 6) which resulted in a significant improvement of the 
fit over a linear relationship: 

 (Eq. 6) 

where MK4M is the proportion of high molecular weight HPMC and 
MK4M50-VMAX the MK4M leading to a decrease by half of EMK4M-VMAX. BTV 
was only supported on VMAX and was minor (5.96% coefficient of variation 
(CV)). The RUV was best described by an additive error model. A visual rep-
resentation of the effect of the included covariates on the released HPMC is 
provided in Figure 6. 
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In vivo tablet erosion 
Overall, the in vivo tablet erosion model had good predictive performances 
(Figure 7). However, the model systematically overpredicted the formulation 
no. 4 (i.e. with lowest HPMC content) under the fasting status. The data for 
formulation no. 4 under fasting status were thus excluded during the final pa-
rameters estimation, but were used for diagnostics and simulations. This ap-
proach prevented the introduction of an estimation bias on the model param-
eters. 
 

 
Figure 7. Prediction-corrected VPC of the in vivo released HPMC time profiles for all 
formulations and prandial statuses combined. The median (bold line), 5th and 95th per-
centiles (dashed lines) of the observed data are compared to the 95% confidence in-
tervals for the median (grey area), the 5th and 95th percentiles of the simulated 
(n = 1,000) data (blue areas). 

The model fit was significantly improved by the small intestine segmenta-
tion into its proximal and distal parts. The best fit was achieved when the 
transfer between proximal and distal parts was set to one hour after the gastric 
emptying. The mechanical stress parameters were thus estimated for stomach 
(39.5 rpm), proximal small intestine (93.3 rpm), distal small intestine (31.1 
rpm) and colon (9.99 rpm). The re-estimation of the lag-time (25 min) further 
improved the model fit. BSV and BOV were estimated on VMAX to 14.9% CV 
and 15.5% CV respectively, but neither were supported on KM. In the post-
prandial state the stomach pH was increased, however a change in the me-
chanical stress was not supported by the data. The RUV was best described 
by a combined error model. Model simulations illustrating the predictions of 
the selected in vivo tablet erosion model under different formulations and 
prandial statuses are presented in Figure 8. 
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Gastric emptying and bile acids EHC 
A schematic representation of the selected TBA EHC modeling framework is 
provided in Figure 9, parameter estimates are provided in Table 7 and VPC in 
Figure 10. 
 

 
Figure 9. Schematic representation of the selected gastric emptying (blue), TBA EHC 
(green) and CCK (red) models. 
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Figure 10. VPC for the acetaminophen plasma concentrations (blue), the gallbladder 
volumes (green), the TBA plasma concentrations (orange) and the CCK plasma con-
centrations (red) stratified by test drinks. For each panel, the median (bold line), 5th 
and 95th percentiles (dashed lines) of the observed data are compared to the 95% con-
fidence intervals for the median (grey area), the 5th and 95th percentiles of the simu-
lated (n = 1,000) data (colored areas). The vertical lines mark the intake of the test 
drinks. OGTT: oral glucose tolerance test. 
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Gastric emptying model 
In total 183 individual profiles and 1,615 acetaminophen concentrations were 
used in the development of the gastric emptying model. One subject was ex-
cluded due to the absence of acetaminophen dose on all studied occasions. 

The gastric emptying rate was regulated by the caloric content in the upper 
small intestine (CALUSI) as shown in Equation 7. 

 (Eq. 7) 

where KG0 is the basal (i.e. water) gastric emptying rate constant, SLPCAL the 
slope of the linear feedback. The onset function (Equation 8) gave better per-
formance and stability (i.e. no change point) than the lag-time; improvements 
were also noted in the initial phase of gallbladder emptying. 

 (Eq. 8) 

where SIG is the sigmoidicity factor, t the time after the last dose and T50 the 
time to 50% of the maximal onset. Estimation of different T50 parameters for 
fat–based (23 min) and non-fat-based (16 min) test drinks significantly im-
proved the model fit. Implementation of a saturable first-pass was not sup-
ported by the data; the model fit was however significantly improved by esti-
mating the variability on the relative acetaminophen bioavailability. 

The feedback of the caloric content in the upper small intestine on was 
found to be 40% stronger in women than in men (Equation 9): 

 (Eq. 9) 

where TVSLPCAL is the typical value of SLPCAL, FEM is a variable set to 1 for 
females and to 0 for males and ηi-SLP represents the total variability for SLPCAL. 
Finally, RUV was best described by a proportional error model.  

The sensitivity analysis revealed that the model was not sensitive to 
changes of ±25% in KA and the saturable nutrients absorption parameters. 
Model simulations illustrating the model predictions for different meals are 
presented in Figure 11. 
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Figure 11. Model-based simulations of the time course of the fraction of a test drink 
left in stomach, stratified by the caloric content of the test drink and by gender. For 
each panel, the median (solid line) and different prediction intervals (shaded areas) 
were calculated based on 1,000 simulations of the model development dataset. 

CCK model 
In total 115 individual profiles and 1,150 CCK plasma concentrations were 
used for the model development. The use of precursor pools for both CCKF 
and CCKL significantly improved the model predictions over simple indirect 
response models. The estimated pool size was markedly higher for CCKF 
(17.1 pM) compared to CCKL (1.95 pM), but the elimination half-life was 
markedly shorter (1.95 min vs. 127 min). The CCKF release was best fitted by 
a nonlinear function of the signal of nutrients in duodenum, the CCKL release 
was on the other hand best fitted by a linear model of the amount of nutrients 
in the upper jejunum (Figure 9, Figure 10). In relation to fat, the potency per 
gram of carbohydrates to trigger the CCK release was only 10%; estimation 
of a potency term for proteins was not supported by the data. Furthermore, the 
relative carbohydrate potency was reduced by -81% in patients with T2D sub-
jects compared to non-diabetic individuals. Due to the complexity of the 
model, several parameters were poorly estimated and had a high RSE namely: 
the baseline of CCKL (125%), the relative potency of carbohydrates (65%), 
the signal-effect related parameters for the secretion of CCKF (82%) and 
CCKL (54%). The mean residence time of nutrients in the duodenum and in 
the upper jejunum were also poorly estimated and hence fixed to published 
values (12 min and 90 min respectively).87 Finally, the RUV was best de-
scribed by a proportional error model. 
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Bile EHC model 
In total 115 individual profiles, 920 gallbladder volumes and 1,236 TBA 
plasma concentrations were used for the model development. One outlier sam-
ple (~27 times higher than baseline) was excluded from the analysis. 

The TBA distribution was best described by a two-compartment model. 
The model predictions were in good agreement with the total cholic acid data 
from the radiolabeled study.50 The typical volume of central and peripheral 
compartments, and the inter-compartmental clearance values indicated a rapid 
but contained distribution (Table 7). 

The model poorly predicted the data when the predicted CCK concentra-
tions were as single driver of the postprandial gallbladder emptying. Never-
theless, when the gallbladder emptying was mediated by a fat equivalent sig-
nal from the nutrients in duodenum (efatduod; Equation 10), the model properly 
fitted the data (Figure 9, Figure 10). 

 (Eq. 10) 

where t is the time since the intake of the test drink, gcarb,duod, gfat,duod, gprot,duod 
are the grams of carbohydrates, fats and proteins in the duodenum, Pcarb and 
Pprot represent the potency of carbohydrates and proteins in relation to fat (i.e. 
Pfat = 1). A linear function best described the relationship between the rate of 
gallbladder emptying (RGB,out) and efatduod (Equation 11). Furthermore, the ad-
dition of a postprandial gallbladder refilling function (GBrefill; Equation 12) 
significantly improved the model fit by refining the predictions of the double 
peaks seen in the TBA plasma concentration time-course. 

 (Eq. 11) 

where GBvol is the gallbladder volume, Slopeefat is the slope of the effect of 
efatduod and GBrefill defined as: 

 (Eq. 12) 

where Sloperefill is the steepness of the onset and offset of gallbladder refilling, 
Trefill_onset is the time to 50% of maximal gallbladder refilling onset and Trefill_du-

ration the duration for which gallbladder refilling at more than half of its maxi-
mal effect. Estimates for these parameters indicated an early (25 min) and sus-
tained (151 min) refilling period with progressive onset and offset phases. De-
spite an effect of age on Slopeefat (-2.69%/yr), the variability on the gallbladder 
emptying parameters was substantial (Table 7). 

The TBA fraction absorbed in the upper small intestine (FAU) was found to 
be 20.6% for fat-containing drinks and 47.8% for the 75-g oral glucose toler-
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ance test (OGTT). Splitting the lower small intestine into three sub-compart-
ments and restraining the absorption to the terminal end significantly im-
proved the model fit. The mean transit time of TBA throughout the lower 
small intestine (111 min) was shorter in females (-29.1%) and positively cor-
related with the amount of ingested carbohydrates (+0.637%/g). EH was found 
to be constant (64.0%), but reduced with the high fat test drink (44.0%). T2D 
was not associated with any significant change in any of the model parameters. 

Estimating the covariance between the individual model parameters greatly 
improved the model fit. The RUV of the gallbladder data was best described 
by a combined error model, while a proportional error model best suited the 
TBA plasma concentration data. 

The sensitivity analysis revealed that the model was not sensitive to 
changes of ±25% in the distribution clearance, central and peripheral volumes 
of TBA distribution. For the TBA concentration in gallbladder or the hepatic 
clearance, small differences could be seen graphically in the median of the 
predictions when comparing to the reference model. Although, the predictions 
medians of the test models were similar to the reference model after a re-esti-
mation step. Model simulations illustrating the model predictions for different 
meals are presented in Figure 12. 

 

 
Figure 12. Model-based simulations of the gallbladder volume (green) and TBA 
plasma concentration (orange) time-courses stratified by the test drink. For each 
panel, the median (solid line) and different prediction intervals (shaded areas) were 
calculated based on 1,000 simulations of a typical male individual of 70 kg, 1.7 m 
height and 64 years old. The vertical lines mark the intake of the test drinks. OGTT: 
oral glucose tolerance test. 
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Treatment of Indian children with TB 
PK models 
In total, 805 plasma concentrations were collected for INH, 794 for RIF, and 
720 for PZA. Samples below the detection limit (INH: 125, RIF: 105, PZA: 
67; mainly represented by through concentrations) were excluded from the 
analysis. 

The INH disposition was best described by a two-compartment model 
whereas a one-compartment best suited RIF and PZA. Regardless, all three 
drugs had PK models as highlighted hereafter. Delays in the drugs’ absorption 
were best predicted by chains of transit compartments. BSV in the mean 
transit time (INH 49.8%, RIF 64.4%, PZA 42.5% CV), apparent clearances 
(INH 74.2%, RIF 45.4%, PZA 37.4% CV) and volumes (INH 44.9%, RIF 
37.3%, PZA 34.4% CV) parameters were substantial. Furthermore, clearances 
and volumes were highly correlated (INH 86.9%, RIF 78.8%, PZA 51.7%). 

Through the covariate search, a strong relationship was found between the 
relative bioavailability of all three drugs and the individuals’ total body 
weight. This relationship was described by a power-type function where the 
exponent was estimated, indicating that small children have the lowest relative 
bioavailability. Effects of HIV were found on RIF clearance (+31.6%), RIF 
relative bioavailability (-41.5%), and INH relative bioavailability (-19.5%), 
leading to an additional decrease to the RIF and INH exposures. Furthermore, 
HIV coinfection was associated with a substantial increase in the BSV on the 
RIF clearance (+74.0%) and volume of distribution (+106%) parameters. 
RUV was best described by a combined error model for INH and additive 
error models for RIF and PZA.  

The capacity of the developed INH, RIF and PZA models to predict the 
drug exposures was evaluated via posterior predictive checks (Figure 13). 
 

 
Figure 13. Posterior predictive checks of the AUC up to the last sample (AUClast) 
population medians obtained from simulations (n = 1,000) of the isoniazid (left panel), 
rifampin (middle panel), and pyrazinamide (right panel) models. Model predictive 
performances are evaluated by comparing the AUClast population median, calculated 
from the observed concentrations (solid black lines), to the median (solid grey lines) 
and 95% confidence interval (dotted grey lines) of the AUClast population medians 
calculated for each simulated dataset. 
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Treatment outcome model 
In total, the treatment outcome was favorable in 109 (68%), unfavorable in 33 
(20%) and unknown in 19 (12%) children. Subjects with unknown treatment 
outcome were not associated with any specific characteristics and were ex-
cluded from the analysis.  

The AUC was retained over the peak concentration as a marker of drug 
exposure, both metrics were however highly correlated (R2 for INH: 78%, 
RIF: 91% and PZA: 77%). Through the covariate search, RIF exposure (9.81–
231 μg.h/mL range) was found to be the only independent predictor of Punfavor-

able. No statistically significant effects of the subject characteristics, INH or 
PZA exposures (INH: 3.89–346 μg.h/mL and PZA: 351–2780 μg.h/mL) could 
be detected on Punfavorable. The model-predicted odds ratio was 2.27 (95% con-
fidence interval: 1.27–4.05) for TB-HIV coinfection in reference to TB mo-
noinfection (median AUC: 36.8 μg.h/mL vs. 93.6 μg.h/mL) and 1.68 (95% 
confidence interval: 1.16–2.41) for children in the 6–10 kg weight band in 
reference to children in the 26–30 kg weight band (median AUC: 60.7 
μg.h/mL vs. 96.5 μg.h/mL) due to decreased RIF exposures. 

The model predicted that the weekly RIF exposure should be at least 185 
μg.h/mL in order to achieve a median target Punfavorable of 5% or less. The rela-
tionship between the RIF exposure and the Punfavorable is illustrated in Figure 
14. 
 

 
Figure 14. Median (line) and 95% confidence interval (shaded area) of the model 
simulated Punfavorable vs. the weekly RIF exposure at steady state (AUCRIF_wk_ss). The 
vertical line marks the defined target AUCRIF_wk_ss associated with Punfavorable of 5%. 
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RNTCP dosing regimens 
Model-based simulations of the previous and new RNTCP dosing regimens 
were performed. An increased Punfavorable was revealed for children with low 
body weight (6–10 kg for previous and 4–7 kg for new RNTCP guidelines) or 
TB-HIV coinfection due to suboptimal RIF doses in these sub-groups (Figure 
15). Among the children with TB-HIV, the median Punfavorable was as high as 
35%. Although, reasonable (i.e.  5%) Punfavorable is expected for most children 
with TB monoinfection under the new once-daily RNTCP dosing regimen. 

 

 
Figure 15. Predicted Punfavorable under previous (left panel), new (central panel) and 
optimized (right panel) RNTCP dosing recommendations. RIF weekly exposures at 
steady state were simulated (n = 1,000) for children within the pediatric RNTCP 
weight range (i.e. 6–30 kg for previous and 4–39 kg for new and optimized dosing 
recommendations); Punfavorable distributions were computed for each weight band, and 
TB-HIV coinfection status. 

Optimized daily RIF pediatric doses were computed using the pre-defined 
weekly target AUC and given different weight bands and HIV coinfection sta-
tus (Table 8). In comparison to the previous and new RNTCP guidelines, the 
predicted optimized doses were mostly increased for children with low body 
weight (4–7 kg) and especially for children with TB-HIV coinfection, with 
doses up to 43.4 mg/kg. However, for bigger children (>25 kg), the model 
predicted that the target could be achieved, even with daily doses as low as 
5.2 mg/kg.  
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Table 8. Optimized once-daily pediatric dosing regimen for RIFa 
Weight band TB monoinfection TB-HIV coinfection 

kg Doseb Punfavorable
c Doseb Punfavorable

c 

mg (mg/kg) median (CI95) mg (mg/kg) median (CI95) 

4–7 109 (19.9) 0.0535 (0.0107–0.129) 239 (43.4) 0.0606 (<0.01–0.202) 

8–11 126 (13.3) 0.0554 (0.0129–0.126) 275 (28.9) 0.0591 (<0.01–0.196) 

12–15 139 (10.3) 0.0506 (0.0107–0.124) 311 (23.0) 0.057 (<0.01–0.18) 

16–24 154 (7.7) 0.048 (0.0162–0.101) 346 (17.3) 0.0464 (<0.01–0.149) 

25–29 166 (6.2) 0.0484 (0.0106–0.124) 383 (14.2) 0.0492 (<0.01–0.188) 

30–39 180 (5.2) 0.0478 (0.0173–0.0966) 404 (11.7) 0.0509 (<0.01-0.142) 
a Doses given for single drug formulations; b Doses in mg/kg calculated using the average total 
body weight within each weight band; c Reported as the median and the 95% confidence interval 
(CI95) around the simulated medians (n = 1,000). 
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Discussion 

In vitro–in vivo modeling of ER formulations 
The work in Paper I illustrated how an in silico approach could be used to 
predict the in vivo erosion of HPMC matrix tablets under different prandial 
statuses using in vitro dissolution experiment data. 

The first step in this approach was to characterize the influential factors of 
the erosion of HPMC matrix tablets. The identified effects of the experimental 
conditions (pH and mechanical stress) and tablet formulations (proportion of 
high molecular weight HPMC and DCP in the tablet) were in line with previ-
ous findings (Figure 6).37,39,83,104 Unlike the findings from Bergstrand et al., 
no significant effect of the ionic strength could be detected despite appropriate 
in vitro experiment design (Table 4).8 These discrepancies could be explained 
by differences in the HPMC quality and the solubility of the tablet components 
(i.e. API or filling agent) used in the two studies.105–107 This finding could be 
an indication that additional influential factors would need to be characterized 
and integrated to the model. 

In the second step, the in vitro model was combined with the tablet MMM 
GI location data to predict the in vivo erosion of the HPMC matrix tablets. 
Despite a good overall fit of the data (Figure 7), the model over-predicted the 
erosion rate of the formulation no. 4 under fasting status. This may have been 
caused by a weaker HPMC gel layer when the HPMC tablet content was be-
low 30%. This could also be an indication that not all influential factors of the 
erosion of HPMC matrix tablets have yet been characterized. Through this 
approach the mechanical stress was estimated for the different GI location 
(stomach, proximal/distal small intestine, colon) and expressed as USP2 ap-
paratus rpm equivalent. The mechanical stress estimates were lower than pre-
viously reported by Bergstrand et al for all GI segments.8 Yet, in their model 
the mechanical stress estimates were influenced by the selected value of the 
ionic strength, unlike the model presented herein where the ionic strength had 
no impact on the predictions.8 The tablet environment pH distribution was also 
dynamically set to literature values based on the GI location of the tablet and 
the prandial status. The postprandial effect was implemented via a change in 
stomach pH; an effect on the mechanical stress was not supported by the data.8  

In the third and last step of the proposed approach, the developed in vitro-
in vivo model was used to illustrate the predictions with the simulations of 
different formulation and prandial statuses (Figure 8). The model also offers 
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the opportunity to simulate new scenarios (e.g. new formulations) while ac-
counting for the effect of the different covariates and the sources of variability 
in the erosion rate.1 To perform these simulations the developed model was 
used along with a published Markov model describing the GI transit of solid 
dosage form under different prandial statuses.9  

If used along with PK data, the proposed model could be extended to help 
predict the variability in the absorption profile of API released from ER for-
mulations.108  

Gastric emptying and bile acids EHC 
The work from Paper II and Paper III described how a modeling framework 
was developed to predict the postprandial changes in the central trend and 
variability of gastric emptying, CCK plasma concentrations, gallbladder emp-
tying, and TBA plasma concentrations. 

The first step in the development of the framework was to establish a gas-
tric emptying model to predict the rate of nutrients’ arrival into the upper small 
intestine. The amount of nutrients in the upper small intestine was later on 
used to trigger the release of CCK into the plasma and of the bile flow into the 
duodenum. Published acetaminophen (i.e. gastric emptying marker) models 
were used as starting point and estimation of KG was supported by the use of 
a literature prior on KA.47,87–89 As previously reported for liquid and solid 
meals, the model predictions were improved by the addition of a postprandial 
onset of gastric emptying.47,109 Also in line with previous findings, the gastric 
emptying rate was function of the caloric content in the upper small intestine 
independently of the nature of the nutrients.90,110 Osmolality has also been sug-
gested to play a role in the regulation of gastric emptying11, but this infor-
mation was not available for the studied test drinks. Implementation of a stom-
ach volume compartment was not supported by the data given the current 
study design (i.e. focus on the effect of nutrients rather than volume). 

The secretion of CCK was mediated through a signal from nutrients in du-
odenum (CCKF) and upper jejunum (CCKL) where the secreting cells are con-
centrated.14 The use of precursor models where the release from the pool was 
mediated by a signal of the nutrients in the small intestine best predicted the 
two distinct peaks, characteristic of the postprandial release of CCK (Figure 
9, Figure 10). This implementation was also used to mimic the exhaustion of 
the CCK secretory granules contained in the secretory cells.15 Several CCK 
model parameters were estimated with a high uncertainty, likely due to the 
model complexity and to the lack of data. The reported parameters should 
therefore be interpreted with caution. 

CCK is commonly described as the main factor involved in the postprandial 
gallbladder emptying.15,97 Unexpectedly, while the postprandial CCK plasma 
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concentrations could to some extend be used to predict the gallbladder emp-
tying, a lack of relationship with the nutritional content of the test drinks was 
observed. This could indicate the implication of other stimulatory factors of 
gallbladder emptying such as a combined hormonal and neural action.15,97 Al-
ternatively, when the postprandial gallbladder emptying was triggered by 
efatduod, the resulting model had a simpler structure and improved predictive 
performances (Figure 9, Figure 10). In line with previous publications, car-
bohydrates had a relatively low potency (5.8%) to trigger the gallbladder emp-
tying in comparison to proteins (87%) and fats (100%).15,97  

The use of the TBA data were preferred over the use of the individual bile 
acids data. This approach avoided the need for the addition of conjugation and 
deconjugation processes into the model.16,17 The determination of the structure 
and parameters of TBA distribution was supported by the use of radiolabeled 
total cholic acid data from the litterature.50 The estimated volumes and clear-
ance values were in line with the report of a rapid and contained distribution 
of TBA.17,111 The total cholic acid and TBA were herein assumed to have very 
similar distribution, assumption which was supported by the work from 
Cowen et al. who showed that the protein binding and kinetic of disappearance 
were similar in most bile acids.111 The postprandial TBA plasma concentra-
tions were characterized by multiple peaks, which have been suggested to 
originate from the recirculation of reabsorbed bile acids.22 However, assuming 
a constant gallbladder emptying did not allow the model to properly fit the 
data. Other have shown that postprandial gallbladder motility is characterized 
by sequences of emptying and refilling phases of variable intensities.112,113 The 
hypothesis of a postprandial gallbladder refilling function was thus tested in 
the model and significantly improved the model predictions. 

In addition to their effect on the gastric emptying rate and gallbladder emp-
tying, some test drink properties were also associated with changes in the TBA 
EHC model parameters. Thus, the mean transit time of bile acids through the 
lower small intestine was found to be correlated to the amount of carbohy-
drates, an effect that has to our knowledge not been reported before. The frac-
tion of TBA absorbed in the upper small intestine, was also significantly in-
creased with the OGTT 75 g, possibly caused by a pH-related change of the 
ionized fraction of bile acids.16,17 Finally, EH was decreased with the high fat 
test drink, a finding that differs from reports by Angelin et al.22 This effect 
could potentially be caused by the interaction of bile acids with the lipopro-
teins absorbed via the lymphatic system, thus possibly allowing them bypass 
the first-pass metabolism.3,114 

This modeling framework has been developed using test drinks (i.e. liquid 
meals) data and extrapolation to solid meals has yet to be tested. Several ad-
ditional assumptions such as the postprandial gallbladder refilling period had 
to be made. Despite these limitations the developed model should be consid-
ered as the first step towards more reliable predictions of the rate of gastric 
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emptying and of the postprandial TBA concentrations. Furthermore, this mod-
eling framework could be used throughout drug development to predict the 
drug-drug interactions and food effects associated with gastric emptying29,115, 
to link the postprandial changes in TBA plasma to changes in the drug absorp-
tion, or to support research on pathologies affecting the GI tract. 

Treatment of Indian children with TB 
The work from Paper IV describes how an NLME approach was used to es-
tablish the exposure-response of first line anti-TB therapy in children and to 
suggest dosing modifications. 

In the first step, the PK of INH, RIF and PZA were characterized. For all 
three drugs, the relative bioavailability was found to be nonlinearly correlated 
to total body weight indicating reduced drug exposures in children with low 
body weight. The exposure to INH and RIF was also reduced in children with 
TB-HIV coinfection. Despite a contrasted effect of HIV in previous re-
ports61,71, HIV coinfection was herein associated with altered INH and RIF 
bioavailability and RIF clearance. The effects of body weight and HIV were 
likely the result of a complex combination of factors including: drug-drug in-
teractions, formulations, age-related maturation, malabsorption, and malnutri-
tion which were not independently distinguishable with the current study de-
sign.116–118 

In the second step, the exposure-response relationship was established. In 
vitro, the activity of INH, RIF and PZA correlated well with both AUC and 
peak concentration.119,120 To facilitate the translation between thrice-weekly 
and daily dosing in the model, AUC was retained as marker of drug exposure. 
The weekly RIF exposure at steady state was found to be the only independent 
predictor of treatment outcomes, which could be an indication that RIF was 
the most severely under-dosed anti-TB drug. In line with previous report, the 
body weight and TB-HIV coinfection had an impact on Punfavorable through their 
effect on the RIF exposure.116,118,121–124 The established exposure-response re-
lationship allowed the definition of a target weekly AUC for RIF based on 
actual pediatric data. 

In the third step the exposure-response model was used to predict the treat-
ment outcomes under different scenarios. The simulations exposed a clear 
trends toward higher Punfavorable under the previous thrice-weekly dosing as 
compared to the new once-daily dosing RNTCP recommendations.63,65 Punfa-

vorable was at the highest in the first weight band and in TB-HIV coinfected 
children, direct consequence of the decreased RIF exposure in these sub-
groups. This finding is in line with reports that higher RIF doses along with 
nutritional supplementation may significantly improve outcomes in TB-HIV 
coinfected children.61,116,118,125,126  
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This work represents a first step in the definition of a target exposure de-
rived from actual pediatric data. Clinical practice in India is rapidly evolving 
and this work established a base to support the future revisions of pediatric 
dosing guidelines. More specifically, the model-based simulations suggested 
that higher anti-tuberculosis doses levels in children with low body weight or 
HIV coinfection, could potentially prevent treatment failure or death. 
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Conclusions 

The work presented in this thesis improved the mechanical understanding of 
processes associated with the absorption of orally administered drugs. Specif-
ically, this work identified and quantified the effect of influential factors of 
the erosion of HPMC matrix tablets, and established the relation between the 
nutritional intake, gastric emptying, gallbladder emptying and the EHC of bile 
acids. In addition, it highlighted the effect of impaired bioavailability on the 
occurrence of unfavorable treatment outcome in children with TB. 
 
Specifically: 
 
• An in silico erosion model for HPMC matrix tablets was developed using 

a simple set of in vitro dissolution profiles to predict the in vivo erosion. 
The presented methodology described how the in vitro effects of tablet 
formulations and experimental conditions were integrated into the in sil-
ico model to predict erosion time profiles of multiple HPMC matrix tab-
lets under fasting and postprandial status. This study also exemplified how 
the in silico model could be used to inform decision-making through sim-
ulation of a typical tablet erosion profile and the extent of its variability. 

 
• A model described the relationship between the caloric intake and the rate 

of gastric emptying. This model could play a crucial role in the prediction 
of drug-drug interactions and food effects associated with the rate of gas-
tric emptying. 

 
• The gastric emptying model was extended to predict the gallbladder emp-

tying–refilling patterns and the EHC of TBA in response to various nutri-
ents intake. This modeling framework could be used during the develop-
ment of orally administered compounds by linking the absorption varia-
bility to postprandial changes in plasma bile acids concentrations.  

 
• Low RIF exposures were linked to an increased Punfavorable in TB-infected 

underweight Indian children with or without concomitant HIV infection 
treated under a first line thrice weekly dosing regimen. RIF exposure was 
the lowest in children with low body weight or HIV coinfection. While 
the treatment outcome is expected to be improved under the new daily 
dosing regimen, the small children and/or with HIV coinfection are still 
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expected to display a poor treatment outcome and hence doses aiming to 
reduce the Punfavorable in these subjects have been suggested. 
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