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Abstract 

The paediatric gastrointestinal (GI) tract undergoes numerous morphological and 

physiological changes throughout childhood. Feeding frequency and meals evolve during 

the first years after birth. These age-related changes have the potential to affect oral drug 

absorption. The adequacy of using adult in vitro biopharmaceutical tools in paediatrics is 

uncertain. This thesis aimed to develop in vitro and in silico tools to predict formulation 

performance in paediatrics. Drug solubility measurements were performed in adult and 

paediatric biorelevant media. Multivariate analysis of solubility differences between 

adults and paediatrics revealed that drug solubilisation was related to compound properties 

(i.e. logP and ionisation), and biorelevant media composition (such as the concentration 

of bile salts, osmolality, etc.). Age-appropriate in vitro dissolution studies and 

Physiologically Based Pharmacokinetic (PBPK) models were developed for two model 

compounds - montelukast and azithromycin. The dissolution of montelukast oral granules 

and chewable tablets was affected by in vitro hydrodynamics, gastric/intestinal conditions 

of the GI tract, prandial state, and medicine co-administration practices. Age-related 

dissolution of montelukast granules predicted the in vivo effect of drug co-administration 

with dosing vehicles in infants. The integration of µDISS profiler™ dissolution data into 

the montelukast PBPK model predicted the fasted state exposure of montelukast chewable 

tablets in adults and children. Integration of montelukast dissolution profiles (USP 4 

apparatus) simulating infant fed GI conditions and in vivo co-administration practices into 

a fed state PBPK model predicted the in vivo drug performance in infants. Azithromycin’s 

(immediate-release powder for suspension) PBPK model for adults and paediatrics (with 

age-appropriate in vitro data) revealed that permeation through the gut wall is the key 

driver of azithromycin oral absorption in both populations, and no alterations of the rate-

limiting steps of absorption between adults and paediatrics are expected. 

The considerations required for the development of predictive age-appropriate in vitro and 

in silico tools are illustrated in this thesis. The tools developed can be used to investigate 

the risk of altered oral drug performance in paediatrics. 
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Aims and Objectives 

This thesis aimed to develop age-appropriate in vitro and in silico tools to predict 

clinical outcomes in paediatrics. The main objectives of the project were: (i). to 

develop biorelevant in vitro methods that consider age-related changes in the GI tract; 

(ii). to develop in silico absorption models integrated into physiologically based 

pharmacokinetic (PBPK) models that take into account developmental changes, using 

the generated in vitro data as input; (iii). to validate the in vitro and in silico models 

with in vivo pharmacokinetic (PK) data in adults and paediatrics.  

 

The specific objectives of each chapter were: 

Chapter 1: To review the physiological and anatomical changes in paediatrics and 

provide an overview of the current biopharmaceutical approaches for evaluation of 

oral formulation performance in paediatrics. A review of the main considerations 

needed for the development of age-related in vitro tests was performed. Information 

was gathered on the most relevant in vitro tools proposed to study formulation 

performance as a function of age. The current status of paediatric PBPK models was 

analysed and a strategy was outlined for the development of a successful paediatric 

PBPK model with a focus on oral drug absorption. 

 

Chapter 2: To understand drug solubilisation as a function of age and identify drugs 

at risk of altered drug solubility in newborns and young infants in comparison to 

adults. The objectives were to perform solubility studies in paediatric and adult 

biorelevant media with drugs presenting a wide range of physicochemical properties. 

Partial Least Squares regression (PLS-R) was used to understand drug solubility 

changes between adults and paediatrics as a function of drug’s physicochemical 
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properties and changes in the composition of GI fluids of paediatrics in comparison to 

adults. 

 

Chapter 3: To develop age-appropriate in vitro biopharmaceutical tools to understand 

and predict drug product performance in paediatrics. Biorelevant dissolution set-ups 

were designed to predict how age and medicine co-administration practices affect the 

in vitro dissolution of a poorly water-soluble compound - montelukast. The 

biorelevant dissolution set-ups take into account the gastrointestinal hydrodynamics 

in the fasted and fed state (e.g. gastrointestinal transit times and gastrointestinal 

volumes), as well as age-related differences in gastrointestinal fluids.  

 

Chapter 4: To demonstrate the potential applications of a PBPK absorption modelling 

strategy coupled with biorelevant in vitro dissolution testing (generated in Chapter 3) 

for the evaluation of drug product performance in paediatrics. Two case studies were 

explored to cover different aspects of the evaluation of product performance in 

paediatrics: case study 1 focused on extrapolating formulation performance from 

adults to children; case study 2 addressed the prediction of the impact of medicine co-

administration with different vehicles on drug exposure in infants. 

 

Chapter 5: To use in vitro and in silico biopharmaceutical tools to (i). identify the 

critical variables that influence the oral absorption of azithromycin in adults and 

paediatrics, and (ii). assess the biopharmaceutical risk of age-related changes on 

azithromycin’s performance after oral administration. In vitro solubility and 

dissolution studies were performed and incorporated into a PBPK model to predict the 

performance of azithromycin oral suspension in adults and paediatric patients. The 
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PBPK model was used to investigate the impact of biorelevant solubility with the 

Diffusion Layer Model (DLM), and the impact of biorelevant in vitro dissolution with 

direct dissolution input [Dissolution Profile Model (DPM)]; on the in vivo 

performance of azithromycin oral suspension. Finally, after validation of the PBPK 

model in the populations of interest, sensitivity analyses were performed to better 

understand the role of critical variables, such as solubility and permeability, on the 

oral absorption of azithromycin in adults and paediatrics.  
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1. Chapter 1. Biopharmaceutical considerations in paediatrics 

with a view to the evaluation of orally administered drug 

products – a PEARRL review 

 

Abstract 

Objectives: In this review, the current biopharmaceutical approaches for the evaluation 

of oral formulation performance in paediatrics are discussed. 

Key findings: The paediatric gastrointestinal (GI) tract undergoes numerous 

morphological and physiological changes throughout its development and growth. Some 

physiological parameters are yet to be investigated, limiting the use of the existing 

biopharmaceutical tools to predict the performance of paediatric formulations. Meals and 

frequencies of their administration evolve during childhood and affect oral drug 

absorption. Furthermore, the establishment of a paediatric Biopharmaceutics 

Classification System (pBCS), based on the adult Biopharmaceutics Classification System 

(BCS), requires criteria adjustments. The usefulness of computational simulation and 

modelling for extrapolation of adult data to paediatrics has been confirmed as a tool for 

predicting drug formulation performance. Despite the great number of successful 

physiologically based pharmacokinetic models to simulate drug disposition, the 

simulation of drug absorption from the GI tract is a complicating issue in paediatric 

populations.  

Summary: The biopharmaceutics tools for the investigation of oral drug absorption in 

paediatrics need further development, refinement and validation. A combination of 

methods could compensate for the uncertainties accompanying each method on its own. 
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1.1. Introduction 

In recent years, there has been an increased effort to improve safety and effectiveness 

of medicines that are specifically designed for paediatric patients (1-3). Not only is it 

important to develop age-appropriate medicines, it is also crucial to establish 

methodologies for evaluating the performance of a formulation as a function of age 

(1). Understanding of the physiological and anatomical development of the human 

gastrointestinal (GI) tract is a demanding task and crucial for understanding the 

pharmacokinetics (PK) (1). Absorption, Distribution, Metabolism and Excretion 

(ADME) can all be affected by the transformations that occur throughout childhood; 

hence in order to design better and more appropriate paediatric medicines, changes 

occurring from birth to adulthood need to be taken into consideration (4).  

The International Conference on Harmonisation (ICH) has previously subdivided the 

paediatric population in several age groups (Table 1.1). The ICH aims to harmonise 

guidance for regulatory agencies and industry. The European Union (EU), the United 

States of America and Japan are regulatory founders of this initiative. The European 

Medicines Agency (EMA) follows the age subdivision proposed by the ICH and 

further classifies children into preschool children and school children. US Food and 

Drug Administration (FDA) endorses ICH age classification as one of the possible 

classifications; however, small differences in paediatric age groups can be found 

across literature including information from regulatory partners and health 

organisations. FDA’s new draft guideline presents a different classification according 

to Centre for Drug Evaluation and Research (5). A separate classification is also 

presented by World Health Organization (WHO) (6).  
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Table 1.1. Age groups classification according to ICH (7, 8), FDA and WHO (5, 6).  

Age Groups ICH FDA WHO 

Bodyweight  

(Kg) 

Body Surface Area  

(m²) 

male female male female 

Newborn 
0 - 27 

days (a) 

0 - 1 

month 

0 - 30 

days 

birth 

3.4 3.2 0.22 0.21 

Infants 

28 days 

- 23 

months 

(b) 

1 month 

- 2 years  

1 month 

- 2 years 

1 months 

4.5 4.1 0.26 0.25 

6 months 

7.9 7.3 0.38 0.37 

1 year 

9.6 8.9 0.45 0.43 

Children 

2-5 

years (c) 

2-12 

years 

2-6 

years (d) 

2 years 

13.0 12.0 0.56 0.53 

4 years 

16.1 15.9 0.68 0.67 

6-11 

years (e) 
  

 6-12 

years (f) 

6 years       

20.9 20.0 0.82 0.80 

8 years 

25.5 25.5 0.95 0.95 

10 years 

32.0 33.0 1.11 1.12 

Adolescents 

12-16 or 

18 years 

(g) 

12-16 

years 

12-18 

years 

12 years       

40.5 41.9 1.29 1.33 

14 years 

51.0 49.5 1.52 1.49 

16 years 

61.0 54.0 1.72 1.56 

18 years 

67.0 56.0 1.81 1.59 

Adults  
>16 -18 

years 

>16 

years 

>18 

years 

20 years 

85.9 72.1 2.05 1.80 
 

aUsually known in literature as neonates. bInfants and toddlers. cPre-school child. dYoung child. eSchool 

child. fChild. gDepending on region. 

 

Differences between these classifications are small and reside on the days until the 

subpopulation ‘newborn’ is considered, that is 27 days vs 1 month. Other differences 

reside in how a child can be subclassified and how the end of adolescence is described, 

that is 16, 18 or 20 years. All paediatric subpopulations need to be considered in the 

drug development process. The more traditional methods for paediatric dosing, also 

known as allometric scaling, are based on algorithms that allow estimation of doses 

by scaling adult values, based on comparison of parameters such as bodyweight (BW), 

age and body surface area (BSA) (9). These approaches do not account for maturation 
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changes, such as ontogeny of enzymes and transporters (9), in comparison with more 

complex mathematical models, for example physiologically based pharmacokinetic 

(PBPK) modelling, which in certain cases might deliver a more adequate prediction 

of the appropriate paediatric dose.  

BW and BSA differences between paediatric age groups and adults are presented in 

Table 1.1. Paediatric BW was retrieved from the 50th percentile boys and girls values 

in the Centre for Disease Control and Prevention (CDC) growth charts for paediatrics; 

adult 50th percentile BW values were obtained from clinical charts that include 

multiple races and a wide range of ages in U.S. (10). BSA values were calculated using 

the Mosteller formula, (𝐵𝑆𝐴 =  (
𝑊𝑒𝑖𝑔ℎ𝑡 × 𝐻𝑒𝑖𝑔ℎ𝑡

3600
)

1

2 ) (11). Body height used for the 

calculations was retrieved from the same source as the respective BW. Newborns and 

infants are the age groups that show the highest differences compared to the adult 

population in terms of BW and BSA. The younger subpopulations show large 

differences in terms of physiological and anatomical factors. The absorption process 

in the younger subpopulations is highly influenced by the type of food ingested and 

the co-administration of medicine with food. The definition of a fasted state in 

newborns and infants is a difficult task and should be addressed with care in the design 

of in vitro experiments. 

In this review, the parameters concerning paediatric oral drug absorption are explored. 

The current knowledge and considerations for the biopharmaceutical evaluation of 

orally administered drug products for paediatrics and the in vitro and in silico tools to 

help guide the development of appropriate paediatric medicines are discussed
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1.2. Physiological and anatomical changes in paediatrics 

Growth and maturation continuously take place from birth to adulthood. These 

processes, which govern paediatric development, are fastest in the youngest paediatric 

subpopulations (newborns and infants). As previously mentioned, BSA and BW 

increase significantly during the first year of life (Table 1.1). Furthermore, changes in 

body composition take place. A decrease of body water and an increase of lipid and 

protein are seen throughout development (12, 13). Therefore, younger populations, 

such as newborns and younger infants, present higher extracellular water contents 

(12). Physiological and anatomical age-related changes in the GI tract are capable of 

influencing oral drug absorption processes, such as rate and extent of drug absorption 

(13-16). In the following subsections, the main changes in the GI tract that may 

influence the pharmacokinetics following oral drug administration in paediatric 

populations will be discussed. 

 

1.2.1. Gastrointestinal volumes 

Gastric volumes in the fasted state are most often reported as a function of BW (Table 

1.2), with similar volume values reported across the different ages. Values of gastric 

volumes were selected if no clear fluids (e.g. water, tea, clear apple juice) had been 

administered for at least 2 h or more, and constraint of solid food/semi-solid food/other 

fluids lasted for a minimum of 4 h before the gastric volume measurement. 

Nevertheless, studies have shown that small volumes (<2 mL/Kg) of clear fluids (such 

as water, tea and others) are not expected to affect measurements of gastric volume 

within a 2 h period (17). Literature studies have evaluated the fasted gastric volume 

across the paediatric subpopulations, and no clear age distinction among the studied 

subpopulations (newborns, infants and children) is reported. Maekawa et al. also 
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reported that ingestion of higher volumes (10 mL/Kg of BW) of fluids (apple juice) 

ingested up to 2 h before measurements are not expected to affect gastric volume (18).  

 

In the paediatric population, it is more likely that the medication is dosed with food. 

Considering that the youngest subpopulations are mainly in the postprandial state, due 

to the higher frequency of food intake, food will most likely already be available in 

the stomach (19). Following the ingestion of food, the stomach content can increase 

significantly (up to 50 fold), and stomach capacity volumes can range from 10 to 100 

mL in newborns, 90 to 500 mL in infants, 750 to 960 mL in children and 1500 mL in 

adolescents whereas in adults it can reach 3000 mL (20).  

For the youngest subpopulations, the gastric volume in the fed state will be mainly 

represented by the volume of the food ingested (21). Gastric volume in children 

measured 3 h after administration of drinks (orange squash, maximum 200 mL) and 

of drinks and biscuits (orange squash, maximum 200 mL and two plain biscuits) was 

0.39 mL/kg and 0.46 mL/kg, respectively (compared to 0.25 mL/kg measured after 7 

h fasting) (22).  

 

Roman et al. (23) investigated the effect of gastric secretions on gastric volumes in 

premature newborns (n = 9, ~5 weeks postnatal age) by assessing the difference 

between residual meal volumes and total gastric content volumes after ingestion of 

human milk and infant formula (23). Volumes of gastric contents were determined by 

aspiration from 0-180 min after meal ingestion, and residual meal volumes were 

calculated by the difference between initial meal volume and gastric emptying (GE). 

Gastric secretions were a significant contributing factor of gastric contents in the fed 

state: 32%, 28% and 43% v/v at 30, 60 and 90 min following feeding, respectively. A 
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separate study showed that volumes of gastric secretions corresponded to 2.0-1.4 

mL/Kg BW in newborns (n = 8, 4-24 weeks) in the first postprandial hour (24). 

Smaller contributions of gastric secretions to total gastric volume (1 mL/Kg in 30 min 

following meal intake) have also been reported in premature newborns (n = 10, 1-9 

weeks postnatal age) (24).  

The gastric volume after administration of three types of food (i.e. human milk 18.4-

0.5 mL/Kg; SMA-SP® formula 17.4-0.5 mL/Kg; and Similac SC® formula 17.0-0.7 

mL/ Kg) to newborns and infants (1-11 weeks) was measured at 10, 30 and 50 min 

after food intake (25). Ten minutes after feeding the volume ranged from 10 to 13.5 

mL/Kg and after 50 min there was still a volume of 4-6 ml/Kg present in the stomach 

(25). Based on these studies, a mean feeding volume of newborns and young infants 

of 23.5-4.2 mL/Kg has been suggested (19). No information was found on intestinal 

volumes across paediatric subpopulations.
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Table 1.2. Fasted gastric volumes as a function of age and BW reported in the literature [N: sample size; SD: standard deviation]. 

Age group of participants N 
Age (years) Weight (kg) Volume (mL/Kg) 

Reference 
Mean (SD) Range Mean (SD) Weight Mean (SD) Range 

Infants/children/adolescents 248 8.1 (5.7) 0.17-18 31.2 (32) 3.1-115 0.35 (0.45) 0-3.14 (26) 

Infants/children 20 3.3 (3.9) 0.5-5 14.3 (12.1) - 0.40 (0.6) - (27) 

Infants/children/adolescents 25 6.2 (0.7) 0.5-12 24.6 (2.8) 6.8-58.1 0.49 (0.04) 0.21-1.15 (28) 

Infants/children/adolescents 35 4.5 (2.9) 1.2-12 17.5 (8.1) 9-43.5 0.36 (0.42) 0-1.64 (18) 

Infants/children/adolescents 55 6.6 1-14 26.1 10-77 0.25 (0.04) - (22) 

Infants/children/adolescents 100 - 1-14 - - 0.56 (0.39) 0.1-2.5 (17) 

Infants/children/adolescents 19 5.2 (0.55) 1-14 21 (2.17) - 0.25 0-1.1 (29) 

Infants/children 66 - 1-16 - - 0.5 (0.4) 0-1.89 (30) 

Infants/children/adolescents 68 7.3 (4.6) 1-18 29 (17.7) - 0.57 (0.51) 0-2.23 (31) 

Children/adolescents 64 5.7 (2.5) 2-12 26.1 (7.6) 5.7 (2.5) 0.39 (0.37) 0.04-1.97 (32) 

Children 40 7.4 (1.7) 5-10 26.1 (7.6) - 0.43 (0.46) 0.01-1.65 (33) 

Children 31 7.4 (1.6) 5-10 26 (7) 7.4 (1.6) 0.45 (0.31) 0.02-1.15 (34) 

Adolescents 76 15 (2) 13-19 60 (16) 15 (2) 0.48 (0.40) 0.02-2.11 (35) 

Adults 50 38.8 (2) 18-64 68.5 (2.3) 45.5-110.0 0.37 (0.04) 0.05-1.33 (28) 
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1.2.2. Gastrointestinal fluid composition 

In paediatrics, fasted gastric pH is widely described as being neutral moments after 

birth, ranging from values of 6 to 8, mainly due to amniotic fluid ingestion (36, 37). 

Contradictory information has been reported with regards to the time after birth which 

is needed to reach acidic pH values. Nevertheless, reviews of original reports show 

that fasted gastric acidic pH values of 1.5-3 are reached hours after birth, up to the first 

2 weeks of life (15, 19, 38, 39). A summary of the pH values of GI contents of 

paediatric populations and of adults is presented in Figure 1.1.  

 

Newborns and young infants are mainly fed with milk, whether it is breastmilk or 

different types of formulae, which can have an impact on several characteristics, 

including fed gastric pH. Studies have reported that pH values over 4 were detected 

more frequently in newborns and infants than in older children (23, 40, 41), mainly 

due to feeding patterns in this subpopulation and the high buffer capacity of breastmilk 

and formulae (40, 42). Comparison of two separate studies (adults vs newborns) of 

continuously monitoring of the fed gastric pH showed that 2 h after a meal, higher fed 

gastric pH values (0.7-1.8 units) were found in newborns (2-15 days) (43). The meal 

ingested by adults consisted of a standard solid meal (1000 Kcal), opposed to 

newborns where formula milk was ingested (14.5-29.0 mL/Kg per feeding) (44, 45). 

It should be noted that the interpretation of pH in the fed state is difficult, as differences 

might simply arise as a function of meal composition, or the time interval after intake 

of the meal and the measurement. 
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Figure 1.1. Gastric (a) and intestinal (b) pH in fasted (open symbols) and fed state (closed 

symbols). Paediatric and adult pH values were collected from literature and depicted as either 

mean (circles) or median (triangles) values. In the fed state, values depicted represent values 

measured after ingestion of different types of food. When patients participating in the 

paediatric studies belonged to more than one age group, values were used as mean age, or if a 

specific age range was reported without denoting the group’s mean age, data were depicted 

using the middle of the age range (17, 18, 22, 26, 29-35, 44-62). 

 

Available data on fasted and fed intestinal pH indicates high variability of measured 

values, for both adults and paediatric age groups, and that similar intestinal pH values 

are seen in the two groups (Figure 1.1). Children and adolescents (n = 12, 8-14 years) 

present similar fasted intestinal pH, ranging from 6.4-7.4 (53), and similar mean fed 



   
 

30 

intestinal pH values of 6.3 (n = 16, 7-16 years) (62). Fasted intestinal pH in newborns 

(n = 10, 1-25 days) has been studied by Fallinborg et al. (53), and mean pH values 

were 6.5. Newborns and infants (2 weeks to 3 months, breastfed and formula-fed) also 

seem to present similar fed intestinal pH profiles compared to adults, with values 

ranging from 6 to 7 in the duodenum (63). Nevertheless, studies concerning intestinal 

pH in both fasted and fed states are scarce, especially for newborns and infants, and 

limit conclusions. Furthermore, the variety of techniques used to measure the pH (i.e. 

pH electrode measurements of enteric aspirates, in situ pH electrode measurements, 

or radio transmitting pH-sensitive capsule), could attribute to the observed variability 

of the measurements. 

Bile salt content varies with age. Total duodenal bile salts concentrations (19, 43), are 

usually reported as a small pool of bile salts in newborns and infants when compared 

to adults, and lack secondary bile salts (19, 64). In the younger populations (newborns 

and young infants), tauro-conjugation of bile acids is predominantly detected, with 

glycol-conjugation and glycine conjugates reaching adult levels by 7-12 months of 

age (65). 

High variability with respect to fasted bile salt levels in the small intestine (SI) of 

newborns and young infants has been identified (19, 43). Fasted bile salt levels in 

duodenal aspirates have been shown to increase continuously during the first 60 days 

of life in breastfed infants, from 2 to 8 mM (n = 41) (19). The effect of breastfeeding 

compared to formula supplemented with different amounts of taurine and cholesterol 

has been investigated (66). Total bile salt concentrations were evaluated in duodenal 

aspirates of 65 fasted pre-term newborns (31-36 gestational age), and higher bile salt 

concentrations were found in breastfed newborns. In breastfed newborns, the 

concentrations increased from ~5 mM (1 week postnatal) to ~8 mM (5 weeks 
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postnatal) (66). Signer et al. found that premature newborns (n = 9, 14 days) fed with 

cow’s milk formula, exhibited higher total bile acid concentration in duodenal 

samples, when compared to breastfed newborns (n = 9, 14 days), in both the fasted 

(8.8 mM vs 3.8 mM) and fed state 60 min following feeding (4.4 mM vs 1.9 mM); 

these values depict lower concentrations of bile salts in fed state in comparison to the 

fasted state, unlike adults, which typically display higher bile salts concentrations in 

the fed state. This phenomenon might be explained by dilution of the available bile 

salts by the ingested food and/or lower storage capacity in the younger paediatric 

subpopulations. Nevertheless, this was attributed to the difference in gestational age 

between the two groups (breastfed: 35 weeks vs cow’s milk formula: 37 weeks) (67). 

Investigation of the effect of administration of a test meal (carbohydrate (4%), protein 

(4%) and fat (4%)) was performed by Harries et al. (68), duodenal aspirates were 

collected 2 h after administration of a meal to 13 infants and children (1.3-16.3 years, 

mean 3.3 years), and revealed fed total bile salt concentration values of 7.4 mM (range 

of 3.0-16.0 mM). Comparison of total bile salts concentration between pre-term 

newborns (2 weeks postnatal age) and infants/children (3 months to 6 years), revealed 

lower concentrations of bile salts in the younger groups. Newborns were divided into 

two groups, where different types of milk were administered (evaporated milk vs 

modified milk), and older children received a test liquid feed (containing corn oil, 

glucose, polyethylene glycol-4000 and water). Fed total bile salt concentration was 

measured in duodenal aspirates and values were ~1 mM (evaporated milk) and ~0.5 

mM (modified milk), and ~5.9 mM in the older group (69). A linear trend was recently 

established between the logarithm of age and bile salt concentration data collected 

from available studies of fed state duodenal bile salts concentration of newborns and 

infants (R2 = 0.54, 7 paediatric studies and 5 adult studies) (43). Based on this, mean 
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fed intestinal bile acid concentration was found to be approximately 2.5 mM for 

newborns and 7.5 mM for infants. 

The role and importance of digestive enzymes in newborns and infants has been 

described in a recent review (19). A summary highlighting the differences of relevant 

digestive enzymes between adults and paediatrics will be discussed in this review. The 

following enzymes have been proven to be essential for the digestion and lipolysis in 

newborns and infants: human gastric lipase, pancreatic triglyceride lipase (and 

colipase), carboxyl ester hydrolase, pancreatic lipase-related protein 2 and bile salt-

stimulated lipase (19). Human gastric lipase is a pre-duodenal lipase which is 

responsible for intragastric lipolysis in newborns, its expression is fully matured at 

birth and its activity in the stomach is similar to adults (19). Pancreatic triglyceride 

lipase plays a major role in the lipid lipolysis process in adults. Its activity in the fed 

state has been shown to be lower in newborns, possibly due to dilution of enzyme 

levels in response to high frequent feedings in the younger subpopulations, contrary 

to what happens in adults, where enzyme secretion is stimulated by the presence of 

macronutrients (19). The expression of carboxyl ester hydrolase and pancreatic lipase-

related protein 2 is not fully developed a birth (19). 

Pepsin is a protease secreted by the stomach and its expression is not fully matured at 

birth (19). Lower pepsin secretions have been reported in younger cohorts, such as 

newborns and infants <1 year of age, compared to older children and adults (51). 

Fasted gastric pepsin concentrations in younger newborns (birth and 8 days of 

postnatal age) appear to be approximately 15% of adult values, while older newborns 

(10-32 days) and infants (67-110 days) express similar mean concentrations of 

approximately 41% of the adult values (43). Similarly to pepsin, trypsin expression is 

not matured at birth, and lower concentrations have been reported in newborns and 
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infants when compared to children and adults (19). In summary, pancreatic enzyme 

concentrations are lower at birth and appear to reach mature levels by about 1 year of 

age (15). 

Limited information is available on osmolality and buffer capacity of paediatric GI 

fluids. A positive linear correlation has been reported between the osmolality of the 

diet as a function of the osmolality observed in the stomach and duodenum in 15 low-

birth-weight newborns monitored for 3 h after food ingestion (70). Maharaj et al. built 

a linear regression model for a 60 min postprandial period (R2 = 0.95, n = 8 separate 

feeds) to predict neonatal fed gastric osmolality based on results obtained from Billeud 

et al. (43, 70). The predictions were compared with a separate study in which 

osmolality was measured after three separate breastmilk feeds fortified with 

minerals/supplements (71). As an example, after a feed with an osmolality of 344 

mOsmol/Kg, the corresponding measured fed gastric osmolality at 60 min was of 354 

mOsmol/Kg, and the predicted osmolality was 327 mOsmol/Kg, with 7.6% 

underprediction error. The developed model predicted fed gastric osmolality within 1 

h after feeding, whereby the time period was selected to reflect the high frequency of 

feeding in paediatric populations. The same approach was used to predict fed state 

duodenal osmolality (R2 = 0.92, n = 8 separate feeds). Due to scarcity of data in 

paediatrics, predictions were validated against two adult studies reported by Kalantzi 

et al. and Clarysse et al. Measured duodenal osmolality values were 405 and 392 

mOsmol/Kg, 60 min following administration of liquid meals characterised by an 

osmolality of 610 and 670 mOsmol/Kg, and predicted osmolality was adequate with 

values of 430 (6% overprediction) and 454 (16% overprediction) mOsmol/Kg 

respectively (56, 72). In newborns and young infants, the buffer capacity of the fed 

gastric fluids is likely to be similar to the buffer capacity of the administered food, as 
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the volume of fasting gastric contents is small, and therefore, unlikely to have an 

impact on the buffer capacity of the fed gastric fluids (43); especially in the younger 

cohorts, where the frequency of meals is higher when compared to older children and 

adults. 

 

1.2.3. Gastric emptying 

Newborns and young infants have slower GE rates when compared to older children 

and adults (16, 37, 73). In adults, in the fasted state, the migrating motility complex 

(MMC) is responsible for the regulation of the GE rate (74). Non-nutrient liquids do 

not normally interfere with the MMC; therefore, comparison of GE values for adults 

and paediatrics, can give an indication of GE times/rates in paediatrics (75). The 

gastric emptying half-life (GEt1/2), is reported to be 6.9 min for a liquid non-caloric 

meal (5 mL/Kg) in newborns (1-8 days), measured by epigastric impedance using four 

electrodes (76). The use of other techniques for the measurement of GE of liquids have 

shown higher values. Euler and Byrne measured emptying rate of distilled water by 

the dilution marker technique and reported the mean GEt1/2 to be 15 min after 

administration of 20 mL/Kg of water to infants (2-24 months) (77). Administration of 

20 mL/Kg of tap water to children (mean age 8.25 ± 2.24 years) led to a mean GEt1/2 

of 27.1 min when measured by the ultrasound technique (77). 

In the fed state, the dependency of GE on meal type and composition, meal volume 

and osmotic pressure has been described (37, 38, 78, 79). A recent meta-analysis of 

mean gastric residence time studies showed that GE was not affected by age and 

confirmed the importance of food in influencing GE rates (74). Aqueous solutions 

(without calories) empty faster than liquids containing fat or protein, such as milk. 

Milk, the main food type for newborns and infants, empties faster than common solid 
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foods that are ingested by older children and adults. It should be noted, that newborns 

and infants are the paediatric populations most likely to show differences in the fed 

state when compared to adults, due to the differences in meal types, but also because 

of the high frequency of feedings in the youngest subpopulations. Differences in 

composition of breastmilk and formula result in faster GE of breastmilk (74). GEt1/2 

was affected by administration of equal volumes of breastmilk compared to infant 

formula in newborns and infants (4 weeks to 6 months) (80), where GEt1/2 was 48 ± 

15 and 78 ± 14 min, respectively, indicating that infant formula empties at slower rates 

than breastmilk. The faster emptying of breastmilk was also reported by Ewer et al. 

(81) who compared GEt1/2 of breastmilk (36 min) and formula milk (72 min) in pre-

term newborns (n = 14, postnatal age 4-26 days). Staelens et al. (82) compared GE in 

infants (n = 17, 2 days to 3 months) fed with intact protein formula (Nan 1, Nestlé), a 

partially hydrolysed formula (Nan H.A.1, Nestlé) and an extensively hydrolysed 

formula (experimental formula); GEt1/2 was 55, 53 and 46 min, respectively, 

confirming that faster fed GE was observed following ingestion of protein hydrolysate 

formula, when compared with a formula containing native cow’s milk protein, and 

also that the extent of dairy protein hydrolysis may affect GE. Casein-predominant 

feeds (typical for cow’s milk products) have also been showed to empty slower than 

feeds with a greater whey fraction, but the authors highlighted that different 

methodology, food compositions and patient groups, limit the validity of the 

conclusions (83). A summary of GEt1/2 studies is presented in Figure 1.2. The use of 

various techniques for the GEt1/2 measurement may be associated with the observed 

variation. Increments of GE variability as a function of age in Figure 1.2, can be 

attributed to a broader spectrum of food types ingested by the older populations (i.e. 

caloric density). 
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Figure 1.2. Fed gastric emptying half-life for newborns and young infants (0-10 weeks), 

children and adults: values depict either mean (circle symbols) or median values (triangle 

symbols). Infant formula milk: dark grey symbols; breastmilk: white open symbols; cow’s 

milk: light grey symbols; solid food: black symbols. Data were collected from different studies 

and milk products and solid food did not contain the same amount of calories and were 

administered in different volumes (37, 77, 79, 82, 84-87). 

 

1.2.4. Small Intestinal Transit Times 

Analysis of available literature concerning small intestinal transit times (SITT) as a 

function of age, indicates that there are no significant differences in SITT across ages 

and that the measurement technique can have an impact on the estimated SITT value 

(88). A limiting factor from the study resides in the low number of paediatric patients 

included in the analysis; namely only one newborn (0-30 days); one infant (1 months-

2 years); three young children (2-5 years); 10 children (6-12 years); and one adolescent 

(12-18 years) were present from a total of 52 study participants (16 paediatric patients 

compared to 36 adults). Therefore, conclusions might change if data from a greater 

number of newborns and infants was available to be included in the analysis (88). 

The International Commission on Radiological Protection (ICRP) publication 89 also 

reports SITT to be independent of age and type of meal ingested with a mean value of 
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3.9 ± 1.5 h and recommends the adoption of a reference value of 4 h for men and 

women of all ages. These results were obtained from a meta-analysis of data derived 

where several techniques were used (89). In conclusion, although differences between 

measuring techniques have been previously reported (37, 88), SITT is generally 

considered independent of age (19, 38). 

 

1.2.5. Intestinal Surface Area 

The intestinal surface area is related to both radius/diameter and length of the intestinal 

segment (37). The mean anatomical length of the intestine changes with growth, 

reports from necropsy measurements (post-mortem samples) have shown values 

ranging from approximately 275 cm at birth, 380 cm at 1 year, 450 cm at 5 years, 500 

cm at 10 years and 575 cm at 20 years (90). For both newborns and adults, the central 

estimates of the physiological length (as measured in a living person) of the SI are 

approximately x 1.6 body height. Reference values are reported as 80 cm for 

newborns, 120 cm at 1 year, 170 at 5 years, 220 cm at 10 years, and 260/280 for 

males/female adults. The diameter of the SI also naturally increases with age and 

ranges from approximated values of 1.2-2.6 cm in newborns, compared to values of 

3-6 cm in adults (89). 

As both intestinal length and radius increase with paediatric development, the 

functional surface area can increase significantly (91). Furthermore, specific 

morphological features on the luminal surface, such as folds, villi and microvilli, 

naturally increase the surface area available for absorption (92). SI villous patterns 

start developing at an early stage of gestation. The growth of these features occurs by 

crypt hyperplasia and crypt fission (a process where the crypts unzip and duplicate). 

Cummins et al. studied these mechanisms and showed that crypt fission occurred 
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predominantly during infancy, and crypt hyperplasia occurred during both infancy and 

childhood (93, 94). Mean crypt fission rates in newborns, infants, children and adults 

were 7.8%, 15%, 4.9% and 1.7%, respectively. The peak of crypt fission was found to 

be 18% in 5 infants from 6 to 12 months of age. Villus height, measured in biopsies 

of younger children, exhibits lower values compared to healthy adults, while the crypt 

depth has been shown to be greater in young children (15, 95). Newborns show 

elongated small finger-shaped villi and small crypts related to smaller villus area when 

compared to infants when initiating weaning foods. Leaf-shaped villi start appearing 

after 1st month of birth as consequence of a higher increase in villi width compared to 

length (94). Feeding has been described as a modulating factor of differences in villi 

structure between newborns and infants, where smaller crypts have been described for 

those fed with breastmilk, when compared to those fed with formula milk (94), 

whereas other literature has described villi as single projections in children younger 

than 3 years, with development of leaf or finger-shaped villi above this age (37). 

Reports concerning the development of these features in early childhood are 

conflicting and provide a rather qualitative type of information (37). Overall, 

comparison of newborns and infants with older children and adults, shows presence 

of lower intestinal surface area, with differences in both structure and quantity of the 

villi (37). 

 

1.2.6. Intestinal Permeability 

Intestinal permeability is high at birth for preterm infants, with a decrease to adult 

values over the first week of postnatal life (96-98). Nevertheless, both decreases and 

increases in permeability during the first month after birth have been reported, which 

might be attributed to several factors, such as differences in gestational age, clinical 
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condition, feeding regimen and postnatal age at the time of assessment (99). It is 

unclear at which age full maturation of permeability processes is reached (96). 

Children over 2 years of age present similar permeability values to adults (36, 100, 

101). Additionally, processes involved in passive and active transport are fully 

developed in infants by ~4 months old (91, 96). Growth factors, hormones, breastmilk 

and changes in the thickness and viscosity of the intestinal mucus, have been described 

as factors underpinning the development of permeability processes (99). 

SI permeability and influence of the type of feeding, have been evaluated with dual 

sugar test, lactulose and mannitol and creatinine. No differences in intestinal 

permeability were found between infants fed with breastmilk and standard cow’s milk 

formula, or when different types of formulae were compared (102). Lower 

permeability is often linked to ingestion of human milk, due to the presence of 

bioactives (99). Stratiki et al. showed that infant cow’s milk formula supplemented 

with bifidobacteria tended to decrease intestinal permeability (103, 104). 

Recently, intestinal influx oligopeptide transporter peptide transporter 1 (PEPT1) was 

studied to understand how the disposition of substrates of this transporter changes with 

age. The expression and tissue localisation across the paediatric age range were 

investigated by analysing intestinal samples (n = 20 newborns/infants, n = 2 children, 

n = 4 adolescents). Lower mRNA expression levels of PEPT1 was observed in 

newborns/infants as opposed to older children, nevertheless, the difference was small 

and the distribution in intestinal tissue of the transporter was similar. Therefore, 

similar absorption profiles with respect to PEPT1 transporter substrates are expected 

in the paediatric populations and adults (105). 

Contradictory literature can be found on the ontogeny of the efflux transporter P-

glycoprotein (P-gP), also referred to as multidrug resistance protein-1 (MDR1) (91, 
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96). Mooij et al. studied the gene expression of several hepatic and intestinal drug 

transporters. Intestinal mRNA expression of MDR1, MRP2 and OATP2B1 was 

determined in surgical small bowel samples (newborns, n = 15; infants, n = 3; adults, 

n = 14), and expression values for MDR1 and MRP2 were similar to the values in 

adults. Intestinal OATP2B1 expression in newborns was significantly higher than in 

adults (106). The methodology should be considered and results should be carefully 

interpreted with regard to mRNA data, which may not be entirely representative of 

transporters’ protein expression or activity (107). 

Quantitative data on paediatric intestinal permeability is limited (19, 96, 100). The 

need for further research in the field of drug transporters in the paediatric populations 

has been highlighted (108). Some of the factors that may interfere with studies on drug 

transporter activity are disease, drug-gene interactions, drug-drug interactions, food-

drug interactions and exposures to environmental chemicals (108). Access to high-

quality tissue samples in the paediatric population is limited. Current tissue sources 

include left-over tissue from surgery and biopsies and post-mortem tissue from organ 

transplants and autopsies. Issues arising from the current samples used are the periods 

between sample collection and death of the patients as well as the available sample 

size. Additionally, acquiring parent’s consent for autopsy is challenging. Development 

of methodologies, which will enable quantitative measurement of transporter proteins 

using small biological samples, would contribute to gain insight into ontogeny 

trajectories of various transporters (109). Furthermore, the development of a paediatric 

biobank of healthy tissues would improve research on the ontogeny of transporters 

and metabolic enzymes (110). 
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1.3. Metabolism 

The intestinal lumen, intestinal mucosa, and liver are the main sites for metabolism of 

orally administered drugs. The activity of drug metabolising enzymes is low at birth 

and reaches adult levels by early childhood (96). In older children, due to a larger liver 

size and higher hepatic blood flow, when normalised per BW, increased hepatic 

clearance is observed, even if enzyme activity is described as similar to adults (96). 

Drug metabolism in the gut lumen is characterised by the presence of intestinal 

microbiota, with changes in bacterial colonisation affecting drug absorption (15, 111). 

Microbiota are present right after birth (96). A wide variety of factors influence the 

patterns and extent of microbiota colonisation of the gut, including gestational and 

postnatal age, mode of birth, type of food, etc. (15, 112). The intestinal microflora of 

the infants’ intestine start to resemble adults’ one at the end of the first year of age 

(99), but full maturation is only reached between 2 and 4 years of age.  

Ontogeny of intestinal wall metabolism requires further investigation (96), with 

infants and children being the age groups with less information available (15, 96). 

Reports of enzyme ontogeny describe changes in mRNA, protein and activity levels 

(40). In adults, cytochrome P-450 enzymes (CYPs) are mainly represented by the 

CYP3A4 and CYP3A5 (96). In paediatrics, more information is needed about CYP 

intestinal enzymes to draw a conclusion. The mRNA expression of CYP3A4 and 

CYP3A5 decreases with age, although protein expression increases significantly with 

age (40). Ontogeny of these enzymes remains to be elucidated (15). Age-dependent 

changes of other metabolic enzymes responsible for gut wall metabolism have been 

reported (96), for example, the intestinal activity of Glutathione S-transferase alpha 1 

(GSTA1-1) is significantly greater in paediatric patients younger than 5 years (as 

estimated by intestinal biopsies) compared to adults and older children. 
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Sulfotransferase (SULT) mean activity values were three times higher in foetal 

intestinal tissues compared to adults (96). However, not all metabolic enzymes are 

reported to change as function of change, for example intestinal alcohol 

dehydrogenases maintain the same expression levels throughout infancy and 

adulthood (96). 

The ontogeny of hepatic metabolic enzymes has been studied more broadly than 

intestinal metabolism. Regarding CYPs, low levels are seen in younger paediatric 

subpopulations. Adult values start to be reported from 1-5 years depending on the 

isoform (96). A recent examination of CYPs’ hepatic expression, activity and 

abundance as a function of age have reported greater enzyme activity and abundance 

for enzymes of the CYPA1-3 families after birth, except for the isoform CYP3A7 

(113). When compared to postnatal samples, a different trend is seen, in which activity 

is higher than abundance (113). The evaluated samples represented the subpopulations 

of newborns and infants (<1 year, n = 6), a juvenile group (1-18 year, n = 10) and the 

adult population (>18 year, n = 9); the lack of differentiation among the juvenile group, 

hinders the formation of a firm conclusion on age-dependent metabolic activity in this 

group (113). In general, infants and juvenile groups, displayed high enzymatic 

abundance accompanied by a lower activity, when compared to adults (113). 

Moreover, other hepatic metabolic enzymes have shown age dependency, such as 

Uridine 50-diphosphate-glucuronosyltransferase; SULT; N-acetyltransferases.  

More research in the field of the ontogeny of metabolic enzymes is still required. More 

paediatric subpopulations should be addressed, such as infants and children. Intestinal 

gut metabolism should be further studied to give clarity on how gut wall enzymes 

change with age. Changes in enzyme expression and activity can result in profound 

differences in production of metabolites that are not obligatory encountered in adults 
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(96). As for permeability, measurement techniques should be considered when 

interpreting the results, as mRNA information might not be able to predict changes in 

levels of activity and protein expression. Literature reports should, therefore, be 

interpreted carefully, and methods such as protein quantification, such as targeted 

liquid chromatography-tandem mass spectrometry, and functional assays with ex vivo 

material should be preferred (15, 107). 

 

1.3.1. Paediatric Biopharmaceutics Classification System (pBCS) 

The introduction of the Biopharmaceutics Classification System (BCS) by Amidon et 

al. (114) in which drugs are divided into four categories based on their solubility and 

permeability, set the foundation for evaluation of oral drug absorption in the fasted 

state. Since its establishment, the BCS’ role has evolved into a useful regulatory 

framework, which allows extrapolation of drug product bioequivalence, in specific 

cases, based on in vitro dissolution experiments, and the correlation to in vivo drug 

product performance, also known as BCS-based biowaiver (96, 115). Additionally, 

the key role of BCS in early drug development is undeniable as part of the decision 

making on salts and polymorph form selection, timing of dedicated studies, support of 

formulation decisions in pre-clinical animal models and drug formulations intended 

for first in human studies (116). 

A recent survey, conducted among experts in the field of paediatric biopharmaceutics, 

confirmed the need of a Paediatric Biopharmaceutics Classification System (pBCS), 

outlined current trends, possible criteria for its establishment and prioritised the areas 

of insufficient knowledge that need to be further explored (101). Division of the 

paediatric population into 4 to 7 subpopulations has been proposed, with the question 

of the appropriateness of a further breakdown of the covered age ranges (110, 117). 
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The challenges towards the pBCS criteria establishment and the possible approaches 

for setting the classification criteria will be discussed in the following subsections. 

 

1.3.2. pBCS solubility classification criteria 

The three key factors that define the solubility classification of a drug (the highest 

dose, the volume of the content in the upper GI lumen, and the solubility of the drug) 

vary among all paediatric subpopulations. Paediatric dose determination can be based 

on various calculations (i.e. allometric or isometric scaling) or on clinical observations 

(118, 119) and can, therefore, result in different recommendations for each specific 

paediatric subset.  

The paediatric luminal volumes have been calculated by a BW-extrapolation method 

based on the luminal volumes of the upper GI assumed for adults (250 mL, assuming 

administration of a glass of water in adult bioequivalence studies) and a paediatric 

fasted gastric fluid volume of 0.56 mL/Kg (17, 100, 101, 117). A slight variation of 

the luminal volumes for paediatric subpopulations is observed depending on the 

average weight reference values selected for the same paediatric age group (Figure 

1.3) (100, 117). The calculation of paediatric initial gastric volumes by BSA 

extrapolation function based on the adult initial gastric volume (i.e. 250 mL) and adult 

BSA of 1.73 m2 have also been reported and result in a greater volume estimated for 

paediatric subpopulations compared to BW-based extrapolations (Figure 1.3) (118). 

The 250 mL typically used to calculate the adult BCS classification is derived from 

bioequivalence study protocols that recommend the administration of a drug product 

to human volunteers, in the fasted state, with a glass of approximately 250 mL of 

water. This value is also likely to overestimate the ‘real life’ scenario in adults, who 

are unlikely to always take their medication with such a large volume of water, and in 
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some cases might even take their medicines with no water at all. In the latter scenario, 

only the residual stomach volumes will be available for drug dissolution in the 

stomach. 

Although newborns and young infants typically receive none or only small amounts 

of water, the BW or BSA-based extrapolations of the volumes based on adult water 

intake with a medicine may be applicable to other typical fluids for these 

subpopulations, for example breastmilk or formula milk. It is important to 

acknowledge that the BCS refers to the fasted state and that a truly fasted state in the 

youngest subpopulations might not be achieved at a daily basis. The down-scaling of 

the recommended administered volumes in adults to children may slightly 

overestimate the ‘real-life’ administered volumes, as the adult value of 250 mL utilised 

in the extrapolation to paediatrics has been reported to overestimate ‘real-life’ 

administered volumes in adults (120). 

 

 

Figure 1.3. Extrapolated luminal volumes in paediatric populations based on 250 mL luminal 

volume assumed in BCS extrapolation was based on BW: grey blocks (100, 101) and white 

blocks (117), or based on BSA-function: black blocks (118). 

 



   
 

46 

Another approach for determining the volume for the pBCS might be to investigate 

the administered fluid volumes, considered representative for each paediatric 

subgroup and establish the limits on an empirical basis (101). In a recent study, it was 

found that the majority of infants and young children take no additional fluids to 

facilitate oral drug administration, the authors explained these results with the fact that 

liquid formulations were commonly administered to these age groups and that no 

additional fluid is required to facilitate drug intake (120). In this case the only available 

fluid for drug dissolution would be the volume of the administered formulation, adding 

up to 5 mL for a liquid preparation (120), plus the available fluid in the fasted stomach. 

When fluids were used to enable medication administration, water and milk were 

preferred for these age groups (120). Liquids for drug intake by the older paediatric 

participants were usually reported as half a glass of water, juices or soda (166). For 

adults, similarly to the older paediatric populations, half a glass of water was mostly 

used for drug administration (120). Generally, the volumes of consumed liquids 

increase with advancing age. Evidence-based appropriate fluid volumes for drug 

administration throughout the paediatric groups are insufficient to underpin a limit for 

the reference volume and could beneficially be investigated further to provide 

guidelines (101). Importantly, it should be noted that drug administration with 

beverages other than water has been reported to affect the drug’s bioavailability (121). 

Further investigation is required on the need of matching dose strength to luminal 

volume for each paediatric subset (96). In the case that a default dose of the drug is 

not set for the subpopulation of interest, an individual BW or BSA-based dose 

calculation in the phase of fast growth (e.g. a child of 7 years of age vs a child of 11 

years of age) might lead to a BCS class change, if the dose is doubled, while the values 

for solubility and initial volume remain constant (114). For the dose/solubility-ratio, 



   
 

47 

the lowest measured thermodynamic solubility of the drug in the pH range 1.2-6.8 has 

been proposed (114). In the context of a pBCS, the choice of a relevant pH range for 

the solubility assessment requires more reliable data on paediatric GI fluid 

characterisation for the separate paediatric subpopulations, as outlined in the 

subsection 1.2.2. (101). The majority of the paediatric biopharmaceutics experts 

surveyed by Batchelor et al. (101). considered the adult pH range for solubility and 

dissolution appropriate for the pBCS 

 

1.3.3. pBCS permeability classification criteria 

Permeability values have been derived from absolute bioavailability data in paediatric 

patients (118); due to the limited pharmacokinetic data generated in paediatrics, 

alternative determination methods need to be examined. Calculated logP values 

guided the provisional classification of the drugs included in the WHO list of essential 

drugs for children with view to drug permeability (100). Calculated log P values 

showed a high linear correlation with experimentally established log P values for 

selected compounds (R2 = 0.92, n = 35) and were therefore, utilised for the BCS 

classification of drugs regarding their permeability (117). Although several 

publications have reported logP and calculated logP to correlate to adult SI 

permeability, which might be applicable to paediatric groups over 2 years of age, the 

appropriateness of these parameters for newborns and infants remains unknown (100, 

117). In the aforementioned expert survey, the determination of the permeability limit 

for school children and adolescents was set as equal to the criteria of the adult BCS 

(101). A PBPK modelling approach has been proposed as a means to detect the 

sensitivity of the cumulative fraction absorbed (fa) to a permeability decrease in 

children, results show that fluconazole would remain a highly permeable drug in 
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children (78). The controversial nature of the available information on permeability in 

newborns and infants poses a hurdle towards establishing meaningful permeability 

criteria for these subpopulations. 

 

1.3.4. Challenges for the pBCS criteria determination 

In spite of recent advances in the field of paediatric biopharmaceutics, significant 

knowledge gaps concerning absorption processes, maturation and growth of the GI 

tract impede the establishment of solid, evidence-based pBCS criteria. One more 

challenge towards the establishment of the pBCS originates in the developmental 

heterogeneity of the paediatric subpopulations. The necessity of a subdivision of the 

paediatric subpopulations has been highlighted several times; the selected groups 

should account sufficiently for growth and maturation changes (96, 101, 118, 122). 

On one hand, the pBCS should discriminate as many paediatric age groups as needed, 

but on the other hand, it should not be overcomplicated and deprived of its universal 

and simplistic character. To establish distinct and adequate pBCS criteria, further 

research in the area of paediatric physiology and anatomy is needed, of which 

permeability of the SI as a function of age has been given the highest priority by the 

majority of paediatric biopharmaceutics experts surveyed by Batchelor et al. (101). 

Considering that the BCS is applicable to the fasted state, clarification of the definition 

for fasted and fed state in newborns and infants is required. Biorelevant media and 

dissolution tests for paediatric formulations require further improvement, to establish 

appropriate pBCS dissolution test criteria for a potential pBCS-based biowaiver (101). 

Another raised concern is whether the development of a pBCS is meaningful with 

respect to the available paediatric formulations. Although conventional tablets are not 

the formulation of choice for the youngest paediatric groups, other solid formulations 
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(e.g. chewable tablets, minitablets, multi-particulate formulations, orally 

disintegrating tablets or films, lingual tablets, dispersible tablets) are gaining further 

popularity for low-solubility drugs (123). Early biopharmaceutical risk assessment in 

paediatric drug development is crucial (124) and a simple system such as pBCS, 

compared to more complex tools like PBPK modelling, can offer a satisfactory 

estimation of the oral drug absorption and help troubleshoot potential limiting 

parameters (122). A pBCS establishment would contribute to formulation bridging, 

line extensions and minimising clinical trial and regulatory burden (122). However, 

its establishment is not straightforward since it is unlikely that the necessary scrutiny 

between the paediatric groups is achieved while still maintaining the desirable 

simplistic character as observed for the adult BCS. The need to take into account 

multiple doses depending on the age group and drug product that lead to multiple 

classifications across the paediatric age range cannot be achieved without a certain 

degree of complexity, in which case, a couple  PBPK absorption modelling strategy 

coupled with in vitro data might become more useful due to its ability to explore ‘what 

if’ scenarios.  

 

1.4. In vitro evaluation of drug products for paediatrics 

GI developmental changes must be addressed in the design of in vitro models to 

achieve adequate predictions of oral drug absorption as a function of age. In the 

following subsections, recently proposed in vitro methodologies will be presented. 

 

1.4.1. Paediatric biorelevant media 

Compositional differences in GI fluids for the development of biorelevant media, 

representative of newborns and infants in the fasted and fed state, have recently been 
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addressed by Maharaj et al. (43). The proposed media gathered information on 

physiological relevant components of GI fluids, such as pepsin concentrations, food 

type for fed state media, bile salt concentration, pH, osmolality and others (Table 1.3) 

(43). The paediatric biorelevant media were developed for the youngest 

subpopulations, newborns and infants (1-12 months), and were based on the adult 

biorelevant media composition (43). As discussed above, these age groups show the 

highest degree of developmental differences, when compared with adults. Values 

reflecting the physiological conditions (where available) were set to simulate more 

closely the GI composition of fluids in newborns and infants. Solubility studies of 

seven BCS class II drugs were performed in the paediatric biorelevant media. The 

solubility changes in paediatric media, compared to the solubility in adult biorelevant 

media, was evaluated based on risk assessment (risk set when values were outside the 

80-125% range) (43). The impact of age-related alterations in GI fluid composition on 

compound solubility was revealed, as for 6 out of the 7 BCS class II compounds 

investigated the solubility in at least one of the developed paediatric media fell outside 

the 80-125% range compared to the solubility in adult media (43). Kamstrup et al. 

performed a literature review of relevant physiological components and proposed a 

composition of physiologically relevant medium for newborns and young infants (0-

2 months) representative of the fasted and fed state. Biorelevant components addressed 

included bile salts concentration, the ratio of bile salts to phospholipids and digestive 

enzymes (pepsin, human gastric lipase and pancreatic triglyceride lipase). The media 

were developed with the purpose of being used for an in vitro lipolysis method, and it 

has been applied to study the in vitro lipolysis of furosemide, which will be discussed 

in the next section (19).
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Table 1.3. Composition of adult reference biorelevant media and age-specific (grey) simulating fasted and fed state gastric and intestinal media (43).  

 
 

FaSSGF, Adult fasted state gastric media; Pn-FaSSGF, Paediatric fasted state gastric media representative of newborns (0-28 days); Pi-FaSSGF, Paediatric fasted state gastric 

media representative of infants (1-12 months); FeSSGF, Adult fed state gastric media; FeSSIF-V2, adult fed state intestinal media; P150%-FaSSIF, paediatric fasted state 

intestinal media formulated with bile salt concentrations 150% (i.e. 4.5 mM) of adult levels; P50%-FaSSIF, paediatric fasted state intestinal media formulated with bile salt 

concentrations 50% (i.e. 1.5 mM) of adult levels; Pi-FaSSGF, paediatric fasted state gastric media representative of infants (1-12 months); Pn-FaSSGF, paediatric fasted state 

gastric media representative of newborns (0-28 days); Pnb-FeSSIF, paediatric fed state intestinal media representative of newborns (0-28 days) fed breastmilk; Pnc-FeSSGF, 

paediatric fed state gastric media representative of newborns (0-28 days) fed cow’s milk-based formula; Pnc-FeSSIF, paediatric fed state intestinal media representative of 

newborns (0-28 days) fed cow’s milk-based formula; Pns-FeSSGF, paediatric fed state gastric media representative of newborns (0-28 days) fed soy-based formula; Pi-FeSSIF, 

paediatric fed state intestinal media representative of infants. 

Component FaSSGF Pn-FaSSGF Pi-FaSSGF FeSSGF Pnc-FeSSGF Pns-FeSSGF FaSSIF-V2 P50%-FaSSIF P150%-FaSSIF FeSSIF-V2 Pnb-FeSSIF Pnc-FeSSIF Pi-FeSSIF

Sodium Taurocholate (mM) 0.08 0.02 0.06 - - - 3 1.5 4.5 10 2.5 2.5 7.5

Lecithin (mM) 0.02 0.005 0.015 - - - 0.2 0.1 0.3 2 0.5 0.5 1.5

Glyceryl Monooleate (mM) - - - - - - - - - 5 5 6.65 5

Sodium Oleate (mM) - - - - - - - - - 0.8 0.8 1.06 0.8

Pepsin (mg/mL) 0.1 0.015 0.025 - - - - - - - -

Sodium Chloride (mM) 34.2 34.2 34.2 237.02 100.35 94.79 68.62 68.62 68.62 125.5 95 111.73 107.35

Acetic Acid (mM) - - - 17.12 7.25 7.25 - - - - - - -

Sodium Acetate (mM) - - - 29.75 64.65 64.65 - - - - - - -

Maleic Acid (mM) - - - - - - 19.12 19.12 19.12 55.02 55.02 55.02 55.02

Sodium Hydroxide (mM) - - - - - - 34.8 34.8 34.8 81.65 81.65 81.65 81.65

Milk:Buffer - - - 1:1 1:1 1:1 - - - - - - -

HCl/NaOH qs pH 1.6 pH 1.6 pH 1.6 pH 5 pH 5.7 pH 5.7 pH 6.5 pH 6.5 pH 6.5 pH 5.8 pH 5.8 pH 5.8 pH 5.8

pH 1.6 1.6 1.6 5 5.7 5.7 6.5 6.5 6.5 5.8 5.8 5.8 5.8

Osmolality (mOsmol/Kg) 120.7 120.7 120.7 400 340 240 180 180 180 390 300 330 330

Buffer Capacity (mmol/L/ΔpH) - - - 25 15 15 10 10 10 25 25 25 25

Gastric Media Intestinal Media

fasted state fed state fasted state fed state
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1.4.2. Evaluation of drug products characteristics 

In vitro dissolution testing is a standard method used for the characterisation of drug 

products. Questions regarding the relevance of dissolution tests within paediatrics 

have been raised in a recent review as dissolution testing mainly aims to characterise 

solid oral dosage forms, and its applicability to commonly used paediatric 

formulations as liquids, semisolids, or orally disintegrating tablets is debatable (122). 

Nevertheless, as mentioned in the subsection on pBCS permeability classification 

criteria, paediatric solid formulations (e.g. chewable tablets, minitablets, 

multiparticulates, etc.) are gaining further popularity for low-solubility drugs (123). 

The mini-paddle apparatus, that is based on the pharmacopoeia paddle apparatus (USP 

2 apparatus with scaled down dimensions), and the flow-through cell apparatus (USP 

4 apparatus) have been acknowledged as superior to USP 1 and 2 apparatus, in terms 

of simulating paediatric conditions (122). 

New paediatric dissolution set-ups have been proposed by Karkossa et al., which 

investigated different dosing scenarios of a paediatric formulation of sodium valproate 

(BCS class I compound; pKa = 4.8 and logP = 2.75) extended-release mini tablets 

formulation (Orfiril long®) (125). Two scenarios were investigated: (i). impact of 

gastric pH on drug release, in a new dissolution apparatus (proposed in the study as a 

modified USP 3 vessel (shortened height and glass ring in outer surface) in a water 

bath with stirring provided by a magnetic stirrer (550 rpm) and (ii). impact of co-

administration of different vehicles in a mini-paddle apparatus with a subsequent 

transfer to a new dissolution apparatus. Residence times for the simulation of each 

stage of GI tract were 30 min for the gastric compartment, 240 min for the SI and 480 

min for the proximal colon [216]. Gastric fluids were simulated by mixing 10 mL of 

simulated gastric fluid (pH range 1.8-4.0) and 50 mL of water. After 30 min, simulated 
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gastric contents were transferred to a second vessel where 110 mL of simulated small 

intestinal fluid (pH 6.8 bicarbonate-based simulated intestinal fluid, 50 mL) was 

present. Results showed that gastric pH had no impact on overall drug release. During 

the short-simulated fasted gastric residence time of 30 min, almost no drug was 

released. Approximately 50-60% of the dose was released during simulated small 

intestinal residence time, and drug release was complete at the end of the simulated 

passage through the SI and proximal/mid colon. The impact of co-administration of 

dosing vehicles on drug release was investigated with a two-stage dissolution model. 

Gastric residence of the administered formulation with water, apple juice or soft foods 

(applesauce, yoghurt, or pudding) was performed in the mini-paddle apparatus (170 

mL; 30 min; 75 rpm). After the first 30 min, 60 mL of the simulated gastric contents 

together with the tablets were transferred into the modified USP 3 vessel, with the 

addition of 50 mL of bicarbonate-based simulated intestinal fluid, to simulate the 

intestinal conditions. Drug release under these conditions was screened for 12 h 

representing residence time in the SI and proximal colon. These release studies 

revealed that administration of the formulation with other beverages, and soft foods 

should not affect bioavailability and confirmed the appropriateness of the paediatric 

dosing recommendation for this formulation (125). In vitro release profiles from 

experiments simulating co-administration with different soft foods (applesauce, 

yoghurt and pudding) were similar to those obtained in water and apple juice, 

suggesting that co-administration of soft food will not affect bioavailability of the 

extended-release formulation.  

Brassine and Fotaki investigated the effect of age-related biorelevant media, the effect 

of dose, and the effect of hydrodynamics on the performance of carbamazepine (BCS 

class II; non-ionisable in the physiological pH range; log P = 2) for paediatric use. 
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Biorelevant media, with adjusted bile salt concentration, were incorporated in an in 

vitro dissolution testing to evaluate the effect of age on dissolution and release of 

carbamazepine pellets prepared by extrusion-spheronisation (126). The dissolution 

study was conducted with the USP 4 apparatus, and parameters were adjusted (flow 

rate and residence time) to simulate GI physiological parameters in paediatric groups 

(newborns, infants and children) and adults. Furthermore, the effects of the 

hydrodynamics on the dissolution was studied by setting the closed-loop mode (for 

simulation of gastric conditions) followed by the intestinal conditions simulated with 

the open-loop mode. Results showed a slower release of carbamazepine under all 

paediatric-simulated conditions when compared to the conditions used for the adults; 

nevertheless, no significant differences were revealed for the release of carbamazepine 

between the investigated paediatric groups (126). The same USP 4 biorelevant set-up 

for the fasted state was utilised to investigate age-related differences in the dissolution 

performance of Tegretol 200 mg tablets (127). Paediatric biorelevant media developed 

by Maharaj et al. were used. Results showed that carbamazepine was not completely 

dissolved in all of the tested conditions. An age-dependent dissolution profile of 

carbamazepine from Tegretol tablet was observed in the two studied paediatric groups 

revealing the impact of the GI differences (fluid composition and transition times) 

between the age groups on dissolution. Furthermore, the use of the closed-loop mode 

for the simulation of dissolution in the gastric compartment resulted in a higher 

discrimination of the dissolution profiles between the two age groups (127).  

Non-compendial apparatus for the evaluation of paediatric formulations have also 

been proposed (122). A TNO Gastrointestinal Model (TIM) paediatric set-up 

(TIMpaediatric) has been developed; this set-up simulates conditions in the GI tract 

determined by four interactive factors: (i) degree of maturation of the age groups (term 
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newborns; infant; or toddler), (ii) food type, (iii) health status and (iv) comedications 

(128). The TIMpaediatric was applied to investigate age-related effect of co-

administration of food matrices with paracetamol (BCS class I; pKa = 9.5; logP = 0.2), 

diclofenac (BCS class II; pKa = 4.15;logP = 4.51) and esomeprazole (BCS class II; 

pKa = 4.78; logP = 0.6), where bioaccessibility curves were constructed (amount of 

drug available when sampling). Selected dosage forms were tested in the in vitro 

TIMpaediatric by taking into consideration the simulation of daily practices used for 

administration of paediatric medicines, including crushing of tablets, mixing drugs 

with appropriate amounts of food (simulations performed for administration with 

formula milk vs water), and simulation of the co-administration with proton pump 

inhibitor were simulated, simulations performed under high gastric pH conditions (pH 

6.7-6.0). A validation experiment of TIMpaediatric was performed by comparing in 

vitro bioaccessibility profile with in vivo clinical data for Calpol® syrup suspension 

(containing paracetamol) mixed with food, under term-newborn, infant and toddler GI 

conditions, and similar bioaccessible amounts were found when compared to plasma 

concentration profiles, demonstrating the quality of the predictions obtained from the 

TIMpaediatric. Further experiments were then performed, paracetamol formulations 

investigated were Sinaspril® syrup, Sinaspril® tablets (crushed) and Marel® tablets 

(crushed, also contain caffeine) and results showed that paracetamol concentration 

available for intestinal absorption was independent of the different GI conditions of 

the age groups, the tested dosage forms, the food matrix, and the co-administration of 

a proton pump inhibitor. Two brands of enteric-coated diclofenac tablets were tested 

(Voltaren® vs Diclofenac Sodium Teva®), results showed that diclofenac available for 

absorption is not influenced by co-administration of a proton pump inhibitor, but the 

administration of a crushed tablet with infant food showed a significant positive effect 
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on diclofenac bioaccessibility. The investigated formulation of esomeprazole 

formulation was Nexium® enteric-coated tablets (crushed). The results showed that the 

bioaccessibility of esomeprazol in newborns and infants is low (i.e. ~30% of dose) 

after the administration of the first dose of a crushed tablet; however, the 

bioaccessibility increases (i.e. ~30% to ~56% of dose) after repeated dosing, due to an 

increase of gastric pH caused by the protein pump inhibitor administration (128).  

A recent literature review has been performed with the intention of developing an in 

vitro digestion model for newborns and infants (0-2 months) based on a previous 

lipolysis model for adults (19). Considerations were taken to represent changes during 

the feeding cycle of newborns and infants, which is approximately 3 h. The in vitro 

digestion model was argued to be more appropriate than other in vitro predictive tools, 

due to the frequent feeding of newborns. As newborns are mainly in the fed state, this 

can ultimately affect the composition of the fluids and hydrodynamics available for 

drug dissolution and solubilisation processes. For the design of the in vitro set-up, 

several physiological factors were reviewed including GE, SITT, gastric volumes etc., 

and suggested flow rates for the transfer of GI fluids under fed state conditions. A two-

step model was proposed as more appropriate, comprising a gastric phase and an 

intestinal phase, where the duration of each phase, and the transfer between the two 

phases, should be reflective of GE and SITT in newborns/young infants. The 

performance of Furix® 20 mg furosemide (BCS class II compound) tablets, in the 

newborn and infant GI tract was investigated with this set-up (129). Fasted and fed 

states were simulated to represent feeding patterns in the studied population; therefore, 

the fasted state assumed the presence of small amounts of milk. The physiological 

relevant media used were composed of a chosen appropriate milk (Nan 1, Nestlé ), and 

the inclusion of digestive enzymes (i.e. pancreatic triglyceride lipase, pepsin and 
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human gastric lipase). Two in vitro models simulating the GI transfer were utilised. In 

the immediate transfer model, a concentrated intestinal medium was added in a single 

step at a designated time point, altering the digestion medium from gastric to intestinal 

medium instantaneously. In the continuous model, digestion medium was 

continuously pumped from a gastric to an intestinal compartment, where the 

concentrated medium simulating the SI fluid was present. The results suggested that 

the oral bioavailability of furosemide in this subpopulation increased in the presence 

of food (129). In contrast, parameter manipulation, such as simulation of food 

digestion and crushing of the tablets seemed to cause no alterations in the oral 

performance of furosemide (129). The entire furosemide dose was soluble in the 

aqueous phase of the simulated postprandial state, which led the authors to conclude 

a high bioavailability of the drug in the presence of food (129). GI digestion of food 

ingested showed no effect on the amount of furosemide solubilised, nor did the 

administration of the pure powder form of furosemide, which indicates that the dosage 

form does not influence the oral performance of furosemide. In the fed state, 

solubilisation of the entire dose of furosemide was possible, and it was influenced by 

pH and volume available; on the other side, excipients and digestion did not affect the 

solubilisation of the drug. Nevertheless, to further evaluate and validate these results 

and understand the usefulness of these in vitro models, in vivo data is required (129).  

A considerable amount of progress has been made in the development of paediatric in 

vitro dissolution tests. Compendial and non-compendial apparatus have been used, 

and biorelevant set-ups have been proposed. Nevertheless, further research is required 

to better characterise GI physiological and anatomical changes in paediatrics, in both 

the fasted and fed state, which will inevitably allow optimisation and proposal of more 

biorelevant models. Validation of the in vitro set-ups with clinical data would be 
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helpful to establish confidence in these methods so that they can be used to inform the 

development of more complex and innovative paediatric dosage forms. Furthermore, 

a combination of biorelevant in vitro tests with paediatric PBPK models is expected 

to improve knowledge and understanding of oral drug absorption in paediatrics (122). 

 

1.5. In silico evaluation of drug products for paediatrics 

Regulatory frameworks allow investigators to use existing adult clinical data as 

supporting evidence for efficacy in paediatric populations (130, 131), assuming that 

disease progression and exposure-response in both populations are expected to be 

similar. A significant number of conducted pharmacokinetic and efficacy studies in 

the paediatric population did not achieve labelling for various reasons, such as poor 

study design planning or inappropriate dose determination, indicating the need of 

robust and reliable approaches for interpreting and benefiting from already available 

clinical data (132). Predicting in vivo drug performance relies on the estimation of the 

drug’s ADME properties and the understanding of the physiological processes 

influencing pharmacokinetic parameters. Scaling of parameters for different 

organisms can be facilitated by calculations using isometric or allometric functions, 

or be performed on a more complex level such as PBPK modelling (133). 

 

1.5.1. Allometric scaling 

Paediatric parameters are calculated as a function of the normalised BW or BSA and 

a specific allometric coefficient (134). For example, a fixed allometric coefficient of 

0.75 is used for clearance scaling, whereas a value of one is used for the down-scaling 

of the volume of distribution (134). Mahmood et al. reported that drug clearance 

calculated by allometric scaling with an adjusted allometric exponent, and clearance 

predicted via PBPK modelling achieved similar results for newborns and infants <3 
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months of age; the studied drugs were mainly cleared by glucuronidation (135). The 

prediction accuracy for newborns and infants is expected to be compromised for drugs 

undergoing more complex metabolism, due to variable enzyme ontogeny, maturation 

processes, and alternative metabolic pathways. The use of fixed-coefficient allometric 

scaling is recommended after 2-5 years of age when the maturation processes can be 

considered completed (134, 136-139). The method’s simplicity and unproblematic 

utilisation contribute to its widespread application in clinical settings. 

 

1.5.2. PBPK modelling 

While allometric functions are still useful for scaling ADME properties, PBPK 

modelling would be preferred, if more complex processes need to be studied (140). 

PBPK modelling is an in silico biopharmaceutical tool describing the 

pharmacokinetics of a compound while taking the drug properties and drug product 

characteristics into consideration when introduced to a specific system (e.g. healthy 

adult body) according to a pre-defined study design (e.g. administered formulation). 

In adults, PBPK modelling is often used to predict drug product performance (141). 

In paediatrics its use has increased the last decade, recognised by the EMA and FDA 

by publishing guiding documents on the appropriate use of previous knowledge (e.g. 

adults) in paediatric medicines development and by PBPK modelling guideline (130, 

142, 143). 

Two modelling strategies may be used to construct a PBPK model, depending on the 

input used for the system. The ‘top-down’ approach is based on observed clinical data 

as a model for the system (human body), followed by an investigation of the 

components and occurring processes (e.g. parameter estimation from plasma drug 

concentration-time profiles). In contrast, a model that is based solely on a combination 
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of physiological processes parameters and in vitro experiments, generating numerous 

connected compartments, which represent an organ or the whole body, is regarded as 

a ‘bottom-up’ approach (usual PBPK model). While the latter depends on absolute 

knowledge of details, which contribute to drug performance in order to predict 

pharmacokinetics and pharmacodynamics a priori, the former relies completely on 

already obtained clinical data but may not be able to provide the necessary detail in 

each case. A ‘middle-out’ concept that benefits from the combination of the two 

approaches might offer a sensible compromise when some parameters have not been 

reliably estimated yet nor need refinement through already available clinical data (144, 

145). Several software platforms enable the building of PBPK models for adults (e.g. 

GI-Sim®, PK-SIM®, Stella®, MATLAB®), while some of them do not provide an 

integrated detailed model of oral absorption (MATLAB) (141). Additionally, 

commercially available software platforms, such as GastroPlus® [Simulations Plus 

Inc. (146)), and SimCYP® [SimCYP Ltd., Certara, UK (147)) facilitate the 

development of whole-body PBPK models and models focused on oral drug 

absorption for adults and their further extrapolation to the paediatric population (148). 

 

1.5.3. Paediatric PBPK models: current status 

A search in PubMed with the keywords ‘Paediatric PBPK’ OR, ‘PBPK model 

paediatric’ AND, ‘infants’, ‘newborns’, ‘children’, ‘adolescents’ OR, ‘PBPK 

paediatric modelling’, OR ‘mechanistic model paediatric pharmacokinetics’ identified 

405 relevant entries, including reviews and original articles (status August 2017). A 

snowball sampling of the review articles for potentially mentioned articles, complying 

with the focus of the search was performed and the papers, which reported a developed 

PBPK model for paediatric populations, were selected (n = 93; Figure 1.4).  
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Figure 1.4. Statistics of published PBPK models, search performed on PubMed (Status 

August 2017; n = 93). (a) Studied paediatric subpopulations; (b) Basic model used for 

paediatric PBPK model development; (c) aim of PBPK modelling; (d) software platforms 

utilised for paediatric PBPK model development (DDI – drug-drug interactions). 

 

Pre-term and term newborns were found to be less studied (Figure 1.4a) - a trend also 

reported in clinical trials performed in paediatrics. Over 80% of the paediatric PBPK 

models were developed based on a PBPK model for adults (Figure 1.4b). Evaluation 

of the aims of the models developed showed numerous successful mechanistic 

clearance and drug disposition models for intravenous (IV) administered drugs. 

Twenty-nine percent of PBPK models following oral drug administration have been 

established until now (Figure 1.4c). A similar trend was observed for the adult PBPK 

models, where modelling oral drug absorption accounted for only 12% of the 

developed PBPK models (149). The biggest part of the PBPK models was built with 

the help of a commercially available software platform, whereby SimCYP® appeared 

to be the most frequently used one (Figure 1.4d). Additionally, the BCS classes of the 

orally administered drugs, used for modelling were analysed (Figure 1.5). A 
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preference of PBPK model development for highly soluble drugs might be related to 

the fact that these would usually not introduce further solubility or dissolution 

complications in addition to the model uncertainties originating in the complexity of 

the oral drug absorption processes itself (9). The low number of medicines modelled 

containing BCS IV compounds can be explained by the great number of uncertainties 

accompanying both permeability and solubility of these compounds in paediatric 

populations. 

 

Figure 1.5. BCS class distribution among modelled drugs, identified in the PBPK search in 

PubMed. Only compounds, modelled for oral absorption, are considered in this figure, n = 32. 

The numbers above each bar refer to the number of drugs studied according to their BCS 

classification. ND = not defined. 

 

1.5.4. Building a PBPK model 

The most common approach in constructing a paediatric PBPK model is to build first 

the adult disposition PBPK model (Figure 1.6, Step 1), and after ensuring reliability 

of the intravenous model, oral administration can be incorporated (Figure 1.6, Step 

2) (150). If the adult PBPK model provides an adequate prediction of the available 

clinical data in adults, the scaling to the paediatric population could proceed (151). By 

selecting a specific paediatric population as the study population in the software 
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platform, default age-dependent changes and parameters of physiology and anatomy 

are incorporated into the paediatric model.  

 

Figure 1.6. Usual strategy for paediatric PBPK model development with a focus on oral drug 

absorption. PSA: parameter sensitivity analysis; biodependent drug properties: drug parameter 

values that depend on the drug and the adult/paediatric human physiology. 

 

Step 1: Building drug disposition PBPK model for adults. For the development of a 

PBPK model, system dependent and compound-dependent parameters are needed (9, 

122, 150, 152-154). System-dependent components (i.e. organ sizes, blood flow, and 

tissue composition) are incorporated in the commercially available software platform 

for the species of interest (e.g. human, dog, mouse). Drug dependent parameter values 

are derived from literature or experimental data. Parameters describing the drugs 

physicochemical properties (i.e. molecular weight, log P, pKa, compound type and 

pH-dependent solubility) are used. Drug parameter values that depend on the drug and 

the adult human physiology (fraction unbound, permeability, plasma/blood-

partitioning, intrinsic clearance) may require further investigations and adjustment for 

the modelled system or special population (154).  
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The human body is represented as a network of organs and tissues, linked by an arterial 

and venous blood, with attributed specific blood flows. The disposition model is based 

on differential equations that describe the distribution of the drug into the different 

tissue compartments and organs (9, 141, 149). A simulation takes place when the input 

parameters and the study design (e.g. selecting study population, age, sex, dose 

strength, dosing conditions, duration of infusion, etc.) have been defined. If the 

pharmacokinetic simulations of the model incorporating predicted values for clearance 

or volume of distribution mismatch the observed clinical intravenous data, model 

optimisation can be achieved by informing the model with clinical data (if available). 

Once the predictions forecast the observed data from IV administration, the modelling 

of oral drug absorption can be undertaken (150, 151). 

 

Step 2: Building oral absorption PBPK model for adults. The oral absorption of a drug 

can be modelled in detail using the relevant available commercial software oral 

models, such as ACAT™ model (GastroPlus®), or ADAM™ model (SimCYP®). In 

both models, the GI tract is divided into sequentially connected transit compartments, 

beginning with the stomach, which gives the input for the SI according to a specific 

emptying rate. The SI is further divided into sub compartments (representing the 

duodenum, upper and lower jejunum, and upper and lower ileum) and it is linked 

subsequently to the colon. Each compartment exhibits different surface area, luminal 

fluid composition and volumes, and metabolising luminal enzymes. In addition to the 

mass-balance differential equations, the model considers the local pH-dependent 

solubility by the incorporation of the Henderson–Hasselbalch equation and calculates 

the dissolution behaviour with, for example, Noyes-Whitney kinetics (141, 154). In 

this step, the drug formulation, which is to be investigated, is incorporated. If relevant, 
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available dissolution data from biorelevant in vitro tests can be used to inform the 

model (153). Ultimately, drug dissolution, precipitation or supersaturation are 

considered if relevant for the drug/drug formulation; additionally the absorbed, 

degraded, or metabolised drug fraction are taken into account simultaneously (141). 

The permeability of a drug can be derived from in vivo or in vitro studies or estimated 

via the utilised software. In case that active transporters are involved in the drug 

uptake, the kinetic parameters (i.e. Michaelis Menten constant (Km) and maximum 

rate achieved at saturating substrate concentration (Vmax)) of the substrate, the 

transporter availability and activity, at the sites of interest are needed and an adequate 

estimation of permeability limited transport through the cell membranes should be 

included (153). If relevant information is not available in the literature or from in vitro 

studies performed, a model fitting based on in vivo data from oral drug administration 

studies can be applied (154). The accuracy of the model’s prediction needs to be 

confirmed and refinements should be undertaken if needed before application to other 

populations can proceed. 

 

Step 3: PBPK model conversion to the paediatric population. The GastroPlus® 

platform (PBPKPlusTM module) generates physiological parameters for the model by 

its feature Population Estimates for Age-Related Physiology (PEAR®). It takes the 

population (e.g. American/Western Japanese and Chinese), gender (male/female) age, 

gestational age (including premature newborns), BW, height, body-mass index, % 

body fat into account and adjusts tissue volumes and perfusion rates accordingly (155). 

Correspondingly, in the SimCYP® population-based simulator (SimCYP®), 

physiological parameters are adjusted by converting to the available module SimCYP® 

Paediatric (151). Age-dependent changes are introduced to the full PBPK model, for 
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example adjustments of compartment volumes, blood perfusion rates, tissue 

compositions, specific partition coefficients for tissues. In addition to these 

adjustments, a model with focus on oral drug absorption in paediatrics addresses GI 

specific physiological parameters such as GE rates, SITT, fluid volumes throughout 

the GI tract, composition of the GI fluids, GI hydrodynamics, and size of the separate 

compartments of the GI tract; all of these parameters influence drug movement 

through the GI tract, drug dissolution and absorption rates, and therefore drug product 

performance following oral administration (78, 156). In the ACAT™ Model 

(GastroPlus®), GI organs and their respective blood flows change dependent on age, 

intestinal length and radius are calculated according to intestinal growth data and are 

based on the assumption that proportional growth occurs throughout the SI (156). Age-

adjusted SITT values are incorporated in the model, although it should be noted that 

the data used for this assumption might be dependent on the method utilised for the 

measurement (subsection: 1.2.4.), thus introducing a level of model uncertainty (156). 

Furthermore, fluid secretion volumes are scaled as a function of age for the paediatric 

population in the ACAT™ model (GastroPlus® version 9.0) (157). Adult values are 

adopted for the gastric and intestinal pH and GE in the model. The villi structure is 

also reflected, as for adults, due to the qualitative nature of the information available 

(subsection: 1.2.4.); this leads to a large uncertainty for the estimation of passive 

absorption of drugs, especially for the youngest populations <3 years of age (156). 

Due to the scarcity of data found for bile salt composition and site of reabsorption, 

adult parameter values are adopted; model inaccuracies can be expected for 

compounds that exhibit great solubility and permeability dependency on bile salts. 

Ultimately, intestinal enzyme levels for CYP3A4 are implemented in the modelling 

platform according to age, based on paediatric in vivo data, but for less well 
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characterised intestinal enzymes and transporters adult values are utilised. As 

expression density and ontogeny are expected to show differences in newborns and 

infants compared to adults, the user has the option to modify the default values of 

enzyme/transporter expression levels per intestinal compartment based on surface 

area, and the enzyme/transporter density in adults (156). Within the SimCYP ® 

platform, the intestinal diameter, length and surface area are scaled according to age 

using BSA-based functions; here it should be noted that no correction is incorporated 

for the potentially additional available surface area created by villi and microvilli with 

increasing age (21). Fasted gastric pH for paediatrics is assigned similar values as for 

adults, except for the age groups of newborns and infants. For these paediatric 

subpopulations, higher values are considered appropriate to simulate the more 

frequently administered meals and the absence of a ‘true’ fasted state (21). Salivary 

secretion is described by a BW-based function and is further incorporated in the 

calculation of the fasted gastric volume. The fed gastric volume is calculated according 

to BW and is characterised for three age groups, based on the different daily fluid 

requirements and the feeding frequency (21). Fluid secretion volumes are scaled based 

on BSA functions. Intestinal pH values observed in adult populations are designated 

to all paediatric subpopulations (21). GE is described as a function of meal type, the 

user is given a choice of simulating the effects of liquid, semi-solid or solid meal 

ingestion; the SITT values for paediatrics are adopted from the adult model (21). 

Ultimately, the ontogeny and presence of metabolising luminal enzymes of the CYP 

and UGT families are calculated in the same pattern as the well-defined CYP3A4 in 

paediatrics. The enzyme abundance follows a BSA-dependent function, specifically 

assigned to the different intestinal segments. Assumptions are needed for some less 
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investigated parameters, such as intestinal transport proteins, for which adult values 

are adopted (21, 158). 

Simulation in paediatric subpopulations usually begins in the subpopulation most 

similar to adults, for example adolescents or children, proceeding gradually to the 

younger subpopulations (150). Throughout the process, confirmation, validation, and 

if necessary, refinement steps are undertaken. The gradual adaption of the model 

facilitates easier detection of probable refinement demand (150). Mismatches between 

the predicted and observed paediatric clinical data should be further investigated 

through parameter sensitivity analysis (PSA) (21, 78, 150). This is also a useful 

approach for investigating ‘what-if’ scenarios related to the assumptions and 

uncertainties which were included in the model throughout development (130). 

 

1.5.5. Examples of paediatric PBPK models: focus on oral drug absorption 

Prediction of oral drug exposure to sotalol was built over the entire paediatric age 

range (i.e. newborns, infants, children and adolescents) and adults, by Khalil et al., 

with the utilisation of two modelling software platforms, SimCYP® (version 12.1) and 

PK-SIM® (version 4.2.2) (152). Sotalol is an amphoteric compound (pKa values: 8.3 

and 9.7) with hydrophilic characteristics (logP of 0.37). Firstly, the adult disposition 

model was developed. Parameters from the model after IV administration were kept 

constant, and parameters relevant to oral drug absorption were adjusted. Lastly, age-

specific anatomical and physiological changes, which are part of the paediatric module 

of the software, were taken into account. Adult values were used for several 

parameters, such as gastric and intestinal pH, GE, SITT, intestinal enzyme 

ontogeny/abundance, and intestinal transporter ontogeny/abundance. Drug-specific 

parameters, including solubility, remained unchanged throughout all age groups 
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regardless of the utilised software. Information on the sotalol formulations 

investigated with the PBPK models, was not provided. Further complications arose 

om the data scarcity of neonatal and infant pharmacokinetic data, which are needed to 

validate the PBPK models. Simulations from both paediatric models (SimCYP® and 

PK-SIM®) were comparable and showed acceptable adequate description in adults, 

adolescents, children and infants, when compared with in vivo clinical data. For 

newborns, the predictions generated with the SimCYP® simulator successfully 

reflected the time at which Cmax is reached (tmax), and rate of elimination (ke) when 

compared with the clinical in vivo data, but were inadequate in the forecasting area 

under the curve (AUC) AUClast in newborns, and maximum plasma concentration 

reached (Cmax) in newborns; moreover, the model tended to under-predict drug plasma 

levels in all paediatric subpopulations (for AUClast, Cmax and Tmax for all of the 

paediatric populations studied: mean observed/predicted ratios >1). Results obtained 

with the modelling platform PK-SIM® successfully predicted AUClast, Cmax and ke, 

although the pre-defined two-fold error range was exceeded for Tmax in newborns and 

infants (<1 year). The results from this study confirm the importance of gaining deeper 

insight into intestinal paracellular permeability, transporter ontogeny, intestinal fluid 

dynamics, and characteristics of the intestinal unstirred boundary layer to develop a 

reliable PBPK model for oral drug administration (152). Paediatric PBPK models have 

been developed (GastroPlus® version not mentioned) for two highly soluble, and 

highly permeable compounds (sotalol and paracetamol) by Villiger et al. (150). As 

previously described, sotalol is an amphoteric compound, and paracetamol is a 

hydrophilic weak acid (pKa = 9.5; logP = 0.2). The same approach for model building 

was used as in the first example, where a drug disposition model was developed to 

simulate the IV profiles in adults, followed by the adjustment of parameters for oral 
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administration in adults. Secondly, after attaining confidence in the adult models, the 

paediatric oral model was built in a stepwise approach. In this study, in vitro 

dissolution testing was performed for immediate-release formulations, Sotalex® 

tablets (containing sotalol) and Dafalgan® powder-filled sachets (containing 

paracetamol), to investigate the formulation performance and understand drug release 

in the GI tract (150). For the in vitro tests, conditions more closely reflecting newborn 

physiology were simulated by adjusting GI volumes to 5 mL and the use of formula 

milk as dissolution medium, in comparison with an adult set-up, represented by 250 

mL of adult biorelevant media. Results showed that the described age-adjusted 

conditions did not influence dissolution of both test drugs. Dissolution information 

was not used to inform the model building, and further information on the formulations 

and their incorporation into the models was not reported for the performed simulations. 

PSA revealed that slower mean gastric transit times led to slower absorption rate of 

sotalol and paracetamol in newborns and infants when compared to older children and 

adults (150). Good predictions were observed after scaling age-dependent factors 

incorporated in the software used (GastroPlus®), for children 2-11 years, but 

discrepancies were again seen by Villiger et al. for younger populations with under-

prediction of Cmax and overprediction of Tmax (newborns and infants) (150). As 

previously described in the first example, Khalil et al. also obtained good predictions 

for other age groups, except for newborns (152). Interestingly Khalil et al. did not 

conduct PSA, but Villiger et al. took advantage of PSA to understand the critical 

parameters of oral drug absorption for these compounds, and subsequent improvement 

of the models predictions was possible, demonstrating the importance of conducting 

such analysis (150). Adjustments of mean gastric transit times (default value of 0.25 

h for all age groups) was performed by incorporating prolonged times. Sotalol 
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simulations were improved by changing mean gastric transit time from 2.3-2.5 h in 

both infants and newborns, while for paracetamol, a prolonged mean gastric transit 

time of 0.8-1.5 h in infants and 0.1-0.8 h in newborns gave the best predictions. 

Improvements of Cmax and Tmax (observed/predicted ratios) were seen for the 

simulations in newborns and infants.  

A mechanistic absorption model for predicting formulation performance in paediatric 

patients has been described for paracetamol and theophylline (BCS class I 

compounds), and ketoconazole, (BCS class II compound), for the fasted and fed state 

using the ADAM™ module of the SimCYP® software paediatric (v15.1) (21). 

Theophylline simulations were developed for the oral administration of an oral 

solution to newborns, infants and adults; the aqueous drug solubility was used for the 

model. Although the investigated paracetamol formulation was a suspension and 

required the incorporation of a dissolution model within ADAM™, no further 

dissolution testing was performed as previous studies have reported that drug 

dissolution was not the absorption rate-limiting step (21, 150); again, the aqueous drug 

solubility value was incorporated in the model. Ketoconazole is a drug with a highly 

pH-dependent aqueous solubility; hence, reference solubility values at physiologically 

relevant pH range 3.3-7.5 were used to inform the model; dissolution data were not 

included as an input parameter. Additionally, the model considers further processes 

such as intraluminal supersaturation and precipitation and bile salt mediated solubility. 

Paracetamol and ketoconazole simulations were developed for the oral administration 

of a suspension to newborns, infants, children and young adults. Theophylline plasma 

profiles were predicted with good accuracy (observed/predicted ratio: 0.85-1.25 

range); the accuracy of the predictions for paracetamol and ketoconazole was 

evaluated as reasonable (observed/predicted ratios: 0.82-1.33-fold for paracetamol) 
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(21). The prediction for full-term newborns failed to predict the observed 

pharmacokinetic data for pre-term newborns. PSA revealed that extremely prolonged 

GE times, resulting from the absence of enteral feeding, could lead to a low systemic 

exposure as observed in vivo (i.e. decrease of Cmax in the range GE 2-20 h), and that 

elevated gastric pH values (i.e. values higher than 4) are less likely to cause low plasma 

drug levels. The fa for paracetamol and theophylline was similar in the fasted and fed 

state, while Tmax was shown to be slower in the fed state. For both drugs, the slowest 

absorption rate among the age groups studied was the newborns. For all three 

compounds, Tmax values in the fed state were greater for all ages and showed a trend 

towards an increase with advancing age; a slightly shorter Tmax was demonstrated for 

liquid foods compared to semi-solid or solid meals. For ketoconazole, increasing age 

was related to a longer Tmax and lower fa. Higher fa values were observed in the fed 

state compared to the fasted state in all ages and no difference was observed between 

solid and semi-solid foods (21).  

A PBPK model was developed for montelukast (BCS class II; logP 8.79; pKa 2.7 and 

5.8) in SimCYP® for adults and paediatric patients. Montelukast is an amphiphilic 

drug with a high lipophilicity (159). The simulations were first built for adults after 

IV and oral administration of a solution (no information about food state), and 

filmcoated tablets in the fasted and fed state. Following validation of the adult model, 

scaling was performed to simulate the administration in paediatric populations after 

administration of oral granules in infants, and film-coated tablets in 

children/adolescents, but no information was given about the prandial state in 

paediatrics. The model building included the experimental in vitro measurements of 

particle size and solubility in fasted simulated gastric and intestinal fluid, and the 

dispersion type of the different formulations. Visually, the absorption profiles were 
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not well described for any of the paediatric age groups and mismatches of observed vs 

predicted pharmacokinetic profiles could be seen for infants after administration of 

granules. Based on the model building process where parameterisation was based on 

sub models, and what information was known for each age group, predictions of 

plasma concentration profiles were regarded as reasonable, which in most cases 

appeared to be within two-fold of the observed values (no ratios of observed/predicted 

were provided) (159). 

An adult and paediatric disease PBPK model for oral administration of carvedilol, a 

BCS class II drug, has been developed for patients with heart failure (160). Carvedilol 

is a weak base with a pKa of 7.97 and logP of 4.19. The model was used to investigate 

the oral pharmacokinetics in infants, children, adolescents (oral suspension) and adults 

(capsules and oral suspension). Changes in hepatic and renal blood flows were 

incorporated in the model to simulate more accurately the physiology of chronic heart 

failure patients and the accuracy of the predicted (mean observed/ predicted ratio) 

pharmacokinetic parameters were improved in adults with chronic heart failure after 

oral administration of a capsule or a suspension. The paediatric model for carvedilol 

was then constructed with the pharmacokinetic parameters of carvedilol scaled to the 

paediatric patients using the paediatric module of SimCYP® (version 13.1). The 

predictions of the exposure of carvedilol in the paediatric patients did not show as 

good correlations as for adults, except for patients above 17 years of age. The 

limitations of the applied paediatric ADAM™ model was attributed to the lack of 

information on anatomical and physiological changes, such as information on gastric 

and intestinal pH, bile secretion, transporters and gut fluid dynamics (160).  
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A PBPK model was developed to investigate the age dependency in oral absorption of 

the poorly water-soluble, lipophilic compound, carbamazepine (non-ionisable in the 

physiological pH range; BCS class II; log P of 2) (157). The model was developed to 

simulate administration of different formulations in the separate age groups: 

administration of tablets children/adolescents, suspension prepared from crushed 

tablets administered to newborns and infants, and administration of an oral solution, 

suspension and Tegretol® tablets to adults. After the development of the adult model 

for oral administration of different formulations, doses and food status, adjustment of 

clearance (to take into account patient characteristics and comedication), the model 

was scaled to paediatric patients using the default parameters of GastroPlus® (version 

9.0) paediatric physiology adjusted module. In vitro experiments were conducted to 

investigate biorelevant solubility and dissolution (µDISS Profiler™) in adult and 

paediatric biorelevant media developed by Maharaj et al. (43). The dissolution 

experimental set-ups for adults and paediatrics were performed with Tegretol® tablets 

(or weighted fraction) added to 20 mL of the preheated dissolution medium (37 °C). 

Samples were stirred at 100 rpm and the amount of dissolved drug was determined 

over 2 h. Dissolution experiments did not show any specific media-mediated influence 

on carbamazepine dissolution, more than 80% dissolved in 20 min for almost all tested 

media, and for all tested media in 30 min. Despite this, neither dissolution experiments, 

nor solubility in paediatric biorelevant media were used as parameters for building the 

models. Simulated dissolution and fa profiles were compared, and as expected for a 

BCS class II compound, permeation was not found to be a rate-limiting step for 

absorption. Nevertheless, aqueous solubility and solubility in adult fasted and fed 

intestinal simulated fluids were used in the model building process. Interestingly, PSA 

revealed that solubility and dose were the most sensitive parameters for 
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carbamazepine fa. Particle radius, SITT fraction of small intestinal fluid volume, SI 

length and radius, permeability and bile salt solubilisation ratio showed an impact at 

higher doses of carbamazepine, but only a minor impact at low doses. The prandial 

state was also shown to be critical for absorption of higher doses where increases in 

the extent of absorption were observed for simulations in the fed state. With the 

exception of one study in paediatrics, the pharmacokinetic data used for the validation 

of the simulations did not specify food status to the patients. Nevertheless, both fasted 

and fed states were investigated. Interestingly, accuracy of the simulations in 

newborns was improved when assuming fed state conditions when compared to fasted 

state simulations, which supports the common assumption that newborns and young 

infants are mainly in fed state due to the high frequency of feedings. Fraction absorbed 

of carbamazepine was shown to be dose-dependent, at high doses fa was sensitive to 

intestinal length and transit time, while simulations for lower doses of carbamazepine 

resulted in complete absorption, for a wide range of simulated intestinal lengths and 

transit times (157). The authors highlighted that this dose-dependency of 

carbamazepine is an important factor to take into account, as paediatric patients can 

sometimes require higher doses per BW. Finally, it was shown that age could influence 

both rate and extent of oral absorption. Low carbamazepine doses (children dose 9 

mg/Kg and newborns 5 mg/Kg) was associated with complete absorption within 4–6 

h after drug administration, in all age groups however a slower rate of absorption was 

seen for newborns in comparison with the older age groups, moreover, high 

carbamazepine doses (19 and 17 mg/Kg respectively) were related to incomplete 

absorption in children and newborns (157). 

The examples provided above (excluding Johnson et al. (21)) demonstrate the general 

approach followed when building the PBPK oral absorption models, as previously 
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discussed in the subsection 1.5.4. In all of the examples, knowledge gaps concerning 

physiological and anatomical changes in paediatrics, relevant to oral drug absorption, 

were pointed out as limiting factors of the models predictions. Furthermore, in most 

examples, several details concerning study design and formulation were lacking. The 

in vitro dissolution of the compounds was evaluated in three of the eight examples, 

with two of these compounds being highly soluble ones. Moreover, the dissolution 

data were not incorporated (as an input parameter) in the PBPK models, as no 

discrepancies in dissolution-adjusted conditions for paediatrics were observed for the 

compounds/formulations investigated so far. In future studies, it would be interesting 

to investigate the absorption of other classes of BCS compounds, especially poorly 

water-soluble (BCS II and IV). The prandial state in paediatric simulations has been 

explored in one of the examples, in most cases no information was provided for the 

simulations performed, which might be a result of lack of quality in clinical data for 

paediatrics that is used for validation of the predictions. Furthermore, the paediatric 

data sets used for the validation of the PBPK models, applied a subdivision of the 

paediatric population according to the common subgroups. The majority of the 

examples were able to generate appropriate predictions for older paediatric 

populations (i.e. children) while simulations in newborns and infants were more 

challenging. There is still a long way to go in terms of paediatric PBPK absorption 

modelling, the examples of the models developed so far, are useful to generate 

knowledge about oral drug absorption modelling. 

 

1.5.6. Challenges in the paediatric oral drug absorption model 

The determination of organ/tissue sizes (e.g. volume), tissue blood flow and tissue 

composition estimations introduce a model uncertainty. Typically, due to lack of 
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clinical data, relevant parameters, for example length and diameter of GI tract, are 

extrapolated from adult data, based on BSA function for the paediatric populations 

and assume a proportional growth of the organs (78, 156). The determination of GE 

rates and luminal composition (including the pH) in newborns and infants is 

challenging, due to frequent meal administration, therefore, food-related physiological 

responses in paediatrics is difficult to define (150). Although biorelevant media for 

newborns and infants have recently been proposed (43), drug solubility estimations 

under conditions reflecting the luminal composition are challenging due to the limited 

information in the various paediatric populations and the unclear fasted vs fed state, 

especially in newborns and infants. Intestinal permeability in paediatrics has been the 

subject of a number of studies, nevertheless, no precise values or methods have been 

reported; therefore, the intestinal permeability for paediatric virtual populations is 

usually adjusted from the permeability parameter for adults (Caco-2 permeability or 

in situ permeability studies) (91, 122). In the case of transporter involvement in the 

uptake or excretion of the drug, in addition to the parameters used for the adult model, 

the transporter availability and functionality in the paediatrics need to be confirmed 

and adjusted accordingly. Alternative influx and efflux routes only relevant in 

paediatric populations and their contribution to the absorption process should be 

further investigated for the age range of interest, as shown in the process of building a 

PBPK model for valganciclovir, a substrate of the transporter PEPT1 (153). In addition 

to the accuracy of the parameters used to describe paediatric physiology, a reasonable 

parameter variability value needs to be introduced in order to ensure that the generated 

predictions would match real-life heterogeneity among the paediatric population 

(141). This can be challenging due to the nature of available paediatric data. For some 

of the presented examples of paediatric models in the subsection 1.5.5: focus on oral 
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drug absorption, possible formulation influence on the absorption processes was taken 

into consideration, although solubility and dissolution tests were not always 

performed, thus outlining further aspects that should be the subject of future 

evaluation. The established model requires validation towards clinical data acquired 

in the target population. Due to the lack of published high-quality clinical data in 

specific paediatric populations, confirmation of the developed paediatric PBPK 

models has not always been possible. Finally, great importance has been assigned to 

the comparison of the model-predicted outcomes to clinical paediatric in vivo data by 

the EMA in the ‘Guidelines on the qualification and reporting of PBPK modelling and 

simulation’ and a ‘Reflection paper on the use of extrapolation in the development of 

medicines for paediatrics’ (130, 143).  

 

1.6. Conclusions 

Despite ongoing advances in the paediatric biopharmaceutics field, detailed 

knowledge on physiological differences among paediatric subpopulations and 

between adults is still lacking. While there have been many study outcomes reported 

on physiological parameters such as gastric fasted pH levels, GE times and hepatic 

drug metabolism, other areas, such as GI fluid composition and SITT, intestinal 

metabolism, drug transporters and permeability, have been investigated to a very 

limited extent. Inconsistencies among meal types and frequencies throughout 

paediatric studies result in a complex definition of the paediatric prandial state, which 

further complicates the prediction of drug and formulation performance. Specific 

guidance by regulatory agencies on bioequivalence studies and age-specific 

definitions of fasted and fed state conditions for paediatrics is lacking, which make the 

development of solid evidence-based pBCS criteria quite challenging. Common 
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background knowledge is needed for the development and validation of age-specific 

in vitro and in silico biopharmaceutics tools. A combination of both methods, in 

vitro/PBPK, can be utilised to obtain information that is able to compensate for the 

uncertainties of the single tool on its own. 
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1.7. Supplementary Materials 

Since the literature review that constitutes Chapter 1 has been published (July 2018) 

relevant papers have been published with regards to paediatric gastrointestinal 

volumes and fasted gastrointestinal fluids composition. A summary of the key findings 

is presented in Table S1.1. 

 

Table S1.1. Summary of key findings of relevant papers published since Chapter 1 was 

published. 

Reference Key findings 

Van Den Abeele et al. 

(161) 

A total of 54 paediatric patients (11 newborns, 3 infants, 40 

children and adolescents) were recruited to the study with an age 

range from 11 months to 15 years. Gastric fluids from paediatrics 

were collected during routine medical procedures. Therefore, 

paediatric patients included in the study were not limited to 

healthy patients, and patients in disease state (i.e. Coeliac disease, 

Helicobacter Pylori infection, Eosinophilic oesophagitis) and/or 

patients taking medication (such as ranitidine, esomeprazole, 

cetirizine, etc.) were included in the analysis. 

 

Most subjects in the newborns and infant age groups were fed 

with mother's milk or formula on a regular basis. The feeding 

frequency and feed volume were not standardized among these 

patients and as a result, displayed large variability. This is a factor 

that is representative of a ‘real-life’ scenario during the 

administration of paediatric medicines to paediatrics and can 

potentially affect how drugs solubilize in the gastrointestinal 

fluids. Overall, feeding frequency amounted to at least six 

feedings per day with feed volumes ranging from 2 to 270 mL. 

As expected, differences in gastric fluid composition compared 

to adults were most prominent in neonates. The composition of 

gastric fluids in children and adolescents was collected under 

fasted state conditions. 

 

Overall, the data obtained in this study is in accordance with 

previously published data on gastric fluid composition in adults 

characterized by the considerable acidity of the stomach and low 

total bile salt concentration. This study showed that gastric fluid 

composition (i.e. pH, osmolality and total bile salt concentration) 

in paediatrics displays marked variability. 

Papadatou-Soulou et 

al. (162) 

This was the first study to report intestinal volumes in paediatric 

patients. Magnetic resonance imaging (MRI) data were obtained 

for paediatric patients undergoing a routine clinical assessment 

(patients included in the analysis were not limited to healthy 

volunteers), which means that the data might not represent a 

standard “healthy” paediatric population. Data from fasted 

(overnight fasted) paediatric patients (n=32, aged from 0 to 16 

years) and fluid-fed (500 mL of Oral Klean-prep, a macrogol 

solution) paediatric patients (n=23, aged from 8 to 16 years) were 

evaluated.  
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The gastric volume ranged from 0 to 9 mL in the fasted and 

19−423 mL in the fluid-fed state. The small intestinal volume was 

recorded to be 0−51 mL in the fasted and 6−91 mL in the fluid-

fed state with an average number of 7.7 and 22.4 fluid pockets, 

respectively. 

The data in this study provides an estimate of 0.08 mL/kg (based 

on the mean age of 4 years with an approximate weight of 16 kg) 

which is much lower than the previously reported fasting gastric 

volume (approximately 0.4-0.56 mL/Kg) has implications in the 

dosing of medicines to paediatric patients where it should be 

highlighted the importance of additional water intake.  

Powar et al. (163) A total of 55 paediatric patients (3 infants, 10 pre-school children, 

20 school children and 21 adolescents) were recruited to the study 

with an age range from 11 months to 15 years. Fasted gastric fluid 

samples (n=53) and fasted intestinal fluid samples (n=40) were 

characterised with regards to pH, buffer capacity, osmolality, and 

bile salts. It should be noted that not all paediatric patients 

included in the study were healthy volunteers, and patients with 

Coeliac disease, Chron’s disease, Ulcerative Colitis, Eosinophilic 

oesophagitis, and others were included.  

The pH values recorded ranged from pH 0.57 to 11.05 in gastric 

fluids and from 0.89 to 8.97 in intestinal fluids. Differences 

between other studies are anticipated to be a result of the mixing 

of gastric and duodenal fluids associated with the collection of 

samples during endoscopy with patients under general 

anaesthesia. The measure fasted state gastric osmolality showed 

lower values in comparison with previous studies, which were 

hypothesised to be related to the fact that patients were in a true 

fasted state, and in previous studies presence of remnants of food 

could be identified. The fasted state intestinal osmolality values 

measured were within the previously reported range for adults. 

Bile salts concentrations and variability observed in gastric 

samples are in accordance with reported in the literature. The bile 

acid concentrations measured in the intestinal fluid were lower 

and < 1 mM in the majority of samples, which is lower than the 

proposed paediatric P50%-FaSSIF medium by Maharaj et al (43). 

The variability associated with the composition of 

gastrointestinal fluids is an important finding of this study and its 

impact on drug absorption needs to be further explored in the 

future. 
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2. Chapter 2. Understanding the impact of age-related changes 

in paediatric GI solubility by multivariate data analysis 

 

Abstract 

Objectives: To understand drug solubilisation as a function of age and identify drugs at 

risk of altered drug solubility in newborns and young infants in comparison to adults. To 

use multivariate statistical analysis to understand drug solubilisation as a function of 

drug’s physicochemical properties and the composition of gastrointestinal fluids. 

Methods: The solubility of seven poorly water-soluble compounds was assessed in adult 

and age-specific fasted and fed state biorelevant media. Data from previously investigated 

poorly water-soluble compounds were included in the data analysis. Partial Least Squares 

Regression (PLS-R) was used to assess the influence of (i). drug physicochemical 

properties and (ii). age-related changes in simulated GI fluids, as well as (iii). their 

interactions; on the paediatrics-to-adult solubility ratio [Sp/Sa (%)]. 

Key findings: For most of the compounds investigated, paediatric-to-adult solubility 

ratios [Sp/Sa (%)] fell outside of the 80-125% limits in at least one of the paediatric media 

(5 out of 7). Data analysis revealed that logP was responsible for driving drug solubility 

differences between adults and paediatrics in all the biorelevant media investigated, while 

drug ionisation was most relevant in the fed gastric media and the fasted/fed intestinal 

media. The concentration of bile salts and lecithin in the fasted and fed intestinal media 

was critical in influencing drug solubility, while food composition (i.e. cow formula vs 

soy formula) was a critical parameter in the fed gastric state. 

Conclusions: Changes in GI fluid composition between the younger paediatric patients 

and adults can significantly alter drug luminal solubility. The use of paediatric biorelevant 

media is helpful to identify the risk of altered drug solubilisation in younger patients 

during drug development.  
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2.1. Introduction 

Oral drug performance is dependent on oral drug bioavailability, the rate and extent 

of drug reaching the systemic circulation unchanged. In addition to gut and hepatic 

metabolism, gastrointestinal (GI) absorption is a key factor influencing oral drug 

bioavailability. GI absorption is influenced by multiple factors, such as the extent and 

rate of drug dissolution, the formation of drug insoluble complexes, drug 

decomposition, and regional changes in drug permeability (1). Only the drug that is in 

solution will be absorbed, thus, the magnitude of dissolved drug concentrations in the 

lumen influences the rate and extent of drug absorption (1). Consequently, in the 

absorption process, drug solubility in GI fluids dictates the upper concentration limit. 

Both intrinsic (e.g. anatomical, physiological) and extrinsic (e.g. nutritional) age-

related changes will affect the composition of GI fluids, which will ultimately impact 

drug solubility in the GI tract of paediatric patients (2). There is a high rate of change 

of these intrinsic and extrinsic factors in the youngest subpopulations, especially 

during the first months of life (2). 

The Biopharmaceutics Classification System (BCS) classifies drugs into 4 categories 

according to their solubility and permeability (3). Drugs are assigned to one of the 

following categories: BCS class I (high solubility, high permeability), BCS class II 

(low solubility, high permeability), BCS class III (high solubility, low permeability) 

and BCS class IV (low solubility, low permeability). Over the years, the BCS has 

proved useful in several stages of adult drug development. For BCS class II and IV 

compounds, oral drug absorption will be limited by drug solubility. Age-related 

differences in GI fluids of paediatrics in comparison to adults can affect drug 

solubility, and thus, alterations in drug performance can occur (4). 
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In recent literature, the need for a Paediatric Biopharmaceutics Classification System 

(pBCS) has been highlighted (2); its development will allow a more simplistic way of 

understanding possible changes in oral drug performance in paediatrics. However, due 

to insufficient knowledge concerning the influence of growth and maturation on the 

GI tract, the establishment of a pBCS has not been possible so far. 

According to the adult BCS, drugs are classified as highly soluble if the highest dose 

strength is soluble in 250 mL (or less) of aqueous liquid at a relevant physiological pH 

range of 1.2–6.8 (2, 5, 6). Several issues arise concerning drug solubility classification 

within paediatrics, which include: (i). defining the highest single dose, (ii). defining 

the initial gastric volume that is available upon drug arrival, and (iii). establishing the 

luminal solubility of the drug; all of these factors vary amongst the paediatric 

subpopulations, hindering the development of a pBCS (2, 5, 6). 

Concerning drug permeability classification, drugs are classified as highly permeable 

when the extent of oral absorption (i.e. the fraction of dose absorbed) is greater than 

85% of the administered dose (2, 5, 6). If not available, correlations between in vivo 

and in vitro measurements of permeability are generally used, such as in vitro cell lines 

like Caco-2, or MDCK, as well as in silico models based on logP or logD data (4). 

Due to the controversial nature of using adult permeability data for paediatric subjects, 

and the scarcity of information on permeability in newborns and infants, establishing 

meaningful permeability criteria for these subpopulations has not yet been possible (2, 

5, 6). 

Heterogeneity of the paediatric population poses another hurdle in the establishment 

of a pBCS, where balance is needed to develop a simple tool that discriminates as 

much as possible the several paediatric subpopulations. While such a tool remains to 

be developed, extrapolation of the adult BCS classification should be performed with 
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care. The risk of using the BCS adult classification in paediatric drug development lies 

in possible shifts in the BCS classification of drugs due to alterations in the rate-

limiting step of absorption resulting from growth and maturation (7). For example, 

BCS class I and III drugs are eligible for the submission of BCS based biowaivers to 

regulatory agencies, such as the European Medicines Agency (EMA) and the United 

States Food and Drug Administration (FDA). Therefore, extrapolation of drug product 

bioequivalence, in specific cases, can be based on in vitro dissolution experiments (4, 

6). If age-related physiological and/or anatomical changes are responsible for shifts in 

the BCS classification as a result of differences in drug solubility and/or permeability 

classification, the BCS biowaiver status of a certain compound can be impacted for 

paediatrics. 

In the field of biopharmaceutics, biorelevant media that simulate the composition of 

GI contents in adults are commonly used. Recently, age-specific biorelevant media 

has been proposed for newborns (0–28 days) and infants (1–12 months) (4). The 

solubility of seven poorly water-soluble compounds was assessed in paediatric and 

adult biorelevant media to understand the impact of developmental differences in GI 

fluid composition on drug solubility. 

This study aimed to understand drug solubilisation as a function of age, and identify 

drugs at risk of altered drug solubility between newborns and young infants, and 

adults. The solubility of seven drugs was assessed in adult and paediatric age-specific 

biorelevant media, in fasted and fed state gastrointestinal (GI) simulated conditions. 

The characteristics of the investigated model drugs were restricted to include poorly 

water-soluble compounds, with a variety of physicochemical properties, and with 

documented usage in paediatrics and adults. Partial Least Squares regression (PLS-R) 

was used to evaluate the influence of drugs physicochemical properties and the 
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composition of gastrointestinal fluids, as well as their interactions, on the paediatric-

to-adult solubility ratio [Sp/Sa (%)].  

 

2.2. Materials and methods 

2.2.1. Materials 

Ultra-high-temperature treated whole cow's milk standardised to less than 4 % of fat 

was acquired from Sainsbury's, UK. Formula milk used in all experiments was First 

Infant Milk (cow's milk-based formula) (Cow & Gate, UK), and Wysoy (soy-based 

formula) (SMA - Nestlé, UK). Trifluoroacetic acid (TFA) [High-performance liquid 

chromatography (HPLC) grade], dimethyl sulfoxide (DMSO), sodium hydroxide, 

37% hydrochloric acid, sodium chloride, sodium acetate trihydrate, ammonium 

acetate (HPLC grade), phosphate buffer salt, acetonitrile (ACN) (HPLC grade) and 

methanol (MeOH) (HPLC grade) were purchased from Fisher Scientific (UK). 

Montelukast sodium, mebendazole, mesalazine, sodium oleate, pepsin (from porcine), 

formic acid, maleic acid, dialysis tubing (12-14,000 Da molecular weight (MW) cut-

off) and ammonium phosphate were obtained from Sigma-Aldrich Company Ltd., 

UK. Naproxen, amiodarone hydrochloride, nitrofurantoin and dipyridamole were 

obtained from VWR International, LLC. Water was ultra-pure (Milli-Q) laboratory 

grade. Sodium taurocholate (Prodotti Chimici Alimentari S.P.A., Italy), egg lecithin 

Lipoid EPCS (Lipoid GmbH, Germany) and glyceryl monooleate – Rylo Mg 19 

(Danisco, Denmark) were obtained from the specified sources. 

Polytetrafluoroethylene (PTFE) filters (13 mm, 0.45 μm) were purchased from Fisher 

Scientific (UK). 
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2.2.2. Instrumentation 

Equipment utilised in the investigation included a Buchi R114 Rotavapor 

(Switzerland), a Beckman Coulter J2-MC centrifuge (UK), a pH meter (Mettler 

Toledo InLab Expert Pro-ISM, Switzerland), a shaking water bath (model Grant SS40-

2, Grant Instruments, UK), and a vortex mixer Rotamixer (UK). HPLC analysis was 

performed using a Hewlett Packard Series 1100 system equipped with an autosampler, 

temperature-regulated column compartment, quaternary pump and diode array 

detector (DAD) (Agilent Technologies, UK). 

 

2.2.3. Drugs 

The solubility of seven poorly water-soluble compounds (BCS class II and IV) was 

investigated, including three weak bases (dipyridamole, mebendazole and 

amiodarone), two amphoteric compounds (mesalazine and montelukast), and two 

weak acids (nitrofurantoin and naproxen). The physicochemical properties of the 

model drugs used are presented in Table 2.1. 

The obtained results were combined with values from a previous study, where 

solubility in paediatric and adult media was obtained for seven additional poorly 

water-soluble compounds (neutral: griseofulvin, spironolactone, carbamazepine, and 

fenofibrate; weak acids: phenytoin and indomethacin; weak base: dapsone) (4). 
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Table 2.1. Physicochemical properties of the drugs used in this study, and respective chromatographic analytical conditions. 

Compound logP pKa 
MW 

(g/mol) 

BCS 

class 
Column Mobile phase 

Flow rate 

(ml/min) 

T 

(ºC) 

Injection 

volume (µl) 

λ 

(nm) 

Run 

time 

(min) 

HPLC 

method 

reference 

Mesalazine 
0.98 

(8) 

2.3 (acidic) 

& 5.69 

(basic) (8) 

153 (9) 
IV 

(10) 
c 

MeOH: H2O with 

0.01% TFA (5:95) 
1 40 20 304 10 (8) 

Montelukast 
8.79 

(11) 

2.7 (basic) & 

5.8 (acidic) 

(11) 

586 (9) II(11) b 

MeOH: Ammonium 

acetate buffer pH 5.5 

gradient e 

1 20 100 284 15 (12) 

Nitrofurantoin 
-0.47 

(9) 

7.2 (acidic) 

(13) 
238 (9) II (14) b 

MeOH: Phosphate 

buffer 0.05 M pH 3 

(40:60) 

1 25 50 360 6.5 (15) 

Naproxen 
3.18 

(9) 

4.18 (acidic) 

(16) 
230 (9) II (17) a 

ACN:H2O with 0.1 % 

Formic acid (40:60) 
1 40 100 239 6 (18) 

Dipyridamole 
2.74 

(19) 

5.7-6.4 

(basic) (19) 

(20) 

505 (9) II (20) b 
ACN:H2O with 0.1 % 

TFA (30:70) 
1 25 50 284 8 (21) 

Mebendazole 2.8 3.5 (basic) 295 (9) II (9) a 

MeOH: Ammonium 

phosphate 0.05 M pH 

5.5(70:30) 

1 25 100 313 6 (22) 

Amiodarone 
7.57 

(23) 

8.73 (basic) 

(23) 
645 (9) II (17) d 

MeOH: Phosphate 

buffer 0.05 M pH3 

(70:30) 

1 25 20 241 5 (22) 

 

a Waters Xbridge Shield RP18, 130Å, 150 X 4.6 mm, 3.5 µm b Kromasil 100 Å C18 250 x 4.6 mm 5 µm c Luna C18 (2) 250 x 4.6mm 3 µm d Agilent Zorbax 

300SB C8 3.5 µm 150 x 4.6 mm e Gradient elution for Montelukast was the following, % buffer = 90 at t = 0 min; % buffer = 50 at t = 2 min; % buffer = 10 at 

t = 4 min; % buffer = 10 at t = 12 min; % buffer = 90 at t = 12.3 min.
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2.2.4. Solubility studies 

Adult and paediatric biorelevant media were prepared according to Maharaj et al. 

(presented in Chapter 1. Table 1.3). Solubility experiments were performed using the 

shake flask method, in a shaking water bath (37 °C, 200 strokes/min) (7). All solubility 

assessments were conducted in triplicate. An excess of the solid drug was used to 

saturate the volume of the medium used. In aqueous-based media (i.e. FaSSGF, 

FaSSIF-V2 and FeSSIF-V2) experiments were conducted with 2 mL of medium in 

centrifuge tubes, and samples were collected at 24 h, filtered through 0.45 μm PTFE 

filters, diluted with fresh media and injected into the HPLC. For all the test drugs, 

filter adsorption studies were performed before the solubility measurements. No 

adsorption to the filters used was observed. In all media containing milk products (i.e. 

FeSSGF), membrane dialysis technique was used to separate the undissolved drug. In 

this case, excess solid was added to the outside of the dialysis membrane. Experiments 

using milk-based media were conducted in 15 mL centrifuge tubes with 5 mL of the 

respective medium outside the membrane and 1 mL inside of the membrane. For 

sample collection, tubes were taken from the water bath, the dialysis membrane was 

removed, and its contents were collected at 48 h (7). A longer dwell period was used 

for milk-based samples to ensure the solubility results were not limited by drug 

diffusion through the dialysis membrane. After collection, the milk-based media 

solubility samples (media within the membrane) were immediately centrifuged in 

1500 µl plastic centrifugation tubes (8000 rpm for 15 min at 4oC). 1000 µl of extraction 

solvent (methanol for all drugs, except for mebendazole and nitrofurantoin for which 

DMSO was used, and mesalazine for which 0.01 % TFA was used) was added to 500 

µl of the supernatant. The mixture was vortexed for 1 min and centrifuged at 8000 rpm 
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for 15 min at 4oC. The supernatant was filtered through a 0.45µm PTFE filter and 

injected into the HPLC.  

 

2.2.5. Chromatographic conditions for the analysis of the solubility samples 

Solubility samples were quantified using high-performance liquid chromatography 

with an ultraviolet detector (HPLC-UV). Analytical HPLC procedures were based on 

modifications of methods depicted in the literature and are denoted in Table 2.1. All 

calibration curves for aqueous-based media (FaSSGF, FaSSIF-V2, and FeSSIF-V2) 

were prepared with five standard concentrations created as mobile phase dilutions of 

a concentrated stock solution of drug dissolved in a compatible organic solvent. Milk-

based media standards were prepared in the same conditions as samples (i.e. created 

by dilution of the drug stock solution with fresh medium and treated as previously 

described). Stock solutions were prepared in methanol, except for mebendazole and 

nitrofurantoin which were prepared in DMSO and mesalazine which was prepared in 

a solution of methanol: water with 0.01% TFA (5:95). 

 

2.2.6. Treatment of in vitro solubility data 

Drug solubility differences between using paediatric medium and the corresponding 

reference adult medium were expressed as a ratio % [Sp/Sa (%)], where Sp is the 

solubility in each paediatric medium and Sa is the solubility in the respective adult 

medium. Sp/Sa (%) values lower than 100%, represent lower drug solubility in 

paediatric media when compared to adult reference media, and Sp/Sa (%) values 

higher than 100% represent the opposite. To denote relevant discrepancies in solubility 

between adults and paediatrics, biopharmaceutic risk assessment limits corresponding 

to reference values of 80 and 125% were set. Sp/Sa (%) ratios outside these limits 
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were considered at a higher risk of altered drug performance between paediatric and 

adult patients. 

Graphs were constructed to compare the paediatric-to-adult drug solubility ratio in 

biorelevant media [Sp/Sa (%)] ± SD in Microsoft Excel 2016, Office 365® (Microsoft, 

USA). For the correlation of drugs’ physicochemical properties and solubility ratio 

[Sp/Sa (%)], 3D scatter plots and contour plots were generated. The 3D scatter plots 

conveyed Sp/Sa (%) as a function of logP and ionised (%) and were constructed using 

Minitab® 19.2020.1 (©2020 Minitab, LLC, USA). The contour plots portraying drug 

Sp/Sa (%) as a function of drugs logP and medium bile salts concentrations were 

generated using SigmaPlot 13.0 (SystatSoftware Inc, USA). 

 

2.2.7. Statistical Analysis 

All statistical evaluations were performed with XLSTAT® add-in (Addinsoft, USA) 

for Microsoft Excel 2016, Office 365® (Microsoft, USA).  

One-way analysis of variance (ANOVA) with a post-hoc Tukey's multiple 

comparisons test was performed to assess statistical significance between drug 

solubility in each set of simulated fluids (i.e. neonate, infant and adult FaSSGF, etc.) 

using a significance level of p ≤ 0.05.  

Partial Least Squares Regression (PLS-R) analysis was performed due to its ability to 

deal with collinearity between independent variables (24). Sp/Sa (%) was set as the 

response variable for the PLS-R analysis. Explanatory variables were set as drugs 

physicochemical properties [i.e. logP, ionised (%) (positive value for compounds with 

a basic pKa, and a negative value for compounds with an acidic pKa, obtained from 

ACD/Labs© 2010-2018), MW], changes in media components when comparing 

between paediatric and adult biorelevant media  (i.e. pepsin, bile salts, lecithin, sodium 
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oleate, glyceryl monooleate, fat (%), sugar (%), protein (%), etc.), and interaction 

terms between medium and drug individual variables. A schematic of the independent 

variables and interaction terms used for each model is presented in Figure 2.1. 

The influence of "Bile salts and Lecithin (BSs & LC)" was evaluated as a composite 

independent variable comprised of sodium taurocholate (NaTC) and lecithin. The 

variable "fat products" is also a composite variable, representing concentrations of 

sodium oleate and glyceryl monooleate. The ratio of the individual components for 

each of these composite variables is maintained throughout each paediatric medium. 

The PLS-R analysis was conducted for the seven compounds investigated in this study 

and for the additional seven compounds investigated in a previous study (4). The PLS-

R regression generates components, based on the defined independent variables to 

explain the response (25). The number of components will be lower than the initial 

independent variables selected for the PLS-R models. The PLS-R components are 

built iteratively so that they explain as well as possible the variability of Y (also known 

as response and dependent variable). The model quality was evaluated on the square 

of the coefficient of determination (R2) and goodness of prediction (Q2), where R2 and 

Q2 close to 1 represent a good model fit and a high predictive power, respectively (26). 

The number of principal components for each model was selected based on the 

model’s optimum Q2 value and predicted residual error sum of squares (PRESS) (24, 

25, 27). A Q2 value higher than 0.5 is considered acceptable for good model 

predictability (26). The PLS-R is built and evaluated based on full cross-validation 

(leave-one-out procedure). Independent variables are considered to have an impact on 

the response if Variable Importance In Projection (VIP) values are higher than 1.0, 

whereas 0.7-1.0 values are regarded as variables with moderate impact, and values 

lower than 0.7 are generally regarded as insignificant (24, 25, 27). Standardised 
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coefficients are generated for each independent variable and selected interactions. 

These coefficients are related to the independent variables and the response variance 

and are normalised for the variation of Y. The normalisation of the coefficients is 

accomplished by dividing the non-standardised coefficient values obtained for each 

independent variable by its respective standard deviation (SD) (25). In the PLS-R 

analysis, the generation of standardised coefficients allows comparison between 

variables within a model but not between different models (25). Outliers can be 

identified by comparison of the distance of each observation to the model in the Y-

plane (DModY) with their calculated critical value (DCrit(Y)); an outlier is present if 

the standardised DCritY for an observation is greater than DCritY (28-30). 
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Figure 2.1. Variables present in each model investigated (fasted gastric; fed gastric; fasted 

intestinal and fed intestinal). Drug properties were maintained in all models, and media 

properties were selected according to changes between paediatric and adult media. 

Investigated interactions (between drug properties and media properties) are also described, 

where interactions coloured in purple represent interactions with VIP values lower than 0.7. 
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2.3. Results  

2.3.1. Drug solubility assessments 

Drug solubility values in adult reference media (i.e. FaSSGF, FeSSGF, FaSSIF-V2 

and FeSSIF-V2) are presented in Table 2.2. 

Solubility results measured in each paediatric medium vs solubility in the respective 

adult medium are expressed as ratio Sp/Sa (%) (Figure 2.2). In the following sections, 

differences in solubility in paediatric media in comparison to adult media will be 

explored.  

 

2.3.1.1. Fasted gastric simulated fluids 

Two paediatric media simulating the fasted gastric fluids of newborns (Pn-FaSSGF) 

and infants (Pi-FaSSGF) were tested. Lower concentrations of pepsin, bile salts and 

lecithin are present in the paediatric media in comparison to the adult respective 

medium. Six of the seven compounds (all except dipyridamole, a weak base with logP 

of 2.7) exhibited lower solubility in at least one of the paediatric gastric media (Pn-

FaSSGF and Pi-FaSSGF). From the amphoteric compounds, montelukast (pKa of 2.7 

(basic) & 5.8 (acidic) and clogP 8.8) showed differences in Sp/Sa (%) in at least one 

of the paediatric fasted gastric fluids, with mean Sp/Sa (%) outside the 80-125% 

threshold (Figure 2.2a) in the newborn's gastric simulated fluids. However, no 

statistically significant differences were observed between the solubility in the 

different fasted gastric media investigated.  

From the weak acids investigated in this study, solubility was similar between all the 

tested adult and paediatric fasted gastric fluids. In the previous study, Sp/Sa (%) fell 

outside the limits of 80-125% for indomethacin (weak acid, logP 4.3) in the newborn's 

gastric media (Pn-FaSSGF).



   
 

115 

Table 2.2. Mean solubility data ± Standard deviation (SD) (µg/mL) in adult biorelevant media representative of GI conditions (n = 3). 

 

Adult Biorelevant 

media 

Solubility (µg/mL) 

Mesalazine Montelukast Nitrofurantoin Naproxen Dipyridamole Mebendazole Amiodarone 

FaSSGF 
3202.04 ± 

119.20 
0.85 ± 0.18 196.08 ± 11.73 30.65 ± 1.32 

11524.19 ± 

570.44 
39.51 ± 4.45 18.82 ± 1.90 

FeSSGF 
1717.76 ± 

392.37 
- 389.56 ± 6.35 

710.24 ± 

26.65 
158.27 ± 7.22 4.37 ± 0.90 - 

FaSSIF-V2 
2664.58 ± 

145.74 
8.28 ± 1.02 215.67 ± 1.96 

1910.34 ± 

94.91 
11.86 ± 0.17 1.39 ± 0.16 24.88 ± 4.84 

FeSSIF-V2 
2882.02 ± 

68.37 
38.57 ± 9.15 209.40 ± 3.22 

944.61 ± 

42.83 
81.38 ± 1.74 3.51 ± 0.17 652.19 ± 74.82 
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From the weak bases investigated in this study, amiodarone (logP 7.6) showed 

differences in Sp/Sa (%) in both paediatric fasted gastric fluids, with mean Sp/Sa (%) 

outside the 80-125% threshold (Figure 2.2a) and significant differences between 

amiodarone solubility in the paediatric (Pn-FaSSGF and Pi-FaSSGF) and adult media 

(p ≤ 0.05). Dipyridamole was the only weak base that showed higher solubility in both 

paediatric gastric fluids, however, these differences were not statistically significant.  

All neutral compounds were investigated in the previous study and showed that 

carbamazepine (logP 2.5) and fenofibrate (5.3) solubility in paediatric gastric fluids in 

comparison to adult gastric fluids was both statistical different (p≤0.05) and outside 

the purported bioequivalence criterion for two compounds, fenofibrate and 

carbamazepine (4). The results suggest that high lipophilic compounds (logP>4) are 

at a higher risk of alterations in drug solubility. 

 

2.3.1.2. Fed gastric simulated fluids 

Paediatric media simulating fed gastric conditions (Pnc-FeSSGF and Pns-FeSSGF) 

display different composition from the corresponding adult medium in terms of buffer 

capacity, osmolality, pH, and type of milk (cow formula and soy formula). 

Equilibrium dialysis was used to separate undissolved drug in fed state gastric media 

(all milk-based media), to ensure consistency with the previous solubility study in 

paediatric media (4). However, the technique was found unsuitable for montelukast 

and amiodarone. This assertion was based on the use of a confirmation technique, 

centrifugation followed by protein precipitation of the supernatant and sample 

treatment for the extraction of the dissolved drug, performed for adult fed gastric 

medium (FeSSGF). The solubility of montelukast and amiodarone by equilibrium 

dialysis was ~10-fold below the observed solubility using centrifugation, and samples 
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presented high variability; therefore, results are not presented in this study. Four drugs 

out of the seven drugs tested in this study exhibited Sp/Sa (%) outside of the 80-125 

% limits for at least one of the newborns fed gastric media (Figure 2.2b). For the 

amphoteric compound tested, mesalazine (pKa of 2.3 (acidic) & 5.7 (basic) and logP 

0.98) solubility differences in both pediatric media were not significantly different (p 

≥ 0.05) from drug solubility values in adult biorelevant medium (FeSSGF), nor when 

comparing solubility values between the two pediatric medium (Pnc-FeSSGF and Pns-

FeSSGF). The adult medium representative of fed gastric fluids (FeSSGF) presents a 

pH of 5, whereas both paediatric media simulating newborns fed with cow and soy 

formula (Pnc-FeSSGF and Pns-FeSSGF, respectively) have a pH value of 5.7. Thus, 

differences observed for ionisable compounds are, in part, related to higher or lower 

ionisation in the paediatric media, based on the drug ionisation properties. From the 

weak acid compounds tested, naproxen (logP of 3.2) showed significantly higher 

solubility in both paediatric media when compared to solubility in adult media. 

Naproxen Sp/Sa (%) was also outside the 80-125% limits set in this study for both 

paediatric media [containing cow (Pnc-FeSSGF) and soy formula milk (Pns-

FeSSGF)]. This can be attributed to the ionisation state of the compound since 

naproxen has an acidic pKa of 4.18, and therefore shows a higher ionised (%) in both 

media reflective of newborns conditions in the fed state.  

From the weak bases tested, mebendazole (logP of 2.8), showed lower solubility in 

both paediatric media (Pnc-FeSSGF and Pns-FeSSGF), however, these differences 

were not significant when compared to solubility in adult media and were not outside 

the 80-125 % limits for the Sp/Sa (%). For the weak base dipyridamole, significantly 

higher solubility values in Pns-FeSSGF (medium containing soy formula) were 

observed in comparison to solubility in adult media; conversely, significantly lower 
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solubility was observed in Pnc-FeSSGF (medium containing cow formula). These 

results suggest that different types of feeding may lead to changes in drug solubility. 

The solubility of dipyridamole has been previously measured in aspirates of human 

gastric fluids that were collected after administration of 500 mL Ensure plus to healthy 

adults (31), and it was shown that differences in GI fluid composition as a function of 

time after food ingestion influenced the solubility of dipyridamole (31). 

In the previous study, Sp/Sa (%) fell outside the limits of the 80-125% for five drugs 

(two neutral compounds: carbamazepine, griseofulvin; one weak base: dapsone; and 

two weak acids: phenytoin, and indomethacin) for at least one of the newborn media.  
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Figure 2.2. Paediatric-to-adult drug solubility ratio in biorelevant media [Sp/Sa (%)] ± SD in 

(a) fasted and (b) fed gastric simulated fluids. The solubility of compounds noted with (R) 

have been investigated in a previous study and are displayed for reference (4). Dotted lines 

represent the 80-125% boundary. Statistically significant solubility differences (p ≤ 0.05) 

compared to a - adult medium; n - newborns medium, are denoted by the indicated letters. 

Media are denoted as follows: Pi-FaSSGF (Infant FaSSGF), Pn-FaSSGF (Newborn FaSSGF), 

Pnc-FeSSGF (Newborn FeSSGF containing cow’s milk-based formula), Pns-FeSSGF 

(Newborn FeSSGF containing soy-based formula).  
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2.3.1.3. Fasted intestinal simulated fluids 

Literature review of paediatric bile salt concentration in the fasted intestine revealed 

high variability. To explore the impact of variability changes in bile salts 

concentrations in paediatric luminal fluids, two paediatric media were developed by 

Maharaj et al. (4). Consequently, media with 50% and 150% of bile salt (NaTC) and 

lecithin values of respective adult biorelevant medium (FaSSIF-V2) were used in this 

study (4). When compared to adult fasted state intestinal simulating fluids (FaSSIF-

V2), drug solubility in paediatric media fell outside of the threshold of 80-125% for 

four drugs (Figure 2.3a). Five of the seven compounds studied showed lower 

solubility when bile salts and lecithin concentrations were decreased (medium with 

50% [NaTC] = 1.5 mM) and higher solubility values were observed when bile salts 

were increased (medium with 150% [NaTC] = 4.5 mM).  

From the amphoteric compounds, statistically significant differences were found for 

montelukast (pKa of 2.7 (basic) & 5.8 (acidic) and clogP 8.8) solubility in paediatric 

fluids simulating higher concentrations of bile salts (P150%-FaSSIF) when compared 

to adult fasted intestinal medium (FaSSIF-V2).  

From the weak acids, naproxen did not follow the general trend observed and showed 

significantly lower solubility in P150%-FaSSIF when compared to adult FaSSIF-V2, 

however, the Sp/Sa (%) was inside the 80-125% boundaries. 

For the weak bases amiodarone, dipyridamole, and mebendazole, solubility was 

significantly different (p ≤ 0.05) in both paediatric fasted state intestinal media (P50%-

FaSSIF and P150%-FaSSIF) when compared to the reference adult medium (FaSSIF-

V2).  

In the previous solubility study, Sp/Sa (%) fell outside the 80-125% threshold for 6 of 

the 7 compounds (all except dapsone, a weak base with logP of 0.97) determinations 
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in both paediatric media; moreover, statistically significant drug solubility differences 

(p≤0.05) were also observed in at least one of the paediatric FaSSIF media in 

comparison with drug solubility in adult FaSSIF-V2 (4). 

 

2.3.1.4. Fed intestinal simulated fluids 

Maharaj et al. developed paediatric media to simulate the intestinal fluids of 

breastfeeding newborns (Pnb-FeSSIF), newborns fed with cow's formula milk (Pnc-

FeSSIF) and infants fed with cow's formula milk (Pi-FeSSIF) (4). Differences in 

paediatric fed state intestinal simulating fluids were designed to simulate the decreased 

concentrations of bile salts, lecithin, sodium oleate, glyceryl monooleate, and 

osmolality. Four out of seven compounds showed Sp/Sa (%) values that fell outside 

the 80-125% threshold (Figure 2.3b). Six out of the seven compounds displayed lower 

solubility in at least one of the paediatric fed state intestinal media (Pnb-FeSSIF, Pnc-

FeSSIF, and Pi-FeSSIF), likely due to the lower concentrations of bile salts and 

lecithin. 

From the amphoteric compounds tested in this study, montelukast (pKa of 2.7 (basic) 

& 5.8 (acidic) and clogP 8.8) showed significantly higher solubility in Pnc-FeSSIF 

when compared to Pnb-FeSSIF and adult FeSSIF-V2. Moreover, paediatric-to-adult 

solubility ratios calculated for montelukast were outside of 80-125% limits for two of 

the paediatric media (Pnc-FeSSIF and Pi-FeSSIF). 

For the weak acids tested in this study, Sp/Sa (%) was outside the 80-125% for the 

paediatric medium Pnc-FeSSIF, and solubility was significantly lower when compared 

to the adult FeSSIF-V2. 

For all weak bases tested in this study (amiodarone, mebendazole, and dipyridamole), 

significant differences were observed in drug solubility in all paediatric media (Pnb-
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FeSSIF, Pnc-FeSSIF, and Pi-FeSSIF) when compared to the reference adult medium 

(FeSSIF-V2). These compounds also showed differences between the solubility in 

newborn and infant fed state intestinal media (Pnb-FeSSIF and Pnc-FeSSIF vs Pi-

FeSSIF). Amiodarone (logP of 7.6) solubility was extremely lower in paediatric media 

when compared to the adult medium. Solubility of amiodarone has been previously 

shown to be very sensitive to changes to lecithin concentrations present in biorelevant 

media (21). 

For 3 compounds previously investigated (fenofibrate, griseofulvin, and phenytoin) 

Sp/Sa (%) was below 80% of adult values in at least one of paediatric newborn FeSSIF 

(Pnb-FeSSIF and Pnc-FeSSIF) (4). With regards to the infant medium (Pi-FeSSIF) 

Sp/Sa (%) fell within the 80–125% of adult values for all compounds investigated. 
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Figure 2.3. Paediatric-to-adult solubility ratio in biorelevant media [Sp/Sa (%)] ± SD in (a) 

fasted and (b) fed intestinal simulated fluids. The solubility of the compounds noted with (R) 

have been investigated in a previous study and are displayed for reference (4). Dotted lines 

represent the 80-125% boundary. Statistically significant solubility differences (p≤0.05) 

compared to: a - adult medium, i - infant medium, n - newborns medium, and b - P150%-

FaSSIF medium, are denoted by the corresponding letters. Media are denoted as follows: 

P150%-FaSSIF (Paediatrics FaSSIF comprised with 4.5 mM NaTC), P50%-FaSSIF 

(Paediatrics FaSSIF comprised with 1.5 mM NaTC), Pi-FeSSIF (Infant FeSSIF), Pnb-FeSSIF 

(Newborn breast-fed FeSSIF), and Pnc-FeSSIF (Newborn formula-fed FeSSIF).  
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2.3.2. Correlation of drugs’ physicochemical properties and solubility ratio 

The 3D correlations of Sp/Sa (%) vs drug logP and ionised (%) for the fasted and fed 

state of the GI tract are presented in Figure 2.4. A trend of decreasing Sp/Sa (%) with 

increasing lipophilicity was observed, regardless of the ionisation state in the fasted 

gastric paediatric fluids (Figure 2.4a). The highest paediatric-to-adult solubility ratios 

[Sp/Sa (%)] were observed for indomethacin (weak acid) and amiodarone (weak 

bases) which are the most lipophilic compounds from their respective groups, with a 

logP of 4.3 and 7.6, respectively. 

 

 

Figure 2.4. 3D scatter plot of mean paediatric-to-adult solubility ratio [Sp/Sa (%)] as a 

function of logP and ionised (%) for the: (a) Fasted gastric simulated fluids; (b) Fed gastric 

simulated fluids; (c) Fasted intestinal simulated fluids; (d) Fed intestinal simulated fluids.  

 

In paediatric fed gastric simulated fluids, a trend was observed for the compounds with 

higher negative ionised (%) to display a higher Sp/Sa (%) (Figure 2.4b).  

In the fasted state intestinal fluids, it was observed a general trend for the effect of the 

increase in bile salts and lecithin concentrations on Sp/Sa (%), specifically for weak 

bases with a higher ionised (%) (i.e. higher than 40%) and/or with high lipophilicity 

(i.e. higher than logP = 3) (Figure 2.4c); consequently higher differences between 
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adult and paediatric solubility were observed for weak bases in paediatric FaSSIF. In 

fed state simulated intestinal fluids (Figure 2.4d), differences between paediatric and 

adult solubility were observed for ionised and non-ionised compounds. Larger 

differences between paediatric and adult solubility (reflected as Sp/Sa (%) distant from 

100%) were visualised for weak bases when compared to weak acids and neutral 

drugs; moreover, lower solubility in paediatric fed intestinal fluids was observed as 

drug logP increased.  

 

The correlation between paediatric and adult solubility ratios [Sp/Sa (%)] and the 

medium bile salts (NaTC) concentrations and logP is presented in Figure 2.5. For 

montelukast (logP of 8.8), a general trend was identified for an increase in Sp/Sa (%) 

with the increasing bile salts concentrations (Figure 2.5a). All weak bases were 

affected by the concentration of bile salts, with a trend for higher Sp/Sa (%) in media 

with higher content of bile salts observed. Additionally, the lipophilicity of weak bases 

appears to be correlated to the level of impact of changes in bile salts concentrations 

on drug solubility. In comparison, only extremely lipophilic weak acids appeared to 

be affected by changes in medium bile salts concentrations, and no major changes in 

Sp/Sa (%) are observed for compounds with logP values below 5 (Figure 2.5b).  
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For neutral compounds (Figure 2.5d), except for fenofibrate and carbamazepine, no 

differences were observed between paediatric and adult drug solubility values. For 

fenofibrate, Sp/Sa (%) were always lower than 80% in all bile salt concentration levels. 

 

 

Figure 2.5. Contour plots of average paediatric-to-adult solubility ratio [Sp/Sa (%)] according 

to rank-ordered logP (drugs were ordered as a function of logP from -0.47 to 9) and by rank-

ordered by the concentration of bile salts in each paediatric medium (from the medium with 

lower amounts of NaTC to the higher amounts of NaTC): (a) ampholyte compounds; (b) weak 

acids; (c) weak bases; (d) neutral. Note different scaling. 

 

2.3.3. Multivariate Statistical Analysis 

2.3.3.1. Fasted gastric simulated fluids 

The PLS-R model for the paediatric fasted gastric conditions was constructed using 

Sp/Sa (%) in newborn and infant media (Pn-FaSSGF and Pi-FaSSGF) as the 
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dependent variable and the independent variables (as described in Figure 2.1). The 

model was best defined by two principal components and accounted for a low 

percentage of variability in the dependent variable (R2 = 0.37) and a limited predictive 

power (Q2 = 0.25). The model depicted that lipophilicity (logP), and MW were the 

most important factors (VIP higher than 1) affecting Sp/Sa (%). Negative standardised 

coefficient values associated with drug logP and MW (Figure 2.6a) indicate that these 

variables showed a negative effect on the Sp/Sa (%). Interactions between logP or MW 

and media properties (BSs & LC and pepsin concentrations) showed VIP values higher 

than 0.7 indicating a moderate potential for describing differences between paediatric 

and adult solubility values. 

 

 

Figure 2.6. Standardised coefficients in (a) fasted and (b) fed paediatric gastric fluids 

corresponding to the variables investigated in each model. Blue dark colour denotes 

coefficients of VIP ≥ 1.0 (significant impact), and light blue colour represents variables with 

VIP ≥ 0.7 (moderate impact), which are considered to affect the solubility ratios between 

paediatric and adult media [Sp/Sa (%)]. 

 

2.3.3.2. Fed gastric simulated fluids 

The PLS-R model of drug solubility differences in the paediatric fed gastric state was 

best described by two principal components and showed an R2 of 0.75 and acceptable 

predictive power (Q2 = 0.56). The model showed that drug ionised (%) and 

lipophilicity (logP) are the two single factors with the highest effect on Sp/Sa (%) (VIP 
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≥ 1). Based on standardised coefficient values (Figure 2.6b), logP, MW, and ionised 

(%) were negatively correlated with paediatric-to-adult solubility ratios Sp/Sa (%). 

Ionised (%) was the variable with the highest absolute standardised coefficient value, 

indicating that it has the highest effect on the Sp/Sa (%). Additionally, interactions 

between ionised (%) or MW, and meal properties (such as fat and protein content), 

significantly affected the paediatric-to-adult solubility ratio (%), indicating the 

complex interplay of drug and media properties on influencing drug solubility in 

paediatric GI fluids.  

 

2.3.3.3. Fasted intestinal simulated fluids 

The PLS-R model for paediatric fasted intestinal state achieved optimum Q2 with only 

one principal component and showed a good fit to the experimental data (R2 = 0.73) 

and good predictive power (Q2 = 0.61). The model revealed that BSs & LC was the 

only significant single factor influencing the solubility between paediatrics and adults 

[Sp/Sa (%)] (Figure 2.7a). Based on the standardised coefficient values, BSs & LC is 

positively correlated to the solubility differences between adults and paediatrics. All 

interaction terms with BSs & LC also showed a positive effect on the solubility ratio 

(Sp/Sa (%)), which suggests that drugs with higher lipophilicity, high molecular 

weight, and ionisable properties are at a higher risk of showing solubility differences 

between adults and paediatrics if differences in bile salts concentrations are observed. 
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Figure 2.7. Standardised coefficients in (a) fasted and (b) fed paediatric intestinal fluids 

corresponding to the variables investigated in each model. Blue dark colour denotes 

coefficients of VIP ≥ 1.0 (significant impact), and light blue colour represents variables with 

VIP ≥ 0.7 (moderate impact), which are considered to affect the solubility ratios between 

paediatric and adult media [Sp/Sa (%)]. 

 

2.3.3.4. Fed intestinal simulated fluids 

The PLS-R model for paediatric fed state intestinal media showed a good fit to the 

experimental data (R2 = 0.74) and good predictive power (Q2 = 0.79), using one 

principal component. The model showed that drug logP, MW and ionised (%), and 

BSs & LC were the most significant factors influencing Sp/Sa (%) (Figure 2.7b). 

Based on the standardised coefficient values, BSs & LC displayed a positive influence 

on the Sp/Sa (%), while drug lipophilicity (logP), ionised (%) and MW showed a 

negative effect on Sp/Sa (%). Interactions of the drug properties with BSs & LC were 

moderately important interactions (VIP > 0.7) and displayed a positive effect on Sp/Sa 

(%). Note that montelukast results in the fed intestinal media was identified by 

preliminary analysis as outliers (data not shown), and excluded in the PLS-R analysis 

for the fed intestinal media. This was related to the fact that Sp/Sa (%) in fed state 

intestinal fluids showed values lower than 100% for all drugs, except montelukast. 

The model quality (R2 and Q2) improved notably after the exclusion of montelukast. 

We hypothesise that this is related to the fact that for certain drugs solubility changes 

in paediatrics when compared to adults may not be fully predicted by the investigated 
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drug properties and/or media properties and might be related to other aspects that were 

not considered by the model.  

 

2.4. Discussion 

Differences in drug solubilisation between paediatric and adult biorelevant media were 

observed in the fasted and fed state gastrointestinal conditions. Of the compounds 

investigated in this study (n=7) nitrofurantoin (weak acid, logP -0.47) was the only 

one for which solubility differences between paediatric and adult biorelevant media 

were inside the 80-125% risk assessment limits for all paediatric media tested, and no 

significant solubility differences were found between adults and paediatrics. These 

results are probably related to nitrofurantoin low lipophilicity (logP = -0.47) and its 

acidic pKa of 7.2, meaning that it is primarily non-ionised in all the biorelevant media 

tested.  

 

For the fasted gastric state, a trend was identified for solubility ratios (Sp/Sa (%)) 

lower than 100%, which is in accordance to what was previously found (4). The 

solubility differences in the fasted state gastric media seemed to be related to 

compound lipophilicity, as three of the compounds that show the highest differences 

have a logP > 5 (fenofibrate, montelukast and amiodarone). These observations are 

further confirmed by the PLS-R analysis which showed that logP and MW were the 

most important factors responsible for solubility differences between paediatric and 

adult media (Figure 2.6). The fact that these variables display a negative effect on 

Sp/Sa (%) indicates that there is a potential risk for reduced drug solubility of high 

lipophilic/high MW compounds in the younger paediatric patients. Note that the fasted 

gastric model accounted for a low degree of variability of the response (R2 = 0.37) and 
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showed limited predictive power (Q2 = 0.25), therefore caution is granted for 

interpretation of the results.  

 

For the fed gastric state, drug lipophilicity and ionisation were shown to have a 

significant effect on the solubility differences between paediatric and adult fluids 

(Figure 2.6b) (7). Drug lipophilicity has been previously shown to play a role on the 

prominence of the impact of pH changes on drug solubility (32-34). Taking into 

account that solubility is highly driven by pH changes and that the paediatric fed 

gastric media is the only set of media with differences in pH when compared to the 

respective adult medium, changes in drug solubility in these media are expected to be 

more significant for ionised compounds. In the PLS-R analysis, a significant effect of 

ionised (%) on the Sp/Sa (%) (positive or negative) is related to the ionisation 

properties of the compound (weak acidic/weak basic pKa). For example, in the fed 

gastric state, higher differences between solubility in adults and paediatrics were 

observed for weak acids (specifically naproxen and indomethacin). For the majority 

of the weak bases, the opposite trend was observed, however, for dipyridamole (logP 

2.74), significantly higher solubility values in Pns-FeSSGF (medium containing soy 

formula), and significantly lower solubility was observed in Pnc-FeSSGF (medium 

containing cow formula) when compared to adult solubility in FeSSGF. Dipyridamole 

solubility in fed gastric paediatric media suggests that drugs might exhibit distinct 

affinities for infant cow or soy formula due to small differences in their composition, 

such as protein type, protein content, sugar content and fat content. This observation 

is supported by the PLS-R results, which shows for example that the interaction of 

ionised (%) and protein and fat are significant factors affecting Sp/Sa (%). The results 

from the statistical analysis show that differences in the composition between different 
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types of milk products (e.g. formula, cow's milk) can affect the solubility of drugs in 

GI fluids. Infant formula is developed to closely represent breast milk concerning the 

proportions of energy provided by macronutrients (proteins, fats and carbohydrates), 

however, differences with regards to fat, protein type (whey and casein protein from 

milk vs protein concentrate from soy), and whey to casein ratios of protein can be 

observed (4). In this study, Wysoy® by SMA® and First Infant Milk by Cow & Gate® 

were used as soy-based formula and cow-based formula, respectively, although 

protein content is similar for both formulas (1.8 g and 1.3 g per 100 mL of prepared 

formula, respectively), the type of protein is different. While the soy-based formula is 

comprised of soy protein isolate, in cow’s milk-based formula, whey (0.8 g) and casein 

proteins (0.5 g) are present. Furthermore, while total carbohydrate content is similar 

(6.9 g in soy-based formula and 7.2 g in the cow-based formula), only 2.5 g of sugar 

is present in Wysoy® compared to 7.2 g of sugar in First Infant Milk®, of which 7.0 g 

is lactose. It should be noted that lactose is not present in Wysoy®.  

In this study, the use of equilibrium dialysis for amiodarone (logP = 7.90) and 

montelukast (clogP = 8.79) was challenging, and results were not presented. 

Amiodarone and montelukast are extremely lipophilic (logP 7.6 and 8.8, respectively), 

with high MW (645 and 586, respectively), and also show high binding to plasma 

proteins (~ 97% and ~ 99% respectively, according to ACD/I-Lab©, 2010-2018 

ACD/Labs). Drug separation by equilibrium dialysis was also found to be ineffective 

in the previous study by Maharaj et al. (4). for fenofibrate, a compound with very 

similar characteristics, and for which haemodialysis is considered inefficacious (4). If 

the drug is highly bound to the milk proteins and fat globules, this could limit the 

diffusion of the solubilised drug through the membrane. Limitations of equilibrium 

dialysis have been previously reported during drug release studies (35, 36). Drug 
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adsorption to the dialysis membrane has also been reported as a limiting factor of this 

technique (37). Most of these issues could be potentially resolved if enough time is 

given for diffusion to occur, however, because this study aimed to compare results 

between drugs, it was key that the dwell period was the same for all drugs. 

 

In the fasted intestinal state, higher differences were found between paediatric media 

and the corresponding adult medium for the most lipophilic of the investigated 

compounds (montelukast, amiodarone and fenofibrate, for which logP is between 5 

and 8). Sp/Sa (%) of 5 out of the 14 investigated compounds were outside the 

biopharmaceutical risk assessment limits. It appears that weak bases were the 

compounds most prone to be affected by changes in the concentrations of BSs & LC. 

The statistical analysis confirmed this interpretation and showed that BSs & LC is the 

only individual variable influencing solubility differences (positive impact). 

Additionally, interactions between BSs & LC and drug properties contribute towards 

defining the extent and magnitude of observed drug solubility changes. Drug 

lipophilicity, MW and ionisation, showed a positive impact on Sp/Sa (%), therefore 

with higher BSs & LC concentrations and ionisable drugs with logP or MW, higher 

solubility ratios are expected (i.e. increased drug solubility in paediatric media in 

comparison to drug solubility in adult media).  

 

Sp/Sa (%) in fed state intestinal fluids showed values lower than 100% for all drugs, 

except montelukast. For this drug, a trend for higher Sp/Sa (%) was observed in all 

paediatric FeSSIF, although only the solubility in Pnc-FeSSIF was significantly 

different from adults (p ≤ 0.05). This is probably related to the fact that paediatric 

media contain a smaller amount of sodium chloride, therefore the solubility results are 
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probably related to a common-ion effect, since montelukast sodium was used in the 

experiments (38). Pnc-FeSSIF medium simulates newborns intestinal conditions 

following feeding with cow's milk formula which contains the highest content of fat 

digestion products (sodium oleate and glyceryl monooleate); this can most likely 

explain the higher solubility of montelukast (clogP = 8.8) in comparison to the 

remaining fed state intestinal media.  

 

The results of this study suggest that weak bases are at a higher risk of altered drug 

solubility in both fasted and fed intestinal fluids, as shown by the impact of ionisation 

as a single variable and/or the interaction of ionised drugs with BSs & LC. Moreover, 

the results observed in the fasted and fed intestinal PLS-R analysis (positive effect of 

BSs & LC on drug solubility changes between adults and paediatrics) are in agreement 

with previous literature reports where the concentration of physiologically relevant 

surfactants (i.e. sodium oleate, bile salt and lecithin) were revealed more important 

than other components of biorelevant media such as salt, buffer, and pancreatin, in 

modulating solubility in both fasted and fed intestinal fluids (32-34). Lipophilicity and 

MW were also critical on modulating paediatric solubility either individual variables 

or as interactions with BSs & LC. In accordance, Mithani et al. has previously shown 

that the solubilisation effect of bile salts (NaTC) increases with increasing drug 

lipophilicity, and that logP and MW can be used as a surrogate for predicting solubility 

as a function of bile salts concentrations (39). Drug MW was selected as an 

independent variable in the models (Figure 2.7) for the investigation of drugs’ 

physicochemical properties, due to its link to the volume/space that the drug occupies, 

which influences the way it will solubilise into micelles (40). Even though drug logP 

and MW often display collinearity, they represent different properties of a molecule. 
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For example, during dissolution studies, drug diffusion through a medium containing 

micelles will be influenced by the molecular weight of the drug, where larger drug-

micelle complexes will migrate slower (41).  

 

Due to the nature of the compounds selected for this study (poorly water-soluble, BCS 

class II and IV), drug solubility is more likely to play a role. For BCS class II 

compounds, solubility is the limiting step of absorption, which means that the 

absorption phase is highly influenced by the equilibrium solubility and the rate of 

dissolution in the GI fluids. While drug solubility will define the upper limit of 

absorption, it can also affect the drug dissolution rate. A decrease of drug solubility in 

paediatric GI fluids can result in a lower amount of drug available for absorption, 

which might result in differences in oral bioavailability. If solubility shows an impact 

on the rate of absorption, this is translated into changes in maximum drug 

concentration reached (Cmax) and/or changes in the time at which the maximum plasma 

concentration is reached (Tmax); on the other side, an impact of solubility on the extent 

of absorption will be reflected in the area under the concentration-time profile (AUC), 

and in the cumulative amount of drug eliminated. In this work, relevant differences in 

solubility between adults and paediatrics were assessed with pre-set biopharmaceutic 

risk assessment limits corresponding to reference values of 80 and 125%. Sp/Sa (%) 

ratios outside these limits were considered at a higher risk of altered drug performance 

between paediatric and adult patients. This strategy was selected for an initial 

evaluation of solubility changes between adults and paediatrics, however, it might be 

too simplistic, since oral drug absorption is a complex process. To conclude on the 

therapeutic impact of the results, changes in drug solubility should be considered 

alongside the remaining factors that have the potential to affect absorption, including 
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drug substance and formulation properties (i.e. dose administered, type of formulation, 

excipients present, and others), as well as physiological factors (i.e. gastric emptying, 

small intestinal transit times, intestinal surface area, and others). The incorporation of 

pediatric simulated GI fluid solubility into Physiologically based pharmacokinetic 

(PBPK) models offers the opportunity to mechanistically understand drug product 

behaviour in vivo. 

 

2.5. Conclusions 

Investigation of drugs’ solubility was performed for seven poorly water-soluble 

compounds in paediatric (i.e. representative of newborns and infants GI conditions) 

and adult biorelevant media. For the majority of the investigated compounds, drug 

solubility fell outside an 80–125% range from adult values in at least one of the 

developed paediatric media (5 out of 7). Compounds with the highest lipophilicity 

(logP) showed the greatest solubility differences between adults and paediatrics as 

opposed to hydrophilic compounds, of which solubilities were not significantly 

affected by changes in media composition. Moreover, the importance of food 

composition and meal properties (e.g. fat and protein content cow formula vs soy 

formula) on driving drug solubility was also demonstrated. From a clinical 

perspective, differences in drug solubility between adults and paediatrics can lead to 

changes in drug performance, such as deviations in extent/rate of drug absorption of 

orally administered drug products and, therefore, may comprise drug safety and 

efficacy. Solubility in newborns conditions was significantly different from infant 

conditions for eight out of the fourteen compounds investigated, demonstrating the 

importance of differentiating the two subpopulations (7). Further investigation of 

intraluminal changes in paediatric populations must be undertaken to continue the 
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development of representative paediatric GI fluids. This will allow the establishment 

of confidence in the paediatric biopharmaceutical methods discussed in this 

manuscript, which can be used to guide the development of age-appropriate 

medicines. 
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3. Chapter 3. Performance evaluation of paediatric medicines: 

age-related in vitro conditions 

 

Abstract 

Objectives: This study aimed to explore the potential of biopharmaceutical in vitro tools 

to predict drug product performance in paediatrics. Biorelevant dissolution set-ups were 

used to predict how age and medicine administration practices affect the in vitro 

dissolution of oral formulations of a poorly water-soluble compound, montelukast. 

Methods: Biorelevant age-appropriate dissolution studies of Singulair® (granules and 

chewable tablets) were conducted with the µDISS profiler™, USP 4 apparatus, and USP 

2 apparatus, and mini-paddle apparatus. Biorelevant fluids representative of adult and 

paediatric conditions were used during the dissolution studies. The biorelevant dissolution 

conditions were appropriately selected (i.e. volumes, transit times, etc.) to mimic the 

gastrointestinal conditions of each of the subpopulations tested. Partial least Squares 

regression (PLS-R) was performed to understand the impact of in vitro variables on the 

dissolution of montelukast.  

Key findings: Montelukast dissolution was significantly affected by the in vitro 

hydrodynamics used to perform the dissolution tests (µDISS profiler™: positive effect); 

choice of simulation of gastric (negative effect) and/or intestinal conditions (positive 

effect) of the gastrointestinal tract; and simulation of prandial state (fasted state: negative 

effect, fed state: positive effect). Age-related biorelevant dissolution of Singulair® 

granules predicted the in vivo effect of the co-administration of the formulation with 

applesauce or formula in infants. 

Conclusions: This study demonstrates that age-appropriate biorelevant dissolution testing 

can be a valuable tool for the assessment of drug performance in paediatrics.  
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3.1. Introduction 

Dissolution tests have become an essential tool in drug development, from early to 

late stages, for a wide range of applications including quality control, formulation 

development, in vitro-in vivo relationships, establishment of clinically relevant 

specifications, and investigation of potential food-effects (1, 2). To establish a good 

prediction of in vivo drug product performance, dissolution tests should be performed 

under physiologically relevant conditions by taking into consideration gastrointestinal 

fluid composition, gastric emptying, small intestinal transit times, and gastrointestinal 

volumes (2).  

An abundance of adult biorelevant in vitro tools has emerged allowing a better 

prediction of in vivo drug product performance in adults (1-3). However, the 

applicability of adult biorelevant dissolution methods for evaluating drug product 

performance for the development of age-appropriate medicines remains questionable. 

The paediatric population undergoes continuous physiological and anatomical 

changes throughout childhood (4, 5), making it highly unlikely for a single paediatric 

dissolution test to be able to represent newborns, infants, and children (6). The 

development of age-appropriate biorelevant dissolution methods is needed, and its 

relevance been highlighted by several research groups in recent publications (4, 5, 7-

11).  

A better understanding of the physiological and anatomical development changes is 

critical for the further development and optimisation of the current paediatric 

biopharmaceutical tools (4, 6). The composition of paediatric gastrointestinal fluids is 

affected by maturation changes, especially for newborns and young infants (5, 12, 13). 

Age-appropriate biorelevant media representative of newborns and infants (birth to 1 

year) in the fasted and fed state have recently been proposed by Maharaj et al. (12). 
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The proposed media gathers information on physiologically relevant components of 

GI fluids, such as pepsin concentrations, pH, osmolality, feed type for fed state media, 

concentrations of bile salts/lecithin and fat digestion products, and buffer capacity. 

Age-related changes in media composition have the potential to affect drug solubility 

and dissolution, which ultimately can lead to altered drug performance (12, 14). This 

is especially important for poorly water-soluble compounds, for which drug solubility 

differences between paediatric and adult media are highly related to the 

physicochemical properties of the drug (logP, molecular weight, and ionisation) and 

the composition of the biorelevant media (amount of bile salts/lecithin, and type of 

feeding) (14). The use of age-appropriate biorelevant media in dissolution experiments 

can improve the predictive power of the dissolution test, and an increased 

understanding of the in vivo drug behaviour, especially for formulations containing 

poorly water-soluble compounds.  

The simulation of hydrodynamics equally requires careful consideration of in vivo 

gastrointestinal transit times, motility and volumes, which are also affected by age (5, 

15). The volume of fluids available in the gastrointestinal tract will influence the 

disintegration and dissolution of a dosage form. For poorly water-soluble compounds, 

lower gastrointestinal fluid volumes might negatively affect the extent of drug 

dissolution (15). Both fasted and fed state volumes increase with age (15). In the fed 

state, gastrointestinal volumes are further affected by the type of food ingested, and 

the feeding schedules, which differ between paediatrics and adults. 

Gastric emptying times will determine the amount of time the drug will be in contact 

with the gastric fluids. For most drugs, the main site for absorption is the small 

intestine, which means that the gastric emptying rate will determine the rate and extent 

at which the drug will become available to be absorbed (16). Differences between 
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paediatric subpopulations and adults are observed in terms of gastric emptying, 

especially due to changes in food schedules, the caloric content of meals, and 

differences in the types of food consumed (5, 17). Finally, the in vivo hydrodynamics 

are related to the GI tract motility patterns, however, very little data is available 

regarding GI motility as a function of age; in vitro, the motility patterns can be 

represented as flow-rates /dip-rates/ agitation rates, according to the apparatus used 

(2).  

Further complications arise in paediatrics due to medicine manipulation practices, 

such as tablet crushing, capsule opening, and formulation mixing with different food 

and drinks that serve as vehicles for drug administration (18, 19). These drug handling 

practices can affect drug stability, solubility, and/or dissolution kinetics, which can 

result in differences in drug bioavailability between adults and paediatrics, leading to 

possible issues related to drug efficacy and safety (10, 20, 21).  

Age-appropriate biorelevant dissolution methods have been recently proposed to 

evaluate medicine co-administration with food and drinks (14). Drug dissolution was 

shown to be significantly affected by mixing the drug with different vehicles as well 

as by the time between preparation and testing of the vehicle-drug product mixtures 

(14). 

Although some examples of age-appropriate biorelevant dissolution testing have 

started to emerge in the literature, there is still limited evidence regarding the most 

appropriate biopharmaceutical tools to be used in the paediatric population (4, 8, 11, 

22). Reliable methods for the prediction of paediatric drug product performance are 

still needed. This will ensure that paediatric medicine development is supported by 

high-quality age-appropriate biopharmaceutical tools (4). Their applicability during 

the development of paediatric medicines is of extreme value to understand the 
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biopharmaceutical risk of age-related changes in absorption and explore ‘what if’ 

clinical scenarios.  

This study aimed to fill this gap and develop age-appropriate in vitro 

biopharmaceutical tools to understand drug product performance in paediatrics. 

Biorelevant dissolution set-ups were designed to understand how age and in vivo 

paediatric dosing scenarios impact in vitro drug dissolution performance.  

Montelukast [a poorly water-soluble compound, clogP = 8.8 & pKa = 2.7 (basic) and 

pKa = 5.8 (acidic) (23, 24)] was chosen as a model drug due to the availability of two 

marketed paediatric formulations: Singulair® chewable tablets (children) and 

Singulair® granules (infants) (25, 26). Montelukast is indicated in the treatment of 

chronic asthma, and/or exercise-induced asthma, and allergic rhinitis. The 

pharmacokinetics (PK) of montelukast oral granules and chewable tablets have been 

studied in adult and paediatric patients (children and infants). In in vivo studies with 

infants, Singulair® granules are mixed with food vehicles (applesauce and formula) to 

facilitate administration (25, 26).  

 

3.2. Materials and methods 

3.2.1. Materials 

Ultra-high temperature treated whole cow's milk standardised to less than 4% fat was 

acquired from Sainsbury's, UK. First Infant Milk Formula (cow's milk-based formula) 

(Cow & Gate, UK), and smooth applesauce was acquired from Sainsbury’s, UK. 

Ammonium acetate, acetonitrile (ACN), and methanol [High-performance liquid 

chromatography (HPLC) grade], 37 % hydrochloric acid, sodium hydroxide, sodium 

chloride, sodium acetate trihydrate, glacial acetic acid were purchased from Fisher 

Scientific (UK). Water was ultra-pure (Milli-Q) laboratory grade.  
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Montelukast sodium pharmaceutical secondary standard certified reference material, 

sodium oleate, pepsin (from porcine), maleic acid, were obtained from Sigma-Aldrich 

Company Ltd., UK. Singulair® granules and chewable tablets (4 mg) (Merck Sharp & 

Dohme Ltd, UK) were obtained from UK and Belgium pharmacies. Sodium 

taurocholate (NaTC) (Prodotti Chimici Alimentari S.P.A., Italy), egg lecithin Lipoid 

EPCS (Lipoid GmbH, Germany) and glyceryl monooleate – Rylo Mg 19 (Danisco, 

Denmark) were obtained from the specified sources.  

Regenerated cellulose [RC] membrane filters (13 mm, 0.45 µm) (Cronus®, UK), and 

glass microfiber syringe filters grade GF/D (13 mm, 2.7 µm) (WhatmanTM, UK), and 

porous full flow polyethylene cannula filters (10 µm) (Quality Lab Accessories LCC, 

USA) were used. Polytetrafluoroethylene (PTFE) filter (13 mm, 0.45 μm) were 

purchased from Fisher Scientific (UK) Mackerey Nagel (MN) grade GF4 (MN GF-4) 

filters (15 mm, 1,4 μm) were purchased from VWR, UK. Glass microfiber filters grade 

GF/F (24 mm, 0.7 µm) and GF/D (24 mm, 2.7µm) were Whatman™, UK. Glass wool 

was obtained from Sigma-Aldrich Company Ltd., UK. 

 

3.2.2. Methods 

3.2.3. Media used for dissolution studies 

Adult and paediatric biorelevant media were freshly prepared for each experiment, as 

described by Maharaj et al. (12). The formula used for the paediatric fed state gastric 

media representative of newborns (Pnc-FeSSGF) was prepared as per the 

manufacturer’s instructions: 1 scoop of powder (approximately 4.5 g) was added to 30 

mL of boiled cooled water. For the two-stage dissolution testing, double concentrated 

FaSSIF-V2 was prepared with an additional amount of sodium hydroxide to achieve 

the final composition of FaSSIF-V2 (pH 6.5) after its addition to the gastric phase.  
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3.2.4. In vitro dissolution studies 

3.2.4.1. µDISS profiler™ dissolution studies 

Dissolution experiments were carried out using a μDISS Profiler™ (Pion Inc., MA). 

The 4 mg paediatric clinical dose of Singulair® granules and crushed chewable tablet 

was down-scaled according to a final experimental volume of 20 mL, considering in 

vitro age-appropriate volumes (i.e. infants 150 mL, children 200 mL, and adults 500 

mL). For infants, children, and adults, the down-scaled doses were 0.53, 0.4, and 0.16 

mg, respectively. Dissolution experiments were conducted either with a single-stage 

approach or a two-stage approach as presented in Figure 3.1.  

 

Figure 3.1. Schematic of the dissolution set-ups in the µDISS profiler™ dissolution studies. 

 

For the single-stage dissolution set-ups, the formulation was added into 20 mL of 

dissolution medium. For the two-stage dissolution, the formulation was initially added 

to 10 mL of the fasted gastric medium (i.e. fasted simulated gastric fluid (FaSSGF) 

for adults and children scenarios, and infant fasted gastric fluid (Pi-FaSSGF) in the 

infant scenario). At 30 min, 10 mL of double concentrated fasted intestinal simulated 

fluid (FaSSIF-V2) was added to the dissolution vessel.  
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Samples were stirred at 300 rpm for all experiments and the concentrations of drug 

dissolved were monitored for 4 h. The temperature for all experiments was maintained 

at 37 °C by circulating water through a heating block mounted to the μDISS profiler™. 

Drug quantification was performed in situ by UV fibre optic dip probes (path length 5 

mm, with wavelength 300 to 400 nm) connected to the Pion® Rainbow Ultraviolet 

(UV) spectrometer system. Multiwavelength UV spectra were recorded at 30-second 

intervals. Calibration curves prepared in respective fresh media before the experiment 

(0.5 to 30 µg/mL), by appropriate dilutions of a 1 mg/mL stock solution of montelukast 

analytical standard in methanol. All experiments were performed in triplicate.  

 

3.2.4.2. USP 2 apparatus and mini-paddle apparatus dissolution studies 

Dissolution studies of 4 mg Singulair® granules or crushed chewable tablets were 

performed with a single-stage approach in either a USP 2 apparatus (Agilent 708-DS 

Dissolution apparatus; Agilent, USA) or a mini-paddle apparatus where TruAlign 200 

mL vessels and electropolished stainless steel mini-paddles were used (Agilent, USA). 

Experiments were conducted at 37 oC. Volumes were selected according to the 

respective age group tested (Table 3.1). The agitation rate in USP 2 apparatus was set 

at 50 revolutions per minute (rpm). For the mini-paddle apparatus agitation rate was 

set based on a speed factor of 2.5 between the paddle and mini-paddle hydrodynamics 

to reflect the agitation rate used in the USP 2 apparatus (27). Sample collection (2 mL 

samples withdrawn with corresponding medium replacement) took place at 5, 15, 30, 

45, 60, 75, 90, 120, 180 and 240 min, using a glass syringe (Fortuna Optima® fitted 

with a stainless tubing) through a cannula fitted with a 10 µm full-flow filter. After 

collection, aqueous-based samples were filtered through a 0.45 µm PTFE filter, treated 

(1000 µL of acetonitrile were added to 500 µL of the filtered sample), vortexed (HTZ, 
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Cheshire, UK) for 1 minute, and injected into the HPLC. Filter adsorption studies were 

performed in triplicate during preliminary studies. No adsorption issues onto the filters 

used in this study were observed. Milk- and formula-based samples were filtered 

through a 2.7 µm GF/D filter, treated with acetonitrile (1000 µL of acetonitrile were 

added to 500 µL of the filtered sample), vortexed for 1 min and centrifuged (8000 rpm, 

15 min, 4 oC) (Beckman Coulter J2-MC centrifuge, High Wycombe, UK). The 

supernatant was filtered through a 0.45 µm PTFE filter and injected into the HPLC. 

All experiments were performed in triplicate. To explore the dissolution performance 

of the drug products, and investigate if there were experimental issues (such as 

coning), dissolution tests were performed with Singulair® granules in FeSSGF media 

(500 mL) with the USP 2 apparatus at three agitation rate conditions; 50, 75, and 100 

rpm (data not shown). 
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3.2.4.3. USP 4 apparatus dissolution studies 

3.2.4.3.1. Dissolution studies simulating fasted and fed state 

Dissolution studies were conducted in an Erweka® flow-through dissolution tester 

(USP 4 apparatus; model DFZ720, Erweka GmbH, Germany) connected to an 

Erweka® Piston Pump (model HKP720). For the fasted state dissolution experiments, 

the USP 4 apparatus was equipped with Ø 22.6 mm cells (maintained at 37 ± 0.5 ◦C). 

A 5 mm size glass bead was positioned in the bottom of the cell, and glass beads (1 

mm size) were added to the conical part of each cell. On the top of the cell, Whatman® 

glass microfiber filters were used (GF/F and GF/D with pore sizes of 0.7 µm and 2.7 

µm, respectively). During the experiment, 4 mg Singulair® granules or 4 mg crushed 

chewable tablets were placed on top of the beads. Biorelevant media (adult and 

paediatric) was used as dissolution media. Duration of exposure to the various media 

and corresponding flow-rates were appropriately selected to mimic the fasted and fed 

state transit times and gastrointestinal volumes of each subpopulation. Flow-rates were 

selected to achieve a balance between the duration of the drug product exposure to the 

various media, and total fluid volumes, taking into account the lack of radial water 

flux in vitro (28). The in vitro conditions used are presented in Table 3.2. Experiments 

were run in open-loop mode, with fresh media continuously passing through the cells 

(29). Samples were collected in volumetric cylinders and exchanged every 15 min, 

diluted and assayed by HPLC. Experiments were run in triplicate.  
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Table 3.1. Experimental conditions used in the single-stage dissolution experiments 

conducted in the USP 2 and mini-paddle apparatus. 

Age 

group 

Fasted State 

Apparatus 

Gastric Conditions Intestinal Conditions 

Medium 
Volume 

(mL) 

Agitation 

(rpm) 
Medium 

Volume 

(mL) 

Agitation 

(rpm) 

Infants Mini-paddle Pi-FaSSGF 75 125 FaSSIF-V2 150 125 

Children Mini-paddle FaSSGF 100 125 FaSSIF-V2 200 125 

Adults USP 2 FaSSGF 250 50 FaSSIF-V2 500 50 

 Fed State 

Infants Mini-paddle 
Pnc-FeSSGFa 

/FeSSGFb 
150 125 Pi-FeSSIF 200 125 

Children USP 2 FeSSGF 350 50 FeSSIF-V2 700 50 

Adults USP 2 FeSSGF 500 50 FeSSIF-V2 900 50 

 

a Younger Infants and b Older Infants 

 

Abbreviations 

FaSSGF, adult fasted state simulated gastric fluids; FaSSIF-V2, adult fasted state simulating intestinal 

fluids; FeSSGF, adult fed state simulated gastric fluids; FeSSIF-V2, adult fed state simulated intestinal 

fluids; Pi-FaSSGF, paediatric fasted state gastric simulated fluids representative of infants (1–12 

months); Pnc-FeSSGF, paediatric fed state simulated gastric fluids representative of newborns (0–28 

days) fed cow’s milk-based formula; Pi-FeSSIF, paediatric fed state simulated intestinal fluids 

representative of infants. 
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For the fed state studies, USP 4 apparatus powder and granule cells were used 

(maintained at 37 ± 0.5 ◦C). A glass bead (5-mm diameter) was positioned in the apex 

of the flow-through cells. The lower conical part of the cell was filled with the 

formulation (4 mg Singulair® granules or 4 mg crushed chewable tablets) Glass wool 

(0.10 g) was placed on top of the formulation on the lower part of the cell. On the top 

of each cell, 0.30 g of glass wool was added, followed by an MN GF-4 1.4 μm filter. 

Experimental conditions are described in Table 3.2.  

Aqueous-based samples were filtered through a 0.45 µm PTFE filter, treated (1000 µL 

of acetonitrile were added to 500 µL of the filtered sample), and injected into the 

HPLC. Milk- and formula-based samples were treated (1000 µL of acetonitrile were 

added to 500 µL of the filtered sample), vortexed for 1 min, centrifuged (8000 rpm, 

15 min, 4 oC) and the supernatant was filtered through a 0.45 µm PTFE filter and 

injected into the HPLC. 
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Table 3.2. Experimental conditions used in the dissolution experiments conducted with the USP 4 apparatus.  

 Gastric Conditions Intestinal Conditions 

 Fasted state 

Age group 
Residence time 

(min) 

Flow-rate 

(mL/min) 

Volume 

(mL) 
Medium 

Residence time 

(min) 

Flow-rate 

(mL/min) 
Volume (mL) Medium 

Newborns (low) 0-45 2 90 Pn-FaSSGF 45-285 2 480 P50%-FaSSIF 

Newborns 

(high) 
0-45 2 90 Pn-FaSSGF 45-285 2 480 P150%-FaSSIF 

Infants 0-30 4 120 Pi-FaSSGF 30-270 3 720 FaSSIF-V2  

Children 0-30 8 240 FaSSGF 30-270 4 960 FaSSIF-V2  

Adults 0-30 12 360 FaSSGF 30-270 4 960 FaSSIF-V2  

 Fed State 

Newborns 0-120  2 240 Pnc-FeSSGF 120-360 3 720 Pnc-FeSSIF 

Younger 

Infants 
0-120 3 360 Pnc-FeSSGF 120-360 4 960 Pi-FeSSIF 

Older Infants 0-120 3 360 FeSSGF 120-360 4 960 Pi-FeSSIF 

Children 0-165 3 495 FeSSGF 165-405 5 1200 FeSSIF-V2  

Adults 0-90 8 720 FeSSGF 90-330 6 1440 FeSSIF-V2  

Abbreviations 

Dissolution set-ups: Newborns (low), Newborns gastric Pn-FaSSGF followed by P50%-FaSSIF; Newborns (high), Newborns gastric Pn-FaSSGF followed by P50%-FaSSIF; 

Media: FaSSGF, adult fasted state simulated gastric fluids; FaSSIF-V2, adult fasted state simulating intestinal fluids; FeSSGF, adult fed state simulated gastric fluids; FeSSIF-

V2, adult fed state simulated intestinal fluids; P150%-FaSSIF, paediatric fasted state intestinal simulated fluids formulated with bile salt concentrations 150% (i.e. 4.5 mM) 

of adult levels; P50%-FaSSIF, paediatric fasted state simulated intestinal fluids formulated with bile salt concentrations 50% (i.e. 1.5 mM) of adult levels; Pi-FaSSGF, 

paediatric fasted state gastric simulated fluids representative of infants (1-12 months); Pn-FaSSGF, paediatric fasted state gastric simulated fluids of newborns (0–28 days); 

Pnc-FeSSGF, paediatric fed state simulated gastric fluids representative of newborns (0–28 days) fed cow’s milk-based formula; Pnc-FeSSIF, paediatric fed state simulated 

intestinal fluids representative of newborns (0-28 days) fed cow’s milk-based formula; Pi-FeSSIF, paediatric fed state simulated intestinal fluids representative of infants. 
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3.2.4.3.2. Dissolution studies simulating medicine co-administration practices in 

infants 

According to the British National Formulary for Children (BNF-C), Singulair® 

granules may be swallowed or mixed with cold, soft foods (not liquid), and taken 

immediately (25). In the present study, in addition to the fasted direct administration 

of formulation scenario (as described in subsection 3.2.4.3.1), two additional scenarios 

were investigated: mixing formulation with formula milk or applesauce. These 

vehicles were selected due to their use of dosing vehicles for the administration of 

montelukast granules in the in vivo PK studies in infants (30-32). Because the prandial 

state of the patients was not reported in the in vivo study, both fasted and fed intestinal 

conditions were simulated in vitro. The USP 4 apparatus conditions for the simulation 

of medicine co-administration practices in infants are presented in Table 3.3. In the 

scenarios where the drug was mixed with vehicles, each sample was prepared by the 

addition of the formulation to 5 mL of applesauce/formula measured with a plastic 

syringe, followed by mixing with a stainless-steel spatula. On the top of the USP 4 

apparatus cell (Ø 22.6 mm cells, maintained at 37 ± 0.5 ◦C) a Whatman® glass 

microfiber filters, GF/F (0.7 µm), and a GF/D (2.7 µm), separated by a layer of 0.10 

g of glass wool were used for sample filtration. The remaining dissolution conditions 

(temperature, sampling points, sample collection, and treatment) were performed as 

described in the previous subsection (subsection:3.2.4.3.2.). 
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Table 3.3. In vitro conditions used in the USP 4 apparatus to study drug and food co-administration practices.  

Scenario Vehicle 

Gastric Conditions Intestinal Conditions 

Residence time 

(min) 

Flow-rate 

(mL/min) 

Volume 

(mL) 
Medium 

Residence 

time (min) 

Flow-rate 

(mL/min) 

Volume 

(mL) 
Medium 

FaG/FaI 
Direct (no 

vehicle) 

0-30 4 120 Pi-FaSSGF 30-270 

3 720 FaSSIF-V2  

FaG/FaI 

Applesauce 

3 720 FaSSIF-V2  

FaG/FeI 4 960 Pi-FeSSIF 

FaG/FaI 

Formula 

3 720 FaSSIF-V2  

FaG/FeI 4 960 Pi-FeSSIF 

 

Abbreviations 

FaG/FaI – Fasted gastric conditions followed by fasted intestinal conditions 

FaG/FeI – Fasted gastric conditions followed by fed intestinal conditions 
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3.2.5. Chromatographic conditions for drug quantification 

HPLC analysis was performed using a Hewlett Packard Series 1100 system equipped 

with an autosampler, temperature-regulated column compartment, quaternary pump, 

and diode array detector (DAD) (Agilent Technologies, UK). The chromatographic 

method used for the quantification of montelukast was a modification of the method 

by Raju NK et al. (33). A C18 column was used (Kromasil 100 Å C18 4.6 × 250mm, 

5µm). The injection volume was 100 µL. The temperature of the column compartment 

and the sample tray was set at 20°C. The mobile phase consisted of methanol: 

ammonium acetate buffer (50 mM; pH =5.5) (90:10v/v); the flow rate was 1 mL/min 

and the DAD detector was set at λ = 284 nm. The run time was set at 10 min. 

Quantification of montelukast in samples was performed with calibration curves of 

freshly prepared standard solutions (calibration curve range: 0.3–40 μg/mL). 

Standards were prepared in the medium of interest for each experiment by appropriate 

dilution of a 1 mg/mL stock solution of montelukast analytical standard in methanol. 

The limit of detection (LOD) and the limit of quantification (LOQ) were 0.12 and 0.3 

μg/mL, respectively.  

 

3.2.6. Statistical analysis of dissolution data 

To describe and compare the obtained drug dissolution profiles, the linear trapezoidal 

method was used to calculate the area under the curve of each dissolution profile over 

4 h (AUC0-4h) using Microsoft Excel 2016, Office 365® (Microsoft, USA). This 

allowed the use of a single representative value of drug dissolution to compare the 

different scenarios tested. 
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3.2.6.1. Multivariate statistical analysis of in vitro dissolution studies 

Dissolution studies investigated in the µDISS profiler™, USP 2 apparatus, mini-

paddle apparatus and USP 4 apparatus (fasted and fed state with direct administration 

of the formulation) were analysed with Partial least squares regression (PLS-R) 

analysis. The PLS-R was used to correlate the AUC0-4h (%dissh) (dependent variable) 

with the explanatory variables that described the dissolution set-ups used in the 

experiments. PLS-R analysis was performed with XLSTAT Software (an add-in for 

Excel, Microsoft). The explanatory variables were: (i). gastrointestinal compartment 

(gastric, intestinal, gastric/intestinal); (ii). prandial state (fasted or fed); (iii). 

formulation (granules or chewable tablets); and (iv). hydrodynamics (µDISS 

profiler™, USP 2 apparatus or mini-paddle and USP 4 apparatus). All explanatory 

variables were set as categorical variables. PLS-R analysis was grouped based on age: 

infants, children, and adults. For newborns, since the montelukast drug label does not 

recommend the use of this formulation in this age group, only exploratory dissolution 

studies were performed in the USP 4 apparatus; therefore, this age group was not 

included in the PLS-R analyses (26). The quality of the model was evaluated by the 

square of the coefficient of determination (R2) and goodness of prediction (Q2) (34-

36). Values close to 1 are indicative of good fit and prediction power, respectively. 

Full cross-validation (leave-one-out procedure) was used to develop and evaluate the 

regression model. The optimum number of calibration factors for each model was 

selected based on the optimum predictability of the model and predicted residual error 

sum of squares (PRESS) (34-36). Standardised coefficients are generated for each 

independent variable and selected interactions. Standardised coefficients indicate the 

relative effect (positive or negative) of their corresponding variables on the response 

(34-36). The variable importance in projection (VIP) value was used to evaluate the 
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importance of each factor on the model (34-36). Model variables with VIP values > 1 

were evaluated as the most important in explaining the variation in the dependent 

variable, while values between 0.7 and 1 were considered to have a moderate impact. 

Values < 0.7 were deemed not significant for the prediction of the dependent variable 

(34-36). 

 

3.2.6.2. Impact of medicine co-administration practices on drug dissolution 

performance in infants 

Dissolution studies simulating medicine co-administration practices in infants were 

analysed with one-way analysis of variance (ANOVA) with a post-hoc Tukey’s 

multiple comparisons test was performed (GraphPad Prism® v.6 Software) to 

investigate statistically significant differences (p < 0.05 noting significance level) in 

the in vitro AUC0-4h obtained for the different dosing scenarios tested.  

Plasma concentration-time of montelukast granules (4 mg) co-administered with 

formula or applesauce to 3 infant cohorts (formula: 1 to 3 months; applesauce: 3 to 6 

months and 6 to 24 months) were obtained from the literature (30-32, 37). The 

observed PK profiles found in the literature were digitalised with WebPlotDigitalizer® 

v4.1 software (38). Non-compartmental PK data analysis of the mean plasma 

concentration-time profile for each age group was performed with PKSolver® (add-in 

program for Microsoft Excel®) (39). In vitro AUC0-4h was compared to in vivo AUC0-

24h. 
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3.3. Results  

3.3.1. In vitro dissolution studies 

3.3.1.1. µDISS profiler™ dissolution studies 

Dissolution profiles of montelukast in the μDISS Profiler™ are presented in Figure 

3.1. The results show that montelukast dissolution was affected by dose/volume ratio 

and biorelevant media composition.  

In all the fasted gastric state set-ups, when testing with Singulair® granules, drug 

dissolution rate was initially (for the first 2 h) faster in adults when compared to 

infants. However, at the end of 4 h of dissolution, a higher % drug was dissolved in 

the infants set-up (97% drug dissolved) compared to adults’ scenario (76% drug 

dissolved). This observation was likely related to a higher dose to volume ratio 

representing infants’ dosing and gastrointestinal conditions after the administration of 

montelukast. Additionally, the infant fasted gastric simulated medium (Pi-FaSSGF) 

contains a lower concentration of bile salts and lecithin in comparison to the adults 

fasted gastric simulated medium (FaSSGF), which has been shown to affect negatively 

montelukast solubilisation (14). 

In the FaSSGF children set-up, a slight decrease in the concentration was observed 

after 1.30 h of dissolution of montelukast from the chewable tablets formulation 

(maximum concentration reached was approximately 15 µg/mL at 1.20 h, which then 

decreased to 9 µg/mL at the end of the dissolution test). This could indicate a small 

extent of precipitation due to the high dose/volume ratio used to represent children's 

dosing and gastrointestinal conditions, which is higher than the solubility of 

montelukast in FaSSGF (approximately 0.8 µg/mL) (14). As it is unlikely that 

montelukast would remain in the stomach for more than 1.30 h, this observation was 

not further investigated. Interestingly, although a higher dose/volume ratio was present 
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in the infants' set-up (dissolution testing with granules) when compared to the children 

set-up (dissolution testing with crushed chewable tablets), no sign of precipitation was 

observed for infants. These results reveal that montelukast dissolution in the fasted 

gastric state was affected by the type of formulation, which can also be observed by 

comparison with the results obtained with the adult set-ups (granules in comparison to 

crushed chewable tablets).  

In the fasted intestinal simulated state drug dissolution from both formulations was 

fast and complete between all age groups (> 85% dissolved at 4h).  

In the two-stage set-up (simulation of fasted gastric to intestinal dissolution), a smaller 

% drug dissolved from Singulair® granules (approximately 70% drug dissolved) was 

observed in comparison to single-stage dissolution in FaSSIF-V2 (approximately 90-

100 % drug dissolved), in both adults and children conditions. It is likely that media 

change, and montelukast lower solubility in gastric simulated fluids than in intestinal 

fluids, contribute to this difference (14). For the Singulair® crushed chewable tablets, 

the % drug dissolved at 4 h was approximately 100% in the adult fasted two-stage and 

single-stage intestinal dissolution set-ups. In children's two-stage dissolution set-up 

with Singulair® crushed chewable tablets, the % drug dissolved was lower than when 

testing under adult biorelevant conditions. The different dissolution behaviour in the 

two-stage fasted gastric set-up indicates that formulation characteristics might also 

impact montelukast’s dissolution.  
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Figure 3.2. Closed symbols represent the mean montelukast % dissolved [± standard deviation (SD)] (left Y-axis, closed symbols) and mean concentration of 

montelukast dissolved (µg/mL) (±SD) [right Y-axis, open symbols] from Singulair® granules and crushed chewable tablets in infants, children, and adults 

conditions with the µDISS Profiler™.  
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3.3.1.2. USP 2 apparatus and mini-paddle apparatus dissolution studies 

Montelukast dissolution from the Singulair® granules and crushed chewable tablets 

under adult and paediatric biorelevant conditions simulated in the USP 2 apparatus 

and mini-paddle apparatus are presented in Figure 3.3.  

In all the set-ups tested, montelukast dissolution from both test formulations was not 

complete (Figure 3.3.). In the fasted gastric simulated state, montelukast dissolution 

from both formulations was limited by its solubility (approximately 0.8 µg/mL in adult 

fasted gastric fluids (FaSSGF), Chapter 2). Montelukast dissolution extent was low 

for all age groups, ranging approximately 2 to 15% dissolved at 4 h.  

In the fed gastric simulated state, % drug dissolved was influenced by the volume of 

media used. An overall higher dissolution was observed in the adult set-up (28 and 

38% drug dissolved from Singulair® granules and crushed chewable tablets, 

respectively), in comparison to the children and infants’ dissolution set-ups.  

In the fasted intestinal state, the lowest % of drug dissolved at 4 h was observed in the 

children’s scenario, for both formulations. The % drug dissolved from the Singulair® 

granules was always lower when compared to the dissolution of Singulair® crushed 

chewable tablets.  

In the simulated fed intestinal set-ups (adults and paediatrics), for both formulations, 

the highest extent of drug dissolved at 4 h was observed in the children set-up, and the 

lowest in the infants set-up.  

Montelukast dissolution from both formulations was not complete under the scenarios 

tested; as montelukast dissolution was not limited by its solubility. The low extent of 

dissolution observed could be potentially related to aggregation issues related to the 

montelukast’s very high lipophilicity (clogP of 8.8), the wettability of montelukast 

tested formulations and/or other formulation characteristics (e.g. surface area, and 
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particle size distribution) (23, 40). Overall, dissolution of montelukast appeared to be 

affected by formulation aspects, age-related media composition, and changes in the 

media volumes. Montelukast showed an overall slow and incomplete dissolution from 

both test formulations, especially when testing with under fed gastric conditions. 

Solubility was not a limiting factor in this set-up, and no coning was visually observed. 

Dissolution studies with montelukast granules were performed at different agitation 

rates (50, 75, and 100 rpm) in 500 mL of fed gastric simulating fluids (FeSSGF), and 

revealed that agitation rate does not have an impact on the % montelukast dissolved 

confirming that the low dissolution observed is not attributed to coning (data not 

shown). For formulations exhibiting poor wettability, it may be necessary to increase 

the level of surfactants in the dissolution medium to obtain reproducible dissolution 

results (41). This option was discarded in our studies, due to loss of biorelevant 

simulating conditions.  
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Figure 3.3. Mean montelukast % dissolved (± SD) [left Y-axis, closed symbols] and concentration of montelukast dissolved (µg/mL) (± SD) [right Y-axis, 

open symbols] from Singulair® 4 mg granules and chewable tablets in adults, children, and infants’ conditions using the USP 2 apparatus and mini-paddle 

apparatus (set-ups marked with * denote the use of the mini-paddle apparatus). 
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3.3.1.3. USP 4 apparatus dissolution studies: simulating the fasted and fed state 

Drug dissolution from montelukast granules and crushed chewable tablets in all of the 

fasted state set-ups was slow and incomplete (Figure 3.4), and showed a slower 

dissolution rate during the gastric phase compared to the intestinal phase. 

The highest % of montelukast dissolved from Singulair® granules was obtained under 

the newborns (high) (Pn-FaSSGF to P150%-FaSSIF). On the other hand, the lowest 

% of drug dissolved was obtained for newborns (low) set-up (Pn-FaSSGF to P50%-

FaSSIF). Since the differences between newborns dissolution set-ups are related to the 

media composition, the dissolution results appear to be sensitive to the content of bile 

salts and lecithin in the biorelevant media used. This is in accordance with drug 

solubility studies previously conducted, in which it was shown that lecithin and bile 

salts concentration have a positive effect on drug solubilisation (14). 

In the fasted state, the dissolution extent of montelukast crushed chewable tablets was 

always higher when compared to the dissolution extent from the Singulair® granules. 

When testing the granules formulation drug dissolution was slightly higher for the 

infants' scenario than adults. On the contrary, for the Singulair® crushed chewable 

tablets, the % drug dissolved was the lowest in the infants' dissolution scenario. This 

might be related to the effect of the continuous media flow different formulation 

behaviour inside the USP 4 apparatus cell (which depending on the weight of the 

granules vs weight of the chewable tablets formulation, might adhere to the walls of 

the cell, the beads, the top of the cell or other). 
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Figure 3.4. Mean montelukast % dissolved (± SD) from 4 mg Singulair® granules and 4 mg 

crushed chewable tablets using the USP 4 apparatus (with open-loop mode). The vertical lines 

represent the time for media change for the fasted state (black line – adults; dashed black lines 

- newborns) and fed state (grey line – adults; dotted grey lines - infants and newborns; dashed 

grey lines - children). 

 

In the fed state, the % drug dissolved from both formulations was associated with a 

higher variability than when testing under fasted state conditions. Dissolution in the 

gastric fed state appeared to be hindered by the media viscosity, which was observed 

as a result of the behaviour of the formulation in the presence of fed gastric medium 

containing 50% milk formula or cow’s milk. The increase in viscosity was evident 

from the fact that when testing the fed state dissolution set-ups with the fasted cell set-

ups (described in the methodology sections) clogging of the cells and leakage of 
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medium was observed. Therefore, to avoid leaking issues during the experiment, the 

dissolution in the fed state was conducted in USP 4 apparatus granule and powder cells 

with 2 separate layers of glass wool. Approximately no dissolution was observed in 

the gastric phase (both formulations) when the dissolution set-ups were performed 

with the fed gastric simulated fluid (FeSSGF, pH 5) (i.e. older infants, children, and 

adult’s dissolution set-ups). The effect of pH of the medium was also evident when 

dissolution in adult FeSSGF (pH 5) was compared to dissolution in the paediatric fed 

state medium containing formula (Pnc-FeSSGF, pH 5.7, i.e. newborns and young 

infants dissolution set-ups). The % drug dissolved increased significantly in Pnc-

FeSSGF which is related to the ionisation properties of montelukast (amphoteric; pKa 

(basic) 2.7 and pKa (acidic) 5.8) and its higher solubility in Pnc-FeSSGF than in 

FeSSGF (3.5 mg/mL and 2.4 mg/mL, respectively) (Chapter 2). The introduction of 

fed intestinal media notably increased the dissolution rate of montelukast from both 

formulations in all set-ups. For all of the fed state dissolution tests performed except 

the newborns set-up, more than 70% of the drug was dissolved within 2 hours of the 

introduction of fed state medium. Contrary to the fasted state dissolution data, no clear 

trend was identified between the dissolution of granules and crushed chewable tablets, 

and similar results were achieved for all conditions. Since dissolution was influenced 

by the introduction of the fed intestinal simulating fluids, longer gastric residence 

times simulated in infants and children scenarios (compared to adults) led a delay of 

drug dissolution.  

 

3.3.1.4. Multivariate statistical analysis of in vitro dissolution studies 

Results from the PLS-R analysis, conducted to understand the effect of in vitro 

hydrodynamics on the dissolution of montelukast from the Singulair® granules and 
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crushed chewable tablets in each age group (infants, children and adults), are presented 

in Figure 3.5.  

The PLS-R model for the infant’s dissolution set-ups was defined by 2 components 

and showed a good fit to the experimental values (R2 = 0.82) and good predictive 

power (Q2 = 0.74). Montelukast dissolution in infants set-ups was significantly 

affected by the dissolution apparatus used to perform the dissolution tests (µDISS 

profiler™ shows a positive effect, and mini-paddle apparatus shows a negative effect). 

The statistical analysis also revealed that the simulation of the gastrointestinal 

compartment is an important variable affecting the dissolution of montelukast. 

Overall, simulation of the gastric compartment showed a significant negative impact 

on drug dissolution, and simulation of the intestinal compartment showed a moderate 

positive impact on drug dissolution (Figure 3.5). Moderate impact (VIP between 0.7 

- 1) on the dissolution of montelukast was also observed from simulation of prandial 

state (fasted state: negative impact; fed state: positive impact), and formulation type 

(granules: negative impact; crushed chewable tablets: positive impact).  

The PLS-R model for the children’s dissolution set-ups was defined by 3 components 

and showed a good fit to the experimental values (R2 = 0.79) and good predictive 

power (Q2 = 0.87). The statistical analysis revealed that simulation of the 

gastrointestinal conditions (gastric compartment: negative impact, intestinal 

compartment: positive impact), in vitro hydrodynamics (µDISS Profiler™: positive 

impact), and formulation type (granules: negative impact; crushed chewable tablets: 

positive impact) were the factors with the most significant impact on drug dissolution 

in this age group (Figure 3.5). The hydrodynamics of the USP 4 apparatus showed a 

moderate negative impact (VIP between 0.7 - 1) on the montelukast dissolution when 

testing under children scenarios. 
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The PLS-R model for adult’s dissolution set-ups was defined by 3 components and 

showed a good fit to the experimental values (R2 = 0.86) and good predictive power 

(Q2 = 0.78). The statistical analysis revealed that simulation of the prandial state 

(fasted state: negative impact; fed state: positive impact), and in vitro hydrodynamics 

(µDISS Profiler™: positive impact; USP 2 apparatus: negative impact) were the factors 

with the most significant impact on drug dissolution (Figure 3.5). As observed for 

children, the hydrodynamics in the USP 4 apparatus showed a moderate negative 

impact on the dissolution of montelukast. 

 

Figure 3.5. Standardised coefficients corresponding to the variables studied for the dissolution 

of montelukast. Colour denotes coefficients with a moderate (lighter colour, VIP between 0.7 

- 1) and significant (darker colour, VIP > 1) impact on the response. 

 

3.3.1.5. Impact of medicine co-administration practices on drug dissolution 

performance in infants 

Dissolution profiles obtained for the investigation of the effect of medicine co-

administration practices on drug dissolution are presented in Figure 3.6. The in vitro 
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AUC0-4h of the dissolution profiles and the in vivo AUC0-24h are presented in Figure 

3.7. The dissolution profile of the in vitro simulation of montelukast granules co-

administration with applesauce showed a delay in the dissolution of montelukast 

during the first hour of the dissolution test when compared with the direct 

administration of formulation scenario (Figure 3.6). This effect has also been 

observed in a previous study by Martir et al. and is hypothesised to be related to the 

presence of starch in applesauce (11). The applesauce forms a gel around the 

formulation, which due to an increase in viscosity, affects negatively the dissolution 

of montelukast granules (11).  

 

Figure 3.6. Mean montelukast % dissolved (± SD) from Singulair® 4 mg granules in infants 

set-up tested with the USP 4 apparatus (open-loop mode). The straight vertical line represents 

the time for media change. 

 

The in vitro AUC0-4h of the direct administration of the formulation scenario was 

significantly lower when compared to the co-administration with applesauce (fasted 

gastric/fed intestinal conditions) and formula (fasted gastric to fasted/fed intestinal 

conditions) (Figure 3.7).  

Dissolution from fasted gastric to fasted and fed intestinal state (represented by 

FaG/FaI, and FaG/FeI, respectively) were simulated to investigate whether medicine 
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co-administration with a vehicle could induce a food-effect in infants (42). Simulating 

intestinal fed conditions after formulation co-administration with a food vehicle is 

especially relevant for younger populations, such as infants, due to the possibility of 

administration of the drug with small amounts of food which could potentially trigger 

the fed state. The results show that in vitro AUC0-4h was significantly higher when 

testing fed state intestinal conditions in comparison to fasted state intestinal conditions 

(Figure 3.7); this is in accordance with in vivo observations, where higher drug 

exposure was found after mixing the formulation with formula instead of applesauce 

(Figure 3.7).  

Overall, it was observed that co-administration of Singulair® granules with food and 

drink vehicles significantly affects the dissolution of montelukast. The choice of 

simulated intestinal conditions was shown to affect drug dissolution behaviour, with a 

higher % drug dissolved at 4 h when testing under fasted gastric to fed intestinal 

conditions (i.e. FaG/FeI). 

 

Figure 3.7. In vitro AUC0-4h (±SD) of Singulair® oral granules calculated from montelukast 

dissolution profiles. Symbols denote a statistical difference in AUC0-4h between: (d) FaG/FaI; 

(a1) applesauce (FaG/FaI); (a2) applesauce (FaG/FeI); (f) formula (FaG/FaI); In vivo mean 

AUC0-24h after administration of Singulair® granules (4 mg) to: 1 to 3 months infants with 

formula; 3 to 6 months and 6 to 24 months infants with applesauce (30-32, 37). 
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3.4. Discussion  

In this study, we observed that montelukast dissolution was strongly influenced by 

age-related changes in in vitro hydrodynamics. The in vitro hydrodynamics (related to 

each dissolution apparatus tested) was one of the most significant parameters 

impacting drug dissolution, which is related to the simulation of gastrointestinal 

hydrodynamics, such as gastrointestinal volumes and agitation properties. To achieve 

a predictive dissolution method for testing paediatric medicines, exploration of 

dissolution conditions (e.g. appropriate dissolution medium, and hydrodynamics), as 

performed in this study, is essential. Optimization of in vitro hydrodynamics for 

paediatrics with regards to the simulation of in vivo GI tract hydrodynamics should be 

further optimized as in vivo data in paediatrics becomes available. 

 

In all set-ups, drug dissolution was positively impacted when tested in the fasted state 

in the µDISS profiler™. Montelukast dissolution in infants was negatively affected by 

the hydrodynamics in the mini-paddle apparatus. For the paediatric dissolution set-

ups, the second most significant variable studied was the simulation of single-stage 

gastric (negative impact) and intestinal compartments (positive impact), which in 

accordance with montelukast physicochemical properties (amphoteric; clogP 8.8; pKa 

(basic) 2.7 and pKa (acidic) 5.8), and it’s higher solubility in intestinal simulated fluids 

(FaSSIF-V2) than in gastric simulated fluids (FaSSGF) (23, 24). In the adult’s set-ups, 

the simulation of the prandial state was also an important factor, with the simulation 

of fed state conditions showing a positive impact on the dissolution of montelukast.  

 

The in vitro AUC results are in line with in vivo AUC observations, with a higher drug 

exposure being observed when the formulation was mixed with formula than when 
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mixing with applesauce. In the montelukast PK studies, the infants' prandial state was 

not recorded, on the basis that montelukast does not show a food-effect in adults (30-

32, 43). However, the mechanisms behind food-effects in paediatrics are still unknown 

(20). The definition of fasted and fed state in infants is complex since the high 

frequency of meals might lead to the continuous presence of food remnants in the 

stomach and/or intestine (13). Little information is available on the amount of food 

that is necessary to trigger a food-effect in newborns and young infants. Therefore, a 

food-effect should not be disregarded in infants, even in cases where an adult food-

effect is not observed (20). Considering this, dissolution studies were performed under 

fasted gastric to fasted and fed intestinal conditions, and a higher % drug dissolved 

was observed when testing under fasted gastric to fed intestinal conditions, which is 

related to a higher drug solubility in fed media (14). The dissolution results are in 

accordance with a recent study where montelukast medicine co-administration 

practices were investigated in a two-stage dissolution approach using a mini-paddle 

apparatus (9). Similarly to the results observed in this study, Martir et al. showed that 

mixing medicines with food and drinks can affect drug product performance, and the 

in vitro dissolution of montelukast was higher under fed intestinal conditions than 

when compared to the fasted state (9). Although it is important to simulate both 

prandial states in vitro to better understand drug product performance, the simulation 

of fed state conditions is likely to be more representative of a real-life scenario in the 

younger paediatric patients. 

 

To further investigate the predictive value of the in vitro dissolution results, data could 

be incorporated into Physiologically Based Pharmacokinetic (PBPK) models. 

Coupling of data from in vitro dissolution tests with PBPK modelling is already a 
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useful strategy used by the pharmaceutical industry during adult formulation 

development. PBPK models allow mechanistic understanding of drug dissolution and 

absorption. The optimization of both age-appropriate dissolution testing and PBPK 

modelling for paediatrics will be helpful to support the development of age-

appropriate medicines and exploring the risk of off-label scenarios that would not be 

tested otherwise (44). Further studies are needed to better characterize gastrointestinal 

physiology and its associated variability in paediatric patients. As more data becomes 

available on paediatric physiology, the developed dissolution set-ups should be further 

improved and validated. Future experiments with a wider range of compounds and 

formulations will also boost the confidence in these tools. 

 

3.5. Conclusions 

Dissolution of montelukast from two different formulations using biorelevant 

dissolution set-ups that take into account changes in GI fluids and volumes as a 

function of age revealed that drug dissolution is significantly affected by the 

gastrointestinal differences between adults and paediatrics.  

Dissolution was highly influenced by in vitro apparatus specific hydrodynamics and 

by the simulation of gastric and intestinal GI conditions. The impact of both age-

related gastrointestinal fluid composition and hydrodynamics can affect in vitro drug 

dissolution behaviour which can compromise drug bioavailability. These effects 

should be evaluated during paediatric formulation development by performing a 

paediatric biopharmaceutical risk assessment through the use of age-appropriate 

dissolution testing. 

Age-related biorelevant dissolution of Singulair® granules successfully predicted the 

in vivo qualitative effect of the co-administration of the formulation with food in 
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infants. The age-related biorelevant dissolution testing proposed can support the 

assessment of medicine co-administration practices with food and drinks. 

The use of in vitro tools like the ones described in this study can help understand the 

impact of age-related changes on drug dissolution and investigate the influence of 

medicines co-administration practices, and other ‘what-if’ clinical scenarios, that 

would be otherwise neglected. 
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4. Chapter 4. Performance evaluation of paediatric medicines: 

a PBPK modelling approach 

 

Abstract 

Objectives: This study aimed to build a PBPK model coupled with age-appropriate in 

vitro dissolution data to predict drug performance in adults and paediatrics. Montelukast 

sodium was chosen as a model drug. Two case studies were investigated: case study 1 

focused on the prediction of formulation performance from adults to children; case study 

2 focused on the prediction of the impact of medicine co-administration with vehicles on 

drug exposure in infants. 

Methods: The PBPK model for adults and paediatrics was developed in SimCYP® v18.2 

informed by age-appropriate in vitro dissolution results obtained in a previous study 

(Chapter 3). Oral administration of montelukast was simulated with the ADAM™ model. 

Key findings: For case study 1, the developed PBPK model accurately predicted 

montelukast exposure in adults and children populations after the administration of 

montelukast chewable tablets. Two-stage dissolution testing in fasted gastric to intestinal 

conditions was the most predictive set-up of in vivo drug performance in adults and 

children. For case study 2, a good prediction of in vivo drug performance in infants after 

medicine co-administration with vehicles was achieved by incorporating in vitro drug 

dissolution (under fasted gastric to fed intestinal conditions) into a fed state PBPK model 

with consideration of the in vivo dosing conditions (mixing of formulation with applesauce 

or formula). 

Conclusions: The case studies presented demonstrate how a PBPK absorption modelling 

strategy can facilitate the prediction of drug performance in paediatrics and can support 

decision-making and biopharmaceutics understanding during paediatric drug 

development. 
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4.1. Introduction 

The relevance of Physiologically Based Pharmacokinetic (PBPK) modelling for 

biopharmaceutics applications in adults is a growing field, as recognised by a recent 

FDA draft guidance (1). PBPK modelling can be applied in all stages of adult drug 

development. Many successful reports of the application of oral absorption PBPK 

modelling with the incorporation of biorelevant dissolution have been reported for 

adults (2-5).  

The introduction of regulatory initiatives and incentives in the United States of 

America (USA) and Europe have fuelled the development of safe and effective age-

appropriate formulations (6-10). The paediatric drug development process should start 

during the early stages of the adult drug development program (7). This strategy allows 

industry sponsors to gather valuable knowledge on adult drug pharmacokinetic (PK) 

studies, which can later support the prediction of drug product performance in 

paediatrics (11). The development of the paediatric formulation is generally regarded 

as a more complex, time- and cost-intensive process than the development of an adult 

formulation (12). Paediatric patients have additional ethical and technical constraints 

that affect the development of a suitable dosage form; these include the choice of the 

dosage form and its excipients, palatability, volume of administration, etc. (13). 

Further complications in paediatrics arise as a result of the lack of formulations 

designed for the target paediatric population, which lead to drug manipulation 

practices (14-16), such as tablet splitting and crushing, and/or drug products being 

mixed with small amounts of food or drink vehicles to facilitate administration (14-

16).  

The development of age-appropriate biorelevant in vitro (solubility and dissolution 

testing) and in silico tools (such as PBPK modelling) is beneficial for the prediction 
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of the in vivo performance in paediatrics. Recently, an integrated in vivo and in silico 

approach has also been described for infants (17-19), which focused on the design of 

in vivo adult studies that employ dosing conditions representative of infants. The 

obtained in vivo data was then be leveraged to extrapolate drug product performance 

from adults to infants (17-19). PBPK modelling promotes the mechanistic 

understanding of formulation performance in paediatric subgroups by allowing 

incorporation of the knowledge on anatomy and physiology as a function of growth 

and development (20). The potential applications of paediatric PBPK modelling range 

from the assessment of safety and efficacy of drugs to the design of clinical trials, 

extrapolation of adult clinical PK to paediatrics, and ultimately the reduction and or 

the replacement of clinical trials (6, 8). Fifteen per cent of all the PBPK models 

submitted for FDA drug approval applications (from 2008 to 2017) have been related 

to the approval of paediatric medicines (21, 22). Currently, the main intended 

application of a paediatric PBPK model has been the proposal of initial dosing 

recommendation for paediatric clinical trials (22). Biorelevant in vitro dissolution 

studies, that take into account paediatric physiology, have started to emerge in the 

literature (13, 23-25). The development of paediatric PBPK models focused on oral 

absorption coupled with in vitro dissolution can generate discussion around paediatric 

biopharmaceutics and propose strategies to be used in paediatric drug development for 

the evaluation of age-related changes on drug product performance (6, 8). Paediatric 

PBPK absorption modelling examples have started to emerge in the literature (20, 21). 

Its potential has been highlighted for extrapolating the dissolution safe space, not only 

in adults but also in paediatrics (26). PBPK absorption modelling has also been used 

to support the bridging of drug performance from an immediate release to extended-
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release formulations of quetiapine in children and adolescents 10 to 17 years of age 

(27). 

This study aimed to demonstrate the potential applications of a PBPK absorption 

modelling strategy coupled with biorelevant in vitro dissolution testing for evaluating 

drug product performance in paediatrics. Montelukast [a poorly water-soluble 

compound, clogP = 8.79, pKa basic= 2.7; pKa acidic = 5.8 (28-30)] was chosen as a model 

drug due to the availability of two marketed paediatric formulations: Singulair® 

chewable tablets (children) and granules (infants) (31). Montelukast is indicated in the 

treatment of chronic asthma, and/or exercise-induced asthma, and allergic rhinitis. The 

PK of montelukast has been studied in adult and paediatric patients (children and 

infants). In in vivo studies in infants, Singulair® granules were mixed with food 

vehicles to facilitate administration (30, 31). Two case studies were explored that 

cover different aspects of the evaluation of product performance in paediatrics. Case 

study 1 focused on extrapolating formulation performance from adults to children. 

Case study 2 addressed the prediction of the impact of medicine co-administration 

with vehicles on drug exposure in infants. To achieve this, a PBPK model was built in 

SimCYP® v18.2 informed by age-appropriate in vitro dissolution data obtained in a 

previous study (Chapter 3).  

 

4.2. Materials and methods  

4.2.1. Pharmacokinetic Data Collection and Data treatment 

PK studies of montelukast administered intravenously or orally to adults and 

paediatrics were collected from the literature and used to develop and validate the 

PBPK model. The plasma concentration-time profiles, demographics, and dosing 
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information were extracted from the published reports. The observed PK profiles 

found in the literature were digitalised with WebPlotDigitalizer® v4.1 software (32).  

Two studies reported single-dose administrations of intravenous (IV) infusions of 

montelukast (3 mg to 18 mg) to adults (33, 34). One study reported montelukast 

plasma-concentration time profiles after a single oral dose administration of a 50 mg 

solution, but no demographic information was reported in this study (35). Two clinical 

datasets, referred to as Study (A) and Study (B), described montelukast PK after 

administration of oral chewable tablets (4 mg) to fasted adult patients (36). One 

paediatric study reported IV infusion administration (3.5 mg) to old children and 

adolescents (6 to 14 years) (34). Regarding oral dosing in paediatrics, one study 

reported single-dose administration of montelukast oral chewable tablets (4 mg) to 

fasted young children (2 to 5 years) (37). Plasma concentration-time profiles of 

montelukast after administration of single-dose oral granules (4 mg) to different infant 

sub-groups were reported (35, 38-40). The infants' prandial state at the time of 

administration was not reported, but montelukast granules were administered with 5 

mL of infant formula or 1 tablespoon of applesauce (formula: 1 to 3 months; 

applesauce: 3 to 6 months and 6 to 24 months) (35, 38-40). Non-compartmental PK 

data analysis of observed plasma concentration-time profiles was performed with 

PKSolver® (add-in program for Microsoft Excel®) (41). 

 

4.2.2. PBPK model development: General structure 

PBPK modelling and simulations were performed using the SimCYP® software V18.2 

(Certara, UK). The PBPK modelling strategy followed the workflow presented in 

Figure 4.1. The PBPK model input parameters that are common to both case studies 

are summarised in Table 4.1. Montelukast-specific information consisted of its 

physicochemical parameters including molecular weight (MW), octanol: water 
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partition coefficient (logPo:w), fraction unbound in plasma (fu), and blood to plasma 

ratio (B:P) were obtained from the literature (29, 31, 35). 

The distribution model in all cases was described using a minimal PBPK model with 

a Single Adjusting Compartment (SAC), a non-physiological compartment that 

represents a cluster of tissues. The Kin, Kout (first-order rate constants [h-1]), VSAC 

(apparent volume associated with the SAC), and Vss (steady-state volume of 

distribution) were used. For healthy adult subjects, the disposition model was 

developed based on the PK data after a 3 mg IV infusion administration of montelukast 

to adults (33). External validation was performed for IV infusion administration of 

several dose levels (i.e. 9, 7, and 18 mg) (33, 38). For paediatrics, the distribution SAC 

parameters [Kin (1/h), Kout (1/h)] were allometric scaled based on a reference adult 

bodyweight of 70 Kg and an exponent for rate constants of -0.25 (34, 42). 

Montelukast IV clearance was integrated mechanistically using the SimCYP® 

retrograde calculator to calculate the intrinsic enzymatic clearance (Clint) for each 

enzyme involved in the metabolic clearance of montelukast. The overall montelukast 

IV clearance has been reported to be 2.5-3 L/h in adults (33). The relative contribution 

of metabolic clearance to overall clearance was set as CYP2C8 (72%), CYP3A4 (16 

%), and CYP2C9 (12%), according to in vitro relative activity factor studies (43). The 

scaling of hepatic metabolic clearance from adults to paediatrics was automatically 

applied according to enzyme ontogeny and physiological differences (i.e. hepatic 

blood flow, liver volume, etc.) (44). For paediatrics, the ontogeny of CYP2C8 was 

applied as described by Upreti and Wahlstrom and validated by Zhou et al. (45, 46). 

Ontogeny of the remaining enzymes was performed with the default software 

ontogeny functions. Following an oral dose of radiolabelled montelukast, 86% of the 

radioactivity was recovered in 5-day faecal collections, and < 0.2% recovered in urine 
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(31). Renal clearance was scaled to paediatrics automatically by the software as 

previously described by Johnson et al. (47).  

The simulation of oral administration was performed with the Advanced Dissolution 

Absorption and Metabolism (ADAM™) model. A summary of the input parameters 

used for montelukast oral simulations in the SimCYP® simulator is presented in Table 

4.1. Permeability was estimated based on exposure data after the administration of an 

oral solution to healthy adult subjects (35).  

 

Figure 4.1. Schematic representation of the workflow describing the physiologically based 

pharmacokinetic (PBPK) model development of montelukast for the investigated case studies. 

The figure has been adapted from Guimarães and Statelova et al. (8).  
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Table 4.1. Summary of montelukast input parameters used in the SimCYP® simulator. 

Input parameter Value References/Comments 

Physicochemical Properties and Blood Binding 

Molecular weight (g/mol) 586.2 (35) 

clogP 8.8 (35) 

Compound type amphoteric 

(29) pKa1 5.8 

pKa2 2.7 

fu,p 0.01 (31) 

Blood: plasma ratio 0.62 (35) 

Distribution 

Model Minimal PBPK  

Kin (1/h) 0.77 

(33) 
Kout (1/h) 0.99 

Vss (L/Kg) 0.15 

Vsac (L/Kg) 0.10 

Elimination 

ClIV (L/h) 2.85 (33) 

Enzyme Kinetics   

CL
int

 (μL/min/pmol) 

CYP2C8* 
3.033 

Contribution to metabolic 

clearance CYP2C8 (72%) 

CYP3A4 (16%) and 

CYP2C9 (12%)(43) 

CL
int

 (μL/min/pmol) 

CYP2C9* 
0.1569 

CL
int

 (μL/min/pmol) 

CYP3A4* 
0.1015 

Clr (L/h) 0.0004 (31) 

 Absorption  

Model ADAM™  

Peff,man (10-4 cm/s) 1.00 
Estimated based on Oral 

solution data (35) 

Formulation input 

 

Immediate-release  

direct input of dissolution as 

discrete profiles 

Details in Table 4.2. 

 

* Calculated with the SimCYP® retrograde calculator 
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4.2.3. Case-study 1: extrapolation of formulation performance in children  

The formulation input in case study 1 is presented in Table 4.2. Age-appropriate 

dissolution profiles of Singulair® crushed chewable tablets (4 mg) in adults and 

children (adjusted dose/volume ratio for each age group) were obtained from the in 

vitro experiments conducted with the µDISS profiler™, which are presented in 

Chapter 3. Dissolution was inputted in the software as discrete dissolution profiles. 

Three different dissolution input scenarios were evaluated (Table 4.2):  

• Single-stage fasted intestinal profile: Input of the single-stage dissolution profile 

in fasted intestinal fluids (FaSSIF-V2) entered as “intestinal profile”. In this scenario 

the software takes into account the same dissolution profile for the stomach and 

intestinal compartments (FaSSIF-V2 dissolution conditions);  

• Single-stage fasted gastric and intestinal profiles: Input of the montelukast single-

stage dissolution profile in fasted gastric simulated fluids (FaSSGF) entered as 

“stomach profile” and single-stage dissolution profile in fasted intestinal simulated 

fluids entered as “intestinal profile” (FaSSGF + FaSSIF-V2 dissolution conditions);  

• Two-stage fasted gastric to intestinal profile: Input of the two-stage dissolution 

profile in fasted gastric fluids (30 min) to fasted intestinal fluids (30 - 240 min) entered 

as “intestinal profile”. In this option, the software considers the same dissolution 

profile for the stomach and intestinal compartments (FaSSGF to FaSSIF-V2 

dissolution conditions). 

Healthy volunteers SimCYP® population was used in the adult simulations. Adult 

physiological and anatomical parameters were maintained at the default software 

values. The SimCYP® paediatric module was used. The paediatric population file 

gathers information on paediatric demography (age, body height, bodyweight, body 

surface area) and developmental physiology (i.e. liver size, renal function, 
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gastrointestinal size, liver blood flow, etc.) as previously described (20, 46). The fasted 

mean gastric residence time (MGRT) in children was assumed to be the same as adults 

(i.e. 0.27h). 

 

4.2.3.1. Parameter sensitivity analyses 

Parameter sensitivity analysis was performed for two groups of parameters to 

understand the impact of the critical variables affecting the PK behaviour of 

montelukast. The first group of parameters was related to drug properties and included 

parameters such as % drug dissolved over time (h) and effective permeability (Peff,man). 

Virtual dissolution profiles were constructed to estimate the influence of changes in 

the formulation’s dissolution characteristics on the PK of montelukast. The % 

dissolved ranged between 20 to 100% over dissolution times from 0.10 to 4 h. 

Sensitivity analysis as a function of effective permeability (Peff,man) ranged from 0.10 

to 2 x 10-4 cm/s. The second group of parameters was related to physiologically related 

parameters, where MGRT was selected due to potential changes between adults and 

paediatrics. MGRT ranged from 0.10 to 2 h. All sensitivity analyses were performed 

in the fasted state, with a two-stage gastric to intestinal dissolution scenario (FaSSGF 

to FaSSIF-V2) as input for dissolution.  

For the interpretation of the PSA results, predicted PK parameters were compared to 

the values used in the developed PBPK model (i.e. baseline simulation).  
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Table 4.2. Summary of input parameters used for montelukast oral administration simulations 

in the SimCYP ® simulator. In vitro dissolution profiles were obtained from Chapter 3. 

Age group 

(age) 
Formulation 

Dissolution Input PBPK  

Prandial 

State 
Scenario  Conditions 

Case-study 1 (µDISS profiler™) 

Adult 

(> 18 years) 

Chewable 

Tablets 

Single-stage intestinal profile  FaSSIF-V2 

Fasted 

Single-stage gastric and 

intestinal profile 

FaSSGF + 

FaSSIF-V2 

Two-stage gastric to intestinal 

profile 

FaSSGF to 

FaSSIF-V2 

Children 

(2 to 5 

years) 

Single-stage intestinal profile  FaSSIF-V2 

Single-stage gastric and 

intestinal profile 

FaSSGF + 

FaSSIF-V2 

Two-stage gastric to intestinal 

profile 

FaSSGF to 

FaSSIF-V2 

Case-study 2 (USP 4 apparatus) 

Infants 

(1 to 3 

months) 

Granules 

Two-stage fasted gastric to 

intestinal profile (drug + 

formula) 

Formula 

(FaG/FaI) 
Fasted 

Two-stage fasted gastric to fed 

intestinal profile (drug + 

formula) 

Formula 

(FaG/FeI) 
Fed 

Two-stage fasted gastric to 

intestinal profile (drug + 

applesauce) 

Applesauce 

(FaG/FaI) 
Fasted 

Infants 

(3 to 24 

months) 

Two-stage fasted gastric to fed 

intestinal profile (drug + 

applesauce) 

Applesauce 

(FaG/FeI) 
Fed 

 

4.2.4. Case-study 2: medicine co-administration with food vehicles in infants 

Description of the formulation input in case study 2 is presented in Table 4.2. The 

input of montelukast dissolution profiles measured with the USP 4 apparatus 

simulating infants conditions after montelukast granules co-administration with 

applesauce or formula (Chapter 3). Dissolution was inputted in the software as discrete 

dissolution profiles (Table 4.2). Different dissolution input scenarios were evaluated:  

• Two-stage fasted gastric to intestinal profile, drug co-administration with 

applesauce: Singulair® granules were mixed with 5 mL of applesauce immediately 

prior to the dissolution test. Dissolution of montelukast granules/applesauce mixture 
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was performed in fasted gastric conditions (0 – 30 min) to fasted intestinal conditions 

(30 – 240 min) (Applesauce + FaG/FaI); 

• Two-stage fasted gastric to fed intestinal profile, drug co-administration with 

applesauce: Singulair® granules were mixed with 5 mL of applesauce immediately 

prior to the dissolution test. Dissolution of montelukast granules/applesauce mixture 

was performed in fasted gastric conditions (0 – 30 min) to fed intestinal conditions (30 

– 240 min) (Applesauce + FaG/FeI); 

• Two-stage fasted gastric to intestinal profile, drug co-administration with 

formula: Singulair® granules were mixed with 5 mL of cow formula immediately prior 

to the dissolution test. Dissolution of montelukast granules/formula mixture was 

performed in fasted gastric conditions (0 – 30min) to fasted intestinal conditions (30 

– 240 min) (Formula + FaG/FaI); 

• Two-stage fasted gastric to intestinal profile, drug co-administration with 

formula: Singulair® granules were mixed with 5 mL of cow formula immediately prior 

to the dissolution test. Dissolution of montelukast granules/formula mixture was 

performed in fasted gastric conditions (0 – 30min) to fed intestinal conditions (30 – 

240 min) (Formula + FaG/FeI). 

All montelukast dissolution profiles in case-study 2 were entered as “intestinal 

profile”. In this option, the software takes into account the same dissolution profile for 

the stomach and intestinal compartments. 

In in vivo studies available in the literature, 4 mg Singulair® granules were co-

administered to different infant sub-groups with formula or applesauce (formula: 1 to 

3 months; applesauce: 3 to 6 months and 6 to 24 months) (35, 38-40). The PBPK 

simulations were set at fasted state for scenarios where dissolution was simulated from 

a fasted state gastric environment to a fasted state intestinal environment (FaG/FaI). 
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Simulations were performed in the fed state for cases where dissolution was obtained 

by simulating co-administration with food, in fasted gastric to fed intestinal simulated 

environment (FaG/FeI) (Table 4.2). The SimCYP® paediatric module was used. 

Paediatric physiological parameters were maintained at the default SimCYP® 

simulator values for the infants' simulations. 

 

4.2.4.1. Parameter sensitivity analyses 

The parameters investigated in case study 1 (i.e. MGRT, Peff,man and dissolution 

parameters) were also investigated in case study 2 for the various infant subgroups (1 

to 2 months; 3 to 6 months and 6 to 24 months). Additionally, a PSA was performed 

to understand how the maturation of CYP2C8 influences montelukast PK in infants. 

The CYP2C8 fraction of adult activity ranged from 0.27 to 2.7). The ontogeny of the 

CYP enzymes can be described with Equation 4.1.  

 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑑𝑢𝑙𝑡 = 𝐹𝐵𝑖𝑟𝑡ℎ + (
(𝐴𝑑𝑢𝑙𝑡𝑚𝑎𝑥 − 𝐹𝐵𝑖𝑟𝑡ℎ) × 𝐴𝑔𝑒𝑛

𝐴𝑔𝑒50
𝑛 + 𝐴𝑔𝑒𝑛 ) Equation 4.1. 

 

Where Adultmax is the maximal response from adult samples, FBirth is the fraction of 

adult response at birth, Age50 is the age at which half-maximal adult response is 

obtained, Age is the age of the subject at the time of sample collection in years, and n 

is an exponential factor. To investigate the effects of changes in CYP2C8 fraction of 

adult activity on the simulation results, parameters were set as Adultmax ranged from 

0.27 to 2.7; FBirth=1, Age50 = 0 and n =1. Sensitivity analysis was performed for 

CYP2C8 since it is the main contributing enzyme to the metabolic clearance of 

montelukast in adults.  
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All PSA were performed in the fed state with ‘Formula (FaG/FeI)’ dissolution input 

in infants 1 to 3 months or ‘Applesauce (FaG/FeI)’ dissolution input for sub-groups 

aged 3 to 6 and 6 to 24 months. For the interpretation of the PSA results, predicted PK 

parameters were compared to the values used in the developed PBPK model (i.e. 

baseline simulation).  

 

4.2.5. Trial design information  

Simulations were performed with 10 trials of 10 subjects. The trial design was 

performed using the ‘Virtual population’ option in SimCYP®, where maximum and 

minimum age, as well as the proportion of females, was adjusted according to the 

population of the PK study used for the validation of the PBPK model. Study details 

are presented in supplementary Table S4.1 and Table S4.2. 

 

4.2.6. PBPK model validation  

The PBPK model validation was performed by comparison of predicted and observed 

PK profiles and parameters. The mean predicted plasma concentration-time profiles 

were assessed by the average fold error (AFE) and validated with the absolute average 

fold error (AAFE) (Equations 4.2 and 4.3, respectively) (48).  

 

AFE = 10
1
𝑛

∑ log(
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑖
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑖

)
 Equation 4.2. 

  

AAFE = 10
1
𝑛

∑|log(
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑖
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑖

)|
 Equation 4.3. 

 

where n denotes the number of observed sampling points, predictedi and observedi 

denote the predicted and observed plasma concentration at the sampling time point i.  



   
 

196 

AFE values indicate the trend of the simulated data to underpredict (AFE < 1) or 

overpredict (AFE > 1) the observed plasma concentration-time profiles, while an 

AAFE value close to unity represents the precision of the simulations. An AAFE ≤ 2 

indicates an acceptable prediction (49). 

The relative accuracy of the mean predicted PK parameters describing drug exposure 

[area under the plasma concentration-time curve (AUC), maximum concentration 

(Cmax), and time to reach the maximum concentration (Tmax)] was assessed against 

mean observed PK parameters using the fold error (FE) (Equation 4.4). A FE within 

a 2-fold range (FE values between 0.5 and 2) indicates an acceptable prediction (49). 

 

FE =
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
 Equation 4.4. 

 

4.3. Results  

4.3.1. Case-study 1 

4.3.1.1. Montelukast Adult PBPK model 

4.3.1.1.1. Intravenous administration 

The montelukast PBPK model was verified against the plasma concentration-time 

profiles obtained after an IV infusion administration (3, 7, 9, and 18 mg). The model 

simulated PK profile for the IV infusion administration (3 mg) of montelukast are 

presented in Figure 4.2. The PK simulations after IV infusion administration of 

remaining doses (7, 9, 18 mg) of montelukast are presented in the supplementary 

materials (Figure S4.1). Model verification parameters (FE, AFE, and AAFE) are 

presented in the supplementary materials (Table S4.3). Simulated plasma 

concentration-time profiles were in good agreement with plasma concentration-time 

profiles measured after the IV infusion administration of a wide range of montelukast 



   
 

197 

doses (3 mg to 18 mg). AFE values for all the simulations ranged from 0.9 to 1.2, and 

AAFE values ranged from 1.1 to 1.2. 

 

Figure 4.2. Simulated montelukast plasma concentration-time profiles (solid line, population 

mean; grey area, 5th and 95th percentile of the population) in adults following by IV 

administration (3 mg; 15 minutes infusion) and orally (50 mg oral solution), against observed 

data in linear (left panels) and log scale (right panels) (33, 35). 

 

4.3.1.1.2. Oral administration 

Effective permeability was estimated with the PBPK model according to the observed 

plasma concentration-time profiles after the administration of a 50 mg dose of an oral 

solution of montelukast (by comparison of the simulated with observed plasma 

concentration-time profile). Drug exposure following administration of oral solution 

is independent of drug dissolution; therefore, validation of the model at this stage 

indicates a good prediction of intestinal permeability and gut metabolism. Model 

verification parameters for the simulation of the administration of montelukast as an 

oral solution (FE, AFE, and AAFE) are presented in the supplementary Table S4.4. 
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Simulation of the administration of montelukast oral solution was in good agreement 

with the observed plasma concentrations (AAFE = 1.48) and indicated a small 

overestimation of the mean PK profile (AFE = 1.47) (Figure 4.2). In terms of 

predictability of the PK parameters, Tmax was slightly underestimated (FE = 0.61) and 

Cmax and AUC were both in good agreement with observed data (FE = 1.21 and FE = 

1.24, respectively). The permeability value used is in accordance with the values used 

in previously reported montelukast PBPK models which used Peff,man values between 

0.69 and 1.2 x 10-4 cm/s (35, 46). Simulated Tmax was ‘slightly’ earlier than the 

observed Tmax, however, Tmax FE was still within the 2-fold criterion set for model 

validation. 

Prediction of plasma concentration-time profiles in adults after administration of 

Singulair® chewable tablets in the fasted state was performed using as model input the 

biorelevant dissolution profiles measured in the µDISS profiler™ (Table 4.2). The 

observed and simulated plasma concentration-time after oral administration of 

Singulair® chewable tablets to adults is presented in Figure 4.3. The PBPK model 

validation and assessment parameters (FE, AFE, and AAFE) are presented in the 

supplementary materials (Table S4.4). Biorelevant dissolution profiles measured with 

the µDISS profiler™ (dose/volume ratio adjusted for adults) were used as input in the 

simulations, as described in Table 4.2. 
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Figure 4.3. Simulated montelukast plasma concentration-time profiles (solid line, population 

mean; grey area, 5th and 95th percentile of the population) in adults after administration of 

montelukast chewable tablets (4 mg) in the fasted state, with different dissolution inputs, 

against observed data (36). Simulations (a) and (d) have as dissolution input the single-stage 

fasted intestinal dissolution profiles (FaSSIF-V2), simulations (b) and (e) have as dissolution 

input the single-stage fasted gastric and intestinal profile (FaSSGF + FaSSIF-V2), and 

simulations (c) and (f) have as dissolution input the two-stage fasted gastric to intestinal profile 

(FaSSGF to FaSSIF-V2). 

 

Two clinical datasets, referred to as Study (A) and Study (B), describing montelukast 

PK after administration of chewable tablets were used for the validation of oral 

predictions in adults (36). According to the validation parameters (FE, AFE, and 

AAFE), the PBPK model successfully predicted the in vivo exposure observed in both 

study designs (Study (A): AAFE 1.42 – 1.52; Study (B): AAFE 1.13 – 1.22;) (Table 

S4.4). Observed PK parameters from study (A) and study (B) appear to display similar 

Tmax and AUC values, however, lower Cmax is observed for study design (B). The 

differences between the 2 study designs are related to the minimum age of the subjects 

(study A = 19 years and study B = 24 years) and the proportion of female subjects 

(study A = 0.35 and study B = 0.63).  
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Overall, all simulations of the exposure of montelukast from the Singulair® chewable 

tablets met the validation criteria (AAFE ≤ 1.52). Both simulations of the 

administration of montelukast chewable tablets, with dissolution inputs of single-stage 

fasted intestinal dissolution profile (FaSSIF-V2) (Figure 4.3a and d) or two-stage 

fasted gastric to intestinal dissolution profile (FaSSGF to FaSSIF-V2) (Figure 4.3c 

and f), were in a good agreement with the observed PK data (AAFE range 1.42 to 1.52 

in study (A) and 1.13 to 1.22 in study (B)). The best prediction of the mean Cmax was 

obtained when the two-stage fasted gastric to intestinal dissolution profile (FaSSGF to 

FaSSIF-V2) was used as input (FE = 0.92 and 1.08 for study (A) and (B), respectively) 

(Table S4.4). Simulations with single-stage fasted gastric and intestinal dissolution 

profile as input (FaSSGF + FaSSIF-V2) were in good agreement with observed data 

(AAFE =1.46 and 1.16 for study (A) and (B), respectively) with slight underestimation 

of Cmax (FE = 0.72 and 0.84 for study (A) and (B) respectively) (Figure 4.3b and e).  

 

4.3.1.2. Montelukast Paediatric PBPK model 

4.3.1.2.1. Children and adolescents intravenous administration 

The simulated plasma concentration-time profiles in paediatrics after the IV infusion 

administration of 3.5 mg of montelukast to children and adolescents (6 to 14 years) 

are presented in Figure 4.4. The PBPK model validation and assessment parameters 

(FE, AFE, and AAFE) are presented in the supplementary materials in Table S4.5. 

The simulation of IV infusion administration to children and adolescents was in good 

agreement with the observed plasma concentration-time profiles (AFE = 0.99, AAFE 

= 1.26).  
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Figure 4.4. Simulated montelukast plasma concentration-time profiles (solid line, population 

mean; grey area, 5th and 95th percentile of the population) in children and adolescents (6 to 14 

years) after IV administration (5 min infusion) of 3.5 mg montelukast against observed data 

in linear scale (left panel) and log scale (right panel) (34).  

 

4.3.1.2.2. Children oral administration 

The simulated plasma concentration-time profiles in children (2 to 5 years) after the 

oral administration of montelukast Singulair® chewable tablets (4 mg) in the fasted 

state are presented in Figure 4.5. FE, AFE, and AAFE for the performed simulations 

are presented in the supplementary materials (Table S4.5). Biorelevant dissolution 

profiles measured with the µDISS profiler™ (dose/volume ratio adjusted for children) 

were used as input in the simulations, as described in Table 4.2.  

All the predictions for the oral administration of the chewable tablets to children met 

the validation criteria (AAFE range: 1.52 – 1.75). Independent of the dissolution 

profile input, a slight overestimation of AUC (FE between 1.25 and 1.56) was 

observed, however, the predicted PK parameters were still within the 2-fold criterion 

set for model validation. When using the montelukast single-stage fasted intestinal 

dissolution profile (FaSSIF-V2) as input, a slight overestimation of predicted Cmax and 

AUC was observed (Tmax FE = 1.15, Cmax FE = 1.35 and AUC FE = 1.56; Figure 

4.5a). The inclusion of the gastric dissolution profile with single-stage fasted gastric 
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and intestinal profile (FaSSGF + FaSSIF-V2), or the two-stage fasted gastric to 

intestinal profile (FaSSGF to FaSSIF-V2) as input to the simulation of oral 

administration of chewable tablets to children, led to an overall better description of 

the observed plasma-concentration profile (FaSSGF + FaSSIF-V2, AAFE =1.59; 

FaSSGF to FaSSIF-V2, AAFE = 1.52; Figure 4.5c). The best predictions of the 

observed PK parameters were obtained when using the two-stage fasted gastric to 

intestinal dissolution profile as input (Tmax FE = 1.09, Cmax = FE 1.14, and AUC FE = 

1.25; Figure 4.5c).  

 

Figure 4.5. Simulated montelukast plasma concentration-time profiles (solid line, population 

mean; grey area, 5th and 95th percentile of the population) in children (2 to 5 years) after 

administration of montelukast chewable tablets (4 mg) in the fasted state, with different 

children dissolution inputs, against observed data (37). Simulations (a) and (d) have as 

dissolution input the single-stage fasted intestinal dissolution profiles (FaSSIF-V2), 

simulations (b) and (e) have as dissolution input the single-stage fasted gastric and intestinal 

profile (FaSSGF + FaSSIF-V2), and simulations (c) and (f) have as dissolution input the two-

stage fasted gastric to intestinal profile (FaSSGF to FaSSIF-V2). 
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4.3.1.2.3. Parameter sensitivity analyses 

Results of the PSA conducted to understand the impact of the critical variables 

affecting the PK of montelukast are presented in Figure 4.6. For the interpretation of 

the PSA, the results were compared to the values used in the developed PBPK model 

(i.e. baseline simulation). 

The investigated changes in the MGRT (Figure 4.6a, c) did not show a substantial 

impact on the predicted AUC in adults and children. When MGRT increases from 0.27 

to 2 h a small decrease in Cmax (16% in adults and 23% in children) is observed in 

comparison to the baseline simulation results. An increase in MGRT from 0.27 to 2 h 

also leads to prolongation of Tmax by approximately 46% in adults and by 49% in 

children, when compared to the baseline simulation results (data not shown). 

The results of the sensitivity analysis of montelukast PK parameters as a function of 

Peff,man are presented in (Figure 4.6b, d). In adults, a reduction of Peff,man from 1.00 x 

10-4 cm/s (baseline value) to 0.10 x 10-4 cm/s (10-fold decrease) leads to a decrease of 

Cmax by approximately 82% (adults) and 79% (children), and a 68% (adults) and 58% 

(children) decrease in AUC, respectively. On the other hand, an increase in Peff,man 

from 1.00 x 10-4 to 2.00 x 10-4 cm/s (2-fold increase) leads to an increase in Cmax by 

39% and 32% (1.39-fold), but only a 7% (1.07-fold) and 3% (1.03-fold) increase in 

AUC, in adults and children respectively.  
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Figure 4.6. Parameter sensitivity analyses in children and adults for montelukast’s Cmax and 

AUC fold error (FE) as a function of mean gastric residence time (MGRT) and effective 

permeability (Peff,man). Values used in the developed PBPK model (i.e. baseline simulation) 

are shown in red.  

 

Sensitivity analysis was also performed on the % dissolved and time of dissolution to 

understand the impact of these variables on the PK of montelukast (Figure 4.7).  

To achieve the target plasma concentration-time profile observed in adults, 

montelukast dissolution would need to reach 80 to 100% dissolved within the first 

hour after administration (Figure 4.7c,d). Slower drug dissolution rates were related 

to a decrease in Cmax and notably prolonged Tmax. For example, if 100% of montelukast 

was dissolved at 4 h in comparison to 0.1 h, Cmax would decrease by approximately 

21% and Tmax would be prolonged from 2.31 h to 4.58 h (data not shown).  

In children, a slightly different in vivo drug dissolution behaviour is observed (Figure 

4.7a,b). To achieve the montelukast target Cmax and AUC in children, drug dissolution 
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needs to be approximately 60%. If montelukast dissolution was fast and complete 

(100% dissolved in 0.10 h), children’s Cmax would be overestimated by 48% and AUC 

by 61% (in comparison to the observed Cmax and AUC). If 60% of montelukast 

chewable tablets are dissolved at 4 h in comparison to 0.10 h, Cmax would decrease by 

approximately 24%, AUC by 6% and Tmax would be prolonged from 1.81 h to 4.20 h, 

overestimating by approximately 110% the observed Tmax (2 h) (data not shown). 

Overall, results seem to indicate that montelukast in vivo dissolution in children is fast 

(within the first hour after administration) but does not appear to be complete (contrary 

to what was observed in adults).  

 

 

Figure 4.7. Parameter sensitivity analyses in adults and children for montelukast’s Cmax and 

AUC fold error (FE) as a function of % drug dissolved and time for % dissolved. 
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4.3.2. Case-study 2 

4.3.2.1. Infants oral administration 

The simulated plasma concentration-time profiles after oral co-administration of 

montelukast granules with applesauce or formula to infants are presented in Figure 

4.8. Model assessment and validation parameters (FE, AFE, and AAFE) for all 

simulations performed are presented in the supplementary materials (Table S4.6). For 

the fasted state simulations, underestimation of Cmax and AUC for all age groups was 

observed, especially for the older infant sub-groups (3 to 6 months and 6 months to 24 

months) which received the formulation co-administered with applesauce. Fasted state 

simulations performed for older infants (aged from 3 to 6 and 6 months to 24 months), 

did not meet the validation criteria (AAFE ≤ 2) (Figure 4.8a,b,c).  

For infants aged from 1 to 3 months, a reasonable prediction of the plasma 

concentration-time profiles was achieved for the fed state simulation with the 

dissolution input of drug co-administration with formula from fasted gastric to fed 

intestinal (Formula FaG/FeI; AFE = 0.93, AAFE = 1.37) (Figure 4.8d), and all PK 

parameters were well predicted by the simulations (FE between 0.90 to 1.12). 

For infants aged from 3 to 6 months, predictions of plasma concentration-time profiles 

were acceptable for the fed state simulation with the dissolution input of drug co-

administration with applesauce from fasted gastric to fed intestinal (Applesauce 

FaG/FeI; AAFE =1.70) (Figure 4.8e). The PK profile was reasonably predicted, with 

a slight underestimation of later time points (AFE of 0.80 and AAFE 1.70). All 

predicted PK parameters were within the 2-fold validation criterion; a good prediction 

of AUC was achieved, and a slight overestimation of Cmax and Tmax was observed (Tmax 

FE = 1.64, Cmax FE = 1.52, AUC FE = 0.95).  
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For the infants aged from 6 to 24 months, predictions of plasma concentration-time 

profiles were acceptable for the fed state simulation with the dissolution input of drug 

co-administration with applesauce from fasted gastric to fed intestinal (Applesauce 

FaG/FeI) (Figure 4.8f). In this case, AAFE was 1.49 and AFE was 0.89 which 

indicates a reasonable prediction of the in vivo plasma concentration-time profile. The 

PK parameters were generally well predicted, with all FE inside the 2-fold criterion, 

and slight overestimation of Cmax and Tmax was observed (FE Cmax = 1.36, and FE 

AUC = 1.00; Tmax FE = 1.41). The very slight overestimation of Tmax in infant older 

subgroups (3 to 6 and 6 to 24 months) could be potentially related to the delay 

observed in the in vitro dissolution profile caused by the mixing of the formulation 

with the applesauce (Chapter 3), nevertheless, all parameters were within the 

validation criteria (2-fold range).  
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Figure 4.8. Simulated montelukast plasma concentration-time profiles (solid line, population mean; grey area, 5th and 95th percentile of the population) in infants 

after administration of a single dose of montelukast granules (4 mg) in the fasted [(a)-(c)] and fed state [(d)-(f)] against observed data (35, 38-40). Simulations 

(a) and (d) have as dissolution input the dissolution profiles of montelukast granules co-administered with formula under fasted gastric to fasted intestinal 

conditions (FaG/FaI) or fasted gastric to fed intestinal (FaG/FeI), respectively; simulations [(b) and (c)] have as dissolution input the dissolution profiles of 

montelukast granules co-administered with applesauce under fasted gastric to fasted intestinal (FaG/FaI), or [(e) and (f)] or fasted gastric to fed intestinal 

conditions (FaG/FeI). 
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4.3.2.2. Parameter sensitivity analyses 

Results from the parameter sensitivity analyses are presented in Figure 4.9.  

Changes of the MGRT between 0.10 and 2 h showed a minimal effect in both Cmax 

and AUC (less than 11% change compared to the simulation with the value used in 

the developed PBPK model i.e. baseline simulation) (Figure 4.9a, d). A decrease in 

MGRT led to faster Tmax values in infants in comparison to the baseline simulation 

(data not shown). These results were in accordance with what was observed for 

children and adults in subsection 4.3.1.2.3. 

Sensitivity of montelukast infants PK as a function of changes in Peff,man from 0.10 x 

10 -4 to 2 x 10 -4 cm/s led to similar results as observed for children and adults 

(subsection 4.3.1.2.3.). (Figure 4.9b, e). An increase of Peff,man to 2.00 x 10-4 cm/s 

resulted in an increase of Cmax by approximately 12 to 20% (1.12 to 1.2-fold) and a 

small increase in AUC (less than 6%) when compared to baseline predictions. A 

decrease in Peff,man from 1.00 x 10-4 to 0.10 x 10-4 cm/s was associated with a decrease 

in Cmax and AUC (approximately by 75% and 55%, respectively) comparing to the 

baseline simulation results,  

Overall, a decrease in the CYP2C8 fraction of adult activity resulted in an increase in 

the Cmax and AUC in infants (Figure 4.9c, f). It was also observed that changes in the 

CYP2C8 fraction of adult activity showed a higher impact on AUC than on Cmax. 

Changes in CYP2C8 fraction of adult activity showed a higher impact on Cmax and 

AUC when compared to the impact of the other tested parameters (i.e. MGRT and 

Peff,man). In infants aged from 3 to 6 months, the Cmax and AUC increased to 124% (2-

fold increase) and 340% (4-fold increase), respectively, when the fraction of adult 

activity was reduced to approximately 0.27 fraction of adult activity, in comparison to 

the baseline simulation results in this age group. 
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Figure 4.9. Parameter sensitivity analyses in infants (subgroups: 1 to 3 months, 3 to 6 months, 6 to 24 months) for Cmax and AUC fold error (FE) as a function 

of mean gastric residence time (MGRT), effective permeability (Peff,man) and CYP2C8 activity (fraction of adult). Values used in the PBPK model are shown in 

red (i.e. baseline simulation).
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Figure 4.10. Parameter sensitivity analyses in infants subgroups (1 to 3 months, 3 to 6 months and 6 to 24 months) for Cmax and AUC as a function of % 

dissolved and time for % dissolved. 
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In infants between 1 to 3 months, the observed Cmax was best captured when 

dissolution extent was between 60 and 80% (Figure 4.10a, d). On the other hand, for 

older infants (age groups 3 to 6 months and 6 to 24 months), the observed Cmax was 

best captured if the montelukast dissolution extent was between 40 and 60% (Figure 

4.10). Slower dissolution rates (e.g. 60% dissolved at 4 h) were related to prolonged 

Tmax (approximately 80% [1.80-fold] increase in Tmax, data not shown) and a small 

decrease in Cmax and AUC (less than 10 % decrease Cmax and AUC from 0.10 h to 4 

h), for all infant age groups. Results suggest that in vivo drug dissolution in infants is 

not complete. Additionally, results of the sensitivity analyses suggest that the % drug 

dissolved in vivo in younger infants (1 to 3 months) is slightly higher than in older 

infants (3 to 24 months). 

 

4.4. Discussion 

In this study, the applicability of PBPK modelling for the evaluation of drug product 

performance in paediatrics was explored through two case studies. In case study 1, the 

focus was on the extrapolation of formulation performance from adults to children. 

Studies were conducted to understand which dissolution input would lead to better 

prediction of montelukast chewable tablets' performance between adults and children. 

Simulations of the administration of Singulair® chewable tablets to adults were all in 

good agreement with the observed in vivo data, and the results suggest that the two-

stage dissolution approach was the most successful method in predicting drug 

performance between adults and children. Estimated drug bioavailability from 

chewable tablets was approximately 80% in adults, which is in accordance with the 

reported in vivo bioavailability in this population for the fasted state (31). Simulations 

in children were also predictive of the in vivo data. Estimated montelukast 



   
 

213 

bioavailability from chewable tablets in children was approximately 68%, which is 

slightly lower than the adult predicted bioavailability. This was further confirmed by 

the PSA, which showed that the optimal % drug dissolved for the prediction of 

montelukast PK was lower in children than in adults. The lower dissolution extent is 

likely related to the higher dose/volume ratio present in children, as revealed by the in 

vitro dissolution studies (Chapter 3). 

 

In case study 2, the validated PBPK model was used for investigating the impact of 

medicine co-administration with vehicles in infants. Dissolution studies were 

conducted in fasted gastric to fasted or fed intestinal state and coupled with a 

respective fasted or fed state PBPK model (as the prandial state of infants was not 

disclosed in the clinical studies (35, 38-40). Fasted state simulations using in vitro 

fasted state gastric to intestinal dissolution profiles (FaG/FaI conditions) were not 

predictive of in vivo drug exposure, for either of the two vehicles used for drug co-

administration. Coupling of in vitro dissolution profiles simulating medicine co-

administration practices (drug mixed with applesauce/formula in fasted gastric to fed 

intestinal dissolution conditions) and a fed state PBPK model successfully predicted 

in vivo drug performance in infants. The results obtained suggest that simulation of 

fed state intestinal conditions is more representative of the in vivo scenario than fasted 

state intestinal conditions. These findings are in accordance with the conclusions from 

Martir et al., which showed that infant montelukast PK studies were likely performed 

in the fed state or that the practice of medicine co-administration with food and drinks 

might trigger fed state conditions in vivo (13). A higher frequency of meals can be 

seen in paediatrics, which can lead to the continuous presence of residual food in the 

stomach and/or intestine, especially for newborns and young infants (8, 50). For the 
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youngest age groups, the food-effect mechanisms are still unknown, therefore, the 

amounts and/or types of food that can trigger a fed-sate remains undefined (51). Since 

the definition of fasted and fed states is complex in infants, a food-effect should not 

be disregarded even where an adult food-effect is not observed (51). The predicted 

bioavailability in infants was approximately 76% (1 to 3 months – formulation mixed 

with formula) and 58% (3 to 6 and 6 to 24 months – formulation mixed with 

applesauce). The higher predicted in vivo drug exposure is driven by the higher in vitro 

% montelukast dissolved when mixing the formulation with formula in comparison to 

mixing the formulation with applesauce. A draft guidance has been issued by the FDA 

in which the recommended approaches for determining the suitability of the vehicles 

intended for co-administration of paediatric medicines are discussed (14). The PBPK 

absorption modelling approach used in this manuscript addresses the need for tools 

that help understanding the impact of medicine co-administration practices on in vivo 

product performance. This approach would be helpful not only to study medicine co-

administration with vehicles but also other real-life dosing scenarios of drug 

manipulation and handling practices. Overall, the continuous optimization of both 

dissolution and PBPK modelling for paediatrics will be helpful to support the 

development of age-appropriate medicines (13, 21). 

 

A pediatric PBPK model for montelukast has been previously developed which took 

into consideration experimental in vitro measurements of particle size, solubility in 

fasted simulated gastric and intestinal fluid, and the dispersion of the formulation; 

however, the model did not take into account the in vitro dissolution performance of 

montelukast formulations in the different age groups, and it was not clear which 

ontogeny was used for CYP2C8 (35).  
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The innovation of our work was to use age-appropriate dissolution testing coupled 

with a PBPK model. Note that in the current study, the CYP2C8 ontogeny used in 

infants was partially developed against observed in vivo oral data of montelukast by 

Upreti et al. (45). This ontogeny was later externally validated by Zhou et al. against 

oral in vivo data of desloratadine which is also metabolised by CYP2C8 (i.e. 80% 

contribution to hepatic metabolism) (46). To improve the relevance of the in vivo 

CYP2C8 ontogeny used, validation should be performed with a higher number of 

compounds that are highly metabolised by this enzyme. Continuous improvement of 

paediatric PBPK models, and in vitro age-related solubility/dissolution methods, with 

high-quality physiological and clinical data is essential and will allow increasing its 

applicability during paediatric drug development. 

 

4.5. Conclusions 

The developed PBPK model coupled with in vitro age-appropriate dissolution tests 

successfully predicted the oral exposure of montelukast chewable tablets in adults and 

children. The predicted bioavailability of montelukast in children was slightly lower 

than in adults. For poorly water-soluble compounds, to achieve accurate prediction 

power, the type of dissolution input used needs to be evaluated. The ‘best’ input might 

not be the same for all drugs and will be certainly related to drugs’ physicochemical 

properties, drug product characteristics, and study design. In this study, the use of 

biorelevant two-stage dissolution as input in the PBPK model resulted in the most 

successful prediction of montelukast performance in adults and children, after 

administration of montelukast chewable tablets. The developed PBPK model coupled 

with in vitro infant biorelevant dissolution tests simulating in vivo dosing conditions 
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predicted drug exposure in infants after medicine co-administration with food and 

drinks. 

PBPK modelling informed by in vitro age-related dissolution tests can be applied to 

other poorly soluble compounds to evaluate paediatric drug product performance and 

support paediatric drug development. 
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4.6. Supplementary Materials 

Table S4.1. Details of study design after IV administration of montelukast to adults and 

paediatrics, and overview of observed PK parameters. 

Age group Age 
Infusion 

 time (h) 
Dose 

(mg) 
Pharmacokinetic 

Parameter  
Observed Reference 

Adults 21 to 37 0.25 3 

Tmax (h) 0.25 

(33) 
Cmax (ng/mL) 570 

AUC
 0-24h

 

(ng/mL.h) 
1036 

Adults 19 to 68 0.08 7 

Tmax (h) 0.08 

(34) 
Cmax (ng/mL) 1750 

AUC
 0-24h

 

(ng/mL.h) 
3256 

Adults 21 to 37 0.25 9 

Tmax (h) 0.25 (33) 

Cmax (ng/mL) 1922 

AUC
 0-24h

 

(ng/mL.h) 
3541 

Adults* 19 to 39 0.25 9 

Tmax (h) 0.25 (33) 

Cmax (ng/mL) 1885 

AUC
 0-24h

 

(ng/mL.h) 
3280 

Adults 21 to 37 0.25 18 

Tmax (h) 0.25 (33) 

Cmax (ng/mL) 3639 

AUC
 0-24h

 

(ng/mL.h) 
7445 

Old Children 

and 

Adolescents 

6 to 14 0.08 3.5 

Tmax (h) 0.25 

(34) 
Cmax (ng/mL) 3639 

AUC
 0-24h

 

(ng/mL.h) 
7570 

 

* all the subjects were females 
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Table S4.2. Details of study design after oral administration of montelukast to adults and 

paediatrics, and overview of observed PK parameters. 

Age 

group 
Age 

Proportion 

of females 
Formulation 

Dose 

(mg) 

Prandial 

State 
Parameter Observed Reference 

Adults NAa NAa Solution 50 NA 

Tmax (h) 4.00 

(35) 
Cmax (ng/mL) 1836 

AUC
 0-24h 

(ng/mL.h) 
14560 

Adults 
19 to 44 

years 
0.35 

Chewable 

Tablets 

4 

Fasted 

Tmax (h) 2.00 

(36) 
Cmax (ng/mL) 192 

AUC
 0-24h

 

(ng/mL.h) 
1183 

Adults 
24 to 44  

years 
0.63 Fasted 

Tmax (h) 2.00 

(36) 
Cmax (ng/mL) 175 

AUC
 0-24h

 

(ng/mL.h) 
1265 

Children 
2 to 5 

 years 
0.53 

Chewable 

Tablets 
Fasted 

Tmax (h) 2.00 

(37) 

Cmax 

(ng/mL) 
548 

AUC
 0-24h

 

(ng/mL.h) 
2883 

Infants 
6 to 24 

 months 
0.59 Granules NA 

Tmax (h) 3.00b 

(35, 40) 
Cmax (ng/mL) 383 

AUC
 0-24h

 

(ng/mL.h) 
3170 

Infants 
3 to 6 

 months 
0.36 Granules NA 

Tmax (h) 2.50 

(35, 38) 
Cmax (ng/mL) 523 

AUC
 0-24h

 

(ng/mL.h) 
4580 

Infants 
1 to 3 

months 
0.42 Granules NA 

Tmax (h) 3.00 

(35, 39) 
Cmax (ng/mL) 1715 

AUC
 0-24h

 

(ng/mL.h) 
14292 

 

a demographics and study design were not disclosed, simulations for oral administration of  montelukast 

oral solution were performed in the fasted state assuming an age range from 19 to 44 years; all subjects 

were males 
b median value 
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Figure S4.1. Simulated montelukast plasma concentration-time profiles (solid line, 

population mean; grey area, 5th and 95th percentile of the population) in adults after IV infusion 

administration of 3, 7, 9 and 18 mg. * denotes dataset where all subjects were females. 

Observed data are depicted as filled black circles (33, 34). The mean from the digitalised 

points is presented as red symbols. 
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Table S4.3. Observed and predicted PK parameters and calculated FE, AFE, and AAFE after 

IV infusion administration of montelukast to adults.  

Dose (mg) 
PK 

Parameter  

Observed 

value 

Predicted 

value  
FE AFE AAFE 

3 

Tmax (h) 0.25 0.25 0.99 

1.30 1.33 Cmax (ng/mL) 570 512 0.90 

AUC
 0-24h 

(ng/mL.h) 1037 1217 1.17 

7 

Tmax (h) 0.08 0.13 1.65 

0.94 1.17 Cmax (ng/mL) 1750 1209 0.69 

AUC
 0-24h 

(ng/mL.h) 3257 2809 0.86 

9 

Tmax (h) 0.25 0.25 0.99 

1.13 1.25 Cmax (ng/mL) 1923 1535 0.80 

AUC
 0-24h 

(ng/mL.h) 3541 3659 1.03 

9* 

Tmax (h) 0.25 0.25 1.00 

1.32 1.33 Cmax (ng/mL) 1886 1816 0.96 

AUC
 0-24h 

(ng/mL.h) 3281 4076 1.24 

18 

Tmax (h) 0.25 0.25 0.99 

1.03 1.13 Cmax (ng/mL) 3639 3070 0.84 

AUC
 0-24h 

(ng/mL.h) 7445 7319 0.98 
 

* All subjects were females 
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Table S4.4 Observed and predicted PK parameters and calculated FE, AFE, and AAFE after 

oral administration of montelukast to adults.  

Formulation Dose (mg) Dissolution Input 
PK 

Parameter 
Observed 

value 
Predicted 

Value 
FE AFE AAFE 

Solution 50 not applicable 

Tmax (h) 4.00 2.44 0.61 

1.47 1.48 Cmax (ng/mL) 1837 2215 1.21 

AUC
 0-24h 

(ng/mL.h) 14203 17580 1.24 

 Knorr2010 study (A) 

Chewable 

Tablets 

4 

Single-Stage: 

FaSSIF-V2 

Tmax (h) 2.00 2.66 1.33 

1.07 1.42 Cmax (ng/mL) 193 164 0.85 

AUC
 0-24h 

(ng/mL.h) 1184 1315 1.11 

Single-Stage: 

FaSSGF + FaSSIF-

V2 

Tmax (h) 2.00 2.77 1.39 

0.91 1.46 Cmax (ng/mL) 193 139 0.72 

AUC
 0-24h 

(ng/mL.h) 1184 1126 0.95 

Two-Stage: FaSSGF 

to FaSSIF-V2 

Tmax (h) 2.00 2.53 1.27 

1.05 1.52 Cmax (ng/mL) 193 176 0.92 

AUC
 0-24h 

(ng/mL.h) 1184 1369 1.16 

Knorr2010 study (B) 

4 

Single-Stage: 

FaSSIF-V2 

Tmax (h) 2.00 2.69 1.35 

1.08 1.13 
Cmax (ng/mL) 176 173 0.99 

AUC
 0-24h 

(ng/mL.h) 
1265 1377 1.09 

Single-Stage: 

FaSSGF + FaSSIF-

V2 

Tmax (h) 2.00 2.66 1.33 

0.92 1.16 
Cmax (ng/mL) 176 148 0.84 

AUC
 0-24h 

(ng/mL.h) 
1265 1180 0.93 

Two-Stage: FaSSGF 

to FaSSIF-V2 

Tmax (h) 2.00 2.55 1.27 

1.07 1.22 
Cmax (ng/mL) 176 190 1.08 

AUC
 0-24h 

(ng/mL.h) 
1265 1449 1.15 
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Table S4.5. Observed and predicted PK parameters and calculated FE, AFE, and AAFE after 

administration of montelukast to children as an IV infusion or as oral chewable tablets. 

Age group 

(years) 

Administration 

and Dose (mg) 
Dissolution 

Input 

PK 

Parameter  

Observed 

Value 

Predicted 

Value 
FE AFE AAFE 

Children and 

Adolescents 

(6 to 14) 

IV infusion 

3.5 mg 
NA 

Tmax (h) 0.08 0.13 1.59 

0.99 1.26 
Cmax (ng/mL) 1840 1334 0.72 

AUC
 0-24h

 

(ng/mL.h) 
2209 2519 1.14 

Children 

(2 to 5) 

Oral 

4 

Single-Stage: 

FaSSIF-V2  

Tmax (h) 2.00  2.30 1.15 

1.36 1.75 
Cmax (ng/mL) 548 743 1.35 

AUC
 0-24h

 

(ng/mL.h) 
2883 4484 1.56 

Single-Stage: 

FaSSGF + 

FaSSIF-V2 

Tmax (h) 2.00 2.30 1.14 

1.19 1.59 
Cmax (ng/mL) 548 631 1.15 

AUC
 0-24h

 

(ng/mL.h) 
2883 3928 1.36 

Two-Stage: 

FaSSGF to 

FaSSIF-V2 

Tmax (h) 2.00 2.20 1.09 

1.14 1.52 
Cmax (ng/mL) 548 626 1.14 

AUC
 0-24h

 

(ng/mL.h) 
2883 3594 1.25 
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Table S4.6. Observed and predicted PK parameters and calculated FE, AFE, and AAFE after 

oral administration of montelukast granules (4 mg) to infants. 

Age 

(months) 
Dissolution Input 

PK 

Parameter 

Observed 

Value 

Predicted 

Value 
FE AFE AAFE 

6 to 24 

Applesauce 

(FaG/FaI) 

Tmax (h) 3.00a 4.72 1.57 

0.29 3.45 
Cmax (ng/mL) 383 173 0.45 

AUC
 0-24h

 

(ng/mL.h) 
3171 1077 0.34 

Applesauce 

(FaG/FeI) 

Tmax (h) 3.00a 4.23 1.41 

0.89 1.49 
Cmax (ng/mL) 383 522 1.36 

AUC
 0-24h

 

(ng/mL.h) 
3171 3162 1.00 

3 to 6 

Applesauce 

(FaG/FaI) 

Tmax (h) 2.50 4.68 1.87 

0.25 3.97 
Cmax (ng/mL) 523 261 0.50 

AUC
 0-24h

 

(ng/mL.h) 
4581 1480 0.32 

Applesauce 

(FaG/FeI) 

Tmax (h) 2.50 4.10 1.64 

0.80 1.70 
Cmax (ng/mL) 523 796 1.52 

AUC
 0-24h

 

(ng/mL.h) 
4581 4359 0.95 

1 to 3 

Formula (FaG/FaI) 

Tmax (h) 3.00 2.53 0.84 

0.60 1.70 
Cmax (ng/mL) 1715 1305 0.76 

AUC
 0-24h

 

(ng/mL.h) 
14293 8356 0.58 

Formula (FaG/FeI) 

Tmax (h) 3.00 3.36 1.12 

0.93 1.37 
Cmax (ng/mL) 1715 1850 1.08 

AUC
 0-24h

 

(ng/mL.h) 
14293 12929 0.90 

 

a median value 
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5. Chapter 5. Investigating the critical variables of 

azithromycin oral absorption using in vitro tests and PBPK 

Modelling 

 

Abstract 

Objectives: Azithromycin is an antibiotic listed in the essential list of medicines for adults 

and paediatrics. Conflicting evidence has been found regarding azithromycin 

classification according to the Biopharmaceutics classification system (BCS). The 

purpose of this study was to identify the critical variables that influence the oral absorption 

of azithromycin in adults and paediatrics. 

Methods: Azithromycin solubility and dissolution studies (azithromycin oral suspension) 

were performed in buffers and biorelevant media simulating the fasted and fed state 

environment of the gastrointestinal tract. A PBPK model was developed for azithromycin 

for healthy volunteers and paediatrics (SimCYP® v18.2) informed by in vitro solubility 

and dissolution studies to predict drug performance after administration of azithromycin 

as an oral suspension. 

Key findings: The developed PBPK model predicted azithromycin plasma 

concentrations-time profiles after administration of an oral suspension to adults and 

paediatrics. Sensitivity analysis of solubility vs dose suggests that absorption is 

independent of solubility within the therapeutic dose range in both adults and paediatrics. 

The developed PBPK model for adults and paediatrics was consistent with the mechanism 

of permeation through the intestinal membrane (passive and active processes) being the 

rate-limiting step of azithromycin’s absorption. 

Conclusions: The physiologically based approach proposed was shown to be useful to 

determine the factors controlling drug absorption in adults and paediatrics.  
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5.1. Introduction 

The biopharmaceutics classification system (BCS) is a framework that describes the 

key drivers of in vivo drug performance: dose, solubility and permeability (1). The 

BCS is a vital part of the drug development process, particularly in the establishment 

of BCS-based biowaivers (2).  

The need for a paediatric biopharmaceutical classification system (pBCS) has been 

emphasised in the literature (2, 3). Although efforts have been made towards the 

establishment of a pBCS, uncertainties in the current knowledge of paediatric 

physiology, heterogeneity of the paediatric population, and other complicating factors 

still hinder the progress and development of such a tool. Due to the lack of a pBCS, 

predictions of solubility and permeability classification in paediatrics are often based 

on the adults' BCS criteria. Caution should be taken with this approach as the 

paediatric population undergoes developmental changes in anatomy and physiology 

(such as differences in gastric pH, gastrointestinal (GI) fluid composition, gastric 

emptying (GE) times, small intestinal transit times (SITT), intestinal transporters, 

etc.), which might alter the drug solubility and permeability classification criteria in 

the paediatric age groups (3, 4). Consequently, drugs biopharmaceutical properties can 

be affected as a function of age, and shifts in BCS classification between adults and 

paediatrics can occur. Unfavourable BCS class shifts can negatively affect drug 

performance in the paediatric population when compared to drug efficacy and safety 

in adults (3, 5). Therefore, an extensive evaluation should be performed to assess the 

risk of BCS classification changes from extending adults' BCS criteria to paediatrics 

(3, 6, 7).  

The BCS drug solubility criteria can be determined based on three main parameters: 

the drug's highest dose the initial fasted gastric volume, and the drug solubility across 
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a physiologically relevant pH range. Drugs are classified as highly soluble if the 

highest therapeutic dose (EMA) or highest strength (FDA) is soluble in 250 mL 

aqueous liquid at a relevant pH range (8-10). Current methods for assessing the 

paediatric relevant luminal volumes are based on the Bodyweight (BW) or Body 

Surface Area (BSA) extrapolation of adult luminal volumes (2). 

The permeability class of a drug is based on the extent of absorption. For a drug to be 

considered highly permeable, the systemic bioavailability/extent of absorption needs 

to be greater than 85–90% of the administered dose (9, 10). The preferred methods to 

determine the permeability class of a drug are pharmacokinetic (PK) studies, such as 

mass balance or absolute bioavailability studies. Alternative methods can be used, 

which do not involve human subjects, such as in vivo or in situ intestinal perfusion in 

suitable animal models, or in vitro permeability experiments such as cultured Caco-2 

epithelial cell monolayers derived from human colon adenocarcinoma cell line (9, 10). 

For paediatrics, permeability values have often been derived from absolute 

bioavailability data in paediatric patients, however, due to the limited PK data in 

paediatrics, alternative methods have been suggested. Calculated logP values guided 

the provisional classification of the drugs included in the World Health Organization 

(WHO) list of essential drugs for children (3). The applicability of this method to 

paediatric groups under 2 years of age remains unknown due to the rapid degree of 

maturation and growth changes that take place until this age (2). Recently, a 

mechanistic PBPK modelling approach has been proposed to detect the sensitivity of 

the cumulative fraction absorbed to permeability changes in paediatrics, as a method 

to evaluate the risk of BCS permeability classification changes between adults and 

paediatrics (11). 
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Paediatric biopharmaceutic risk assessment should be conducted in the early stages of 

drug development, along with the adult product development program (7). A 

biopharmaceutical risk assessment should involve the coupling of in vitro and in silico 

tools to predict the impact of drug solubility, dissolution, and permeability on the drug 

systemic exposure. The best approach to a successful risk assessment in paediatrics is 

to apply the current knowledge of paediatric physiology in the development of age-

appropriate in vitro tools (such as age-appropriate biorelevant media composition and 

dissolution conditions) and in silico tools (such as age-appropriate PBPK modelling 

focused on oral drug absorption). The coupling of age-appropriate in vitro and in silico 

tools may be a valid strategy to transcend the existing knowledge gaps surrounding 

each method on its own (2).  

In this study, azithromycin was selected as the model compound. Azithromycin is an 

antibiotic commonly prescribed for respiratory tract infections in adults and 

paediatrics (12). The paediatric formulation available in the market is the Zithromax® 

immediate-release powder for suspension which can be used in children under 45 Kg 

according to the drug product label (12). 

Conflicting evidence has been found regarding the BCS classification of azithromycin. 

According to the FDA Zithromax® Clinical Pharmacology and Biopharmaceutics 

review, azithromycin might be either a BCS class I or III compounds (12). On the 

other hand, WHO has classified azithromycin as BCS class II or IV due to its poor 

bioavailability, and the difficulty to link azithromycin’s poor solubility or poor 

solubility and permeability (13). Additionally, three different studies have attempted 

to classify azithromycin according to a provisional pBCS. delMoral-Sanchez et al. 

attributed a provisional pBCS class for the oral drugs included in the Essential 

Medicines List by the World Health Organization (WHO) and compared the pBCS 
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classification with the adults BCS class (6). For the solubility classification, the dose 

number was calculated, and a BW-extrapolation was used to scale the paediatric 

luminal volumes from the reference adult volume (6). Permeability classification was 

based on partition coefficient, logP (n-octanol/water partition coefficient), and its 

relationship with human intestinal permeability. delMoral-Sanchez et al. considered 

azithromycin as a BCS class II in adults, and favourable changes to BCS class I in 

newborns were predicted based on Fried’s Rule for the calculation of the paediatric 

dose (Fried’s rule=[age (months)/150] × adult dose) (6). Shawahna also proposed a 

provisional classification system based on a BW-extrapolation to scale the paediatric 

luminal volumes from adult’s initial gastric volumes (14). Shawahna predicted that 

azithromycin was a poorly water-soluble compound in adults, with no solubility class 

changes predicted for paediatrics. Predictions for permeability classification changes 

in paediatrics were not performed in this study. Finally, Gandhi and co-workers used 

a potential pBCS, where BSA-extrapolation was used to scale paediatric reference 

volumes from the adult reference volume (7). For assessment of permeability class 

changes from adults to paediatrics, the absolute bioavailability in paediatrics was 

considered. Based on the study findings, azithromycin was classified as BCS class III 

in adults, and no paediatric BCS class changes were expected for paediatrics (7). 

This study aimed to use PBPK modelling informed by in vitro and in silico 

biopharmaceutical tools to: (i). clarify the impact of in vivo solubility, dissolution, and 

permeability on the absorption of azithromycin in adults and paediatrics; and (ii). 

assess the biopharmaceutical risk of age-related changes on oral azithromycin 

performance. Solubility and dissolution studies were performed in buffers and 

biorelevant media simulating the fasted and fed state environment of the 

gastrointestinal tract. A PBPK model was developed for adults and paediatrics in the 
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SimCYP ® v18.2 (Certara®, US) simulator, informed by the results obtained in the in 

vitro dissolution and solubility studies to predict drug performance after 

administration of azithromycin as an oral suspension to adults and paediatrics. 

Parameter sensitivity analysis (PSA) was performed to generate an understanding of 

the role of critical variables on the oral absorption of azithromycin in adults and 

paediatrics.  

 

5.2. Materials and methods 

5.2.1. Materials 

Azithromycin analytical standard (90%), dichloromethane, acetonitrile [High-

performance liquid chromatography (HPLC) grade], and methanol (HPLC grade) 

were obtained from Fisher Scientific (UK). Sodium hydroxide, 37% hydrochloric 

acid, sodium chloride, potassium dihydrogen phosphate, sodium acetate trihydrate 

were purchased from Fisher Scientific (UK). Water was ultra-pure (Milli-Q) 

laboratory grade. Ultrafree filter units were obtained from Merck Millipore, USA, and 

azithromycin dihydrate (98%) was purchased from VWR Chemicals, UK. Zithromax® 

powder for the suspension (azithromycin dihydrate 209.64 mg/5 ml containing the 

equivalent of 200 mg azithromycin base per 5 mL, Pfizer Ltd., UK) was obtained from 

UK pharmacies and Belgium pharmacies. Glass microfiber GF/F and GF/D filters (0.7 

and 2.7 µm, respectively) (Whatman®, UK), pepsin (from porcine), were purchased 

from Sigma Sigma-Aldrich Company Ltd. (UK). Sodium taurocholate (Prodotti 

Chimici Alimentari S.P.A., Italy), egg lecithin – Lipoid EPCS (Lipoid GmbH, 

Germany), and Glyceryl monooleate (Biosynth Carbosynth®, UK) were obtained from 

the specified sources. Ultra-high-temperature treated whole cow's milk standardised 

to less than 4% fat was acquired from Sainsbury's, UK. Polytetrafluoroethylene 
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(PTFE) filters (13 mm, 0.45 μm) were used in the solubility experiments and were 

purchased from Fisher Scientific (UK).  

 

5.2.2. Methods 

5.2.2.1. Preparation of media 

USP simulated gastric fluid sine pepsin (SGFsp) pH 1.2, acetate buffer pH 4.5, and 

phosphate buffer pH 6.8 were prepared following the USP (15). Adult and paediatric 

biorelevant media were freshly prepared for each experiment, as described by Maharaj 

et al. (16). Adult standard biorelevant media used consisted of fasted state simulated 

gastric fluid (FaSSGF), fasted state simulated intestinal fluid (FaSSIF-V2), fed state 

gastric simulated fluid (FeSSGF) or fed state intestinal simulated fluid (FeSSIF-V2) 

(16). The infant biorelevant media used was infant fasted state simulated gastric fluid 

(Pi-FaSSGF) and infant fed state simulated intestinal fluid (Pi-FeSSIF) (16). For the 

two-stage dissolution testing (performed in the inForm platform), double concentrated 

FaSSIF-V2 was prepared with an additional amount of sodium hydroxide to achieve 

the final composition of FaSSIF-V2 (pH 6.5) after its addition to the gastric phase. 

 

5.2.2.2. Solubility studies 

5.2.2.2.1. Solubility measurements 

Solubility experiments were performed using the shake flask method in a shaking 

water bath (model Grant SS40-2, Grant Instruments, UK) (37 °C, 200 strokes/minute). 

All solubility assessments were performed in triplicate. An excess of the solid drug 

was used to saturate the volume of medium used. Experiments were conducted with 2 

mL of medium in centrifuge tubes. Aqueous-based samples were collected at 24 h, 

filtered and appropriately diluted in methanol. Filter adsorption studies were 

performed prior to the experiments. No adsorption to the filters used was observed. 
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For samples containing milk-based products, the undissolved drug was removed by 

centrifugation (Eppendorf Heraeus Fresco 17 centrifuge, Thermo Electron LED 

GmbH, Germany) at 8000 rpm for 15 min at 4 °C. The supernatant was then treated 

with methanol (1000 µL of methanol were added to 500 µL of the sample), vortexed 

for 1 min, centrifuged (8000 rpm, 15 min, 4oC) and the resulting supernatant was 

filtered through a 0.45 µm PTFE filter and injected into the HPLC. 

 

5.2.2.2.2. Drug Solubility Classification 

Azithromycin solubility classification was determined by the calculation of dose 

number for paediatrics and adults. The dose number (D0) was estimated across the 

different paediatric age groups using the following equation: 

 

D0 =
𝐷𝑜𝑠𝑒

𝑆 × 𝑉0
 Equation 5.1 

 

where 𝑉0 is the initial gastric volume and 𝑆 is the drug (azithromycin) aqueous 

solubility. A dose number > 1 indicates a low solubility compound and a dose number 

< 1 indicates the opposite (3, 6, 7). 

For paediatrics, the initial gastric volume (𝑉0) was calculated by a BW-extrapolation 

or BSA-extrapolation according to equations 5.1 and 5.2, respectively. 

 

𝑉0 =
𝐵𝑊 ×  0.4 𝑚𝐿/𝐾𝑔

37.1 𝑚𝐿
× 250 𝑚𝐿 Equation 5.2 

 

In Equation 5.2, BW stands for the age-specific paediatric bodyweight. The BW 

values were the 50th percentile values in the Centers for Disease Control and 



   
 

238 

Prevention (CDC) growth charts, where for each age the average of boy and girl BW 

value was used (17). The 0.4 mL/Kg and 37.1 mL are estimates of fasted gastric fluid 

volumes in paediatrics and adults, respectively, and 250 mL is the reference volume 

used in the BCS (2, 9, 10, 13). 

 

𝑉0 =
𝐵𝑆𝐴 

1.73 m2 
× 250 𝑚𝐿  

Equation 5.3 

 

In Equation 5.3, BSA stands for the specific paediatric body surface area. BSA was 

calculated according to Mosteller formula, where the average of boy and girl BW and 

body height (BH) used for each specific age, corresponding to the mean of boys and 

girls 50 percentile values in the CDC growth charts (17). The adult BSA (1.73 m2) is 

the reference value for a 70 Kg fasted adult (7) and 250 mL is the standard adult 

reference volume used in the BCS (2, 9, 10, 13).  

The doses used in the calculations were the highest azithromycin dose for each age 

and its BW, as indicated in the drug label (12). For paediatric patients up to 15 Kg a 

10 mg/Kg was used for calculations. For children above 15 Kg the dose was (i). 200 

mg dose for children 15 -25 Kg; (ii). 300 mg for children 26 to 35 Kg; (iii). 400 mg 

for adolescents 35 to 45 Kg. The dose used for adult dose number calculations was 

500 mg.  

 

5.2.2.3. Dissolution studies 

5.2.2.3.1. USP 4 apparatus dissolution studies 

Dissolution studies were conducted in an Erweka® flow-through dissolution tester 

(USP, 2009) (DFZ720, Erweka GmbH, Germany) equipped with Ø 22.6 mm cells that 

were maintained at 37 ± 0.5 ◦C and connected to an Erweka® Piston Pump (model 
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HKP720). A 5 mm – size glass bead was positioned in the tip of the cell, and glass 

beads of 1 mm-size were added to the conical part of each cell. On the top of the cell, 

Whatman® glass fibre filters were used (a GF/F (0.7 µm) followed by a GF/D (2.7 

µm)). The azithromycin oral suspension (Zithromax® immediate-release (IR) powder 

for oral suspension (200 mg/5mL)) was prepared by reconstitution with the 

appropriate amount of water, as per the drug label (12). During the experiment, the 

exact volume of suspension was measured with a syringe and placed on top of the 

glass beads. Residence times in the USP 4 apparatus were appropriately selected to 

mimic the fasted and fed state gastrointestinal volumes and transit times in each 

subpopulation (Table 5.1) (2). Flow-rates were selected to achieve a balance between 

the duration of the exposure of the drug product to the various simulating media and 

total fluid volumes, taking into account the lack of radial water flux in vitro (18). 

Experiments were run in open-mode (with sequential media change from gastric to 

intestinal medium), with fresh media continuously passing through the cell containing 

the dosage form (19). Fluid samples were collected in volumetric cylinders, which 

were exchanged every 15 min after the start of the experiment. The drug content in the 

samples was assayed by HPLC. Experiments were run in triplicate. 

 

5.2.2.3.2. inForm platform dissolution studies 

Dissolution studies were performed in the inForm platform (Pion® Inc., UK) using a 

two-stage approach. The azithromycin oral suspension was prepared as in subsection 

5.2.2.3.1. The clinical dose (i.e. infants 130 mg, children 300 mg and adults 500 mg) 

was down-scaled according to age-appropriate volumes (i.e. infants 150 mL, children 

200 mL and adults 500 mL) (Table 5.1) according to a final dissolution volume of 80 

mL. A two-stage approach was followed: fasted gastric conditions were simulated for 
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30 min (40 mL), followed by intestinal simulated conditions (40 mL of two-fold 

concentrated FaSSIF-V2 was added leading to a final volume of 80 mL). Sample 

collection (0.5 mL) took place at 5, 15, 30, 45, 60, 75, 90, 120, 180 and 240 min. After 

collection, samples were filtered through an ultrafree filtering unit 0.45 µm PTFE and 

centrifuged (Eppendorf mini spin plus, Germany) at 8000 rpm for 2 min at room 

temperature. The filtrate was diluted with methanol and injected into the HPLC. 

Experiments were performed in triplicate. 
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Table 5.1. Dissolution conditions used in the experiments performed in the USP 4 apparatus and the inForm platform. 

USP 4 apparatus – fasted state 

Age 

groups 

Clinical 

Dose 

(mg) 

Gastric 

residence time 

(min) 

Gastric flow-rate 

(ml/min) 

Volume 

(mL) 

Biorelevant media 

gastric compartment 

Intestinal 

residence 

time (min) 

Intestinal flow-

rate (ml/min) 

Volume 

(mL) 

Biorelevant media 

intestinal compartment 

Infants 120 0-30 4 120 Pi-FaSSGF 30-270 3 720 FaSSIF-V2 

Children 120 0-30 8 240 FaSSGF 30-270 4 960 FaSSIF-V2 

Adults 120 0-30 12 360 FaSSGF 30-270 4 960 FaSSIF-V2 

USP 4 apparatus – fed state 

Age 

groups 

Clinical 

Dose 

(mg) 

Gastric 

residence time 

(min) 

Gastric flow-rate 

(ml/min) 

Volume 

(mL) 

Biorelevant media 

gastric compartment 

Intestinal 

residence 

time(min) 

Intestinal flow-

rate (ml/min) 

Volume 

(mL) 

Biorelevant media 

intestinal compartment 

Infants 120 0-120 3 360 FeSSGF 120-360- 4 960 Pi-FeSSIF 

Adults 120 0-90 8 720 FeSSGF 90-330 6 1440 FeSSIF-V2 

inForm platform– fasted state 

Age 

groups 

Clinical 

Dose 

(mg) 

Down-scaled 

Dose (mg) 

Gastric 

residence time 

(min) 

Volume 

(mL) 

Biorelevant media 

gastric compartment 

Intestinal 

residence 

time (min) 

Volume (mL) 
Biorelevant media 

intestinal compartment 

Infants 130 69 0-30 40 Pi-FaSSGF 30-270 80 FaSSIF-V2 

Children 300 120 0-30 40 FaSSGF 30-270 80 FaSSIF-V2 

Adults 500 80 0-30 40 FaSSGF 30-270 80 FaSSIF-V2 
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5.2.2.4. Chromatographic conditions for drug quantification 

The chromatographic method used for the quantification of azithromycin was a 

modification of the method by Baxevanis et al. (20). Quantification of azithromycin 

was performed using HPLC coupled with ultraviolet (UV) detector [Waters HPLC 

system (Saint-Quentin-en-Yvelines, France) and Agilent HPLC system 1100/1200 

series (Agilent Technologies, USA)] using a C18 column (X-Bridge C18 column 150 

× 4.6 3.5 µm) at 40 °C. The injection volume was 20 μL and the detection was carried 

out by UV at 210 nm. The analytical method used an isocratic mobile phase composed 

of a mixture of 10 mM potassium phosphate buffer (pH 7.5) and acetonitrile (45:55 

v/v) at a flow rate of 1 mL/min. Quantification of montelukast in samples was 

performed with calibration curves of freshly prepared standard solutions (calibration 

curve range: 3–100 μg/mL). Standards were prepared in the medium of interest for 

each experiment by appropriate dilution of a 1 mg/mL stock solution of azithromycin 

analytical standard in methanol. The limit of detection (LOD) and the limit of 

quantification (LOQ) were 0.90 and 2.5 µg/mL, respectively. 

 

5.2.2.5. PBPK model development 

5.2.2.5.1. Pharmacokinetic Data Collection and Data treatment 

PK studies of azithromycin, administered intravenously or orally as an oral 

suspension, in adults and paediatrics, were obtained from the literature. The plasma 

concentration-time profiles, and trial design information were extracted from the 

published reports and used for the PBPK model building and validation (Table S5.1 

and Table S5.2). One study reported single-dose administrations of IV infusion of 

azithromycin (1000 mg to 4000 mg doses) in adults (21). Three studies reported 

single-dose administration of azithromycin oral suspension (500 mg) to adults in the 
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fasted state (22-24) and one in the fed state (22). One paediatric study reported IV 

infusion administration (10 mg/Kg) in infants (0.5 to 2 years), children (2 to 6 years), 

old children (6 to 12 years) and adolescents (12 to 16) (25). Finally, two PK studies 

reported oral administration of azithromycin suspension in a 5-day oral regimen (10 

mg/Kg on the 1st day and 5 mg/Kg day 2 to 5) to paediatric patients: infants and young 

children (0.5 to 5 years) and old children and adolescents (6 to 15 years) (26, 27). The 

observed PK profiles that were found in the literature were digitalised with 

WebPlotDigitalizer® v4.1 software (28). PK data analysis was performed with 

PKSolver® add-in program for Microsoft Excel® (29). Non-compartmental (NCA) 

analysis was used to calculate the observed PK parameters, which are reported in the 

supplementary materials (Table S5.1 and Table S5.2). 

 

5.2.2.5.2. Adult PBPK model 

PBPK modelling and simulations were performed using the SimCYP® Simulator 

(V18.2; Certara, UK). The PBPK modelling strategy followed the workflow presented 

in Figure 5.1. The relevant input parameters for the development of the PBPK models 

and simulations performed are summarised in Table 5.2. Azithromycin-specific 

information obtained from the literature consisted of its physicochemical properties 

including molecular weight (MW), octanol: water partition coefficient (logPo:w), 

fraction unbound in plasma (fu) and blood to plasma ratio (B:P) (30-32). 

The distribution model was described using a minimal PBPK model with a Single 

Adjusting Compartment (SAC), a non-physiological compartment that represents a 

cluster of tissues (excluding liver and portal vein). The parameters that defined the 

distribution were: first-order rate constants [h-1] of the drug into (kin) and out (kout) of 

the SAC, VSAC (apparent volume associated with the SAC) and Vss (steady-state 

volume of distribution). The disposition parameters were initially calculated based on 
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the 2 compartmental fit to plasma concentration-time profiles obtained after 

administration of an IV infusion of 1000 mg of azithromycin (21). These initial 

distribution parameters were optimised to accurately describe the administration of IV 

1000 mg clinical data, and later externally validated for the remaining IV doses (2000 

and 4000 mg) (21). The intravenous clearance of azithromycin ranges between 31 - 

46.5 L/h in healthy adults (12, 32-34). Azithromycin is mainly eliminated unchanged 

in the faeces via biliary excretion (more than 50%) with the rest being attributed to 

renal clearance (less than 20% eliminated unchanged in urine) (21, 32, 33). 

Azithromycin PK profiles do not show evidence of enterohepatic recirculation, 

therefore this process was not investigated (assumed 0% available for re-absorption in 

the elimination tab).  

For the mechanistic absorption modelling, the advanced dissolution absorption and 

metabolism (ADAM™) model was used (35). The ADAM™ model was used to 

investigate the impact of passive and active permeability (i.e. Caco-2 vs MechPeff) 

and the impact of formulation input (i.e. biorelevant solubility inputted into SimCYP® 

Diffusion Layer Model (DLM) vs direct input of biorelevant in vitro dissolution) on 

azithromycin performance.  

Azithromycin has been shown to be a P-gP substrate (36), efflux transport in the 

intestine was implemented in the PBPK model in two ways. In option 1: the effect of 

active transport in SimCYP® was assessed directly by using data from in vitro cell 

systems. By performing a comparison of Caco-2 data that is treated/non-treated with 

P-gP inhibitors it is possible to assess the limiting effects of P-gP on the passage of 

drug across the monolayer. Caco-2 data treated with an inhibitor of P-gP were entered 

as ‘Passive’ and without inhibitor of P-gP were inputted as ‘Passive & Active’. In 

option 2: the influence of transporter was also investigated in SimCYP® by activating 



   
 

245 

the MechPeff model and applying the predicted Peff,man to all segments of the 

gastrointestinal tract, and fitting the intestinal P-gP in vitro transporter intrinsic 

clearance CLint,T (µL/min) to observed plasma concentration-time profiles after 

administration of azithromycin oral suspension in the fasted and fed state in adults. 

Two levels of different activity of P-gP were assumed for fasted and fed state to 

simulate the inhibition of P-gP substrate by food (Table 5.2). The interaction of drug 

transporters with food has been discussed in the literature by several authors (37-39), 

where a high-fat meal is suspected to be able to inhibit P-gP (38). 

The impact of azithromycin in vitro dissolution and solubility on drug absorption was 

evaluated with the PBPK model following two approaches: (i). application of the 

diffusion layer model (DLM), using the measured biorelevant solubility data as input; 

and (ii). direct entry of the in vitro dissolution data [Dissolution Profile Model (DPM)] 

as discrete dissolution profiles. For the fasted state DPM model, the impact of the 

dissolution on the performance of azithromycin was evaluated by comparison of the 

observed and simulated plasma concentration-time profiles when inputting the 

dissolution profiles from the USP 4 apparatus vs the inForm ones. Precipitation was 

not explored, as the dissolution studies indicated no precipitation over 4 h. 

In terms of physiology, all adult simulations were run using the healthy volunteer 

population library of the Simcyp® simulator. Mean gastric residence time (MGRT) in 

the fasted state was adjusted to 0.50 h according to the in vivo data (22-24). For the 

remaining physiological parameters, default software values were assumed.  
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Figure 5.1. Schematic representation of the workflow describing the PBPK development for azithromycin. Abbreviations: Parameter Estimation (PE), 

Parameter sensitivity analysis (PSA), Dissolution Profile Model (DPM) and Diffusion Layer Model (DLM). 



   
 

247 

Table 5.2. Summary of azithromycin input parameters used in the SimCYP® simulator. 

Input parameter Value Reference 

Physicochemical Properties and Blood Binding 

Molecular weight (g/mol) 749 (30) 

logP (experimental) 4 (30) 

Compound type Weak Base (30) 

pKa1 8.6 (31) 

Blood: plasma ratio 1 (32) 

f u,p 0.69 (32) 

Distribution 

Model Minimal PBPK  

Kin (L/h) 0.93 (21) 

Kout (L/h) 0.50 (21) 

Vsac (L/Kg) 23 (21) 

Vss (L/Kg) 32 (21) 

Elimination 

CL IV (L/h) 46.5 (32) 

Cl int (bile) (µL/min/106) 9.25 (32) 

Cl renal(L/h) 8.67 (32) 

Absorption 

Model ADAM™ 
 

 

MechPeff+ P-gP Clint,T input 

Peff,man [10-4 cm/s] 1.33 
Predicted by SimCYP® Mech 

Peff model, used in all 

compartments 

Clint,T (µL/min) 

- Fasted state 
200 

Assumed - user selected after 

performing sensitivity analysis Clint,T (µL/min) 

- Fed state 
10 

Caco-2 input 

Peff,man [10-4 cm/s], fasted state 0.29 

Calculated from Caco-2 data 

(7.4:7.4) untreated with 

inhibitor, inputted as ‘Passive 

& Active’, (36) 

Peff,man [10-4 cm/s], fed state 

 
0.71 

Calculated from Caco-2 data 

(7.4:7.4) treated with a P-gP 

inhibitor, inputted as ‘Passive’, 

(36) 

Formulation 

azithromycin 

oral suspension 

 

NA 

Diffusion Layer Model (DLM) 

Segmental solubility option 

with age-appropriate 

biorelevant solubility in 

fasted/fed state 

 

NA 

Dissolution Profile Model 

(DPM) 

Age-appropriate dissolution 

profiles measured with USP 4 

apparatus and inForm 

platform, entered as discrete 

profiles 

 

NA 
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5.2.2.5.3. Paediatric PBPK model 

The SimCYP® paediatric population library was used. The population file gathers 

information on paediatric demography (age, body height, bodyweight and body 

surface area) and developmental physiology (liver size, renal function, liver blood 

flow etc.) (40). In paediatrics, the adult SAC parameters, kin (1/h), kout (1/h), are 

allometrically scaled by the software according to the paediatric BW and an adult BW 

of 70 Kg, with exponents of -0.25 (41). Since biliary elimination appears to be 

reasonably well developed reaching adult levels at birth or in the first few months of 

postnatal age no scaling was applied to biliary clearance (32). Scaling of the renal 

function was captured in the SimCYP ® paediatric module as previously described 

(42). For both the fasted and fed state, the paediatric ADAM™ model contains 

information of developmental changes as a function of age on: the size of the 

gastrointestinal tract, gastric emptying time, gastrointestinal volumes, pH, etc. (40, 

43). The fasted MGRT in paediatrics was assumed to be the same as adults (i.e. 0.5h). 

The remaining physiological and anatomical values were maintained at default values. 

 

5.2.2.5.4. Trial design information  

All simulations were performed with 10 trials of 10 subjects in each trial. The trial 

design was performed using the ‘Virtual population’ option in SimCYP®. The 

maximum and minimum age, as well as the proportion of females, was adjusted 

according to the population of the PK study used for the validation of the model. Study 

details are presented in the supplementary materials (Table S5.1. and Table S5.2) 

 



   
 

249 

5.2.2.5.5. PBPK model validation  

The PBPK model was validated by comparison of the simulated azithromycin plasma 

concentration-time profiles, and the relevant PK parameters, against the clinically 

observed data. The mean predicted plasma concentration-time profiles were assessed 

by the average fold error (AFE) and validated with the absolute average fold error 

(AAFE) (Equations 5.4 and 5.5, respectively) (44).  

 

AFE = 10
1
𝑛

∑ log(
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑖
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑖

)
 

 

Equation 5.4 

 

AAFE = 10
1
𝑛

∑|log(
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑖
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑖

)|
 

 

Equation 5.5 

 

where n denotes the number of observed sampling points, predictedi and observedi 

denote the predicted and observed plasma concentration at the sampling time point i, 

respectively.  

AFE values indicate whether the simulated data underpredicts (AFE < 1) or 

overpredicts (AFE > 1) the observed plasma concentrations, while an AAFE value 

close to unity represents the precision of the simulations. An AAFE ≤ 2 indicates an 

acceptable prediction (45). The relative accuracy of the mean predicted PK parameters 

describing drug exposure [area under the plasma concentration-time curve (AUC), the 

maximum concentration (Cmax), and time to reach the maximum concentration (Tmax)] 

was assessed against the mean observed PK parameters using the fold error (FE) 

(Equation 5.6). A FE within a 2-fold range (FE values between 0.5 and 2) indicates 

an acceptable prediction. 
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FE =
𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
 Equation 5.6 

 

5.2.2.5.6. Parameter sensitivity analysis 

Parameter sensitivity analysis (PSA) was conducted to identify the limiting steps of 

absorption and their impact on the in vivo drug performance (e.g. Cmax, AUC). 

Sensitivity analysis was performed for two types of parameters. The first type was 

related to drug properties and included parameters such as drug solubility in the 

duodenum (range: 1 to 27 mg/mL) vs dose (range for adults: 250 to 600 mg; infants 

and young children: 40 to 220 mg; children and adolescents: 120 to 500 mg), effective 

permeability (Peff,man range: 0.1 to 4 x 10-4 cm/s) and intrinsic clearance of intestinal 

P-gP transporter (P-gP Clint,T range: 10 to 200 µL/min). The second type of parameters 

was related to physiology, with MGRT being selected due to potential age-related 

differences in food types and feeding cycles between adults and paediatrics. As the 

basis for the PSA, the simulations after oral administration of azithromycin in the 

fasted state for adults and paediatrics were run with MechPeff as permeability input 

and the DLM-based ADAM™ model. For the interpretation of the PSA results, 

predicted PK parameters were compared to the values used in the developed PBPK 

model (i.e. baseline simulation). 
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5.3. Results  

5.3.1. Solubility studies 

5.3.1.1. Solubility measurements 

The mean azithromycin solubility in buffers and biorelevant media is presented in 

Figure 5.2. Azithromycin solubility ranged from 2 mg/mL to 13 mg/mL in all media 

tested. Higher solubility was observed in acidic media (pH 1.2 - 1.6) in comparison to 

more basic media (pH 6.5 - 6.8) as expected based on ionization properties of 

azithromycin (weak base, pKa = 8.6). A comparison between azithromycin solubility 

in buffers and biorelevant media showed that drug solubility was sensitive to bile salts 

concentrations in the media. The azithromycin solubility in the SGFsp pH 1.2 was 

approximately 9 mg/mL and in the fasted gastric fluid (FaSSGF) its solubility 

increases (slightly) by 1.4 fold. The highest solubility of azithromycin was obtained 

in FaSSGF biorelevant media at pH 1.6. The solubility of azithromycin in infant fasted 

gastric simulating fluid (Pi-FaSSGF) was lower than the one in the respective adult 

FaSSGF. In intestinal simulated fluids, azithromycin presented the lowest solubility 

in the fasted intestinal simulating fluid (FaSSIF-V2) and the highest solubility in the 

fed intestinal simulating fluid (FeSSIF-V2), suggesting that buffer capacity and ionic 

strength affects its solubility. Drug solubility was similar in the adult and the infant 

fed intestinal simulating fluid (FeSSIF-V2 and Pi-FeSSIF, respectively). 
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Figure 5.2. Mean solubility (± Standard Deviation (SD)) in buffers (white bars) and 

biorelevant media (grey bars) at 37 °C for 24 h. 

 

5.3.1.2. Drug Solubility Classification 

The dose numbers calculated for adults and paediatrics are presented in Figure 5.3. 

Azithromycin displays dose number lower than 1 for adults based on the drug 

solubility measured in USP buffers. For paediatrics, dose number was lower than 1 

when calculated with USP buffers solubility, whether paediatric V0 was calculated 

through BW or BSA-based extrapolation, which indicates that azithromycin is 

classified as a highly soluble compound in all age groups.  

For paediatrics, dose numbers calculated based on azithromycin solubility in the fasted 

state simulated intestinal fluid (FaSSIF-V2) and the BW-extrapolation method for the 

calculation of paediatric V0 show that azithromycin displays a dose number higher 

than 1 in the paediatric population but not in adults. When the BSA-extrapolation 

method is used for extrapolation of initial gastric volume, the calculated dose number 

was below or equal to one. The results demonstrate that the BW-extrapolation leads 

to a more strict solubility classification, due to the estimation of higher V0, as 

previously reported by delMoral Sanchez et al. (46). The differences between dose 

numbers calculated with BW- and BSA-based extrapolation reinforce the need for a 

standardised paediatric Biopharmaceutics Classification System (pBCS).  
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Figure 5.3. Adult (> 18 years) and Paediatric (0.1 to 14 years) dose numbers calculated for 

azithromycin according to solubility in buffers and biorelevant media. In paediatrics, initial 

gastric volumes (V0) were extrapolated with a BW- or a BSA-based calculation. The 

horizontal line indicates a dose number = 1. A dose number > 1 indicates a low solubility 

compound, and a dose number < 1 indicates the opposite. 

 

5.3.1.3.Dissolution studies  

5.3.1.4. USP 4 apparatus studies 

In vitro dissolution studies of oral suspension in the USP 4 apparatus in the fasted and 

fed state are presented in Figure 5.4.  

In the fasted state the dissolution from azithromycin oral suspension was complete in 

all set-ups. Dissolution was very rapid dissolution (> 85% within 15 min) in the adults' 

set-up. In the children and infants dissolution set-ups, dissolution was rapid (> 85% 

within 30 min). All set-ups tested more than 85% of azithromycin dissolved in the 

simulated gastric fluids, which is in agreement with the azithromycin solubility in 

acidic conditions (Figure 5.4). Due to the high similarity of dissolution from 

azithromycin oral suspension between all age groups in the fasted state, in the fed 

state, dissolution was only tested in the adults and infants set-ups. Under fed state 
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conditions, dissolution of azithromycin oral suspension with the adults set-up under 

the fed state was very rapid (>85% within 5 min). A slightly slower azithromycin 

dissolution from the oral suspension was observed in the infants set-up under the fed 

state conditions (>85% within 45 min) compared to the one under the fasted state 

conditions. The (small) differences observed in the azithromycin dissolution rate 

under the fasted and fed state between the different age groups are attributed to the 

different in vitro hydrodynamics in the USP 4 apparatus (i.e. differences in flow-rates 

which reflect age-related changes in GI volumes and GI fluids composition).  

 

 

Figure 5.4. Mean % azithromycin dissolved (± SD) from Zithromax® oral suspension. Straight 

vertical lines represent the time for media change in the fasted state in all age groups set-ups; 

dashed and dotted vertical lines represent the time for media change in the fed state in adults 

and infants set-up, respectively. 
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5.3.1.5. inForm platform dissolution studies 

In vitro fasted state dissolution studies of Zithromax® oral suspension performed in 

the inForm platform are presented in Figure 5.4. For all dissolution set-ups tested in 

the inForm platform, the dissolution rate was slower in the gastric phase and increased 

once the intestinal medium was added. Within one hour, approximately 80% 

azithromycin was dissolved in all the set-ups tested. The dissolution rate appears to be 

slightly faster initially in the first 30 min in the children set-up (when compared to the 

adult and infant dissolution profiles) and at the end of the 4h, a higher dissolution 

extent was observed in the adult dissolution set-up. A comparison with the results of 

the USP 4 apparatus shows that the dissolution rate was slower in all age groups set-

ups when tested in the inForm platform. Dissolution profiles obtained in the inForm 

platform present a high variability (coefficient of variation (CV) ranged 8 to 43 %). 

The inForm platform can only run one replicate at a time, each replicate had to be 

performed on different days, which appears to have contributed to the high CV % of 

the results. As azithromycin is a weak base, the dissolution studies with this set-up 

were performed to investigate precipitation in vitro. As expected from the results 

obtained in the solubility studies, azithromycin precipitation was not observed during 

the dissolution experiments.  

 

5.3.2. Adult PBPK model  

5.3.2.1. Intravenous Administration 

The results of the simulations of the IV administration of azithromycin in adults are 

presented in the supplementary materials (Figure S5.1). The simulations after 

azithromycin IV administration were verified against the observed PK studies after IV 

administration of 1000, 2000, and 4000 mg doses. The predicted plasma 
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concentration-time profiles were in good agreement with the observed plasma 

concentration-time profiles measured after the IV infusion administration of a wide 

range of azithromycin doses with all AAFE values below 1.50 (Table S5.3). 

 

5.3.2.2. Oral Administration 

Simulated plasma concentration-time profiles after oral administration of 

azithromycin suspension to adults in the fasted and fed state are presented in Figure 

5.5. The FE, AFE and AAFE for all simulations are presented in the supplementary 

materials (Table S5.4). Independently of the permeability or formulation input, the 

simulations of the administration of azithromycin in the fasted state were able to meet 

the validation criteria with all AAFE values ≤ 1.60. 

For the fasted state simulations, the simulation performance was very similar 

independently of the permeability inputs tested (AAFE for Caco-2 and MechPeff + P-

gP input ranged from 1.14 and 1.52). The simulations with Caco-2 data as input 

predicted better the mean observed Tmax (FE = 1.09) in the fasted state in comparison 

to the simulations with MechPeff + P-gP Clint,T as permeability input (FE = 0.72). The 

simulations with MechPeff + P-gP Clint,T as permeability input predicted a higher 

variability, reflected by larger 5th and 95th percentiles of the simulations when 

compared to simulations from the simulations with Caco-2 data. As individual PK 

profiles are not available in the literature, it is not possible to comment on which model 

is more representative of the in vivo variability. When testing the model formulation 

input for the fasted state (the type of dissolution or solubility data), the simulations 

performed very similarly on predicting the observed data (AAFE ranged from 1.31 to 

1.60). No differences were observed in the predicted Tmax (FE = 0.72) when comparing 
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the simulation inputs of solubility (DLM-based PBPK model) and dissolution (direct 

entry of dissolution profiles with USP 4 apparatus and inForm platform).  

Two different levels of P-gP Clint,T were set between fasted and fed state to simulate 

the inhibition of P-gP substrate by food (Table 5.2). For the fed state simulations with 

Caco-2 data, the in vitro Caco-2 data with inhibited P-gP was able to predict the 

observed data better than if the Caco-2 data with non-inhibited P-gP (data not shown). 

In the PBPK model developed with the MechPeff + P-gP Clint,T data as permeability 

input, by fitting a new intrinsic clearance of P-gP (Clint,T) in the fed state, compared to 

the Clint,T used in the fasted state, we assume a lower P-gP Clint,T in the fed state (due 

to inhibition by food). Simulation results of oral administration of azithromycin 

suspension in the fed state show that both approaches for adding the permeability input 

in the PBPK model predicted well the observed data; all the predictions in the fed state 

met the validation criteria (AAFE values: 1.32 – 1.33). 
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Figure 5.5. Simulated azithromycin plasma concentration-time profiles (solid line: population 

mean; dashed lines: 5th and 95th percentile of the population) in healthy adult subjects after 

administration of a single dose of 500 mg of azithromycin oral suspension in the fasted and 

the fed state against observed data (22-24). The simulations were performed with MechPeff + 

P-gP Clint,T or Caco-2 data as permeability input. For formulation input, simulations were 

performed either with Diffusion Layer Model (DLM) using solubility as input, or direct input 

of dissolution (dissolution profiles obtained with USP 4 apparatus or inForm platform). 

 

5.3.3. Paediatric PBPK model  

5.3.3.1. Intravenous Administration 

Simulation results of IV infusion administration of azithromycin to paediatrics are 

presented in the supplementary materials (Figure S5.2). Simulations were verified 

against observed PK studies after IV infusion administration of azithromycin at a dose 

of 10 mg/Kg to infants (0.5 to 2 years), young children (2 to 5 years), old children (5 

to 12 years) and adolescents (12 to 15 years). A good agreement between the simulated 

(obtained from the PBPK model) and the observed plasma concentration-time profiles 

were observed with AAFE values ≤ 1.37 (Table S5.5). 

 

5.3.3.2. Oral Administration 

Simulated and observed plasma concentration-time profiles in paediatrics after oral 

administration of azithromycin suspension in the fasted state are presented in Figure 

5.6. The AAFE and AFE for all the simulations are presented in the supplementary 

materials [Table S5.6 (infants and young children) and Table S5.7 (old children and 

adolescents)]. AAFE values for all simulations in the investigated paediatric age 

groups are less than 1.49, indicating successful predictions. The levels of expression 

of intestinal P-gP from birth to adulthood have been reported to be similar to those in 

adults (43, 47). Therefore, the permeability input of Caco-2 data or MechPeff + P-gP 

Clint,T data in the paediatric PBPK model were maintained at the same values as in the 

adult PBPK models (Table 5.2). Both simulations with Caco-2 and MechPeff + P-gP 
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Clint,T as permeability inputs successfully predicted the plasma concentration-time 

profiles in both paediatric age groups (AAFE values ≤ 1.49). Similarly to what was 

observed in the PBPK models for adults (section 3.3.2.), the best prediction of Tmax 

was obtained when using the Caco-2 data as permeability input in the model. For all 

simulation of oral administration of azithromycin suspension, underprediction of the 

observed Cmax in old children and adolescents data was observed (FE ranged from 0.51 

to 0.83). Overall, the simulations with the MechPeff + P-gP Clint,T as permeability 

input and the solubility input (PBPK DLM-based model) provide the best prediction 

of the observed Cmax in old children and adolescents (FE = 0.83). 

 

Figure 5.6. Simulated azithromycin plasma concentrations-time profiles (solid line: 

population mean; dashed lines: 5th and 95th percentile of the population) on the 5th day after 

oral administration of azithromycin as an oral suspension in a multiple-dose regimen of 10 

mg/Kg (day 1) and 5 mg/Kg (day 2 to 5) to infants and young children (0.5 to 5 years) and old 

children and adolescents (6 to 15 years). The final dose was administered after an overnight 

fast (26, 27). The simulations were performed with MechPeff + P-gP Clint,T or Caco-2 data as 

permeability input. For the formulation input, simulations were performed either with 

Diffusion Layer Model (DLM) using solubility as input, or direct input of dissolution (age-

appropriate dissolution profiles obtained with USP 4 apparatus or inForm platform). 
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Since paediatric patients were fasted overnight before receiving the final dose on day 

5, therefore the observed PK data (obtained from the 5th day of the multiple-dose 

regimen) is representative of the fasted state (26, 27). After validation of the fasted 

state PBPK models (comparison of observed vs simulated PK data), prediction of the 

fed state was performed with the MechPeff + P-gP Clint,T based input and the solubility 

input (DLM-based PBPK model). The fed state simulated results are presented in 

Table 5.3.  

 

Table 5.3. Simulated mean PK parameters of azithromycin in paediatrics in the fed and fasted 

state and predicted food-effect (by comparison of predicted fed state PK parameters with 

fasted state-observed PK parameters).  

Age group PK Parameter 
Observed 

Value* 

Fasted state 

Predicted 

Value* 

Fed state 

Predicted 

Value* 

Food-effect 

[Ratio 

(Pred/Obs)] 

Older Children 

and Adolescents 

Tmax (h) 2.00 1.20 1.80 0.90 

Cmax (ng/mL) 360 298 305 0.85 

AUC 0-inf  

(ng/mL.h) 
4564 4218 4495 0.98 

Infants and 

Young Children 

Tmax (h) 2.00 1.20 1.80 0.90 

Cmax (ng/mL) 200 231 265 1.32 

AUC 0-inf  

(ng/mL.h) 
3438 3485 3772 1.10 

 

* after the administration of the last dose on the 5th day of a 5-day oral regimen (10 mg/Kg on the 1st day and 5 

mg/Kg day 2 to 5). 

 

The food-effect was predicted based on the ratio of the PK parameters (AUC0-inf and 

Cmax) of the fed state simulated plasma concentration-time profile and the PK 

parameters (AUC0-inf and Cmax) of the observed fasted state data. Fed state simulations 

in paediatrics show that the Cmax and AUC0-inf are within a 2-fold range when 

compared to the values in the fasted state, which indicates that azithromycin food-

effect in paediatrics is also not clinically significant, as it was observed in adults 
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(subsection 5.3.3.2.); a slight increase in predicted Cmax was observed but AUC0-inf 

remained unchanged for both age groups.  

 

5.3.4. Parameter sensitivity analysis 

The results of the PSA performed are presented in Figure 5.7. The investigated 

changes in gastric residence time in the range of 0.10 to 2 h did not show a substantial 

impact on the predicted AUC in all the investigated populations. An increase in MGRT 

from 0.50 to 2 h led to a prolonged Tmax of approximately 3 h and a decreased Cmax by 

approximately 20% when compared to simulation results with baseline values.  

The results of the sensitivity analysis of the passive permeability (Peff,man) and active 

transport (Pg-P Clint,T) are presented in Figure 5.7a,b. In adults, the reduction of 

Peff,man from 1.33 x 10-4 cm/s (baseline value) to 0.10 x 10-4 cm/s resulted in a decrease 

of Cmax by approximately 90% and of AUC by 76%, when compared to the simulation 

results using the baseline values. An increase in Peff,man from the baseline value (1.33 

x 10-4 cm/s) to 3.00 x 10-4 cm/s led to an increase in Cmax by 79% and a 12% increase 

in AUC. A reduction in P-gP Clint,T from 200 µL/min (baseline value for the fasted 

state) to 10 µL/min resulted in an increase of predicted Cmax by approximately 60% in 

adults. Similar trends are observed in both of the paediatric groups investigated for 

Peff,man and P-gP Clint,T. Overall, the PSA results show that the AUC and the Cmax are 

influenced the most by permeation through the intestinal membrane, and both passive 

and active transport control the absorption of azithromycin in both adults and 

paediatrics.  

The impact of solubility in intestinal fluids on azithromycin PK was further 

investigated through PSA (Figure 5.8 and Figure S5.3). Similar results were observed 

for PSA of solubility in the gastric fluids and its impact on PK (data not shown). Based 



   
 

262 

on the PSA results, it can be concluded that azithromycin’s solubility in the 

gastrointestinal fluids is not the rate-limiting step for its absorption for the investigated 

therapeutic dose range for adults and paediatrics. This finding sheds light on the BCS 

classification of azithromycin in terms of solubility, suggesting that it is indeed a 

highly soluble compound. 
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Figure 5.7. Parameter sensitivity analysis for azithromycin after administration of an oral suspension for Cmax and AUC [(a) and (b), respectively] as a function 

of effective permeability (Peff,man) and P-gP Clint,T; and (c) sensitivity analysis of Cmax and AUC to mean gastric residence time (MGRT). Values used in the 

PBPK model are shown in red (i.e. baseline simulation).
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Figure 5.8. Parameter sensitivity analysis for the Cmax and AUC obtained after administration 

of azithromycin oral suspension to adults and infants and young children as a function of dose 

(adults – 250 to 600 mg; paediatrics – 40 to 220 mg) and duodenal solubility (range from 1 to 

27 mg/mL). 

 

5.4. Discussion 

PBPK absorption models have the potential to perform exploratory analysis to clarify 

the critical parameters of drug absorption in the different paediatric age groups (11). 

In this study, the impact of critical variables on azithromycin’s oral absorption was 

evaluated by coupling in vitro (age-biorelevant in vitro solubility and dissolution) and 

in silico methods. A general schematic outlining the strategy followed in this 

manuscript for the biopharmaceutic risk assessment of azithromycin critical 

parameters for absorption is presented in Figure 5.9. 
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Based on the solubility measurements a change in the solubility classification from 

adults to paediatrics was seen when the dose number was calculated with biorelevant 

solubility in FaSSIF-V2 and initial paediatric gastric volume calculated with the BW-

extrapolation approach. BW-based extrapolation and BSA-based extrapolation of 

initial gastric volumes can lead to differences in the solubility classification of a drug. 

This demonstrates that standardization is needed in the future on the best strategy to 

assess age-related changes in the solubility classification of drugs. Although useful in 

theory, the establishment of a pBCS is not straightforward since it is unlikely that the 

necessary scrutiny between the paediatric groups is achieved while still maintaining 

the desirable simplistic character as observed for the adult BCS. The need to take into 

account multiple doses for more than one age group can lead to multiple classifications 

across the paediatric age range. The necessary differentiation of age groups cannot be 

achieved without a certain degree of complexity, in which case, a strategy coupling 

mechanistic PBPK absorption modelling with in vitro data can become a more 

powerful tool. Therefore, to further clarify/assess the risk of age-related changes in the 

solubility classification of azithromycin, an adult and paediatric PBPK model was 

built. 

In adults, an increase of short duration (persists for less than 4 h) in Cmax in comparison 

to the observed fasted state Cmax is observed (22). In this study, we hypothesised that 

this increase in Cmax after oral administration of azithromycin in the fed state could be 

attributed to the inhibition of P-gP (an efflux transporter). As a P-gP substrate, 

azithromycin permeates through the gut wall and is partially pumped back into the 

gastrointestinal lumen. If P-gP is inhibited, an increase in the net permeability is seen 

and therefore an increase in the extent of absorption would be observed (48). The 

interaction of transporters with food has been previously discussed in the literature 
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(37-39), and a high-fat meal is suspected to inhibit P-gP (38). Evidence to support this 

scientific statement lays in several studies which showed that food components present 

in gastrointestinal fluids as a result of the ingestion of high-fat meals affected the in 

vitro transport of P-gP substrates (49-51). Konishi and co-workers have shown that a 

variety of monoglycerides and fatty acids were capable of inhibiting P-gP mediated 

efflux of rhodamine-123 and daunomycin in Caco-2 cells (49, 50). The prediction of 

food effects that are caused by the interaction of food components with intestinal 

transporters (influx or efflux) is complex due to the inability to accurately measure the 

inhibitory effect caused by the food component (37). 



   
 

267 

 

 

Figure 5.9. Schematic summarizing the steps followed to perform the risk assessment investigation of the critical variables of azithromycin’s oral absorption. 
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Simulation results of oral administration of azithromycin suspension in the fed state 

showed that both investigated permeability inputs [Caco-2 data (with P-gP inhibitor), 

or MechPeff + P-gP Clint,T permeability] in the PBPK model resulted in a good 

prediction of the small increase in the in vivo observed Cmax in adults. When 

performing paediatric simulations, the ‘assumption’ of food-inhibited P-gP was also 

applied to the simulated paediatric age groups. The translation of this mechanism to 

the paediatric simulations predicted a small increase in Cmax (below 2-fold ratio when 

compared to the fasted state-observed Cmax) and AUC remained unchanged. However, 

fed state data was not available in paediatric age groups to further validate these 

predictions.  

 

After the PBPK model was built and validated in the populations of interest, PSA were 

performed to identify the critical parameters influencing the absorption of 

azithromycin. Sensitivity analysis showed that azithromycin’s solubility in the 

gastrointestinal fluids was not the rate-limiting step for its absorption for adults and 

paediatrics in the investigated therapeutic dose range. This finding sheds light on the 

BCS classification of azithromycin, which suggests that azithromycin is indeed a 

highly soluble compound in adults, and therefore belongs to either BCS class I or III. 

Since sensitivity analysis in paediatrics also showed that azithromycin’s solubility in 

the gastrointestinal fluids was not the rate-limiting step for its absorption, there is a 

low risk of changes in solubility class when extrapolating the solubility class from 

adults to paediatrics. The results of the PSA showed that the Cmax and the AUC were 

influenced by permeation through the intestinal membrane, and both passive and 

active transport control the absorption of azithromycin in adults and paediatrics. These 

results suggest that azithromycin belongs to BCS class III in adults (52).  
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Consensus regarding the maturation of permeability in younger paediatric subgroups 

(especially newborns) is still lacking (2, 4, 43). As a result, it is still unclear at which 

age adult permeability values are reached (43, 47). Permeability changes as a function 

of age could occur as a consequence of the morphological development of villi and 

microvilli in the small intestine, which results in a reduced surface area for absorption 

in younger paediatric patients (2, 4, 43). Literature suggests that passive permeability 

is developed by the age of 4 months, with the general agreement of full maturity by 

the age of 2 years old (2, 4, 43). Although some contradictory information is available 

on P-gP after birth, it is generally accepted that the levels of expression of intestinal 

P-gP from birth to adulthood are likely to be similar to adults (2, 4, 43). In the 

developed PBPK model, azithromycin Peff,man or P-gP Clint,T values were not changed 

when the adult model was translated to the paediatrics. A similar degree of sensitivity 

to permeability-related parameters was observed for the investigated paediatric age 

groups and adults. These results indicate that if the adult permeability classification 

criterion is still applicable then no changes in permeability classification criteria are 

expected between adults and paediatrics. Since a pBCS is not currently available, a 

paediatrics biopharmaceutics classification of azithromycin is not feasible. However, 

results of the PBPK model and PSA (of the impact of solubility and permeation 

parameters on the PK of azithromycin) show that there is a low biopharmaceutics risk 

associated with the extrapolation of the adult BCS class III of azithromycin to 

paediatrics in the investigated dose range. 

Regulatory authorities have recognised the potential of PBPK modelling for 

predictions in paediatrics (47, 53, 54). PBPK modelling coupled with in vitro data 

(solubility/dissolution studies) has a huge potential to support the development of 
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paediatric medicines, therefore, continuous improvement of these paediatric 

biopharmaceutic tools with high-quality physiological and clinical data is essential.  

 

5.5. Conclusions 

In this study, PBPK modelling and in vitro tools (solubility and dissolution studies) 

were used for identifying the critical variables affecting the oral absorption of 

azithromycin in adults and paediatrics. 

Differences observed in the solubility classification of azithromycin when using 

buffers and biorelevant media and according to two extrapolation methods of 

paediatric initial gastric volume, which reinforces the need for a standardised strategy 

that can be used during paediatric medicines development to understand age-related 

changes in oral drug absorption. A mechanistic investigation of the oral absorption of 

azithromycin with PBPK modelling was able to clarify that azithromycin solubility is 

not a limiting step for adults and the investigated paediatric age groups, for the 

therapeutic dose range used in each group. The PBPK modelling approach revealed 

that permeation through the gut wall is the key driver of azithromycin oral absorption 

in both adults and paediatrics. The absorption process is similar in the paediatric age 

groups investigated in this study compared to adults as passive and transport mediated 

processes are likely to be similar in these populations.  

Overall, the PBPK modelling approach followed can be used to increase the 

understanding of the critical parameters of absorption in paediatrics, especially when 

coupled with age-relevant in vitro methods.  
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5.6. Supplementary Materials 

Table S5.1. Details of study design after IV administration of azithromycin to adults and 

paediatrics, and overview of observed PK parameters. 

Age group Age (years) 
Proportion 

of females 
Infusion 

 time (h) 
Dose (mg) 

PK  

Parameter 
Observed 

Value 
Reference 

Adults 18 to 43 0 2 1000 

Tmax (h) 2.0 

(21) 
Cmax (ng/mL) 3028 

AUC0-inf 

(ng/mL.h) 
23000 

Adults 18 to 43 0 2 2000 

Tmax (h) 2.0 

(21) 
Cmax (ng/mL) 6433 

AUC0-inf 

(ng/mL.h) 
46000 

Adults 18 to 43 0 2 4000 

Tmax (h) 1.0 

(21) 
Cmax (ng/mL) 9423 

AUC0-inf 

(ng/mL.h) 
82000 

Adolescents 12 to 16 0.50 1 488 

Tmax (h) 1.0 

(25) 
Cmax (ng/mL) 2623 

AUC0-inf 

(ng/mL.h) 
10721 

Old Children 6 to 12 0.75 1 380 

Tmax (h) 1.0 

(25) 
Cmax (ng/mL) 2623.3 

AUC0-inf 

(ng/mL.h) 
11353 

Children 2 to 6 0.75 1 158 

Tmax (h) 1.0 

(25) 
Cmax (ng/mL) 2251 

AUC0-inf 

(ng/mL.h) 
10173 

Infants 0.5 to 2 0.63 1 101 

Tmax (h) 1.0 

(25) 
Cmax (ng/mL) 2251 

AUC0-inf 

(ng/mL.h) 
10411 
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Table S5.2. Details of study design after administration of azithromycin as an oral suspension 

to adults and paediatrics, and overview of observed PK parameters. 

Age group 
Age 

(years) 
Proportion 

of females 
Prandial 

state 
Administration Dose 

PK 

Parameter 
Observed 

Value 
Reference 

Adults 21 to 36 0 Fasted Single-Dose 500 mg 

Tmax (h) 2.00 

(22) Cmax (ng/mL) 236 

AUC0-inf 

(ng/mL.h) 
3649 

Adults 21 to 36 0 Fed Single-Dose 500 mg 

Tmax (h) 2.00 

(21) Cmax (ng/mL) 438 

AUC0-inf 

(ng/mL.h) 
3935 

Adults 18 to 39 0 Fasted Single-Dose 500 mg 

Tmax (h) 2.00 

(23) Cmax (ng/mL) 313 

AUC0-inf 

(ng/mL.h) 
3774 

Adults 27 to 54 0 Fasted Single-Dose 500 mg 

Tmax (h) 2.00 

(24) Cmax (ng/mL) 320 

AUC0-inf 

(ng/mL.h) 
4126 

Older 

Children 

and 

Adolescents 

6 to 15 0.64 Fasted Multiple-Dose 
5 mg/Kg 

* 

Tmax (h) 2.00 

(27) Cmax (ng/mL) 360 

AUC0-inf 

(ng/mL.h) 
4564 

Infants and 

Young 

Children 

0.5 to 5 0.46 Fasted Multiple-Dose 
5 mg/Kg 

* 

Tmax (h) 2.00 

(26) Cmax (ng/mL) 200 

AUC0-inf 

(ng/mL.h) 
3438 

 

* dose of the 5th day of a 5-day oral regimen (10 mg/Kg on the 1st day and 5 mg/Kg day 2 to 5). 
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Table S5.3. Overview of predicted PK parameters and calculated FE, AFE and AAFE 

following IV administration of azithromycin (2 h infusion) to adults. 

Dose (mg) 
PK 

Parameter 
Observed 

Value 
Predicted 

Value 
FE AFE AAFE 

1000 

Tmax (h) 2.00 1.83 0.92 

1.23 1.28 
Cmax 

(ng/mL) 
3028 3798 1.25 

AUC0-inf 

(ng/mL.h) 
23000 20429 0.89 

2000 

Tmax (h) 2.00 1.83 0.91 

1.25 1.28 
Cmax 

(ng/mL) 
6432 7596 1.18 

AUC0-inf 

(ng/mL.h) 
46000 40680 0.88 

4000 

Tmax (h) 2.00 1.83 0.92 

1.36 1.41 
Cmax 

(ng/mL) 
9423 15192 1.61 

AUC0-inf 

(ng/mL.h) 
82000 81709 1.00 
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Table S5.4. Overview of predicted PK parameters and calculated FE, AFE, and AAFE after 

oral administration of a single dose of 500 mg azithromycin suspension to adults in the fasted 

and fed state. 

Prandial State 
Permeability 

input 
Formulation 

Input 
PK 

Parameter 
Observed 

Value 
Predicted 

Value 
FE AFE AAFE 

Fasted 
In vitro Caco-

2 data 

USP 4 

apparatus 

dissolution 

 Tmax (h) 2.00
a
 2.17 1.09 0.98

b
 1.14

b
 

Cmax (ng/mL) 290
a
 200 0.69 1.02

c
 1.30

c
 

AUC0-inf 

(ng/mL.h) 
3850a

 3544 0.92 0.89
d
 1.43

d
 

Fasted 
MechPeff 

predicted  

+P-gP Clint,T 

USP 4 

apparatus 

dissolution 

Tmax (h) 2.00
a
 1.44 0.72 1.36

b
 1.37

b
 

Cmax (ng/mL) 290
a
 359 1.24 1.51

c
 1.52

c
 

AUC0-inf 

(ng/mL.h) 
3850a

 4790 1.24 1.40
d
 1.42

d
 

Fasted 
MechPeff 

predicted  

+P-gP Clint,T 

inForm 

platform 

dissolution 

Tmax (h) 2.00
a
 1.44 0.72 1.34

b
 1.36

b
 

Cmax (ng/mL) 290
a
 354 1.22 1.43

c
 1.44

c
 

AUC0-inf 

(ng/mL.h) 
3850a

 4675 1.21 1.28
d
 1.31

d
 

Fasted 
MechPeff 

predicted  

+P-gP Clint,T 

DLM  

Solubility 

Input 

Tmax (h) 2.00
a
 1.44 0.72 1.36

b
 1.36

b
 

Cmax (ng/mL) 290
a
 378 1.31 1.60

c
 1.60

c
 

AUC0-inf 

(ng/mL.h) 
3850a

 5088 1.32 1.44
d
 1.46

d
 

Fed 
In vitro Caco-

2 data 

USP 4 

apparatus 

dissolution 

Tmax (h) 2.00 2.18 1.09 

1.28 1.33 
Cmax (ng/mL) 438 366 0.84 

AUC0-inf 

(ng/mL.h) 
3935 5099 1.30 

Fed 
MechPeff 

predicted  

+P-gP Clint,T 

USP 4 

apparatus 

dissolution 

Tmax (h) 2.00 1.80 0.90 

1.32 1.33 Cmax (ng/mL) 438 437 1.00 

AUC0-inf  

(ng/mL.h) 
3935 4559 1.16 

Fed 
MechPeff 

predicted  

+P-gP Clint,T 

DLM  

Solubility 

Input 

Tmax (h) 2.00 1.44 0.72 

1.30 1.32 
Cmax (ng/mL) 438 437 1.00 

AUC0-inf 

(ng/mL.h) 
3935 5234 1.33 

 

a mean of observed data in the fasted state from the available studies; b Foulds et a. (22); c Foulds et al. (23); and d 

Najib et al. (24) 
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Table S5.5. Overview of predicted PK parameters and calculated FE, AFE, and AAFE after 

IV administration of azithromycin (1 h infusion) to paediatrics. 

Age group Dose (mg) 
PK 

Parameter 
Observed 

Value 
Predicted 

Value 
FE AFE AAFE 

Infants 101 

Tmax (h) 1.00 0.70 0.70 

0.96 1.37 Cmax (ng/mL) 2251 3428 1.52 

AUC0-inf 

(ng/mL.h) 
8540 8864.30 1.04 

Young 

Children 
158 

Tmax (h) 1.00 0.70 0.70 

0.95 1.35 Cmax (ng/mL) 2251 3353 1.49 

AUC0-inf 

(ng/mL.h) 
8368 8599 1.03 

Old Children 380 

Tmax (h) 1.00 0.70 0.70 

0.92 1.37 Cmax (ng/mL) 2623 3504 1.34 

AUC0-inf 

(ng/mL.h) 
8968 8911 0.99 

Adolescents 488 

Tmax (h) 1.00 0.70 0.70 

1.08 1.34 Cmax (ng/mL) 2623 4005 1.53 

AUC0-inf 

(ng/mL.h) 
8916 10241 1.15 

 

  



   
 

276 

 

Table S5.6. Overview of predicted PK parameters and calculated FE, AFE, and AAFE after 

oral administration of azithromycin suspension (10 mg/Kg on the 1st day and 5 mg/Kg day 2 

to 5) to infants and young children (0.5 to 5 years) (26).  

Permeability 

input 
Formulation 

Input 
PK 

Parameter 
Observed 

Value* 
Predicted 

Value* 
FE AFE AAFE 

In vitro Caco-2 

data 

USP 4 

apparatus 

dissolution 

Tmax (h) 2.00 1.80 0.90 

1.15 1.30 
Cmax (ng/mL) 200. 189 0.94 

AUC0-inf 

(ng/mL.h) 
3438 3007.45 0.87 

MechPeff 

predicted  

+P-gP Clint,T 

USP 4 

apparatus 

dissolution 

Tmax (h) 2.00 1.20 0.60 

1.31 1.44 
Cmax (ng/mL) 200 218 1.09 

AUC0-inf 

(ng/mL.h) 
3438 3292 0.96 

MechPeff 

predicted  

+P-gP Clint,T 

inForm 

platform 

dissolution 

Tmax (h) 2.00 1.20 0.60 

1.04 1.30 
Cmax (ng/mL) 200 179 0.90 

AUC0-inf 

(ng/mL.h) 
3438 2664 0.77 

MechPeff 

predicted  

+P-gP Clint,T 

DLM  

Solubility 

Input 

Tmax (h) 2.00 1.20 0.60 

1.39 1.48 
Cmax (ng/mL) 200 231 1.15 

AUC0-inf 

(ng/mL.h) 
3438 3485 1.01 

 

* after the administration of the last dose on the 5th day of a 5-day oral regimen (10 mg/Kg on the 1st day and 5 

mg/Kg day 2 to 5).  
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Table S5.7. Overview of predicted PK parameters and calculated FE, AFE, and AAFE after 

oral administration of azithromycin suspension (10 mg/Kg on the 1st day and 5 mg/Kg day 2 

to 5) to old children and adolescents (6 to 15 years).  

Permeability 

input 
Formulation 

Input 
PK 

Parameter 
Observed 

Value* 
Predicted 

Value* 
FE AFE AAFE 

In vitro Caco-2 

data 

USP 4 

apparatus 

dissolution  

Tmax (h) 2.00 1.80 0.90 

0.77 1.42 
Cmax (ng/mL) 360 183 0.51 

AUC0-inf 

(ng/mL.h) 
4564 3236 0.71 

MechPeff 

predicted  

+P-gP Clint,T 

USP 4 

apparatus 

dissolution 

Tmax (h) 2.00 1.20 0.60 

1.02 1.35 
Cmax (ng/mL) 360 285 0.79 

AUC0-inf 

(ng/mL.h) 
4564 3986 0.87 

MechPeff 

predicted  

+P-gP Clint,T 

inForm 

platform 

dissolution 

Tmax (h) 2.00 1.20 0.60 

0.82 1.49 
Cmax (ng/mL) 360 226 0.63 

AUC0-inf 

(ng/mL.h) 
4564 3221 0.71 

MechPeff 

predicted  

+P-gP Clint,T 
DLM 

Tmax (h) 2.00 1.20 0.60 

1.08 1.32 
Cmax (ng/mL) 360 298 0.83 

AUC0-inf 

(ng/mL.h) 
4564 4218 0.92 

 

* after the administration of the last dose on the 5th day of a 5-day oral regimen (10 mg/Kg on the 1st day and 5 

mg/Kg day 2 to 5).  
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Figure S5.1. Mean simulated azithromycin plasma concentration-time profiles in healthy 

adult subjects after IV administration of azithromycin (2 h infusion) against observed data 

(21). Results are presented in linear scale (left panel) and log scale (right panel). 
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Figure S5.2. Mean simulated azithromycin plasma concentration-time profiles in paediatrics 

after IV administration of azithromycin 10 mg/Kg (1 h infusion) against the mean observed 

values (25). Results are presented in linear scale (left panel) and log scale (right panel). 
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Figure S5.3. Parameter sensitivity analysis for the Cmax and AUC obtained after 

administration of azithromycin to old children and adolescents as a function of dose (120 mg 

to 500 mg) and duodenal solubility (range from 1 to 27 mg/mL). 
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Conclusions and Future Directions 

Conclusions  

The development of age-appropriate medicines is a challenging task due to specific 

patient needs, such as acceptability, swallowability, and ethical constraints related to 

clinical testing. The paediatric population is a heterogeneous group that can be 

subdivided into several sub-groups, which makes it unlikely that a single formulation 

will be appropriate for all age groups. In drug development, there is a need for age-

appropriate biopharmaceutical tools that allow the understanding of in vivo 

formulation performance as a function of age. The development and applicability of 

paediatric biopharmaceutical tools (in vitro and in silico) are still limited by 

knowledge gaps on the gastrointestinal physiology and anatomy of this population. 

Predictive dissolution tests for paediatrics, as well as the successful reports of PBPK 

models to investigate oral drug absorption in paediatrics, have started to emerge in the 

literature. The confidence in these tools is not at the same level as for the tools used to 

predict formulation performance in adult subjects. A combination of both in vitro and 

in silico tools that are appropriately designed for paediatrics is likely to be able to 

overcome the uncertainties associated with each method on its own. 

In this project, age-appropriate biopharmaceutical tools were developed. Investigation 

of drugs’ solubility was performed for seven poorly soluble compounds in paediatric 

(i.e. representative of newborns and infants’ gastrointestinal conditions) and adult 

biorelevant media. For most of the compounds investigated (5 out of 7), drug solubility 

fell outside the biopharmaceutics risk assessment range of 80 to 125% from adult 

values in at least one of the developed paediatric media. Apart from differences 

between adult and paediatric, drug solubility in newborns gastrointestinal conditions 

was significantly different when compared to infants conditions in 8 out of the 14 total 
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compounds investigated so far, which can ultimately lead to changes in drug 

performance demonstrating the criticality of differentiating the two subpopulations. 

Multivariate data analysis revealed that the lipophilicity and molecular weight of the 

drug drives drug solubility differences between adults and paediatrics in all 

biorelevant media, while drug ionisation was more relevant in the fed gastric state. 

The concentration of bile salts and lecithin in the fasted and fed intestinal media was 

a critical variable influencing drug solubility, while food composition (cow formula 

vs soy formula) was a critical parameter in the fed gastric state. From a clinical 

perspective, differences in drug solubility between adults and paediatrics can lead to 

changes in drug performance, such as deviations in the extent/rate of drug absorption 

of orally administered drug products and, therefore, may compromise drug safety 

and/or efficacy in the paediatric population.  

Several age-appropriate in vitro dissolution set-ups were designed to reflect the 

paediatric gastrointestinal conditions. The impact of age-related gastrointestinal fluid 

composition and hydrodynamics significantly influenced in vitro montelukast 

dissolution behaviour. These effects should be evaluated with a biopharmaceutical risk 

assessment throughout formulation development for paediatrics. Dissolution of 

montelukast was significantly affected by the simulation of medicine co-

administration practices with food and drinks. Montelukast dissolution (%) from 

granules after medicine co-administration was higher under fasted gastric to fed 

intestinal conditions in comparison to fasted gastric to intestinal conditions. 

Biorelevant dissolution of Singulair® granules (montelukast) under infants simulating 

conditions predicted the in vivo qualitative effect of the co-administration of the 

formulation with small amounts of formula or applesauce.  
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The age-appropriate dissolution tests were further incorporated into a PBPK model for 

predicting montelukast’s performance after oral administration in adults and 

paediatrics. The PBPK model coupled with fasted state µDISS profiler™ dissolution 

was able to predict the exposure of montelukast chewable tablets in adults and 

children. A good prediction of in vivo drug performance in infants was also simulated 

with a fed state PBPK model with the input of in vitro drug dissolution profiles 

obtained with the USP 4 apparatus under infant biorelevant conditions (fasted gastric 

followed by fed intestinal) with consideration of medicine co-administration with food 

and drinks vehicles (applesauce and formula).  

The use of PBPK modelling coupled with in vitro solubility/dissolution data revealed 

that permeation through the gut wall is the key driver of azithromycin oral absorption 

after the administration of azithromycin suspension in adults and paediatrics. This 

mechanistic PBPK modelling approach was shown to be useful to determine the 

factors controlling drug’s absorption and assess the risk of alterations of the rate-

limiting steps of absorption in the paediatric population, especially when coupled with 

age-relevant in vitro methods.  

Overall, this thesis illustrates the considerations required for the development of 

predictive age-appropriate in vitro and in silico tools. The developed in vitro and in 

silico tools were shown to be able to predict paediatric formulation performance. The 

potential of the combination of in vitro and in silico tools for the prediction of 

paediatric drug product performance was demonstrated. The tools developed can assist 

the understanding of the impact of age-related changes on drug dissolution, whilst 

allowing the investigation of the impact of medicine co-administration practices on 

drug performance. The strategies proposed can be applied to study other real-life 
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clinical scenarios which might affect formulation safety and efficacy, and would 

otherwise be neglected.  

 

Future directions 

In this thesis, age-appropriate in vitro and in silico tools were developed to predict 

clinical outcomes in paediatrics. Over the course of this project, several challenges 

were faced, and limitations were found.  

Paediatric clinical pharmacokinetic data is scarce. The availability of high-quality 

clinical data in paediatrics, particularly in the younger age groups (newborns and 

infants) is still lacking. The availability of this knowledge is imperative for further 

evaluation/validation of the biopharmaceutical tools developed in this thesis. Efforts 

should be made to perform clinical studies in well-defined age groups (i.e. newborns, 

infants, children and adolescents). Moreover, it is critical that details of study design, 

such as formulation, and prandial state of the patients, are appropriately recorded. 

There is also the need to conduct background research to further characterize the 

physiological differences among paediatric subpopulations and adults. Although many 

studies have reported information on variables such as fasted gastric pH levels, gastric 

emptying times and hepatic drug metabolism, other areas, such as gastrointestinal fluid 

composition and, fasted and fed intestinal fluid volumes, intestinal metabolism, drug 

transporters and permeability, are still understudied. Knowledge of these parameters 

is key for refining the tools described in this thesis. Until then several assumptions are 

still used, especially for the younger age groups. A consensus on age-related 

definitions of fasted and fed state conditions for paediatrics should be achieved 

through close collaboration of pharmaceutical industry and regulatory agencies. This 

is particularly important for newborns and young infants, where the amount of food 
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required to trigger a food-effect is unknown. For these age groups, even the smallest 

amount of food can be a significant percentage of the baseline gastrointestinal fluid 

volumes. Therefore, caution in the extrapolation of food-effect data from adults to 

paediatrics is warranted. Information should be collected from healthcare 

professionals, parents, caregivers and paediatric patients, regarding age-appropriate 

dosing volumes and ‘representative’ paediatric meals. This data will allow (i). a better 

design of in vivo studies, and (ii). support the design of predictive dissolution tests and 

PBPK models representative of in vivo scenarios. More research should also be 

performed to understand which in vivo pre-clinical models are most likely to be 

biorelevant representations of paediatric patients. This would allow the establishment 

of an in vivo – in vitro – in silico strategy to develop age-appropriate formulations. 

The in vivo predictability of the proposed in vitro and in silico methods should be 

further evaluated by testing drugs with a wide range of physicochemical properties 

and a variety of formulation types, the results from this analysis can then be used to 

develop a flow-chart/roadmap to guide paediatric formulation development.  

Overall, this research project fills in gaps towards the development of age-appropriate 

tools to guide and understand formulation performance from birth through to 

adulthood. Research in this area must continue to be performed as only this will allow 

the development of safe and effective medicines for all paediatric age groups.  


