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Abstract  4 

The present study aimed to explore the usefulness of Beagle dogs in combination with physiologically 5 

based pharmacokinetic (PBPK) modelling in the evaluation of drug exposure after oral administration 6 

to paediatric populations at an early stage of pharmaceutical product development. An exploratory, 7 

single-dose, crossover bioavailability study in six beagles was performed. A paracetamol suspension 8 

and an ibuprofen suspension were co-administered in the fasted state conditions, under reference-9 

meal fed state conditions, and under infant-formula fed state conditions. PBPK models developed with 10 

GastroPlus v9.7 were used to inform the extrapolation of beagle data to human infants and children. 11 

Beagle-based simulation outcomes were compared with published human-adult-based simulations. 12 

For paracetamol, fasted state conditions and reference-meal fed state conditions in beagles appeared 13 

to provide adequate information for the applied scaling approach. Fasted state and/or reference-meal 14 

fed state conditions in beagles appeared suitable to simulate the performance of ibuprofen 15 

suspension to paediatric populations. Contrary to human-adult-based translations, extrapolations 16 

based on beagle-data collected under infant-formula fed state conditions appeared less useful for 17 

informing simulations of plasma levels in paediatric populations. Beagle data collected under fasted 18 

and/or reference-meal fed state conditions appeared to be useful in the investigation of paediatric 19 

product performance of the two investigated highly permeable and highly soluble drugs in the upper 20 

small intestine. The suitability of the beagle as a pre-clinical model to understand paediatric drug 21 

product performance under different dosing conditions deserves further evaluation with broader 22 

spectrum of drugs and drug products and comparisons with paediatric in vivo data.     23 

 24 
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Introduction 31 

 32 

Although paediatric drug development and drug product evaluation has advanced over the recent 33 

years (1), age-appropriate tools and methodologies to predict formulation performance in paediatric 34 

populations are yet to be established. Doubtlessly paediatric drug product evaluation in the target 35 

population would be ideal to ensure safety and efficacy after administration to this vulnerable patient 36 

group, however, ethical and recruitment issues limit investigations in paediatrics. Therefore, data from 37 

bioavailability studies in adults are often extrapolated to the paediatric population of interest (1–3). 38 

In line, a recent draft guideline from the U.S. Food and Drug Administration (FDA) suggested that the 39 

sponsor should perform a food effect study in adults with the paediatric formulation and that “the 40 

sponsor can use foods and quantities of food that are commonly consumed with drugs in a particular 41 

pediatric population (e.g., formula for infants)” (4). Recent literature review highlighted the different 42 

food effect observations between studies performed in healthy adult volunteers in comparison to 43 

food effects observed in infants/young children who were administered the same drug (2,5). The 44 

discrepancy in the food effect outcomes could be attributed to several factors: age-dependent 45 

physiology differences, inconsistent protocols between adult and paediatric food effect studies, age-46 

appropriate meal chosen for each study population (standard breakfast in adults and milk-based meal 47 

in paediatric populations) (2,5,6). A dedicated investigation of the factors affecting oral absorption of 48 

paediatric formulations in the presence of standard solid-liquid meal or infant milk-based feed in adult 49 

healthy volunteers revealed that food effects for infant formulations might not be adequately 50 

evaluated when applying common adult FE study protocols (5). 51 

Furthermore, as paediatric product development usually commences during the clinical stages of adult 52 

drug product development, paediatric formulation development and the food effect evaluation are 53 

mainly guided by the knowledge gained throughout adult formulation investigations and the relevant 54 

applied protocols for adults (1,4,7,8). Within the recent FDA guidance, it is indicated that paediatric 55 

product development builds upon knowledge of the adult formulation performance, i.e., when the 56 

same to-be-marketed formulation that is approved for use in adults is approved for use in a pediatric 57 

population, a separate FE study is not necessary (4). However, before addressing this research 58 

question in the clinical setting in humans using the paediatric formulation, investigation of possible 59 

food effects with age-relevant meals and quantities at a preclinical level (e.g., in Beagle dogs) could 60 

de-risk paediatric formulation testing in clinic and reduce associated costs. Throughout adult drug 61 

product development, food effect evaluation in the preclinical stage is commonly supported by in vitro 62 

tools, pre-clinical animal models, and/or in silico tools (9,10) and has resulted in a confirmatory rather 63 

than exploratory nature of the clinical food effect studies for adult products  (11–13). In paediatrics, 64 
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considering the limitations surrounding the establishment of validated age-appropriate in vitro and 65 

in silico tools to be used as standalone methodologies for predicting product performance prior to 66 

testing in human (7); adaptation of existing study protocols for animal models, as the beagle , could 67 

offer additional insights to understand oral dosage behavior, especially regarding mechanical/physical 68 

interactions between drug components/food components. 69 

Based on the similarities between the canine and human adult gastrointestinal (GI) tract and the 70 

relatively easy handling of the breed, preclinical bioavailability/food effect studies are often 71 

performed in beagles (14–17). Despite several similarities, differences in GI anatomy and physiology 72 

between humans and beagles may increase the complexity of directly translating preclinical outcomes 73 

into human, e.g., basal gastric secretions, pH of fluids along segments of the GI tract, intraluminal bile 74 

salt composition and levels, transit times, and intestinal permeability (17). A major difference between 75 

beagles and human adults that might affect performance of ionizable, poorly soluble drugs is the lower 76 

level of basal gastric secretions in beagles that could lead to elevated fasted gastric pH in the fasted 77 

state and greater variability of intragastric pH compared to human adults (14,15,18,19). In an effort 78 

to overcome this interspecies difference when investigating formulations for humans and to control 79 

intragastric pH, oral administration of HCl/KCl solution prior to drug dosing has been demonstrated to 80 

induce acidic environment in the canine stomach with an acceptable reproducibility (18).  81 

In addition to the disparities between human and canine GI physiology that control drug absorption, 82 

interspecies differences in disposition, metabolism, and elimination further complicated efforts for 83 

direct results extrapolation from bioavailability/food effect studies from beagles to human adults (10). 84 

Mechanistic approaches, such as physiologically based pharmacokinetic (PBPK) modeling have been 85 

utilized to account for these differences and translate relevant biopharmaceutical information from 86 

canine studies  into the human adult model; furthermore, the preclinical model has been used  to 87 

identify sensitive parameters regarding oral drug/drug product performance in adults (20–23).  88 

Furthermore, the dog model has been suggested to be potentially useful for paediatric formulation 89 

testing based on its role in adult drug product development (7). To date, only few relevant studies 90 

have been reported in the preclinical species and the evaluation of their usefulness has been limited 91 

due to lack of paediatric clinical data to serve as confirmatory dataset (7). The elevated bile salt levels 92 

in dogs have been mentioned as one factor that complicates results interpretation (7). 93 

The aim of this study was to explore the usefulness of the beagle model in the evaluation of drug 94 

exposure after oral administration to paediatric populations and compare it with the  human adult 95 

model. In line with the design of the human adult bioavailability data acquired under different dosing 96 
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conditions (5), the first objective was to design comparative bioavailability studies of two paediatric 97 

drug products under different prandial and dosing conditions, i.e.,  98 

• fasted state conditions 99 

• fasted state conditions with gastric pH-lowering pretreatment 100 

• reference-meal fed state conditions 101 

• dosing conditions simulating the infant-formula fed state conditions. 102 

 103 

The second objective was to propose a PBPK approach for modeling the collected data and investigate 104 

if the conditions applied to beagles substantially affected extrapolation to paediatric populations. The 105 

third objective was to compare the usefulness of the beagle data in evaluating drug exposure in 106 

paediatric populations with the respective translation based on human adults (24,25).  107 

Paracetamol (high solubility, weak acid, pka 9.5, BCS Class I) and ibuprofen (low solubility, weak acid, 108 

pka 4.5, BCS Class II) (26–28) were selected as model drugs based on their luminal stability and high 109 

intestinal permeability, as in the respective investigations in adults (5,24,25). Additionally, based on 110 

their physicochemical properties, both drugs are expected to be highly soluble in the upper small 111 

intestine. After confirming the lack of pharmaceutical and pharmacokinetic interaction (29,30), the 112 

drugs were co-administered using the commercially available paediatric suspensions, i.e., variations 113 

of dosing should impact primarily gastric emptying (paracetamol) or gastric emptying and, perhaps, 114 

dissolution (ibuprofen). 115 

  116 
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Materials and methods 117 

Materials  118 

The paracetamol solution for intravenous (i.v.) administration was prepared in-house by dissolving 119 

paracetamol powder in saline for i.v. use with a final concentration of 10 mg/mL (Esco, European salt 120 

company GmbH & Co. KG, Germany). The ibuprofen solution for i.v. administration (5 mg/mL) was 121 

prepared in-house by dissolving ibuprofen in 50 mM Tris solution under addition of NaCl 122 

(876 mg/100 mL) to reach isotonicity, followed by pH adjustment to 7.6 with 1 M HCl. Both solutions 123 

were filtered through a 0.22 µm Millex®-GV PVDF filter. Νurofen® paediatric suspension with 100 mg 124 

ibuprofen/5 mL (Reckitt Benckiser UK Ltd., Berkshire, UK) and Panadol® paediatric suspension with 125 

120 mg paracetamol/5mL (GlaxoSmithKline Α.Ε.Β.Ε., Middlesex, UK) were acquired from a local 126 

pharmacy in Athens, Greece. 127 

Food products for the reference meal were supplied from a local supermarket. The reference meal 128 

consisted of two slices of toasted bread with butter, two strips of bacon fried in butter, two eggs fried 129 

in butter, French fries, and a glass of full-fat cow’s milk; this resulted in 67 g of fat, 63 g of 130 

carbohydrates, 36 g of protein (60 % fat, 25 % carbohydrates, 15 % proteins) according to the 131 

recommended meal by regulators (4,31). The reference meal was prepared in a similar manner to a 132 

recently reported clinical study in adults (5) and was cooked in the evening prior to the relevant study 133 

day. On the study day, the meal was homogenized, and a portion of 100 g (200 kcal) was administered 134 

to each dog via gavage. Infant formula milk (Noulac® for infants) was used as in the clinical study (5). 135 

The infant formula was prepared according to instructions in the morning of the study day. The 136 

administered volume per dog was 150 mL (100 kcal) and it consisted of 43 % fats, 47 % carbohydrates, 137 

and 10 % proteins. 138 

Acetonitrile and water (MilliQ®-System, Merck KGaA, Darmstadt, Germany) were of LC-MS/MS grade, 139 

trifluoroacetic acid (TFA, 99.5 % w/w) was of protein sequencing grade, HCl (1.0 M) and KCl were of 140 

analytical grade. All chemicals were supplied from Merck KGaA (Darmstadt, Germany).  141 

 142 

Methods 143 

Study in beagle dogs 144 

The animal study described in this work was performed according to current relevant European 145 

directive on protection of animals used for scientific purposes (2010/63/EU) and Belgian low 146 

regulating Animal Welfare of test animals (https://www.lne.be/proefdierlabo). The study protocol 147 

https://www.lne.be/proefdierlabo
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was approved by the institutional Ethics Committee of Janssen Pharmaceutica, Belgium (approval nr. 148 

512). 149 

Six healthy male beagles from the in-house colony (supplied from Marshall® colony, Marshall 150 

BioResources, Lyon, France) aged between 1.7-4.0 years (mean 2.17) and weighing 7.9-13.3 kg 151 

(mean 10.3) were included in this study. The dogs had unrestricted access to water throughout the 152 

study. On study days, animals were placed and kept individually for four hours after dosing, after 153 

which period the dogs were returned to their daily routine. On non-experimental days, the dogs 154 

received their portion of canine dry pellets (LabDiet®, St. Louis, Mo, USA) once daily at noon.  155 

 156 

Experimental protocol 157 

This single-dose bioavailability study was performed on a crossover basis following a block design. Six 158 

treatments were applied on separate occasions within the study and are listed in Table I. Drug doses 159 

and meal quantities were scaled based on the mean body weight (BW) of the healthy adults in a 160 

human relative bioavailability study performed with the same drug formulations under different 161 

dosing conditions (≈76 kg) (4,24)  and a typical BW of a beagle ≈13 kg (14,19,32). A single dose of 162 

168 mg paracetamol and 140 mg of ibuprofen per dog were administered in all six study phases. In 163 

Phases 1 and 2, paracetamol (168 mg per dog) or ibuprofen (140 mg per dog) were administered 164 

intravenously on two separate study days. In the other four study phases the two drugs were co-165 

administered orally as their respective paediatric suspensions, i.e., 7 mL Panadol® 166 

(168 mg paracetamol) and 7 mL Nurofen® (140 mg ibuprofen). Each study phase was separated by a 167 

recovery/wash-out period of at least six days. 168 

Intravenous drug administrations (Phases 1 and 2, Table I) were performed in the fasted state and 169 

drugs were administered as single bolus injection into the cephalic vein. Oral administrations in the 170 

fasted state were performed in Phases 3 and 4, as shown in Table . Several reports have indicated 171 

elevated pH levels in the canine stomach and high variability in gastric pH values between 172 

dogs (18,19,33,34). To evaluate the importance of this difference between beagles and humans, drug 173 

exposure in the fasted state was evaluated with and without administration of 20 mL of 0.1 M HCl/KCl 174 

oral solution with pH 1.6 prior to drug dosing (18). 175 

Oral administrations in the fed state was performed in Phases 5 and 6. Based on BW-scaling, 100 g 176 

portion of reference meal (4,24), i.e. 200 kcal, was administered to dogs “reference-meal fed state 177 

conditions” (Phase 5). The scaling was based on a meal amount of 550 g and the above mentioned BW 178 

for human adults and beagle dogs, resulting in 92 g of reference meal to be administered per dog – in 179 
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the present study the meal mass was rounded to 100 g to improve dosing feasibility in a preclinical 180 

setting. The meal was homogenized prior to dosing to enable administration via gavage. The two 181 

paediatric suspensions were co-administered within 10 minutes after ingestion of the homogenized 182 

meal (200 kcal). As for the reference meal, the volume of infant formula to be administered per dog 183 

was based on BW-scaling using the volume administered in the human relative BA study (4,24) and 184 

the above mentioned body weights. The resulting 138 mL of infant formula were rounded to improve 185 

drug performance feasibility. In the present dog PK study, 150 mL of infant formula (100 kcal) were 186 

administered to each dog to induce “infant-formula fed state conditions” within Phase 6. The two 187 

paediatric suspensions were dosed halfway through infant formula administration (Table I). 188 

Table I Overview of dosing conditions applied in the canine study.  189 

Phase 
Time  

(hh: mm, a.m.) 
Dosing conditions 

Intravenous  bolus  –  fas ted s tate  

1 08:30 16.8 mL paracetamol solution (10 mg/mL, 168 mg of paracetamol) 

2 08:30 28 mL ibuprofen solution (5 mg/mL, 140 mg ibuprofen). 

Per  os  administ rat ion  a  –  fas ted state  c ondi t ions  

3 
08:30 

 

7 mL Panadol® suspension b and 7 mL Nurofen® suspension c,  

followed by tube rinse with 10 mL of tap water. 

4 

08:20 

08:30 

 

20 mL 0.1 M HCl/KCl-solution, pH 1.6 (pH-lowering pretreatment) 

7 mL Panadol® suspension b and 7 mL Nurofen® suspension c,  

followed by tube rinse with 10 mL of tap water. 

Per  os  administ rat ion  a  –  fed s tate  c ondi t ions  

5 

08:20 

08:30 

 

100 g homogenized reference meal (200 kcal) 

7 mL Panadol® suspension b and 7 mL Nurofen® suspension c,  

followed by tube rinse with 10 mL of tap water. 

6 

08:29 

08:30 

08:31 

75 mL infant formula (50 kcal) 

7 mL Panadol® suspension b and 7 mL Nurofen® suspension c  

75 mL infant formula (50 kcal) 
a dosing performed via gavage 190 
b 7 mL of Panadol® suspension (24 mg paracetamol/mL) contain 168 mg paracetamol 191 
c 7 mL of Nurofen® suspension (20 mg ibuprofen/mL) contain 140 mg ibuprofen  192 

 193 

Each study day was initiated in the morning after a fasting period of at least 16 hours. The dogs were 194 

guided to their individual area designated for the duration of drug dosing. A pretreatment blood 195 

sample of 2 mL was collected through venipuncture of the jugular vein. Following drug dosing, blood 196 
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sampling was performed at pre-defined time intervals alternating between the left and right jugular 197 

veins. Blood sampling after i.v. drug administration was performed at 10, 20, 30, 45 min and 1, 2, 3, 4, 198 

6, 8, and 10 h post-dose. Within study phases employing oral route of drug administration, 2-mL blood 199 

samples were collected 20, 40 min, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8, and 10 h post-dose. On treatment days 200 

requiring drugs administration under fasted state conditions, the dogs received the daily portion of 201 

canine food pellets as usual around noon, i.e., 2.5 -3 h after drugs administration. In study phases 5 202 

and 6, no further food was provided for the day. After collecting the 4-h-sample, animals could return 203 

to their usual daily routine, while blood sampling continued occasionally until the end of the study 204 

day. 205 

 206 

Sample handling and drug analysis 207 

Blood samples were collected into K2-EDTA Vacutainer™ tubes (Becton, Dickinson U.K. Ltd., Berkshire, 208 

UK) and were centrifuged for 10 minutes at 9, 000 g at 5° C to obtain plasma (Centrifuge 5430 R, 209 

Eppendorf AG, Germany). Plasma was transferred into amber screw cap micro tubes of 2 mL (Thermo 210 

Scientific™, Waltham, MA, USA), frozen and stored at -20°C. Analysis of paracetamol and ibuprofen 211 

was performed according to the methods described in Statelova et al., 2020a (5) and the 212 

Supplementary information, Part A.  213 

 214 

Data analysis 215 

Concentrations for samples under the low limit of quantification (LLOQ) were considered as zero. 216 

Individual and mean plasma concentration-time profiles were evaluated using non-compartmental 217 

pharmacokinetic (PK) analysis, i.e., area under the plasma concentration-time curve up to the last 218 

sampling point 0-10 h (AUC0-10h), AUC0-inf (extrapolated to infinity based on the first order elimination 219 

rate constant estimated from the last three sampling points), maximum concentration (Cmax), and time 220 

to reach Cmax (Tmax). Additionally, for the study arms investigating dosing after i.v. administration, 221 

additionally, clearance (CL) and volume of distribution at steady state (Vss) were estimated for the 222 

individual dog plasma concentration-time profiles and for the mean plasma concentration-time profile 223 

(PKPlus™ tool within GastroPlus™ platform, Simulations Plus Inc.). Mean, standard deviation (SD), and 224 

% relative standard deviation (RSD) values were calculated from the individual PK parameters.  225 
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PBPK modeling 226 

PBPK modeling workflow 227 

PBPK models were developed and refined for paracetamol and ibuprofen separately following an 228 

identical modeling workflow using GastroPlus™ (Simulations Plus Inc., V9.7), Figure 1. As a first step, 229 

the drug disposition model was developed based on i.v. data in beagles. As a second step, the oral 230 

absorption ACAT™ model was refined for the different dosing conditions applied in the preclinical 231 

study. In the third step, the different dosing conditions were extrapolated to the target paediatric 232 

populations for each model drug based on previously developed and published paediatric PBPK 233 

models (24,25). The paediatric simulations following oral dosing were evaluated using paediatric 234 

clinical data in infants after oral paracetamol administration (35,36) and in mixed paediatric 235 

populations (infants and children or children) after oral ibuprofen administration (37,38).  236 

 237 

Figure 1 Modeling workflow for the extrapolation of bioavailability data in beagles to paediatrics.  238 

 239 

Step 1: Disposition model in beagles 240 

Drug-dependent and PK parameters used for model development of paracetamol and ibuprofen are 241 

reported in Table B-SIII and Table B-SIV. One and two compartment models were tested for each drug 242 

with the built-in PKPlus™ tool and evaluated using the Akaike Information Criterion (AIC), Bayesian 243 

Information Criterion (BIC), and the adjusted coefficient of determination (adjusted R2). The model 244 

with the lower AIC and BIC and higher adjusted coefficient of determination (R2) was selected to 245 

describe disposition, if no substantial difference between the models was found based on the model 246 
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evaluation criteria, the simpler model was preferred. Fraction of drug unbound and blood to plasma 247 

ratio were software-proposed parameters for the respective drug. The performance of the simulations 248 

was evaluated against the in vivo data observed in dogs and used for model development based on 249 

the Average (AFE), Absolute Average fold error (AAFE), and R2.  250 

Step 2: Oral absorption model in beagles 251 

ACAT™ models were used to describe oral drug absorption processes along the canine GI tract. Default 252 

software parameters were used for drug mean precipitation time, particle density, and mean particle 253 

radius, while diffusion coefficients were estimated from the in-built ADMET predictor within 254 

GastroPlus V9.7 (Simulations Plus Inc.), reported in Table B-SIII and Table B-SIV. Drug dissolution was 255 

simulated with the Johnson model. For ibuprofen, the pH versus solubility profile from literature was 256 

used to fit the pKa value and solubility factor. The lowest solubility value measured within the pH 257 

range 1 - 7.4 was considered as reference drug solubility (the weak acid ibuprofen is assumed to be 258 

predominantly present in nonionized form at pH 1, hence, intrinsic solubility) (25,26); the pH values 259 

of the buffers used for solubility determination were used as input into the pH-solubility profile. To 260 

estimate the bile salt-solubilization ratio, thermodynamic solubility in buffers containing defined bile 261 

salt concentrations were integrated as in human adult modeling (25), i.e., Level III fasted state 262 

simulated gastric fluid (FaSSGF), Level II fasted state simulated intestinal fluid (FaSSIF), and Level II fed 263 

state simulated small intestinal fluid (FeSSIF-V2). The simulations utilized the estimated bile salt-264 

solubilization ratio and accounted for diffusion coefficient adjustment in presence of bile salts. 265 

Effective human permeability (Peff) values from literature in adults were converted into Peff in dogs 266 

by the in-built permeability converter within GastroPlus™ (23). The default GastroPlus® Opt LogD SA/V 267 

6.1 model was utilized to calculate the absorption scale factors (ASF) used for regional 268 

absorption/permeability in the virtual canine physiology. This model adjusts the regional Peff based 269 

on the compound partitioning at the relevant GI pH, the ionized drug amount in the GI compartment, 270 

and drug lipophilicity as well as the anatomical factors of the specific compartment; ASF can have 271 

direct impact on the simulated drug permeation and absorption. The default ASF model employed in 272 

this study has been applied for modeling and simulation for dog models using the GastroPlus™ 273 

platform (23,39–42). This method of estimating ASF has been previously linked to overestimation of 274 

the colonic drug absorption of lipophilic compounds due to their high logP; this potential artifact might 275 

be of lesser concern for the two model drugs paracetamol and ibuprofen, as they are rapidly and 276 

completely absorbed in the upper SI within the simulations.  277 

Fasted state conditions with and without pH-lowering pretreatment were simulated using the “Beagle 278 

fasted physiology” ACAT™ settings, while “Beagle fed physiology” ACAT™ settings were employed to 279 
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simulate the fed state conditions induced with the homogenized reference meal or infant formula. 280 

Relevant parameters were adjusted according to the in vivo observations in dogs, i.e., (i) gastric transit 281 

time (GTT) adjustment was needed to describe drug performance under fasted state conditions 282 

assuming first order gastric emptying (GE) kinetics or (ii) GTT adjustment and GE kinetics change to 283 

zero order GE to capture performance under fed state conditions induced with the homogenized 284 

reference meal and infant formula. Within the software platform, GTT for a first order GE process 285 

(fasted state conditions) represented the mean GTT described as the GE half-time (t1/2) divided by ln2, 286 

while the GTT for a zero order GE process (fed state conditions following a homogeneous liquid) 287 

described the total GTT.  288 

 289 

Step 3: Extrapolation to paediatrics using PBPK modeling 290 

The paediatric models for paracetamol (24) and for ibuprofen Error! Reference source not found.(25) 291 

were used as basis for the present PBPK modeling exercise. The model parameters utilized for 292 

paracetamol and ibuprofen are reported in the Supplementary Information, Table B-SVI and Table B-293 

SVIII, respectively. For simulating fasted state conditions, GTT found to best describe drug/drug 294 

product performance were inherited directly from the adjusted Beagle ACAT™ physiology. 295 

Extrapolation of drug exposure under fed state conditions was based on the typical meal types for the 296 

target age/age range, i.e., infant formula for paediatric subjects younger than 2.5 years or 297 

homogenized reference meal utilized for all age groups. To account for the age-dependent caloric 298 

content of meals and enable scaling from the beagle study to different paediatric age groups, a calorie-299 

based normalization was performed according to Equation 1: 300 

𝐷𝑟𝑢𝑔 𝐺𝑇𝑇𝑝𝑎𝑒𝑑𝑖𝑎𝑡𝑟𝑖𝑐𝑠 =  
 𝑀𝑒𝑎𝑙 𝑐𝑎𝑙𝑜𝑟𝑖𝑐 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑝𝑎𝑒𝑑𝑖𝑎𝑡𝑟𝑖𝑐𝑠 ×  𝐷𝑟𝑢𝑔 𝐺𝑇𝑇𝐵𝑒𝑎𝑔𝑙𝑒,𝑚𝑒𝑎𝑙  

𝑀𝑒𝑎𝑙 𝑐𝑎𝑙𝑜𝑟𝑖𝑐 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝐵𝑒𝑎𝑔𝑙𝑒  
 301 

Equation 1, 302 

where Drug GTT paediatrics (h): the calculated GTT value to be employed within the paediatric 303 

simulation  304 

Meal caloric content paediatrics (kcal): the recommended meal calories for the age  305 

Drug GTT Beagle, meal (h): the drug GTT employed in the refined canine oral absorption model for the 306 

meal utilized, i.e. homogenized reference meal or infant formula 307 

Meal caloric content adults (kcal): the meal calories of the meal employed in beagles, i.e. 200 kcal for 308 

the reference meal or 100 kcal for the infant formula. 309 
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Single simulations were performed for the mean population representatives of the available clinical 310 

datasets in paediatric populations. 311 

For paracetamol simulations model, a 4-month-old infant (male, 4 kg) receiving a 19.6 mg/kg dose was 312 

simulated (herein, population representative), based on the mean demographic parameters from the 313 

infant study including five infants (36), i.e., mean age 4 months (range 2-6 months), mean BW 4 kg 314 

(2.6-6 kg). Furthermore, based on the older paediatric age group reported by Walson et al. (35), a 10-315 

month-old, 10-kg male infant virtual physiology was generated (population representative), 316 

representing the mean demographic parameters reported in the paediatric study (n=12 subjects, 317 

mean age 10 months, mean BW 8.6 kg). Simulations for the 10-month-old population representative 318 

utilized the reported mean dose administered in this study, 12.14 mg/kg (24). For the age of 4 months 319 

and 10 months, meal caloric contents of 140 kcal and 170 kcal were assumed, respectively (1,24) ; the 320 

caloric content of the meals was based on recommended meals/portions for the specific age (1). The 321 

fasted state conditions, reference-meal fed state conditions using relevant ACAT™ information from 322 

the homogenized reference meal in dogs, and infant-formula fed state conditions using the relevant 323 

ACAT™ information from the infant formula-fed state conditions in dogs were simulated for each 324 

population representative. The simulations were compared to the mean plasma data observed in the 325 

respective populations (35,36). The simulated conditions and adjusted parameters are reported in 326 

Table II. 327 

For the ibuprofen model, simulations for a mixed age group [infants and children, 0.3 - 12 years (38)] 328 

and a children group [2 - 11 years (37)] who received 10 mg/kg ibuprofen were performed using a 329 

bracketing approach (25) according to the reported age ranges in each clinical dataset. Single 330 

simulations were performed for a 1-year-old (male, 10 kg), 6-year-old (male, 23 kg), and 12-year-old 331 

(male, 48.5 kg); the resulting simulated mean profiles were compared to the mean profile reported in 332 

the clinical dataset (38). Single simulations were performed for a 2-year-old (male, 13 kg), a 6-year-333 

old (male, 23 kg), and a 11-year-old (43.6 kg); the resulting mean simulated profiles were compared 334 

to the mean reported plasma concentrations in the clinical dataset (37). Fasted state and fed state 335 

ibuprofen performance adjusted according to drug performance following the homogenized 336 

reference meal in beagles were simulated for all paediatric age representatives, while infant-formula 337 

fed state conditions were considered for the 1- and 2-year-olds. The age-adjusted caloric contents of 338 

the meals were 170 kcal, 200 kcal, 260 kcal, and 340 kcal for a 1-year-old, 2-year-old, 6-year-old, and 339 

11/12-year-old, respectively. Mean simulated profiles were calculated for the (i) fasted state 340 

conditions, (ii) reference-meal fed state performance, and (iii) mixed fed state conditions using infant-341 

formula-fed state performance for subjects < 2.5 years and reference-meal fed state conditions for 342 



15 
 

the children population representatives. The simulated conditions and simulation parameters are 343 

reported in Table III. 344 

 345 

Model performance evaluation 346 

To compare drug exposure, the Fold Difference of simulated vs. observed (FDpred/obs) parameters 347 

were employed for AUC, Cmax, and Tmax values. Individual and/or mean simulated plasma 348 

concentration-time profiles were compared using the average fold error (AFE) and the absolute 349 

average fold error (AAFE) according to Eq. 2 and Eq. 3, respectively.  350 

AFE = 10
(

1

𝑛
∑ log (

𝑃𝑅𝐸𝐷𝑖

𝑂𝐵𝑆𝑖
))

     Equation 2 351 

AAFE = 10
 (

1

𝑛
∑|log (

𝑃𝑅𝐸𝐷𝑖

𝑂𝐵𝑆𝑖
)| )

    Equation 3 352 

where n denotes the number of observed sampling points, PREDi and OBSi denote the simulated and 353 

observed plasma concentration, respectively, at the sampling time point i.  354 

To evaluate simulations in a mixed population or children populations following oral dosing of 355 

ibuprofen, the mean simulated profiles and PK parameters were calculated, i.e. FDpred/obs, AFE , and 356 

AAFE. AFE values indicated the trend for underestimation (AFE < 1) or overestimation (AFE > 1) of 357 

the observed plasma concentrations, while AAFE values close to unity indicated precision of the 358 

simulations. Simulations were considered adequate when FDpred/obs  and AFE values were within two-359 

fold and AAFE values were below two (43), while simulations were considered successful when 360 

FDpred/obs  and AFE fell between 0.66 - 1.5 and AAFE below 1.5 (44).  361 

 362 

Parameter sensitivity analysis 363 

One-factor-at-a-time sensitivity analysis was performed to explore the impact of different parameters 364 

within the canine model. Drug/drug product-related parameters explored were drug reference 365 

solubility, particle radius, diffusion coefficient, precipitation time, and permeability. Beagle 366 

physiology-relevant parameters investigated included fluid volumes and intraluminal pH in the 367 

different GI compartments, GTT, small intestinal transit time, intestinal radius, length, and surface 368 

area. Lastly, clinical study uncertainties were tested regarding the volume of fluid co-administered 369 

with the formulation. The parameters investigated for paracetamol are reported in Table B-SV and for 370 

ibuprofen in Table B-SVI. The PSA of the paediatric models has previously been performed and 371 

discussed for paracetamol (24) and ibuprofen (25).   372 
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Results 373 

Paracetamol  374 

 Disposition model in beagles 375 

A two-compartment model was found to adequately describe paracetamol performance following i.v. 376 

bolus administration at a dose of 168 mg per dog. The results of the compartmental PK analysis for 377 

the i.v. administration performed on individual basis and for the mean profile are reported in 378 

Table B-SI. Simulations performed using the developed disposition model, adequately simulated the 379 

mean observed profile, as indicated by AFE 1.060, AAFE 1.104, and R2 0.996 and shown in Figure B-S1. 380 

For paracetamol the mean clearance normalized for body weight observed 1.29 ± 0.10 L/h/kg was 381 

higher than in human adult subjects (0.23 - 0.335 L/h/kg), (24) or paediatrics (0.55 - 0.29 L/h/kg) (45). 382 

The clearance in dogs observed in the present investigation was in line with previous investigations in 383 

beagles reported in the literature (46,47). Furthermore, the estimated fu,p and B/P-ratios for dog were 384 

similar to the ones in human, i.e., 0.82 and 1.09, respectively (Table B-SVII). 385 

 386 

Oral absorption model in beagles 387 

Oral drug absorption was simulated using the default fasted state conditions for the ACAT™ Beagle 388 

physiology. GTT values were adjusted to match the observed paracetamol absorption when drug was 389 

dosed following a pH-lowering pretreatment or when no pretreatment was applied. First order GE 390 

kinetics and a GTT of 0.5 h were found to adequately describe both dosing conditions (Figure 2A and 391 

FigureB-S2), with AAFE 1.349 and 1.195 for the fasted state conditions with and without HCl/KCl 392 

pretreatment, respectively. To simulate the two fed state conditions, the ACAT™ physiology was 393 

changed to “Beagle fed physiology”, zero order GE and GTT 1.5 h were employed to match the 394 

observed paracetamol performance, Figure 2B and 3C.  395 

 396 
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 397 

Figure 2 Observed and simulated paracetamol plasma concentration-time profiles following oral 398 

administration of 168 mg paracetamol dose (7 mL Panadol® suspension) on a crossover basis to 6 beagles 399 

applying pH-lowering pretreatment under fasted state conditions (A), under reference-meal fed state 400 

conditions (B), and infant-formula fed state conditions (C). Purple bold lines represent simulated profiles, 401 

grey lines the individual observed profiles; symbols and error bars denote observed mean concentrations 402 

and standard deviations.  403 

 404 

 Extrapolation to infants using PBPK modeling 405 

A published paracetamol PBPK model was utilized for simulations of paediatric subjects; within the 406 

published PBPK model a full-body PBPK model was utilized to scale age-dependent drug disposition 407 

and enzyme-based clearance was employed to describe age-dependent clearance (24). The usefulness 408 

of the paracetamol bioavailability data obtained under different dosing conditions in beagles was 409 

evaluated using two datasets in infants who were administered paracetamol liquid formulations 410 

(35,36). To allow for the extrapolation of the fed state dosing conditions investigated in beagles to 411 

different paediatric ages, stomach transit times observed in dogs for the relevant meals were scaled 412 

on caloric basis to paediatric population representatives employing age-relevant caloric quantities for 413 

the population representatives (Eq. 1), (24).  414 

 415 

 416 
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Table II Adjusted paracetamol gastric transit time (GTT) values employing zero order gastric emptying 417 
kinetics in beagles and in infants based on meal caloric content. 418 

Meal 

Beagle dog Infants 

2-year-old, 
10 kg body weight a 

4-month-old, 
4 kg body weight b 

10-month-old, 
9 kg body weight c 

Caloric 
content 

(kcal) 
GTT (h) 

Caloric 
content 

(kcal) 
GTT (h) 

Caloric 
content 

(kcal) 
GTT (h) 

Reference meal 200 1.5 140 1.05 170 1.28 

Infant formula 100 1.5 140 2.1 170 2.55 
a mean age and body weight of male beagles (n=6) 419 
b mean infant population representative (36) 420 
c mean infant population representative (35) 421 
 422 

The use of fasted state GTT based on observations in beagles led to successful simulation of the 4-423 

month-old population representative compared to observed mean data of five 2-6 month-old infants 424 

(36) and of the 10-month-old population representative compared to mean data observed in 12 3-36-425 

month-old infants/young children (35) (Figure 3A and Figure 3B). These observations were reflected 426 

by the model evaluation metrics, Figure 4. The extrapolation based on beagle data acquired following 427 

the homogenized reference meal, resulted in a reasonable simulation of a 4-month-old population 428 

representative compared to the mean observed data in Hopkins et al. (AAFE 1.178), but led to a slight 429 

underestimation of mean plasma concentrations at early times in the 10-month-old population 430 

representative compared to the mean observed profile in the study by Walson et al. (AAFE 1.327) 431 

(Figure 3C and Figure 3D), respectively. Simulations based on paracetamol performance in beagles 432 

under infant-formula fed state conditions resulted in delayed paracetamol absorption, compared with 433 

the in vivo observations in infants (Figure 3E and Figure 3F). Although AAFE values and FD of AUC and 434 

Cmax were within two-fold from the mean observations Figure 4C, Tmax fold differences indicate the 435 

estimation mismatch, Figure 4A.  436 

 437 

 438 

 439 
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 440 

Figure 3 Simulated paracetamol plasma concentration-time profiles (purple lines) based on formulation 441 

performance in beagles for a 4-month-old infant following the administration of 19.6 mg/kg dose (A, C, E) 442 

and in a 10-month-old infant following a dose of 12.14 mg/kg (B, D, F). Fasted state conditions (A, B), 443 

reference-meal fed state conditions (C, D), and infant-formula fed state conditions (E, F). Grey lines denote 444 

individual observed plasma concentration-time profiles, symbols and error bars denote mean plasma 445 

concentrations and standard deviation in 4-month-old infants (Hopkins et al., 1990 (36); A, C, E); symbols 446 

denote mean plasma concentrations in 10-month-old infants (Walson et al., 2013 (35); B, D, F).  447 

 448 
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 449 
Figure 4 Fold Difference (simulated/observed) for AUC0-8h, Cmax, and Tmax (A), Average Fold Error (B), and 450 

Absolute Average Fold Error (C) for the mean profile from the study dataset from infants 2-6 months with 451 

mean age 4 months (closed symbols, Hopkins et al. 1990 (36)) and infants 3-36 months with mean age 452 

10 months (open symbols, Walson et al. 2013 (35)) under fasted state conditions (circles), reference-meal 453 

fed state conditions (squares), and infant-formula fed state conditions (triangles). The solid line represents 454 

the line of unity, grey dashed lines 0.66-1.5 range indicating successful simulations, and grey dotted lines 455 

the 0.5-2 range indicating adequate simulation. 456 

 457 

Parameter sensitivity analysis  458 

Parameters related to drug/drug product properties, physiology, and dosing conditions were 459 

investigated for the paracetamol dog PBPK model (Table B-SV). Paracetamol absorption rates were 460 

decreased by prolonged gastric transit times, indicated by the pronounced Cmax decrease and Tmax 461 

prolongation under all dosing conditions (Figure B-S5 and Figure B-S7). Increase in liver first pass 462 

metabolism resulted in lower total and peak exposure, as presented in Figure B-S6 and Figure B-S8. In 463 

contrast to the human PBPK models for adults and infants (24), the canine PBPK model was not greatly 464 

affected by the effective permeability value employed, with lower absorption observed firstly at 10-465 

fold lower permeability, i.e., canine Peff 1.0 cm/s ×10-4 . The canine PBPK model was overall robust 466 

and changes in the rest of the parameters tested (Table B-SV) exhibited no impact on exposure.  467 
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Ibuprofen  468 

 Disposition model in beagles 469 

A one-compartment model was found to adequately describe performance of ibuprofen following i.v. 470 

bolus administration at a dose of 140 mg per dog. As for paracetamol, compartmental PK analysis of 471 

i.v. ibuprofen performance was performed on individual basis and for the mean profile, as shown in 472 

Table B-SII. The developed disposition model was applied and adequately simulated the mean 473 

observed profile in beagles, as indicated by AFE 1.060, AAFE 1.104, and R2 0.983 and shown in 474 

Figure B-S3. For the weak acid ibuprofen, the mean clearance normalized for BW observed 0.048 ± 475 

0.005 L/h/kg was within the range of clearance reported in human adult (0.036 - 0.054 L/h/kg) and 476 

paediatrics subjects (0.060 - 0.083 L/h/kg) (25). Furthermore, the estimated fu,p for dog was in line 477 

with the high binding to plasma proteins in human plasma (human fu,p was 0.0155), while the 478 

estimated B/P-ratio for dog (Table B-SIV) was two-fold lower than the human B/P-ratio, i.e., 1.55. 479 

 480 

 Oral absorption model in beagles 481 

As for paracetamol, the fasted ACAT™ model settings were adjusted to match ibuprofen performance 482 

under fasted state conditions with or without pH-lowering pretreatment. Both performances were 483 

successfully simulated using the same GTT of 0.25 h for each dosing condition, i.e., AAFE 1.172 and 484 

1.099 for fasted state simulations with and without the pretreatment, respectively, Figure 5A and 485 

Figure B-S4. To simulate both fed state conditions, the ACAT™ physiology was changed to “Beagle fed 486 

physiology” and GTT was adjusted to 1.1 h along with employing zero order GE kinetics, Figure 5B and 487 

Figure 5C. Simulations of fed conditions following the administration of 200 kcal homogenized 488 

reference meal and 100 kcal infant formula, were adequately described by the same ACAT™ model 489 

settings with AAFE 1.144 and 1.088, respectively.  490 

 491 

 492 
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 493 
Figure 5 Observed and simulated ibuprofen plasma concentration-time profiles following oral 494 

administration of 140 mg ibuprofen dose (7 mL Nurofen® suspension) on a crossover basis to 6 beagles 495 

applying pH-lowering pretreatment under fasted state conditions (A), under reference-meal fed-state 496 

conditions (B), and under infant-formula fed state conditions (C). Purple bold lines represent simulated 497 

profiles, grey lines the individual observed profiles; symbols and error bars denote observed mean 498 

concentrations and standard deviations.  499 

 500 

 Extrapolation to paediatrics using PBPK modeling 501 

The usefulness of the bioavailability data following ibuprofen administration under different dosing 502 

conditions in beagles was evaluated using the two most relevant, published datasets in paediatric 503 

populations, i.e., a mixed infant/children population 0.3 - 12 years (38) and a children population 504 

2 - 11 years (37), who received ibuprofen liquid formulations (37,38). To simulate fasted state 505 

formulation performance, the adjusted GTT in fasted beagles was directly inherited into the paediatric 506 

fasted state simulations. The extrapolation of the fed dosing conditions investigated in beagles to 507 

different paediatric ages was performed as for paracetamol, whereby GTT observed in dogs for the 508 

relevant meals were scaled on caloric basis to the paediatric population representative employing age-509 

relevant caloric quantities for the population representatives (Equation 1), Table III. Mean simulated 510 

profiles in the paediatric groups were calculated based on the individual simulations of the population 511 

representatives according to the study age ranges and were compared to the mean clinical data. Mean 512 

simulated profiles were calculated for three different dosing scenarios: (i) fasted state conditions, (ii) 513 

fed state conditions using GTT scaling for all population representatives based on the homogenized 514 

reference meal, and (iii) age-dependent fed state conditions employing infant formula for population 515 

representatives < 2.5 h and homogenized reference meal for population representatives > 2.5 yr.  516 
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Table III Adjusted ibuprofen gastric transit time (GTT) values employing zero order emptying kinetics 517 

for beagles and paediatric population representatives based on meal caloric content. 518 

Meal 

Beagle dog Infant Infant/Child Child 

2-year-old, 
10 kg body 

weight a 

12-month-old, 
9.5 kg body 

weight b 

2-year-old, 
12.9 kg body 

weight c 

6-year-old, 
23 kg body 
weight b, c 

11 c-12 b year-
old, 

43.6/48.6 kg 
body weight d 

Caloric 
content 

(kcal) 

GTT 
(h) 

Caloric 
content 

(kcal) 

GTT 
(h) 

Caloric 
content 

(kcal) 

GTT 
(h) 

Caloric 
content 

(kcal) 

GTT 
(h) 

Caloric 
content 

(kcal) 

GTT 
(h) 

Reference 
meal 

200 1.1 170 0.94 200 1.1 260 1.43 340 1.87 

Infant 
formula 

100 1.1 170 1.87 200 2.2 - - - - 

a mean age and body weight of the male beagles (n=6) 519 
b population representative (38) 520 
c population representative (37) 521 
d the recommended average daily energy needs for the 11- and 12-year-old population 522 
representatives were the same, resulting in the same caloric content per meal and adjusted GTT value 523 
for these population representatives  524 
 525 

The resulting individual and mean simulated plasma concentration-time profiles based on the two 526 

study datasets are presented in Figure 6 and the respective model evaluation criteria are presented 527 

in Figure 7. Using the adjusted GTT from the canine absorption model (0.25 h) to simulate fasted state 528 

conditions in the target paediatric populations, reasonable simulations were achieved for the mean 529 

plasma concentration data for the mixed paediatric population Figure 6A, AAFE 1.135 (38). On the 530 

other hand, simulations for the children age group (37) appeared to overestimate mean observed 531 

plasma concentrations at early times and underestimate Tmax (Figure 6B and Figure 7A), leading to an 532 

overall simulation inaccuracy (AAFE 1.350). Simulations using the ibuprofen reference-meal fed state 533 

performance in beagles and following zero order GE resulted in an overall ibuprofen absorption delay 534 

unlike in vivo mean observations in the mixed population, Figure 6C. For the children population, the 535 

application of adjusted reference-meal fed state conditions appeared to improve model estimations 536 

(Figure 6D, AAFE 1.203) compared to fasted state calculations (Figure 7A and C). Simulations with 537 

adjusted infant-formula fed state conditions based on ibuprofen performance in beagles for 538 

population representatives younger than 2.5 years in the paediatric population are shown in 539 

Figure 6E and F. Resulting mean simulations for the mixed population underestimated the observed 540 

mean early plasma levels and could not capture the overall ibuprofen performance in vivo with 541 

AAFE 1.504, (Figure 7A and C). Consideration of the infant formula-fed state conditions for the children 542 

dataset (37), as for mixed populations, resulted in delayed estimated absorption (Figure 6F), unlike 543 

observation from the mean profile in the clinical dataset, thereby leading to some simulation 544 

inaccuracies (Figure 7A and C). Lastly, despite the trends observed for the simulations vs. the mean 545 
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observed profiles, it is important to note that simulations for all three dosing conditions fell within the 546 

observed variability of the study in the majority of cases (Figure 6). 547 

 548 

 549 
Figure 6 Simulated ibuprofen plasma concentration-time profiles (lines) following oral administration of 550 

ibuprofen under different dosing conditions based on drug formulation performance in beagles. Thin light 551 

blue continuous line (–) 1- year-old population representative (A, C, E) or 2-year-old child (B, D, F), dashed 552 

line (- -) 6-year-old child, dotted line (···) 12-year-old child (A, C, E) or 11-year-old child (B, D, F), bold purple 553 

continuous lines (–) mean profiles for the three age groups. Fasted state conditions (A, B); reference-meal 554 

fed state conditions (C, D); reference-meal fed state conditions (> 2.5 years) and infant-formula fed state 555 

conditions (< 2.5 years) (E, F). Symbols and error bars denote mean observed plasma levels and standard 556 

deviations (Brown et al., 1992 (38); A, C, E) and (Walson et al., 1989 (37); B, D, F).  557 
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 558 
Figure 7 Fold Difference (simulated/observed) for AUC0-8h, Cmax, and Tmax (A), Average Fold Error (B), and 559 

Absolute Average Fold Error (C) for the mean profile from the mixed population group (closed symbols, 560 

Brown et al. 1992 (38)) and children population (open symbols, Walson et al. 1989 (37)) under fasted state 561 

conditions (circles), reference-meal fed state conditions (squares), and reference-meal fed state conditions 562 

(> 2.5 years) and infant-formula fed state conditions (< 2.5 years) (triangles). The solid line represents the 563 

line of unity, grey dashed lines 0.66-1.5 range indicating successful simulations, and grey dotted lines the 564 

0.5-2 range indicating adequate simulations.  565 

 566 

Parameter sensitivity analysis  567 

Parameters related to drug/drug formulation properties, physiology, and dosing conditions were 568 

investigated for the ibuprofen dog PBPK model (Table B-SVI). Greatest impact on drug absorption was 569 

observed regarding gastric transit times prolongation resulting in lower peak exposure and longer 570 

times to reach Cmax, Figure B-S9 and Figure B-S11. Increase in liver first pass metabolism resulted in 571 

lower plasma levels and total exposure and peak exposure (Figure B-S10 and Figure B-S12). As for 572 

paracetamol, only after 10-fold permeability decrease ibuprofen drug absorption was retarded. 573 

Additionally, pH lowering in the duodenum resulted in slightly prolonged Tmax and lowered Cmax values, 574 

while gastric and jejunal pH had little to no impact on ibuprofen performance in beagles.  575 

 576 

Comparison of the usefulness of canine and human adult bioavailability data of 577 

paracetamol and ibuprofen for exposure extrapolation to paediatrics 578 

Using GastroPlus V9.7, the beagle based PBPK model led to successful simulations of paracetamol 579 

performance in infants under fasted state conditions; likewise, extrapolation of fasted state data in 580 

human adults resulted in successful simulations of paracetamol performance in infants 581 

(Figure 8A and B). It might be worth noting that under fasted state conditions, a slightly greater 582 

absorption delay was estimated based on human adult data (Figure 8A and B). Simulations based on 583 

human adult data suggested that infant-formula fed state conditions were suitable to simulate mean 584 

paracetamol exposure in infants, while the same dosing conditions applied in beagles led to less 585 
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adequate simulations, (Figure 8E and F and Figure B-S13). Exposure extrapolation based on reference-586 

meal fed state conditions (solid-liquid) in adults was less useful for capturing performance in infants 587 

based on the mean observed profiles, as indicated by the difference in simulated vs observed Tmax. In 588 

contrast, when extrapolations were based on the beagle model, the reference-meal fed state 589 

conditions appeared to be closer to the average PK profiles and the observed Tmax (Figure 8C and D 590 

and Figure B-S13). Furthermore, GE order appeared different in the canine and human adult 591 

simulations of the reference-meal fed state conditions, zero vs. first order GE process, respectively 592 

(Figure 8C and D).  593 

 594 

Figure 8 Comparison of simulated plasma paracetamol levels in a population representative using PBPK 595 

models based on human adult bioavailability data (purple continuous lines, (24)) vs. Beagle bioavailability 596 

data (blue dashed lines, present study) under (A, B) fasted state conditions, (C, D) reference-meal fed state 597 

conditions, and (E, F) infant-formula fed state conditions. Left panel (Hopkins et al. 1990 (36); A, C, E) with 598 

a population representative of 4 months (study age range 2-6 months), individual observed plasma 599 

concentration-time profiles depicted as grey lines, observed mean concentrations and standard deviations 600 

depicted with black symbols and error bars; right panel (Walson et al., 2013 (35); B, D, E) with a population 601 
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representative of 10 months (study age range 3-36 months), observed mean concentrations depicted with 602 

black symbols. 603 

Ibuprofen simulations based on product performance under fasted state conditions in adults led to 604 

successful simulations for the paediatric studies (37,38); adequate simulations were achieved using 605 

the beagle-based model under fasted state conditions (Figure 9A and B and Figure B-S14). As for 606 

paracetamol, simulated ibuprofen GE (MGTT) under fasted state conditions appeared somewhat 607 

faster in canine data as opposed to human adults (Figure 9A and B).  608 

 609 

Figure 9 Comparison of mean simulated plasma ibuprofen levels in mixed paediatric populations using 610 

PBPK models based on human adult bioavailability data (purple continuous lines and error bars, (25)) vs. 611 

beagle bioavailability data (blue dashed lines and blue error bars, present study) under (A, B) fasted state 612 

conditions, (C, D) reference-meal fed state conditions, and (E, F) reference-meal fed state conditions for 613 

children and infant formula-fed state conditions for subjects < 2.5 years. Left panel (Brown et al., 1992 (38); 614 

A, C, E) with study age range 0.3-12 years and right panel (Walson et al., 1989 (37); B, D, F) with study age 615 

range 2-12 years, observed mean concentrations and standard deviations depicted with black symbols and 616 

error bars. 617 
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Extrapolations based on the human adult model under reference-meal fed state conditions (solid-618 

liquid) and infant-formula fed state conditions successfully matched data observed in paediatric 619 

groups (Figure 9C-F and Figure B-S14). In contrast, exposure simulations of the canine model based 620 

on the reference-meal fed state conditions, but not infant-formula fed state conditions, were able to 621 

capture the mean in vivo performance observed in paediatric patients (Figure 9C-F and Figure B-S14). 622 

As for paracetamol, under the reference-meal fed state conditions, differences in ibuprofen GE 623 

kinetics could be observed in human adults versus canine data, i.e., first versus zero order apparent 624 

GE processes. Overall, as the simulations under different dosing conditions appeared to be matching 625 

observed in vivo concentrations and to be within the study variability, therefore, comparisons 626 

regarding the usefulness of human vs. dog as basis for oral model translation to paediatric populations 627 

should be interpreted as indication of a trend, rather than generalizing finding.  628 

 629 

Discussion 630 

In the present study we collected paracetamol and ibuprofen plasma data in beagles, after 631 

administering paediatric formulations under various dosing conditions, in order to evaluate their 632 

usefulness in informing the plasma profile in simulations of systemic exposure in paediatric 633 

populations. Simulations outcomes were then compared to the outcomes of simulations based on 634 

published plasma data collected after administering the same formulations under various dosing 635 

conditions to human adults.  636 

.  637 

Within the preclinical investigation under fasted state conditions, paracetamol and ibuprofen 638 

exhibited rapid absorption (Figure 2 and Figure 5). In the paracetamol canine PBPK model, the 639 

adjusted GTT value fell within physiologically observed GE half-life and Tmax reports (47–50). In this 640 

context, it should be noted that the adjusted GTT value represents the formulation’s gastric transit 641 

time, rather than a general GE time for a clear fluid. Under fasted conditions, the application of HCl/KCl 642 

pretreatment appeared not to affect paracetamol performance or GE substantially in the present 643 

study; no effects were expected based on paracetamol high solubility and the drugs ionization 644 

properties. Although ibuprofen is a weak acid and elevated pH levels in the fasted canine stomach 645 

(33,34) could potentially impact drug performance, no considerable changes were observed with 646 

respect to the ACAT™ physiology parameters employed to adequately describe drug behavior in vivo. 647 

In the present investigation, the utilization of the HCl/KCl pre-treatment indicated no noticeable 648 

impact on the two highly permeable drugs.  Impact of acidifying pretreatment is expected to be more 649 



29 
 

pronounced for weakly basic lipophilic compounds, which rely on dissolution in the acidic stomach 650 

environment to allow for supersaturation and absorption upon gastro-intestinal transfer or for 651 

modified-release formulations utilizing functional pH-sensitive polymers (18,33,51).  652 

 653 

Interestingly, in the present study, despite the two-fold difference in caloric content between the 654 

homogenized reference meal (200 kcal) and the infant formula (100 kcal), the two meals resulted in 655 

similar paracetamol/ibuprofen absorption delay and could be described by the same GE rate order 656 

and GTT for the two meals. Gastric emptying of drug product and chyme under post-prandial 657 

conditions is a complex process that is governed by multiple factors such as meal energy content, 658 

volume, solid vs. liquid texture, viscosity, density, particle size of gastric contents, and osmolarity, to 659 

name some (e.g., 52). Multiple investigations have showcased that increase of meal amounts and 660 

calorific content results in a delay of gastric emptying in comparison to meals with fewer calories in 661 

dogs (53–56). In comparison to humans where osmoreceptors providing the feedback leading to 662 

gastric emptying delay are located in the duodenum, in dogs these receptors were found in the 663 

jejunum and not in the first duodenal part (57,58). In the present beagle study, additional factors 664 

might contribute to the overall GE of the two meals, such factors could be meal viscosity or volume 665 

(59–63) , while osmolarity appeared to play a minor role in comparison to the presence of nutrients. 666 

It should be noted that volume effects on GE were more evident at volumes higher than the ones 667 

utilized in the present study, i.e., 150-1200 mL (63).  668 

In humans, caloric dependence of gastric emptying rate has been demonstrated in several 669 

investigations (64–71), with differences in volumes appearing to be a minor contributor (72). 670 

Additionally, interplay between volume and calorific density has been proposed to describe the fed 671 

state GE half-life in adults, for volumes > 100 mL (73). In addition to the linear relationship assumed 672 

in the present study to enable caloric-based translation, other scaling approaches for estimating meal-673 

dependent GE have been reported for adults (74), advanced in vitro models (52), meal types (75), and 674 

breastfeeding in newborns/infants (76); the predictive capabilities of these approaches for different 675 

meal types and populations are yet to be confirmed with further clinical evidence. Meal compositions, 676 

calories, textures, and volumes evolve with age progression of the specific paediatric populations, e.g., 677 

liquid milk-based feeds for infants, semi-solid meals for infants and toddlers, solid small meals for pre-678 

school children and school children, and increased adult-like portions for adolescents (1); based on 679 

this, greatest potential differences between paediatric populations and adults would be expected for 680 

the youngest – newborns and infants. Although caloric regulation of GE has been established in adults, 681 

the postprandial GE behavior and main contributors in paediatric subjects are less studied. An 682 

investigation in 10 premature infants who received different amounts of calories at the same formula 683 
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volume (22 mL/kg BW) revealed that significant inhibition of GE was related to increasing caloric 684 

density over the entire test duration, leading to the conclusion that GE regulation by caloric density in 685 

premature infants was qualitatively similar to that in adults (77). Furthermore, in pre-term newborns, 686 

duodenal activity following feeding increased for newborns receiving infant formula infusion, while 687 

duodenal activity for diluted infant formula resembled duodenal activity following water (78).  688 

It should be considered that although the reference meal utilized in the beagle study was 689 

homogenized, while the reference meal in the clinical study was a solid-liquid meal chewed by the 690 

volunteers (5), the different texture might not have been a key contributor. In a recent study 691 

conducted in human healthy adults, the reference meal was homogenized to facilitate meal 692 

administration via nasogastric tube and no pronounced differences were reported due to meal 693 

homogenization in comparison to a chewed meal (79).  694 

Based on the present in vivo-in silico investigation of paracetamol suspension performance in beagles 695 

and subsequent translation to infants, fasted state dosing conditions in beagles appeared useful to 696 

inform modeling for infant formulations. Beagle data collected after the homogenized reference meal 697 

were also useful for simulating the mean plasma concentrations of the younger population 698 

(2-6 months (36)), but not for simulating the mean plasma concentrations of the older population 699 

(3-36 months (35)). In contrast, beagle data collected under infant-formula fed state conditions were 700 

less useful for extrapolating to infants, indicated by the mismatch between the simulated and 701 

observed Tmax. For ibuprofen, fasted state performance in beagles appeared useful for simulating 702 

clinical datasets in a mixed paediatric population (38), while adjusted fed state conditions using the 703 

homogenized reference meal appeared to lead to adequately describe mean concentrations  in the 704 

children dataset (37). For both drugs, fasted state and reference-meal fed state bioavailability data in 705 

beagles led to adequate representation of the mean observed PK profiles in the target paediatric 706 

populations in most cases; while infant-formula fed state conditions overestimated the oral 707 

absorption delay observed in vivo in paediatrics, in line with the misalignment of the simulated vs 708 

observed Tmax for this dosing condition. In contrast, extrapolation based on fasted state and infant-709 

formula fed bioavailability data in human adults appeared to capture well the mean observed data in 710 

most paediatric/infant datasets. Despite these trends for the human-based and dog-based 711 

extrapolation processes, the conclusions should be interpreted with caution, as the adequacy of the 712 

simulations was based on a small number of paediatric patients. Furthermore, as the datasets were 713 

collected from patient populations, the impact of the disease on drug intraluminal performance 714 

cannot be excluded. The presented extrapolation methodology and different dosing conditions 715 

deserve further, more comprehensive evaluation utilizing compounds with various biopharmaceutics 716 
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properties and formulation principles to allow for a clear conclusion on their usefulness within drug 717 

product design and development. 718 

For both model drugs, performed PSA for the beagle model indicated limited sensitivity to changes in 719 

drug and/or physiology-related parameters, including the uncertainty pertaining to utilizing the in-720 

built 3-fold higher permeability for dogs vs. humans. Compared to humans, passive permeability in 721 

dogs has been demonstrated to be higher, especially for drugs/compounds which are predominantly 722 

absorbed via the paracellular route (17,80–82); the high permeability utilized in the canine models for 723 

paracetamol and ibuprofen led to lack of preclinical model sensitivity regarding this parameter. 724 

Conversely, the transcellular absorption pathway is expected to be similar for humans and dogs, which 725 

is in line with the reported similar effective permeability in both species for two highly permeable 726 

drugs (81). In addition to the passive permeability routes, anatomical differences between dogs and 727 

humans can have an impact on the regional effective permeability of the drug (17). Employing human-728 

like Peff in the paracetamol and ibuprofen canine models had no impact on the canine simulations 729 

and the estimated GE parameters under the applied dosing conditions; this indicated lack of 730 

confounding effect of the employed Peff in the preclinical model for the estimated GE parameters for 731 

the different dosing conditions. A further uncertainty pertaining to the regional 732 

absorption/permeability in the virtual canine physiology could be the utilization of the Opt LogD SA/V 733 

6.1 model to estimate ASF. The method selection for scaling of regional permeability in the virtual 734 

ACAT™ physiologies should be decided with caution for the specific model drugs and adjusted if 735 

further scientific evidence is available for specific cases (22,82). In the paediatric models (24,25), 736 

sensitivity towards reduced permeability model was demonstrated for lower permeability resulting in 737 

delayed absorption under fasted state conditions. The potentially higher permeability in dogs (and 738 

lack of model sensitivity to permeability changes) could pose a challenge for translating or identifying 739 

the rate-limiting absorption process in the preclinical species vs. humans. Careful consideration of 740 

compound permeability and its adequate representation in silico is imperative in extrapolations to 741 

paediatric populations; specifically in cases where permeability is a confirmed critical bioavailability 742 

attribute, as intestinal barrier maturation occurs in infant age groups and permeability has been 743 

identified as a parameter of uncertainty for paediatric extrapolations into young age groups (1,24,25).  744 

Although beagles have been and still are used in preclinical formulation investigations for adults, their 745 

usefulness for evaluation of product performance in paediatric patients has not been explored. Based 746 

on the similarities of the human adult and canine GI tract, the beagle food effect model has proven its 747 

utility in several cases in literature for predicting food effects in human adults (23,32,83,84). On the 748 

other hand, studies have shown that food effects on total exposure and Cmax in human adults were 749 

not accurately captured by investigations performed in dogs (83,85). For celecoxib the increase in drug 750 
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exposure was 3-5-fold following food, while human adult food effect studies indicated only 11 % 751 

increase in the fed state (85). In this context, within the present investigation, limited exposure effects 752 

were expected for the two model drugs, however, differences were observed between human and 753 

beagle regarding the observed absorption characteristics that could be linked to mechanical/physical 754 

interaction of drug with the chyme, i.e., mixing and sieving events leading to different gastric transit 755 

times. As paracetamol and ibuprofen are highly soluble and permeable in the upper SI, the observed 756 

changes in drug performance among the different dosing conditions would be expected to be less 757 

sensitive to differences in intraluminal fluid composition under the applied dosing conditions; gastric 758 

transit time alterations as a function of prandial state can be a potential factor to explain the observed 759 

in vivo performance. Differences in drug transit behavior was reflected in the simulations and affected 760 

simulations adequacy for the paediatric populations studied, even for a simple drug product such as 761 

an aqueous suspension. Implications for more complex formulations (e.g., enabling formulations) and 762 

poorly water-soluble compounds with more challenging physicochemical properties deserve further 763 

evaluation, building upon the understanding gained from the present investigation.   764 
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Concluding remarks 765 

 766 

Despite the differences observed between the beagle-based and human adult-based model 767 

predictions, the beagle appears suitable for investigating paediatric products of the two studied highly 768 

soluble, highly permeable drugs in the upper small intestine at early drug product development stages, 769 

when applying fasted and/or reference-meal fed state conditions for paracetamol and ibuprofen. 770 

During later stages, human-based simulations for the two model drugs appeared superior in most of 771 

the cases, especially regarding the usefulness of infant-formula fed state conditions. It should be noted 772 

that the majority of simulations performed were within the error of the observed clinical data in the 773 

paediatric studies and were within the targeted accuracy. A deeper understanding of the differences 774 

regarding meal calorie- and texture-dependent drug GE between human adults and beagles could 775 

improve pre-clinical protocols applied at present to investigate food effects. To overcome some of the 776 

interspecies difference, the present work demonstrated an approach utilizing PBPK modeling for 777 

paediatric formulation evaluation at an early development stage for two highly soluble and highly 778 

permeable in the upper small intestine model drugs. Nevertheless, verification of the proposed 779 

methodologies for infant formulation evaluation with broader spectrum of compounds with different 780 

physicochemical properties as well as different formulation principles is required. Lastly, availability 781 

of high-quality clinical data in infants is of paramount importance for evaluating the biopharmaceutics 782 

tools and methodologies and confirmation of their reliability.  783 

  784 
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Part A: Experimental (drug determination in plasma samples) 25 

Paracetamol and ibuprofen were analyzed separately using a different sample preparation procedure 26 

for each drug. Protein precipitation with subsequent centrifugation, and dilution were applied as 27 

sample treatment procedure according to previously described methods (1–3). The diluted 28 

supernatant was analysed via ultra-high-pressure liquid chromatography (UPLC) employing an Acquity 29 

UPLC System (Waters Corporation, Milford, MA USA). 30 

 31 

Chromatographic conditions 32 

The Acquity UPLC system utilized in this study consisted of a binary solvent manager, sample manager 33 

with integral column temperature control, coupled with a photodiode array (PDA) detector. System 34 

control, data acquisition and processing were performed using the Empower 3® chromatography data 35 

software (Waters Corporation, Milford, MA USA). Sample separation was achieved on an Acquity 36 

UPLC™ BEH C18 column (2.1 mm x 50 mm, 1.7 µm, 130Å) equipped with an ACQUITY UPLC™ BEH C18 37 

VanGuard pre-column (2.1 mm X 5 mm, 130Å, 1.7 µm). Gradient elution was performed using 0.1 % 38 

trifluoracetic acid in water (v/v) as Solvent A and ACN as Solvent B, shown in Table A-S1 Optimal 39 

separation was achieved with a constant column temperature of 55° C at a flow rate of 0.4 mL/min 40 

for paracetamol and 0.6 mL/min for ibuprofen. 41 

Table A-SI Gradient elution steps applied in the UPLC method 42 

Elution Solvent A Solvent B Time (min) 

Isocratic 90 10 0-0.8 

Linear gradient 0 100 0.8-2.8 

Isocratic  0 100 2.8-3.1 

Linear gradient 90 10 3.1-3.2 

Isocratic 90 10 3.2-4.0 

 43 

Paracetamol analysis 44 

The paracetamol bioassay involved precipitation of 100 µL plasma sample with 200 µL 10% aqueous 45 

dilution of TFA (v/v), followed by vortex-mixing over one minute and centrifugation over 10 minutes 46 

at 10° C and 12 000 g (Centrifuge 5430 R, Eppendorf AG, Germany). After the collection of 150 µL clear 47 

supernatant and dilution with 150 µL water, 8 µL were injected into the UPLC system. The detection 48 

wavelength was 242 nm. Calibration curves were linear between the ranges 0.01 – 6 µg/mL, R2 49 

> 0.9991 with a lower limit of quantification of 60 ng/mL in plasma. Quantification of the samples 50 
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analyzed was performed using standards diluted in a 90:10 Solvent A:Solvent B mixture; each standard 51 

was injected 3 times, and quality control standards were injected after every 10th injection performed 52 

(percent error <9.8%). 53 

Ibuprofen analysis 54 

The ibuprofen bioassay involved precipitation of 100 µL plasma sample acidified with 10 µL 5% 55 

aqueous dilution of TFA (v/v) by addition of 190 µL ice-cold ACN, followed by vortex-mixing over one 56 

minute and centrifugation over 10 minutes at 10° C and 12 000 g. After the collection of 150 µL clear 57 

supernatant and dilution with 150 µL diluent mixture of 60:40 Solvent B:Solvent A (v/v), 8 µL were 58 

injected into the UPLC system. Ibuprofen was detected at a wavelength of 220 nm. Calibration curves 59 

were linear between 0.01 – 10 µg/mL, R2 > 0.9991 with a lower limit of quantification 60 ng/mL in 60 

plasma. Quantification of the samples analyzed was performed using standards diluted in a 90:10 61 

Solvent A:Solvent B mixture, where each standard was injected 3 times, and quality control standards 62 

were injected after every 10th injection performed (percent error < 11.8%). 63 

  64 
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Table B-SI Two-compartment-model parameters for paracetamol performance following intravenous 132 

administration of 168 mg of paracetamol to six healthy male beagles. Pharmacokinetic analysis was 133 

performed using the PKPlus™ tool within the GastroPlus™ platform. 134 

Parameter Mean Profile Mean values ± SD 

Clearance, CL (L/h) 12.66 13.13 ± 0.99 

Volume of distribution in the central compartment, 
Vc (L/kg) 

1.03 1.01 ± 0.09 

Elimination half-life, t1/2 (h) 7.95 5.26 ± 2.24 

k12 h-1 0.214 0.185 ± 0.062 

K21 h-1 0.104 0.175 ± 0.060 

Volume of distribution in the second compartment, 
V2 (L/kg) 

2.115 1.29 ± 0.88 

 135 

 136 

Table B-SII One-compartment-model parameters for ibuprofen performance following intravenous 137 

administration of 140 mg of ibuprofen to six healthy male beagles. Pharmacokinetic analysis was 138 

performed using the PKPlus™ tool within the GastroPlus™ platform. 139 

Parameter Mean Profile Mean values ± SD 

Clearance, CL (L/h) 0.478 0.479 ± 0.049 

Volume of distribution in the central compartment, 
Vc (L/kg) 

0.146 0.148 ± 0.022 

Elimination half-life, t1/2 (h) 2.19 2.20 ± 0.29 

  140 
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Table B-SIII Input parameters in the canine PBPK model for paracetamol. 141 

Parameter Source 

Physicochemical properties  

Molecular weight (g/mol) 151.2 

(4–6) 
Compound type Monoprotic weak acid 

pKa 9.45 (acidic) 

logP 0.51 

Reference solubility in water (mg/mL) 14 (4) 

Absorption  

Model ACAT GastroPlus™ 

Effective permeability, human (cm/s ×104) 3.897 
Calculated based on 

references (7–9) 

Effective permeability, dog (cm/s ×104) 10.39 
Scaled from human 

GastroPlus™ (10) 

Dissolution model Johnson GastroPlus™ 

Drug particle radius (µm) 25 

Default GastroPlus™ Particle density (g/mL) 1.2 

Mean precipitation time (s) 900 a 

Diffusion coefficient (cm2/s × 105) 1.109 
ADMET Predictor within 

GastroPlus™ (10,11) 

Absorption scale factor (ASF) estimation Opt LogD Model SA/V 6.1 GastroPlus™ (10) 

Compartmental PK model (based on i.v. dosing)  

Fraction unbound (dogs), fu b 0.664 ADMET Predictor within 
GastroPlus™ (10,11) Blood-plasma ratio (dogs) 1.01 

Clearance, CL (L/h) 12.66 

2-compartment-model 
fit to the mean i.v. 
profile using the 

PKPlus™ tool within 
GastroPlus™ 

Volume of distribution in the central 
compartment, Vc (L/kg) 

1.03 

Elimination half-life, t1/2 (h) 7.95 

k12 h-1 0.214 

K21 h-1 0.104 

Volume of distribution in the second 
compartment, V2 (L/kg) 

2.115 

a default value was used for precipitation time due to drug high solubility and lack of model 142 

sensitivity for this parameter; b adjusted fu,p option used within simulations; no bile salt 143 

solubilization was assumed for paracetamol due to its high aqueous solubility.   144 
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Table B-SIV Input parameters in the canine PBPK model for ibuprofen. 145 

Parameter Source 

Physicochemical properties  

Molecular weight (g/mol) 206.3 (12) 

pKa 4.42 (acidic) (13) 

Compound type Monoprotic acid  

clogP a 3.65 Predicted GastroPlus™ 

Reference solubility (mg/mL) 0.038 

(14) 
Aqueous solubility in mg/mL (pH) 

0.038 (1.0) 

0.043 (3.0) 

0.084 (4.5) 

0.685 (5.5) 

3.37 (6.8) 

3.44 (7.4) 

Absorption  

Model ACAT™ GastroPlus™ (15) 

Effective permeability, human (cm/s ×104) 6.6 Calculated (8,16) 

Effective permeability, dog (cm/s ×104) 18.05 
Scaled from human 

GastroPlus™ (10) 

Solubility in biorelevant media (mg/mL) 
Level III FaSSGF 
Level II FaSSIF 

Level II FeSSIF-V2 

 
0.048 
1.953 
2.290 

In house data 

Bile salt-solubilization ratio 1.4×103 Estimated in GastroPlus™ 

Dissolution model Johnson GastroPlus™ (15) 

Particle radius (µm) 25 

Default GastroPlus™ Particle density (g/mL) 1.2 

Mean precipitation time (s) b 900 

Diffusion coefficient (cm2/s × 105) 0.939 
ADMET Predictor within 

GastroPlus™ (10,11) 

Absorption scale factor (ASF) estimation Opt LogD Model SA/V 6.1 GastroPlus™ (10) 

Compartmental PK model (based on i.v. dosing)  

Fraction unbound, fu c 0.0586 ADMET Predictor within 
GastroPlus™ (10,11) Blood-plasma ratio 0.7 

Clearance, CL (L/h) 0.478 1-compartment-model fit 
to the mean i.v. profile 
using the PKPlus™ tool 

within GastroPlus™ 

Volume of distribution in the central 
compartment, Vc (L/kg) 

0.146 

Elimination half-life, t1/2 (h) 2.19 
a calculated/predicted logP (octanol/water) by GastroPlus™, experimental logP range 3.23-4.13 146 

(13,17–19); b default value was used for precipitation time due to drug high solubility at intestinal pH 147 

and lack of model sensitivity for this parameter (drug is a weak acid, no precipitation occurs during 148 

transfer from stomach to duodenum); c adjusted fu,p option used within simulations 149 

  150 
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Table B-SV One-factor-at-a-time parameter sensitivity analysis performed for the paracetamol beagle 151 

model (10 kg male beagle physiology): parameters, baseline values (value applied in the model) and 152 

ranges for the parameters tested. 153 

Parameter Baseline 
Lower range 

limit 
Upper range 

limit 

All prandial/dosing conditions 

Effective permeability (cm/s ×104) 10.39 1.039 35.0 

Diffusion coefficient (cm2/s ×105) 1.109 0.111 1.109 

Particle size (µm) 25 2.5 100 

Precipitation time (s) 900 90 9000 

Dose volume (mL) 24 2 35 

Small intestinal length (cm) 150 75 300 

Small intestinal radius (cm) 0.5 0.25 1.0 

Small intestinal transit time (h) 1.82 0.91 3.64 

Fraction of small intestinal fluid in fasted state (%) 40 20 80 

Duodenal pH 6.2 0.5 8.0 

Jejunal pH 6.2 0.5 8.0 

Liver first pass effect (%) 12 6 25 

Fasted state conditions 

Gastric pH 1.6 0.5 8.0 

Gastric volume (mL) 51 25.5 102 

Gastric transit time (h) 0.5 0.1 1.0 

Reference-meal/Infant-formula fed state conditions 

Gastric pH 5.0 0.5 8 

Gastric volume (mL) 1000 500 2000 

Gastric transit time (h), Zero order gastric emptying 1.5 0.75 3.0 

 154 

  155 
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Table B-SVI One-factor-at-a-time parameter sensitivity analysis performed for the ibuprofen beagle 156 

model (10 kg male beagle physiology): parameters, baseline values (value applied in the model) and 157 

ranges for the parameters tested. 158 

Parameter Baseline 
Lower range 

limit 
Upper range 

limit 

All prandial/dosing conditions 

Effective permeability (cm/s ×104) 18.05 1.0 36.1 

Bile salt solubilization ratio 1.4×103 1.0×103 2.8×103 

Diffusion coefficient (cm2/s ×105) 0.939 0.47 1.0 

Reference solubility (mg/mL) 0.038 0.0038 0.076 

Particle size (µm) 25 2.5 100 

Precipitation time (s) 900 90 9000 

Dose volume (mL) 24 2 35 

Small intestinal length (cm) 150 75 300 

Small intestinal radius (cm) 0.5 0.25 1.0 

Small intestinal transit time (h) 1.82 0.91 3.64 

Fraction of small intestinal fluid in fasted state (%) 40 20 80 

Duodenal pH 6.2 0.5 8.0 

Jejunal pH 6.2 0.5 8.0 

Liver first pass effect (%) 22 10 35 

Fasted state conditions 

Gastric pH 1.6 0.5 8.0 

Gastric volume (mL) 51 25.5 102 

Gastric transit time (h) 0.25 0.1 1.0 

Reference-meal/Infant-formula fed state conditions 

Gastric pH 5.0 0.5 8 

Gastric volume (mL) 1000 500 2000 

Gastric transit time (h), Zero order gastric emptying 1.1 0.1 2.2 

  159 
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Table B-SVII Input parameters used to build the PBPK model for paracetamol 160 

Parameter Source 

Physicochemical properties  

Molecular weight (g/mol) 151.2 (4–6)  

Compound type Monoprotic weak acid (4–6)  

pKa 9.45 (acidic) (4–6)  

logP a  0.51 (4–6)  

Reference solubility in water (mg/mL) 14 (4) 

Absorption  

Model ACAT GastroPlus™ 

Effective permeability, human (cm/s ×104) 3.897 Calculated based on (7–9)  

Dissolution model Johnson GastroPlus™ 

Drug particle radius (µm) 25 Default GastroPlus™ 

Absorption scale factor (ASF) estimation Opt LogD Model SA/V 6.1 GastroPlus™ (10) 

Distribution  

Fraction unbound, fu 0.82 (11) 

Blood-plasma ratio 1.09 (20) 

Predicted Vss (L/kg) b 0.86 
 Predicted using the Lukacova, 
Rodgers and Rowland method 

(21–23)  

Clearance   

In vivo clearance (L/h) 19.7 (24) 

Enzyme kinetics  

 Km (µM) 
Vmax (pmol/min/mg 
microsomal protein) 

 

CYP1A2 c 220 30.78 (25)  

CYP2C9 c 660 8.42 (25) 

CYP2C19 c 2000 25.53 (25) 

CYP2D6 c 440 5.62 (25) 

CYP2E1 c 4020 76.97 (25) 

CYP3A4 c 130 57.16 (25) 

UGT1A1 d 5500 6102.67 (26) 

UGT1A9 d 9200 10208.11 (26) 

UGT2B15 d 23000 34045.84 (26) 

SULT1A1 e 2400 1374.06 (27) 

SULT1A3 e  1500 202.89 (27) 

SULT1E1 e  1900 146.22 (27) 

SULT2A1 e  3700 828.35 (27) 
a to achieve the benchmark Vss values observed in vivo, initially logP value of 1.2 was used for the 161 
calculation of the tissue partitioning coefficients (Kp) (6); measured logP value 0.51 was used thought 162 
simulations; b Predicted volume of distribution at steady state (Vss); c Cytochrome P450 (CYP) 163 
isoenzyme, d UDP-glucuronosyltransferase (UGT) isoenzyme, and e cytosolic sulfotransferases (SULT) 164 
isoenzyme contributing to paracetamol metabolism  165 
 166 

  167 
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Table B-SVIII Input parameters used to build the human PBPK model for ibuprofen 168 

Parameter Source 

Physicochemical properties  

Molecular weight (g/mol) 206.3 (12) 

pKa 4.42 (acidic) (13) 

Compound type Monoprotic weak acid  

clogP* 3.65 Predicted GastroPlus™  

Reference solubility (mg/mL) 0.038 (14) 

Aqueous solubility in mg/mL (pH) 

0.038 (1.0) 

(14) 

0.043 (3.0) 

0.084 (4.5) 

0.685 (5.5) 

3.37 (6.8) 

3.44 (7.4) 

Absorption  

Model ACAT™  

Effective permeability, human (cm/s ×104) 6.6 Calculated based on (8,16) 

Solubility in biorelevant media (mg/mL) 
Level III FaSSGF 
Level II FaSSIF 

Level II FeSSIF-V2 

 
0.048 
1.953 
2.290 

In house data 

Dissolution model Johnson GastroPlus™, (15) 

Particle size, radius (µm) 25 Default GastroPlus™ 

Absorption scale factor (ASF) estimation Opt LogD Model SA/V 6.1 GastroPlus™ (10) 

Distribution  

Fraction unbound, fu 0.0155 (28) 

Blood-plasma ratio 1.55 (29) 

Vss (L/kg) a 0.11 
Predicted using the 

Lukacova, Rodgers and 
Rowland method (21,23)  

Clearance  

Clearance (L/h) 3.81 
Adjusted based on healthy 

adults Pavliv et al. (30) 

*calculated/predicted logP (octanol/water) by GastroPlus™, experimental logP range 3.23-4.13 169 

(13,17–19) 170 

  171 
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Clearance scaling 172 

The hepatic intrinsic clearance (CLint,u,H) parameter was incorporated as whole organ clearance in the 173 

model and was calculated according to the well-stirred clearance model (6,10,31), i.e. Eq. S1. 174 

𝐶𝐿𝑖𝑛𝑡,𝑢,𝐻  =  
𝑄𝐻,𝐵 ×𝐶𝐿𝐻

𝐹𝑢𝑝×(𝑄𝐻,𝐵−𝐶𝐿𝐻/𝐵:𝑃)
       Eq. S1 175 

where QH,B is the hepatic blood flow (L/h), fu is the fraction of drug unbound in plasma, CLH is the 176 

hepatic clearance observed in vivo (L/h) and B:P denotes the blood to plasma concentration ratio of 177 

the drug (Table B-SVII ). 178 

 179 

Although the two ibuprofen enantiomers exhibit quantitatively different metabolic contributions of 180 

the different CYP and UGT isoenzymes, the proportions of (S)-ibuprofen metabolized by the different 181 

isoenzymes was considered in the present modeling exercise of the racemic ibuprofen. This 182 

simplification was adopted to facilitate clearance scaling to paediatrics and because the (R)-183 

enantiomer undergoes extensive systemic inversion to the S-enantiomer (17,32). Pre-systemic 184 

inversion of (R)- to (S)- ibuprofen has been considered negligible in literature (32), as studies 185 

investigating intravenous and oral (R)-ibuprofen administration in adults revealed no pharmacokinetic 186 

differences between the two administration routes (33–35). Based on urinary recovery data of 187 

ibuprofen (metabolites) in adults (36,37), fraction metabolized (fm) values for CYP2C9, CYP2C8, 188 

UGT1A9, and UGT2B7 were estimated and reported in Table S-BVIII.  189 

Table S-BIX Fraction metabolized (fm) and enzyme maturation factors employed in the age-dependent 190 
clearance estimations for ibuprofen. 191 

Metabolizing 
enzyme 

Fraction metabolized (fm) Maturation factor (MF) a 

Adult/Paediatric Source 
Infant 

(12 - 24 
months) 

Child 
(6-year-old) 

Source 

CYP2C9 0.8460 (36,37) 0.90 1.00 (38) 

CYP2C8 0.0059 (36,37) 0.99 1.00 (38) 

UGT1A9 0.1502 (36,37) 1.25 1.16 (39) 

UGT2B7 0.0038 (36,37) 0.87 2.16 (39) 
a Maturation factor calculated from enzyme abundance/activity in paediatric microsomes vs. adults 192 

 193 

Furthermore, maturation processes in paediatrics were considered for age-dependent ibuprofen 194 

clearance estimations, based on their crucial role for capturing drug clearance at young ages, i.e. 195 

younger children and infants (38,40). The approach applied in the present study is commonly 196 

implemented in PBPK modeling routines (38,40,41). Clearance scaling was performed based on an 197 

allometric scaling factor of 0.75 (ASF) and a maturation factor (MFage) for the involved metabolizing 198 

enzymes as shown in Eq. S2 and Eq. S3, respectively. 199 
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𝐶𝐿𝑝𝑎𝑒𝑑𝑖𝑎𝑡𝑟𝑖𝑐𝑠 =  𝐶𝐿𝑎𝑑𝑢𝑙𝑡  × (
𝐵𝑊𝑝𝑎𝑒𝑑𝑖𝑎𝑡𝑟𝑖𝑐𝑠

𝐵𝑊𝑎𝑑𝑢𝑙𝑡
)

0.75
 × 𝑀𝐹𝑎𝑔𝑒    Eq. S2 200 

where CLpaediatrics is the clearance in the paediatric population representative (L/h), CLadult is the 201 

clearance in adults (L/h), BWpaediatrics and BWadult are the body weights of the paediatric and adult 202 

representatives, respectively, and the MFage is the maturation factor for the specific age (Eq. S3) . 203 

𝑀𝐹𝑎𝑔𝑒  =  𝑎 × 𝑀𝐹𝐶𝑌𝑃2𝐶9 + 𝑏 × 𝑀𝐹𝐶𝑌𝑃2𝐶8 + 𝑐 × 𝑀𝐹𝑈𝐺𝑇1𝐴9 + 𝑑 × 𝑀𝐹𝑈𝐺𝑇2𝐵7  Eq. S3 204 

where a, b, c, and d are the fm(CYP2C9), fm(CYP2C8), fm(UGT1A9), and fm(UGT2B7), respectively; 205 

MFCYP2C9, MFCYP2C8, MFUGT1A9, and MFUGT2B7 denote the relative isoenzyme activity at the relevant 206 

paediatric age vs. the adult activity for CYP2C9, CYP2C8, UGT1A9, and UGT2B7, respectively. Values 207 

employed in the present study are reported in Table S-BVIII. MPPGL ontogeny was not taken into 208 

consideration in the present model 209 
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Figure B-S1 Observed and simulated plasma concentration-time profiles for paracetamol following the 

i.v. administration of 168 mg of paracetamol to 6 beagles. Mean observed plasma concentrations and 

standard deviations are depicted with filled circles and error bars, individual profiles with grey lines; 

simulated mean profile with a purple bold line. 
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Figure B-S2 Observed and simulated paracetamol plasma concentrations in beagles (n=6) following 
oral administration under fasted state conditions without (A) and with (B) gastric pH-lowering 
pretreatment. For both simulations gastric transit time of 0.5 h was employed. Simulations without 
pretreatment (A) resulted in AFE / AAFE of 1.307 / 1.349, while simulations of drug performance with 
pretreatment resulted in AFE / AAFE of 0.960 / 1.195. Mean observed plasma concentrations and 
standard deviations are depicted with filled circles and error bars, individual profiles are presented 
with grey lines, simulated mean profile is presented with a purple bold line. 
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Figure B-S3 Observed and simulated plasma concentration-time profiles for ibuprofen following i.v. 

administration of 140 mg of ibuprofen to 6 beagles. Mean observed plasma concentrations and 

standard deviations are depicted with filled circles and error bars; individual profiles grey lines; 

simulated mean profile with a purple bold line. 
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Figure B-S4 Observed and simulated ibuprofen plasma concentrations in beagles (n=6) following oral 
administration under fasted state conditions without (A) and with (B) gastric pH-lowering 
pretreatment. For both simulations gastric transit time of 0.25 h was employed. Simulations without 
pretreatment (A) resulted in AFE / AAFE of 1.049 / 1.099, while simulations of drug performance with 
pretreatment resulted in AFE / AAFE of 1.162 / 1.172. Mean observed plasma concentrations and 
standard deviations are depicted with filled circles and error bars, individual profiles are presented 
with grey lines, simulated mean profile is presented with a purple bold line. 
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Figure B-S5 Paracetamol parameter sensitivity analysis performed for effective permeability (upper 

panel) and gastric transit times (lower panel) in a beagle (male, 10 kg) under fasted state conditions, 

reference-meal fed state conditions, and infant-formula fed state conditions. Black lines depict Cmax 

values (left Y-axis) and grey lines depict Tmax values (right Y-axis). Symbols denote the parameter value 

(baseline) employed in the performed beagle simulations. 

 

 

 
Figure B-S6 Paracetamol parameter sensitivity analysis performed for first pass metabolism changes 

between 6 - 24 % in a beagle (male, 10 kg) under fasted state conditions, reference-meal fed state 

conditions, and infant-formula fed state conditions. Black lines depict Cmax values (left Y-axis) and grey 

lines depict AUC0-10h values (right Y-axis). Symbols denote the parameter value (baseline) employed in 

the performed beagle simulations. 
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Figure B-S7 Paracetamol simulations investigating sensitivity to gastric transit time (GTT) changes in 

beagles under the different dosing condition: fasted state conditions: range 0.1 h to 1 h (A), reference-

meal fed state conditions: range 0.75 h to 3 h (B), and infant-formula fed state conditions: range 0.75 

h to 3 h (C). Grey lines denote simulated plasma concentration-time profiles, with dark to light color 

gradient denoting rapid to slow GTT values (10 steps), symbols and error bars denote mean and 

standard deviation observed in the canine study (n=6 Beagles). 
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Figure B-S8 Paracetamol simulations investigating sensitivity to liver first pass metabolism (%) changes 

6-24 % under fasted state conditions (A), reference-meal fed state conditions (B), and infant-formula 

fed state conditions (C). Grey lines denote simulations, with dark to light color gradient denoting low 

to high first pass metabolism values (10 steps), symbols and error bars denote mean and standard 

deviations observed in the in vivo study in beagles.  
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Figure B-S9 Ibuprofen parameter sensitivity analysis performed for effective permeability (upper 

panel), duodenal pH (middle panel) and gastric transit times (lower panel) in a beagle (male, 10 kg) 

under fasted state conditions, reference-meal fed state conditions, and infant-formula fed state 

conditions. Black lines depict Cmax values (left Y-axis) and grey lines depict Tmax values (right Y-axis). 

Symbols denote the parameter value (baseline) employed in the performed beagle simulations. 

 

 
Figure B-S10 Ibuprofen parameter sensitivity analysis performed for first pass metabolism changes 

between 10 - 30 % in a beagle (male, 10 kg) under fasted state conditions, reference-meal fed state 

conditions, and infant-formula fed state conditions. Black lines depict Cmax values (left Y-axis) and grey 

lines depict AUC0-10h values (right Y-axis). Symbols denote the parameter value (baseline) employed in 

the performed beagle simulations. 
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Figure B-S11 Ibuprofen simulations investigating sensitivity to gastric transit time (GTT) changes under 

fasted state conditions: range 0.1 h to 1 h (A), reference-meal fed state conditions: range 0.1 h to 2.2 

h (B), and infant-formula fed state conditions: range 0.1 h to 2.2 h (C). Grey lines denote simulated 

plasma concentration-time profiles, with dark to light color gradient denoting rapid to slow GTT values 

(10 steps), symbols and error bars denote mean concentrations and standard deviations observed in 

the canine study. 
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Figure B-S12 Ibuprofen simulations investigating sensitivity to liver first pass metabolism (%) changes 

10-30 % under fasted state conditions (A), reference-meal fed state conditions (B), and under infant-

formula fed state conditions (C). Grey lines denote simulations, with dark to light color gradient 

denoting low to high first pass metabolism values (10 steps), symbols and error bars denote mean and 

standard deviations observed in the in vivo study in beagles.  
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Figure B-S13 Fold difference (simulated/observed) for AUC0-8h, Cmax, Tmax (A, D), Average Fold Error (B, 

E), and Absolute Average Fold Error (C, F) calculated from the simulated paracetamol profiles with 

PBPK model based on human adult bioavailability data (closed symbols, (42)) or based on beagle 

bioavailability data (open symbols, present study). Upper panel (A, B, C) depicts model performance 

according to the study by Hopkins et al., 1990 (43) (study mean age 4 months); lower panel (D, E, F) 

study by Walson et al., 2013 (44) (study mean age 10 months). Adjusted fasted state conditions 

(circles), adjusted reference-meal fed state conditions (squares), and adjusted infant-formula fed state 

conditions (triangles). The solid line represents the line of unity, grey dashed lines 0.66-1.5 range 

indicating successful simulations, and grey dotted lines the 0.5-2 range indicating adequate 

simulations. 
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Figure B-S14 Fold difference (simulated/observed) for AUC0-8h, Cmax, Tmax (A, D), Average Fold Error (B, 

E), and Absolute Average Fold Error (C, F) calculated from the mean simulated ibuprofen profiles with 

PBPK model based on human adult bioavailability data (closed symbols, (45)) or based on beagle 

bioavailability data (open symbols, present study). Upper panel (A, B, C) depicts model performance 

according to the study by Brown et al., 1992 (46) (study age range 0.3-12 years); lower panel (D, E, F) 

study by Walson et al., 1989 (47) (study age range 2-11 years). Adjusted fasted state conditions 

(circles), adjusted reference-meal fed state conditions (squares), and adjusted reference-meal fed 

state conditions (> 2.5 years) and adjusted infant-formula fed state conditions (< 2.5 years) (triangles). 

The solid line represents the line of unity, grey dashed lines 0.66 -1.5 range indicating successful 

simulations, and grey dotted lines the 0.5-2 range indicating adequate simulations. 
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