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Medicine is a science of uncertainty and an art of probability. 

Sir William Osler 

 

Sola dosis facit venenum.  

Paracelsus 

 

Essentially, all models are wrong, but some are useful. 

George Box 

 

Adults are just outdated children. 

Dr. Seuss 
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NEDERLANDSE SAMENVATTING 
 

In deze doctoraatsthesis werden de voor- en nadelen onderzocht van verschillende wiskundige 

modelleertechnieken binnen het veld van het pediatrisch geneesmiddelenonderzoek (PGO). Hiertoe 

werden drie verschillende modelgeneesmiddelen gekozen op basis van hun specifieke ADME 

eigenschappen en de beschikbaarheid van bestaande data. Afhankelijk van het geneesmiddel, werden er 

één of meerdere technieken toegepast waarbij hun voorspellende kracht met betrekking tot de 

farmacokinetiek in kinderen werd onderzocht. Op deze wijze konden we inzicht verkrijgen omtrent wat  

de ‘beste opties’ blijken te zijn voor de toepassing van modellering en simulering in het PGO. 

In Hoofdstuk 1 wordt een overzicht gegeven van de verschillende modelleertechnieken en hun gebruik in 

het PGO. Daarnaast worden de modelgeneesmiddelen desmopressine (dDAVP), ciprofloxacine en propofol 

geïntroduceerd en wordt de huidige kennis over hun PKPD eigenschappen beschreven. Gebaseerd op deze 

eigenschappen, de beschikbare data en het potentieel om nieuwe data te genereren, werden drie case 

studies opgezet. Het doel van deze studies was het onderzoek naar de betrouwbaarheid en 

voorspelbaarheid van de verschillende modelleermethodologieën en hun prospectieve toepasbaarheid in 

PGO. In Hoofdstuk 2 worden de doelstellingen van deze case studies in meer detail toegelicht: het 

peptidemedicijn desmopressine werd gebruikt om de zogenaamde ‘top-down’ methodologie, toegepast 

op pediatrische PK én PD data, te onderzoeken; onderzoek naar het fluoroquinolone antibioticum 

ciprofloxacine werd uitgevoerd om het parallelle gebruik van de ‘top-down’ en ‘bottom-up’ 

methodologieën te bestuderen, terwijl het werk met betrekking tot het anaestheticum propofol een 

voorbeeld was van het combineren van de twee methodologieën op een ‘middle-out’ manier. 

Hoofdstukken 3-5 beschrijven de desmopressine casus. Een populatie farmacokinetische (PK) analyse op 

basis van bestaande data wordt toegelicht in Hoofdstuk 3. In deze studie werden significante voedsel-, 

formulerings-, en lichaamsgewichts-effecten op de PK van dDAVP gedetecteerd. Daarenboven 

suggereerde deze modelgebaseerde analyse een verschillend formuleringseffect (smelttablet tegenover 

gewone tablet) tussen kinderen en volwassenen. De analyse onthulde tevens tekortkomingen in het 

originele (niet modelgebaseerde) studieontwerp en bijgevolg werd het PKPD model  vervolgens gebruikt 

om een nieuwe klinische studie te ontwerpen. Het introduceren van PD data bij deze PK analyse wordt 

beschreven in Hoofdstuk 4. In dit hoofdstuk werd een nieuw PD model gebouwd dat dichter aansluit bij 

het werkingsmechanisme van dDAVP. Gebruikmakend van dit model werd  opnieuw een significant effect 

van formulering gedetecteerd. Deze bevinding werd fysiologisch niet plausibel  geacht omdat, indien er 
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geen actieve metabolieten aanwezig zijn, gelijkaardige concentraties ter hoogte van de effectlocatie 

gelijkaardige PD effecten zouden moeten veroorzaken. Wanneer dit inzicht gecombineerd werd met de 

conclusies van Hoofdstuk 3, werd het initiële vermoeden versterkt dat er iets mis was met de beschrijving 

van de absorptiefase. De hypothese dat de lyofilisaat formulering een bifasisch absorptiepatroon 

vertoonde werd vooropgesteld, hetgeen zou resulteren in een dubbele absorptiepiek. Nadat deze 

hypothese in een varkensmodel werd bevestigd, werden de PK en PD data van een nieuw ontworpen en 

modelgebaseerde, klinische studie additioneel toegevoegd aan de bestaande data. In Hoofdstuk 5 wordt 

deze dataset geanalyseerd gebruikmakend van simultane populatie PKPD modellering. Het bifasische 

absorptiepatroon werd inderdaad waargenomen en gemodelleerd als een dubbele input, wat ervoor 

zorgde dat het formuleringseffect langs de PD kant verdween. Bovendien werden er significante 

maturatie-effecten aan zowel de PK als PD kant waargenomen, veroorzaakt door de jongere populatie in 

de nieuwe dataset. Ten slotte konden de effecten van voedsel en formulering op de biologische 

beschikbaarheid geschat worden, dewelke uiteindelijk verschillend bleken te zijn in kinderen in 

vergelijking met volwassenen. 

In Hoofdstukken 6 en 7 worden respectievelijk een populatie farmacokinetische en een fysiologisch 

gebaseerde farmacokinetische (PBPK) studie met betrekking tot ciprofloxacine beschreven. In Hoofdstuk 

6 worden klinische studiedata afkomstig van kinderen lijdend aan gecompliceerde urineweginfectie (cUTI) 

geanalyseerd, door middel van populatiemodellering. Een model dat het effect van lichaamsgewicht 

beschreef, met incorporatie  van op vrije vet massa gebaseerde allometrische schaling, beschreef de data 

het best. Bovendien werd de ontwikkeling van de nierfunctie gemodelleerd door de glomulaire filtratie 

(GFR) te schatten met de Chehade vergelijking. De geschatte waarden voor klaring en verdelingsvolume 

waren significant lager dan deze in gezonde kinderen, wat ziekte-effecten suggereert die niet enkel 

gecapteerd worden door verschillen in GFR. Dosissimulaties werden gebruikt om de klinische relevantie 

van dit verschil in kaart te brengen: deze toonden aan dat onderdosering bij het behandelen van 

Pseudomonas aeruginosa urineweginfecties wel degelijk kan voorkomen in deze specifieke populatie. De 

verschillen tussen gezonde kinderen en kinderen lijdend aan cUTI werden verder onderzocht met behulp 

van een PBPK aanpak. In Hoofdstuk 7 wordt de bouw van een PBPK model in gezonde volwassenen 

beschreven ontwikkeld m.b.v. PKSim®, en gebaseerd op literatuurdata. Na optimalisatie van dit model 

a.h.v. volwassen in vivo data, werd het geëxtrapoleerd naar de pediatrische populatie. Hiervoor werden 

ontogeniefuncties geïmplementeerd, ontwikkeld op basis van de in vivo probes caffeïne en ropivacaïne 

voor CYP1A2 en para-aminohippuurzuur voor tubulaire secretie, bovenop de standaard ontogenetische 

verbanden beschikbaar in PKSim®. Dit model beschreef de gezonde pediatrische in vivo data voldoende 
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goed maar kon de cUTI populatie niet correct voorspellen, naar analogie met de popPK analyse 

beschreven in Hoofdstuk 6. Een nieuw, verbeterd pediatrisch PBPK model werd vervolgens 

geïntroduceerd, gebaseerd op de in de literatuur beschreven effecten van nierziekten op de eliminatie van 

medicijnen. Desalniettemin, gezien het populatiemodel zowel een verlaagde distributie als een verlaagde 

klaring aantoonde in vergelijking met de gezonde populatie, is meer onderzoek naar de impact van 

nierproblemen op de dispositie van geneesmiddelen (bijv. de impact op transporters) noodzakelijk gevolgd 

door de implementatie ervan in PBPK modellen.  

Het werk rond de component propofol wordt beschreven in Hoofdstukken 8 en 9. In Hoofdstuk 8 worden 

alle in vitro metabolisme data en de daaropvolgende bouw van verschillende volwassen  PBPK modellen 

beschreven. Hiervoor werd een nieuw ontwikkelde bioanalyse methode voor propofol, 4-

hydroxypropofol en propofol glucuronide toegepast. Experimenten in menselijke lever- en nier-

microsomen, en m.b.v. recombinante CYP en UGT1A9 enzymen werden uitgevoerd met als doel de in 

vitro intrinsieke klaringen (CLint) te bekomen. In een eerste model werd een pure ‘bottom-up’ IVIVE PBPK 

aanpak toegepast, met een grote onderpredictie van de in vivo klaring (CLIV) tot gevolg. Deze 

onderpredictie werd verholpen door twee verschillende voorbeelden van de ‘middle-out’ aanpak te 

hanteren. De eerste betrof een middle-out IVIVE PBPK aanpak gebruik makend van zogenaamde 

activiteitsaanpassingsfactoren (AAFs) die de verkregen CLints corrigeren, gebaseerd op kennis bekomen 

op basis van in vivo probes. De tweede aanpak was gebaseerd op een middle-out retrograde PBPK 

benadering, gebruik makend van in vivo data van de bestudeerde component, propofol in  volwassenen. 

Beide manieren maakten het mogelijk de klaring van propofol in volwassenen, evenals de verschillende 

enzymatische bijdragen tot deze klaring vrij goed te voorspellen, wat het nut van deze technieken voor 

andere componenten ondersteunt. In Hoofdstuk 9 wordt één van deze modellen in volwassenen 

geëxtrapoleerd naar de pediatrische populatie. Hiervoor werden in vitro gebaseerd ontogenie functies 

vergeleken met in vivo gebaseerde functies, waarbij deze laatste het meest geschikt bevonden werden. 

Het gebouwde model kon op een adequate manier concentratie-tijdsprofielen van beschikbare klinische 

data beschrijven, en dit tot op het niveau van de neonatale populatie (exclusief pretermen)., Dit was een 

succes vooral gezien het feit dat pediatrische in vivo en in vitro data niet in beschouwing werden genomen 

in het model-ontwikkelingsproces. 

In Hoofdstuk 10 worden de discussie en conclusies van de doctoraatsthesis gepresenteerd. De 

bevindingen van de drie casussen werden gecombineerd om de getrokken lessen te beschrijven. Er werd 

aangetoond dat een combinatie van alle beschikbare databronnen uitermate belangrijk is om efficiënt en 
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effectief pediatrisch geneesmiddelenonderzoek uit te voeren. Bovendien moet de toepasbaarheid van de 

data nagegaan worden en eventuele correctiefactoren worden geïmplementeerd. Waar mogelijk zou men 

klinische data moeten gebruiken in de modelleeroefening om de gebouwde modellen zowel te 

optimaliseren (leerstap) als te kwalificeren (bevestigingsstap). Met betrekking tot de geschiktheid van de 

verschillende methodologieën, werd een combinatie van de top-down en bottom-up aanpak 

geïdentificeerd als de methodologie die de meest relevante informatie kan opleveren. Vooral wanneer 

pediatrische in vivo data nog niet beschikbaar zijn  is ze het meest geschikt om een aanvaardbare 

voorspelling van pediatrische PK te bekomen. 

Tenslotte worden in Hoofdstuk 11 de bredere internationale context, relevantie en 

toekomstperspectieven van dit werk beschreven. De internationale vraag naar betere pediatrische 

medicijnen werd aangetoond, gevolgd door mogelijke opties voor het genereren van antwoorden. De 

relevantie van dit werk in de context van betere pediatrische doseringsselectie wordt beschreven en de 

impact op het wetenschappelijke veld belicht. Een voorstel tot een algemeen toepasbare modelleer- en 

simuleer workflow wordt aangereikt en mogelijke pistes voor verder onderzoek worden voorgesteld aan 

de wetenschappelijke gemeenschap. Daarnaast worden opportuniteiten en valkuilen met betrekking tot 

het gebruik van modelleer- en simuleertechnieken in pediatrisch geneesmiddelenonderzoek geduid. Het 

hoofdstuk besluit dit doctoraat door de nadruk te leggen op het belang van multidisciplinair werk in dit 

veld. Daarmee verbonden, eveneens de cruciale rol die heldere en passende communicatie speelt tussen 

verschillende experten om een efficiënt pad tot het verkrijgen van betere pediatrische zorg te 

bewerkstelligen.
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SUMMARY 
 

In this PhD thesis, the pitfalls and opportunities of different modeling approaches within the scope of 

pediatric drug research (PDR) were investigated. For this, three different model compounds were chosen 

for their specific ADME characteristics and the availability of historical and literature data. Depending on 

the compound, one or more of the approaches were applied and their predictive performance regarding 

the pharmacokinetics in the pediatric population was investigated. In this way, insight could be gained in 

the ‘best way forward’ for the application of modeling and simulation tools for PDR. 

In Chapter 1, an overview of the different modeling approaches and their current use in pediatric drug 

research was provided. Furthermore, the three model compounds desmopressin (dDAVP), ciprofloxacin 

and propofol were introduced and the current knowledge about their PKPD characteristics briefly 

described. Based on these characteristics, and the available data/possibility of data generation, three case 

studies were set up to investigate the reliability and predictability of the different modeling methodologies 

and how they can be applied prospectively in PDR. In Chapter 2, the goals of these case studies were 

outlined: the peptide drug desmopressin was used to investigate the top-down approach on both PK and 

PD data, research on the fluoroquinolone ciprofloxacin was performed to study the opportunity of using 

the top-down and bottom-up approach in parallel, whereas the work on the anesthetic propofol was an 

example of intertwining the two approaches in a middle-out fashion. 

Chapters 3-5 described the desmopressin case study. A population pharmacokinetic (PK) analysis on 

historical data was presented in Chapter 3. In this case study, significant effects of food, pharmaceutical 

formulation and body weight on dDAVP’s PK were detected. Furthermore, this model-based analysis 

seemed to suggest that the formulation effect (melt vs. tablet) differed between adults and children. The 

analysis also revealed flaws in the original (not model-based) study design and the popPK model was 

subsequently used to design a new clinical trial. The addition of PD data to this PK analysis was described 

in Chapter 4. Here, a new PD model was constructed, more closely in line with the mechanism of action 

of dDAVP. Using this model, again a significant formulation effect was detected, which was deemed 

physiologically implausible as similar concentrations at the effect-site should result in similar PD effects if 

no active metabolites are present. Combining this insight with the conclusions of Chapter 3 increased the 

suspicion that data was missing to correctly describe the absorption phase. The absorption of the 

lyophilisate was hypothesized to follow a biphasic pattern resulting in a double absorption peak. After 

confirming this hypothesis in pigs, the PK and PD data from the new (model-based designed) trial was 
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added to the already available data. In Chapter 5, this data set was analyzed using simultaneous 

population PKPD modeling. The biphasic absorption of the lyophilisate was confirmed and modeled using 

a double input, which caused the formulation effect on the PD side to disappear. Furthermore, significant 

maturation effects on both the PK and PD side could be detected, as the new data originated from a 

younger population. Lastly, the effect of formulation and food intake on the bioavailability could finally 

be estimated, which in the end was confirmed to be different as compared to adults.  

Chapters 6 and 7 described a population pharmacokinetic and a physiologically-based pharmacokinetic 

(PBPK) study regarding ciproflacin, respectively. In Chapter 6, clinical trial data originating from pediatric 

patients suffering from complicated urinary tract infection (cUTI) were analyzed using population 

modeling. A model describing the effect of body size using a fat free mass based allometric scaling was 

found to fit the data best. Furthermore, kidney function maturation was modeled using GFR estimation 

based on the Chehade equation. The estimated clearance and volume of distribution were significantly 

lower than in healthy children, pointing to disease effects not captured by differences in GFR alone. Dosing 

simulations were then used to investigate the clinical relevance of this difference: it turned out that 

underdosing for treating urinary tract infections caused by Pseudomonas aeruginosa is likely to occur in 

this specific population. The differences between healthy children and children suffering from cUTI were 

then further investigated using a PBPK approach. In Chapter 7 the construction of a healthy adult PBPK 

model in PKSim® based on literature information is described. After optimization of this model using adult 

in vivo data, it model was extrapolated to the pediatric population. For this, ontogeny functions developed 

using the in vivo probe substrates caffeine and ropivacaine for CYP1A2 and aminohippuric acid for tubular 

secretion were implemented in addition to the standard ontogenic relationships already available in 

PKSim®. This model could describe the healthy pediatric in vivo data but was not able to capture the cUTI 

population, in concordance with the popPK analysis described in Chapter 6. Based on effects of renal 

disease on drug elimination found in literature, an improved pediatric PBPK model was obtained. 

However, as the population model showed decrease of both distribution and clearance compared to the 

healthy population, more research should be performed regarding the impact of kidney disease on drug 

disposition (e.g. on transporters) and implemented in PBPK models.  

The work regarding the compound propofol was described in Chapters 8 and 9. In Chapter 8, the collection 

of in vitro metabolism data and subsequent construction of several PBPK models in adults was described. 

For this, a newly developed bio-analytical method for propofol, 4-hydroxy-propofol and propofol 

glucuronide was applied to the results of experiments in human liver and human kidney microsomes, and 
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recombinant CYPs and recombinant UGT1A9 to obtain in vitro intrinsic clearances (CLint). In a first model, 

a pure bottom-up IVIVE PBPK approach was applied, yielding a vast underprediction of the in vivo CL 

(CLIV). This underprediction was remedied using two different examples of the middle-out approach. The 

first one was a middle-out IVIVE PBPK approach using activity adjustment factors (AAFs) to correct the 

obtained CLints based on knowledge obtained from in vivo probe substrates, while the second one was 

based on a middle-out retrograde PBPK approach using adult in vivo data from the compound under 

study, propofol. Both approaches were able to predict the adult clearance of propofol and its different 

contributions quite well, indicating the merit of these techniques for other compounds. In Chapter 9, one 

of these adult models was extrapolated to the pediatric population. For this, in vitro based ontogeny 

functions were compared with in vivo based functions, indicating superiority of the latter. The constructed 

model was able to predict concentration-time profiles from available clinical data up to the term neonatal 

population with adequate accuracy, especially taking into account the lack of pediatric in vivo and in vitro 

data in the model building process.  

In Chapter 10, the discussion and conclusions of this PhD were presented. The findings of the three 

different case studies were combined to describe the lessons learned. It was shown that in order to 

perform efficient and effective pediatric drug research, a combination of all available data sources is 

pivotal. Furthermore, the appropriateness of the data used should be considered and possible correction 

factors implemented. Where possible, clinical data should be applied in the modeling exercise and used 

to both optimize (learn) and qualify (confirm) the constructed models. Regarding the appropriateness of 

the different approaches, it was identified that a combining the top-down and bottom-up approach yields 

the most information and, especially when pediatric in vivo data is lacking, can provide a satisfactory 

prediction of pediatric PK. 

Finally, Chapter 11 sketched the broader international context, relevance and future perspectives of this 

work. The international need for better pediatric medicines was exemplified, followed by possible ways 

forward. The relevance of this work towards better pediatric dose regimen selection was described and 

the impact on the scientific field was highlighted. A modeling and simulation workflow proposal was 

provided and, furthermore, possible options for future research were proposed to the scientific 

community. Besides, opportunities and pitfalls of the use of modeling and simulation in pediatric drug 

research were elucidated. The chapter ended this PhD emphasizing the importance of multidisciplinary 

work in this field and thus, the key role that clear and proper communication between different experts 

plays to provide an efficient path towards better pediatric care.
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DANKWOORD 

 

Het dankwoord. Het schrijven van dit hoofdstuk luidt pas echt het einde van het doctoraatstijdperk in. Ik 

herinner me nog goed hoe ik een viertaljaar geleden het dankwoord van mijn masterproef begon met een 

uiteenzetting over hoe zwaar die laatste loodjes wel niet waren. Niets is echter minder waar voor dit 

proefschrift. Na een lange periode met ups en downs, veel bochten en soms frustrerende momenten, 

waren de laatste maanden richting het vervolledigen van dit boekje eerder een periode van vlot schrijven 

en bedachtzaam alles samen leggen. Dat we hier effectief toe komen is natuurlijk te danken aan een 

heleboel mensen die me stuk voor stuk dierbaar zijn en ik hier dan ook even in de spotlight wil stellen. 

Aangezien zoveel mensen bijgedragen hebben aan dit werk, zowel in wetenschappelijke, filosofische of 

psychologische zin, is het jammer genoeg statistisch zeer waarschijnlijk dat ik hier iemand vergeet 

schriftelijk te bedanken. Daarvoor alvast mijn excuses. 

Een eerste en uitdrukkelijke bedanking moet naar mijn promotoren professor Jan Van Bocxlaer en 

professor An Vermeulen gaan. Jan, we hebben tijdens dit parcours op wetenschappelijke en meta-

wetenschappelijke grenzen gebotst, maar dankzij jouw begeleiding, inleving en geduld zijn we erin 

geslaagd heir doorheen te breken. Mijn oprechte dank voor deze 4 jaar op het LMBKA en je overgrote 

aandeel in mijn professionele en persoonlijke groei. An, van samen de eerste stappen in het PBPK-

modelleren te zetten in Cambridge tot het vervolledigen van dit boek, steeds was je enthousiast, 

behulpzaam en intens betrokken in mijn werk. Je hebt me mee gevormd tot de ‘modeller’ die ik nu ben en 

ik ben er zeker van dat er nog toekomstige samenwerkingen zullen volgen. Ik kijk er alvast naar uit! 

Bedankt ook allebei voor al jullie reviewwerk, suggesties en commentaren die soms op heel korte termijn 

gegeven moesten/konden worden. Dit werk zou onmogelijk zonder jullie tot stand gekomen kunnen zijn.  

Dat brengt me naadloos tot de collega’s van het LMBKA. De ‘oudjes’ Lies, Pieter en Huybrecht die me 

voorgingen en wegwijs maakten in het reilen en zeilen van het labo en hielpen de eerste stappen te zetten 

in LC-MS (Lies), popPK (Pieter) en PBPK (Huybrecht). Ook na het halen van jullie doctoraat en het verlaten 

van het LMBKA-schip bleven jullie beschikbaar voor vragen en onduidelijkheden, dank daarvoor. Ook een 

uitdrukking van enorme dankbaarheid voor de collega’s die kort (of iets langer) na mij startten: Elien, Vy 

en Feifan. Bedankt om mee bij te dragen aan de sfeer op het labo en de interessante werk- en minder 

werk-gerelateerde discussies. Wim, Lisl en Sofie, als ruggengraat van het LMBKA kunnen jullie natuurlijk 

niet ontbreken in dit dankwoord. Merci voor alle steun bij praktische zaken, het opzetten van nieuwe 
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projecten of gewoon voor de leuke babbel tussendoor. Wim, draag zorg voor het nieuwe koffietoestel, we 

hebben er lang voor moeten strijden! Violeta, even though you were only at our office for 6 months, you 

more than deserve a word of gratitude from my side. Not only was working with you a pleasure resulting 

in a nice manuscript, but it is thanks to you I applied for the position I’m currently working at here in Berlin. 

Thank you for the great time and I’m sure we will meet again, hasta pronto! 

Behalve de ‘FFW-collega’s’ waren er ook de collega’s van ‘den overkant’. Althans dat is waar de meeste 

van onze ontmoetingen doorgingen. Bedankt aan alle SAFEPEDRUG collega’s voor de opportuniteit aan dit 

mooie project te werken en de enorme inzet. Het is dankzij jullie allemaal dat we significante stappen 

hebben kunnen zetten richting betere medicijnen voor kinderen. Pauline, als manusje-van-alles en 

drijvende motor achter alles wat SAFEPEDRUG was bedank ik jou voor je organisatorische skills het steeds 

voortstuwen van dit project. Professor Johan Vande Walle, Johan, SAFEPEDRUG is begonnen als een kiem 

in jouw brein en door deze jaren uitgegroeid tot een prachtig kind; hopelijk wordt deze groei doorgezet 

met SAFEPED2. Lieve, bedankt voor jouw administratieve ondersteuning en aanstekelijk enthousiasme, 

maar ook voor je persoonlijke bezorgdheid om elk teamlid en je goede raad! Lien, merci voor de 

fantastische samenwerking! Desmopressine heeft voor ons (bijna) geen geheimen meer, en hopelijk 

ontrafelen we in de toekomst nog meer over deze compound. Ik wens je enorm veel succes en geluk met 

je persoonlijke pediatrische projectje, misschien wordt hij zelf later ook dokter, en met het afwerken van 
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1. Investigating drugs for children and neonates 

1.1. Pediatric and neonatal drug research 
Off-label prescription of drugs in children, where dosing is derived from adult doses without any pediatric 

data is still a problem: 50 – 90% of pediatric drugs are still used off-label or unlicensed [1]. The last fifteen 

years, efforts have been made to tackle this problem, stimulated by regulators and industry alike [2]–[5]. 

Even though significant progress has been made, a lot remains to be done. Especially the neonatal 

population remains “the last therapeutic orphan” [5] and more knowledge regarding tailored dosing for 

this vulnerable group should be generated. However, performing clinical trials in children, and even more 

so in neonates, is a daunting task, hindered by logistical, legal and ethical constraints.  

To help tackle this problem, the SAFEPEDRUG (http://safepedrug.eu) project was set up. This project has 

as aim to improve the strategy for pediatric drug research, using a rational combination of bottom-up and 

top-down approaches, starting from (physiological) pediatric characteristics and opportunities. In the 

modelling & simulation part of this project (work package 4, WP4), the value and reliability of applying 

physiologically based pharmacokinetic (PBPK) modeling to predict dosing in children and neonates is 

explored before actual clinical trials are performed, in order to make these trials confirmatory rather than 

exploratory and thus obtain correct and sufficient information about the pediatric drug under study in an 

efficient way. This modeling methodology combines physiological, anatomical and drug-specific 

information into a predictive model. 

1.2. Challenges 
Developing drugs for children is a challenging process with many complexities to take into account. In an 

effort to standardize this process, decision trees such as the one in Figure 1 were drafted by the U.S. Food 

and Drug Administration (FDA) and the European Medicines Agency (EMA). Using these tools, available 

adult data can be assessed for its applicability to the pediatric population. This applicability can vary from 

a complete overlap between indication, disease progression and exposure response curve until the use of 

an adult drug for a completely different pediatric indication. Of note is that, even in the first (‘best) case, 

information regarding the pharmacokinetics (PK) of the drug under study is still needed, and pediatric 

clinical trials are to be executed. 
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Figure 1: Pediatric Decision Tree as proposed by FDA (adapted from [6] ) 

However, many challenges accompany these pediatric trials. First, there are the legal challenges: clinical 

studies can only be performed in children who can benefit from the study, i.e. there is no such thing as a 

‘pediatric healthy volunteer’. Furthermore, informed consent has to be given by the parents and informed 

assent by the children, which asks for clear explanations of the benefits of the trial for the individual child 

and the pediatric population. Secondly, there are logistical challenges: the number of blood samples that 

can be drawn from a child and their volume are markedly less than healthy adult volunteers [7], [8], access 

to sampling sites can be difficult and administration of the drug has to be adjusted to the pediatric setting 
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(i.e. pills should be small enough to swallow, or liquid formulations with an acceptable taste have to be 

applied…).  

Only using adult clinical data to circumvent these problems is not advised, as there are specific 

pharmacokinetic (PK) and pharmacodynamic (PD) differences in the children when compared to adults, 

and in neonates when compared to children [9]–[12]. Therefore, dosing cannot always be easily scaled 

from adult doses (e.g. using body weight and allometric principles) and more physiology-oriented 

methodologies should be applied, especially for children younger than 2 years, e.g. neonates [13]. The 

largest challenge in dose prediction for young children and neonates is the acquisition and integration of 

information regarding the developmental changes (organ size, tissue composition,...), and ontogeny and 

maturation of metabolic enzymes and transporters [14].  

1.3. PKPD in the child 
In order to study PKPD in children, a benefit for the child is (legally) required. Therefore, one needs a 

method to identify a dosing scheme appropriate for pediatric patients without having performed clinical 

trials. This is done by extrapolating from adult data using top-down (starting from in vivo data), bottom-

up (starting from in vitro data) or middle-out (starting from both in vivo and in vitro data) approaches. 

Once a dose level is agreed upon, a clinical trial can then be performed in the pediatric population in order 

to compare the projections made using either method to in vivo data. This will allow to gain more 

information regarding the (developmental) PKPD of the drug under study, especially in case there is a 

mismatch between predictions and observations. In this thesis, the different modeling approaches that 

are used in this problem setting are discussed, with a focus on PBPK modeling and its use in pediatric 

pharmacology. Indeed, as the PBPK approach might allow for bottom-up or middle-out predictions of 

pediatric PK, before conducting pediatric trials, it seems an attractive tool for pediatric drug research. 

However its performance, applicability and combination potential with the top-down approach in this 

setting need to be further investigated. So firstly, the different modeling approaches will be explained in 

this introduction. 
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2. Allometry and popPK 

The use of the population or mixed effects modeling approach has been the gold standard in describing 

PK data for the last 30 years [15] and has thus also been applied to pediatric [16]–[18] and neonatal data 

[19]–[21]. In this approach, nonlinear mixed effects modeling is used to fit a compartmental model to in 

vivo PK data. In order to describe the variability in this data, the structural compartmental model is 

expanded with a stochastic and a covariate model. The former describes the random variability of the PK 

parameters between and within individuals, mostly assuming a lognormal distribution of these parameters 

within the population, while the latter tries to explain some of this variability using demographic and other 

characteristics (covariates) of the underlying individuals. Examples of covariates are body weight, 

creatinine clearance, age and sex [22], [23]. To describe the PK in the pediatric population, extrapolation 

of adult PK parameters to children is often done [17]. For this, allometric scaling is mostly applied. This 

approach links body size to physiological processes assuming that relatively simple relationships between 

these two exist [24]. The body of evidence that these relationships indeed exist is quite large and often 

times this allometric scaling approach works well [25], [26]. In population PK, these allometric relationships 

are constructed using the following equation: 

Equation 1: Allometric equation 

𝜃𝑖 =  𝜃𝑎𝑣𝑒 × (
𝑆𝑖𝑧𝑒𝑖

𝑆𝑖𝑧𝑒𝑎𝑣𝑒
)

𝑒𝑥𝑝

 

Where i is one of the PK parameters (e.g. CL, Vd) for an individual i, and Sizei is this individual’s size metric 

(i.e. body weight or body surface area). Similarly, ave and Sizeave are the parameters for an average 

individual, i.e. an adult 70 kg male. The exponent that is applied to the ratio of the individual and the 

average size metrics depends on the type of PK parameter that is scaled. Volumes of distribution and blood 

volumes are often scaled using a direct relationship (isometric, exp = 1), whereas clearance is assumed to 

need an exponent of 0.75 (allometric). The theoretical basis of these exponents has been discussed 

thoroughly before and will not be repeated here [25]. In order to apply a scaling approach for (young) 

children and neonates (below 2 yrs of age), maturation of e.g. clearance processes needs to be taken into 

account on top of the allometric approach. The reason for this is that enzyme and transporter functions 

as well as renal clearance mechanisms are not mature yet [10], [27]–[30], which will have an influence on 

the clearance parameter in the model. Maturation is accounted for through the use of so-called 

maturation functions, which can be linear, exponential or sigmoidal, depending on the age range they 

cover [31]. The combination of these maturation functions with body size based scaling has resulted in 
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some success stories [9], but often times complex functions or ad hoc (based on clinical data) relationships 

are necessary to scale the PK across the entire age range [32], [33]. This is especially true when the 

neonatal population is included. Indeed, the complex interplay of ontogeny and maturation of ADME 

processes during the first 2 years of life is difficult to capture in one ‘general’ maturation function. 

Appropriate use of the allometric scaling approach has recently been revisited in function of age [13]. 

Furthermore, the translation potential of maturation functions is emerging to become a new topic of 

interest [21], [34], [35]. 

Comparing PBPK models to the population approach shows some attractive advantages. Due to the 

combination of a physiological description of the absorption, distribution, metabolism and excretion 

(ADME) processes and ontogeny of the subsystems (enzymes, organs,…), prediction of the expected PK 

across all age ranges is possible with the same model [4], [36]. Furthermore, drug concentrations in 

different tissues can also be predicted, e.g. at the site of action [37]–[40]. Lastly, a pediatric PBPK model 

can in theory be extrapolated from an adult model and thus no in vivo pediatric data are required in the 

model building process [41]. However, where possible these data should still be collected to qualify the 

PBPK model and increase the knowledge about neonatal and pediatric physiology and the specifics of the 

drug under study.  As data collection in neonates is not always feasible, it is a plus that in this way 

opportunistic clinical trials in the neonatal population become ‘confirmatory’ rather than ‘exploratory’ 

[42]–[45].  

In order to achieve the same advantages with the population approach, more complex models are 

required. These models ultimately would have identifiability problems or would need to be calibrated with 

actual, observed tissue concentration data. The use of the bottom-up PBPK approach allows the 

integration of in vitro data and thus does not run into these identifiability problems, as its parameters are 

not estimated by fitting to observations [46], [47].   
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3. PBPK 

3.1. Building a PBPK model 

The PBPK (bottom-up) approach is gaining interest as the preferred methodology to reliably predict PK in 

the neonatal and pediatric population [48]–[50]. In this approach, drug-specific information is combined 

with physiological and anatomical knowledge into a predictive model. The concept itself is already 80 years 

old [51] but has only been applied to the pediatric population during the last 2 decades. The methodology 

itself has been described thoroughly elsewhere [52]–[56] and will thus only be summarized concisely in 

this introduction.  

The general concept is to mathematically (using ordinary differential equations) describe the relevant 

underlying physiological, physicochemical, and biochemical processes that explain the ADME of the 

compound under study. To achieve this, the anatomical structure of the human body is represented by 

physiologically relevant compartments that are connected via the blood circulation, as is depicted in 

Figure 2. 

 

Figure 2: Structure of a PBPK model, adapted from Barret et al. [48] 

Every tissue is represented by a single compartment, supplied by the arterial blood and having an output 

in the venous blood. The lung compartment is supplied by the venous blood and releases into the arterial 

blood. The differential equations describing drug transfer from and to the tissues are derived from the law 
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of mass action. In specific organs (e.g. liver, kidney, and intestines), the drug may be eliminated from the 

tissue, implying an extra term in the differential equation to account for this. The differential equations 

below show the typical equations for drug transfer from plasma to a perfusion rate-limited tissue without 

(Equation 2) and with (Equation 3) elimination [52], [54].  

Equation 2: Drug transfer from plasma to a perfusion rate-limited tissue without elimination. Qt is the blood flow to the specific 
tissue, Vt represents the tissue volume, Ct the tissue drug concentration, while the dCt/dt term represents the change in drug 
concentration over time, Cart is the arterial blood concentration and Kp is the tissue-plasma partition coefficient. 

𝑉𝑡 ∗ 
𝑑𝐶𝑡

𝑑𝑡
= 𝑄𝑡 ∗ (𝐶𝑎𝑟𝑡 −

𝐶𝑡

𝐾𝑝
) 

Equation 3: Drug transfer from plasma to a perfusion rate-limited tissue with elimination. The extra parameters are the unbound 
intrinsic drug plasma clearance of the metabolizing tissue CL=and the unbound fraction of drug present in plasma fu,p. 

𝑉𝑡 ∗ 
𝑑𝐶𝑡

𝑑𝑡
= 𝑄𝑡 ∗ (𝐶𝑎𝑟𝑡 −

𝐶𝑡

𝐾𝑝
) − 𝐶𝐿𝑖𝑛𝑡,𝑢 ∗

𝐶𝑡 ∗ 𝑓𝑢,𝑝

𝐾𝑝
 

In the pure bottom-up PBPK approach, the parameters in the mass transfer equations are derived from 

experimental work or can be estimated in silico based on knowledge of the physico-chemical 

characteristics of the compound under study. Volumes and blood flows have been documented for all 

pediatric ages and are listed in population wide databases [57]–[61]. Tissue-to-plasma partition 

coefficients (Kp) are calculated based on the compound’s physico-chemical characteristics and the tissue 

composition. They determine the extent of distribution to each tissue and can be calculated using e.g. the 

Rodgers and Rowland equation [62], the Poulin and Theil equation [63] or the Schmitt equation [64], which 

each focus on different aspects of distribution [65]. The intrinsic organ clearance is calculated based on 

the drug’s in vitro metabolism parameters, the abundance of metabolizing enzymes in the clearing organ 

and the anatomy of said organ. 

Integrating the above information with the physiological variation within the population under study, the 

drug PK can be predicted in a bottom-up manner throughout the population. The attractiveness of this 

approach, compared to the top-down (or population) approach, is that the variability within the 

population is predicted based on real physiological variation (e.g. in tissue size and enzyme abundance) 

instead of on post-hoc estimates ([48], [50], [52], [56]). This allows the a priori prediction of the PK in very 

specific subpopulations such as the vulnerable neonatal population in order to guide the development of 

a correct dosing regimen before a clinical trial is actually executed [5], [66].  
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3.2. Pediatric PBPK 
A PBPK model for the neonatal population uses the integrated knowledge that was mentioned above, 

together with information about the ontogeny and maturation of the different systems present in the 

human body, such as tissue volumes, blood flows, enzymes and transporters. The knowledge regarding 

ontogeny and maturation of ADME has been summarized many times and will not be repeated here. The 

interested reader is referred to some excellent reviews regarding absorption [67]–[69], distribution [70]–

[72], metabolism [72]–[76], excretion [29], [72], [77] and transporters [72], [78]–[81]. In order to combine 

all this information into a pediatric PBPK model, a systematic workflow should be followed, which is shown 

in Figure 3. 

 

Figure 3: General workflow of building a pediatric PBPK model 

 

First, an adult PBPK model should be constructed and verified using in vitro, in silico and in vivo data. Once 

this model captures the relevant metabolic pathways, absorption and distribution characteristics and their 

variability in a robust and accurate manner, it can be extrapolated to the pediatric population. For this, 

available information about the maturation and ontogeny of the involved systems is included in the model, 

allowing scaling of the relevant parameters. This is most often done using dedicated software, that already 

contains this information, together with the general PBPK model structure, such as with PK-SIM [61], 
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Simcyp [57] or Gastro-Plus [82]. Lastly, the constructed pediatric PBPK model should be validated with 

pediatric clinical data (if available) or at least qualified with information gained from in vitro experiments 

or animal studies [44], [48], [50]. Discrepancies between model predictions and data should then be 

investigated using the underlying assumptions of both the constructed model and the data, which can lead 

to new insights in both the drug characteristics or the pediatric specifics [4]. This information can then be 

used in the design of new experiments (in vitro studies, in silico simulations and in vivo trials) to confirm 

or reject the hypotheses generated in the comparison. This hypothesis generation during model 

construction and qualification further encourages the learn-confirm paradigm of the bottom-up approach. 

In the worst case scenario, knowledge gaps regarding the ADME of the drug in this specific population do 

surface, but ideally one obtains a qualified, valid pediatric PBPK model that can be used to guide trial 

design and dose adjustments of the drug under study [5]. 

3.3. Challenges in PBPK 

3.3.1. Preterm neonates 
The preterm neonatal population is quite different from the term neonatal population, which also poses 

challenges for the application of PBPK models in this pediatric subpopulation [11], [68]. Some of these 

differences can be mediated by the use of post-menstrual age (PMA) instead of post-natal age (PNA), 

because it accounts for the difference in gestation and thus maturation of certain ADME processes [83]. 

Unfortunately, not all differences between term and preterm neonates can be described by this linear 

translation. Indeed, many of these processes exhibit a nonlinear difference, i.e. gastric emptying [84], renal 

function [85] and intestinal function [67], [86]. Specific maturation functions taking prematurity into 

account are being developed [87], but this research is still in a very early stage. Once the hurdle of applying 

PBPK to term neonates is taken, the focus should be shifted to preterm neonates. Opportunistic data 

should already be collected and preferably the physiological basis for the nonlinear differences between 

term and preterm should be investigated. In this way, this even more vulnerable subpopulation of the 

vulnerable neonatal population can also be addressed properly. 

3.3.2. IVIVE of non-CYP enzymes 
If the In vitro In vivo Extrapolation (IVIVE) of the clearance in adults and children fails, it is often caused by 

the underestimation of the intrinsic clearance of non-CYP metabolic enzymes [88]. This has been 

attributed to the fact that in vitro metabolism experiments have been designed and optimized for CYP 

enzymes, as they represent the largest and most important enzyme family regarding metabolism of 

xenobiotics. This is especially important for neonatal PK predictions, as enzymes from the UGT family 

mature during the first two years of age [27], [89]–[91] and some SULT enzymes are expressed at very high 
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levels during neonatal development [73]–[75], [92]. Therefore, it is of utmost importance to optimize the 

experimental conditions for in vitro metabolism studies regarding these enzymes. Some work has already 

been done in this area. For the UGTs, alamethicin has been introduced as a pore forming agent to allow 

substrate to reach these endoplasmatic reticulum-bound enzymes in microsomal experiments [93], [94]. 

Furthermore, the concentration pore former needed, has been found to be dependent on the protein 

concentration used and has been optimized as such [95]. For the same enzyme family, it has been found 

that free fatty acids inhibit e.g. UGT1A9 and UGT2B7, which is why bovine serum albumin is nowadays 

added when performing UGT metabolism experiments [95], [96]. However, even with these improvements 

in in vitro conditions, very large underpredictions are still apparent when extrapolating in vitro data from 

non-CYP enzymatic systems, as is for example the case for propofol (cleared by both CYPs and UGTs), 

exhibiting an in vivo clearance underprediction of 9-fold for hepatic clearance and 17-fold for renal 

clearance [97]. For the SULT enzymes, no attempts have been made to optimize in vitro experiments. One 

of the other reasons for this underprediction could be the fact that these enzymes also occur in other 

organs, i.e. UGT1A9 and UGT2B7 in the kidney [98], and that this is not correctly accounted for in the IVIVE 

in current model software packages. Alternatively, the inaccurate estimation of other parameters needed 

in the IVIVE, such as fu, B:P and amount of protein per gram tissue can also worsen the in vivo clearance 

estimation, independent of the enzymes responsible for the metabolism. 

3.3.3. Transporters 
Transporters are membrane-bound proteins that are present in many tissues throughout the body and 

facilitate movement of many drugs, in addition to that of their physiological substrates. It is becoming 

more and more clear that transporters are pivotal in all aspects of both adult and pediatric ADME drug 

research [3], [71], [78]. In response to this insight, more and more in vitro, animal and in vivo transporter 

data is becoming available [78]. However, this concerns mostly data in adults, while transporter expression 

and function in the neonatal population is markedly different [80], [99]. In 2015, the Pediatric Transporter 

Working Group published a review with recommendations regarding ontogeny of transporters. The 

authors provided an overview of the available knowledge and elucidated the upcoming challenges. They 

argued that more high quality pediatric tissue should be made available for studying transporter 

expression and quantification, that transporter-specific probes should be developed and, in general, much 

more research is required [78]. In general, P-glycoprotein (P-gp) is the most studied transporter in children 

and quite a body of information is already available about its ontogeny [80], [100], [101]. However, as no 

single developmental pattern can be identified across the different transporters (comparable to the 
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metabolic enzymes), it is of utmost importance that the other important intestinal, hepatic and renal 

transporters are investigated as well.  

In the years following these recommendations, more ontogenic information has been gathered. The 

importance of the organic cation transporter (OCT) in hepatic drug uptake has received more attention 

and information regarding its development during the neonatal stage was made available [80], [102]. 

Furthermore, it was shown that intestinal oligopeptide transporter PEPT1 levels remain constant during 

the entire pediatric age range [70]. However, in general, these transporter studies suffer from low sample 

sizes, making it difficult to make quantitative statements about transporter development in general [71], 

[78], [79].  

Even though more transporter data are needed to improve the reliability of PBPK models, the information 

flow has lately also been reversed. Following the ‘learn-and-confirm’ paradigm, PBPK models have been 

used to predict the expected impact of certain transporters (intestinal P-gp and hepatic OATPs) on the 

disposition of their substrates [3]. This could guide the focus of transporter ontogeny research, as the 

study of the most influential transporters should receive priority. However, confidence in these models is 

considered low and they can only be used as a rough estimate to rank order transporters’ importance. 

Very recently, a PBPK model predicting the influence of hepatic breast cancer resistance protein (BCRP) 

on glucuronide disposition was published [103] and validated in mice. These kind of approaches show the 

multi-disciplinary power of PBPK modeling and the integration of all possible information in a “back and 

forth” manner should be seen as the way forward. Nevertheless, transporters remain a challenge for 

pediatric PBPK model development and more in vitro, in vivo and animal data should be collected in order 

to fill this knowledge gap.  

3.3.4. Qualification of PBPK models 
In order to allow PBPK to be considered as the standard approach for PK prediction in adults and the 

pediatric population alike, consensus about the qualification of PBPK models should be reached first [104]. 

Currently, models are evaluated using a broad range of metrics, applied to either PK parameter predictions 

[31], [59], [63], [105] or to concentration-time profiles [28], [31], [106]–[108]. In vivo clearance prediction 

accuracy is currently most often used to evaluate PBPK models and it is calculated as a fold error, where 

the predicted clearance is compared to a “gold standard” observed clearance. However, this observed 

clearance is derived from in vivo data and is thus also subject to variability and potential bias/imprecision 

[109]. Therefore, it might be more appropriate to compare PBPK predictions with observed concentration-

time data to verify the model [55]. This becomes an issue for pediatric PBPK models, where data is often 
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absent or sparse [4], [19], [110]. Furthermore, PBPK models predict tissue concentrations as well and 

comparison to measurements in tissues would greatly increase the confidence in the model. These are 

sometimes available as e.g. exhaled air [111], [112], sputum [113]–[115] or even organ concentrations 

[37], [116]–[119]. Opportunistic sampling and sharing of data would greatly enhance the available data 

pool and thus aid tremendously in PBPK model qualification. The EMA and the FDA recently released draft 

guidelines with regards to the qualification of PBPK models [120], [121]. In these drafts, it is advocated 

that the qualification of both PBPK software and the resulting models should be standardized and the 

approaches applied in pharmacometrics (population analyses) should be translated to PBPK models. 
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4. Retrograde PBPK: The middle out approach 

The challenges described at the end of the previous chapter hamper PBPK modeling to become the 

standard approach for PK prediction and should thus be tackled. However, in the meantime a combination 

of both the “bottom-up” and “top-down” approach seems to be the most promising way forward [50]. 

This so called “middle-out approach” [107] combines the strengths of both worlds and exists in many 

forms, depending on the level of “top-down” information that is included in the PBPK model building.  

The most commonly known example of this approach is the retrograde PBPK model. In this approach, the 

in vivo clearance (CLiv) determined from clinical data is scaled back to the intrinsic in vitro clearance (in 

vitro CLint) and enzyme contributions that one would need to find in a metabolism experiment to be able 

to obtain this CLiv using IVIVE [31], [55]. In this thesis, we will call every PBPK model where one or more 

parameters are obtained or estimated using in vivo data a retrograde model and thus an example of the 

middle-out approach. 

On the one hand, there is the simplest case: once a PBPK model is built, a sensitivity analysis can be 

performed to find the most influential parameters. The value of these parameters, extrapolated from in 

vitro data or estimated in silico, is then fed into a parameter estimation algorithm as an initial value and 

fitted to in vivo data (concentration-time profiles). The most extreme case on the other hand is the 

construction of a PBPK model in e.g. NONMEM and fitting all parameters to clinical data, which has e.g. 

been done for the antibiotic ciprofloxacin [40]. The first approach can be compared to tweaking or 

calibrating of the model parameters and thus generates almost no new system knowledge, whereas the 

second approach will suffer from identifiability issues and thus need a lot of data and/or very informative 

priors in a Bayesian approach [40], [47], [107].  

Between those two cases, one can find a whole range of possible retrograde models or “middle-out” 

approaches. Often times the choice is dependent on the availability of in vivo data [122], the 

appropriateness of the in vitro data/IVIVE [97] and the preference of the modeler. Wherever in the range 

the model under construction is situated, one should abide to the “learn-and-confirm” paradigm by using 

both approaches in a synergistic way. For example, the constructed PBPK model can be used for trial design 

(driven by the most sensitive parameter) after which the trial data can be analyzed top-down before 

updating the PBPK model again [123]. When this “back-and-forth” approach is used, impressive results 

can be achieved. E.g. enzyme contributions to the metabolism can be elucidated [122], underpredicted 

clearances can be scaled to correct values [97], transporter involvement can be estimated [28], [124] and 
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sources of variability can be quantified [125]. It is important to realize that one should not “blindly” change 

the parameters of the PBPK model to achieve a perfect fit with the population model/clinical data, but 

rather investigate the sources of discrepancy between the two and generate hypotheses explaining the 

difference in order to obtain new insights [103]. In this way, the “middle-out” approach can be a fitting 

example of the “learn-and-confirm” paradigm and really become a “best-of-both-worlds” approach. 
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5. Examples of pediatric and neonatal PBPK models 

PBPK modeling has gained a lot of momentum the last couple of years, as is illustrated by the models that 

are published the last decade. Some examples are described in Table 1. In general, the middle-out 

approach in its broadest definition is applied most frequently and most successfully. The integration of 

real (adult) in vivo data increases the robustness and accuracy of a PBPK model and can help elucidate 

hidden processes. The addition of neonatal in vivo data can aid in the investigation of unknown ontogeny 

or maturation functions. The examples show a positive attitude towards the use of PBPK modeling in 

pediatric drug research and encourage further usage and exploration of this approach. Highly reliable 

predictions can be achieved, especially for renally cleared compounds or compounds with simple 

metabolic pathways. For more complex ADME behaviors, more research regarding the ontogeny and 

maturation of non-CYP enzymes and transporters is needed, as touched upon before. Furthermore, the 

viability of IVIVE for these enzymes should be improved, either by improving in vitro metabolic conditions 

or  extrapolation methods.  
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Table 1: Examples of published pediatric and neonatal PBPK models 

Compound(s) Population Approach used Main findings Reference 

Tramadol  57 neonates 

and young 

infants 

Bottom-up: IVIVE from 

microsomes and 

recombinant CYP data. 

Middle-out: Retrograde 

clearance calculation 

and estimation of 

enzyme contributions.  

- Retrograde adult model was more 

robust and accurate than pure PBPK 

model and led to better pediatric 

predictions 

- Enzyme contributions could be 

estimated using DDI clinical trial 

data  

- Clearance prediction error of 2% for 

the middle-out model and -27 - 39% 

for the bottom-up model. 

 

[31], 

[122] 

   -   

Clindamycin 48 children 

between 0 and 

18 years old, of 

which 9 were 

younger than 1 

year old 

Middle-out: 

optimization of model 

parameters by fitting to 

adult in vivo data. 

Opportunistic pediatric 

data used for 

qualification. 

- Opportunistic pediatric PK data 

aided in PBPK model development 

- Pediatric PBPK model can be used to 

optimize dosing 

- Neonates (0-5m) need lower dose 

per kg, young children (5m – 6y) 

need higher dose per kg compared 

to older children (6y -18y), all 

optimized doses per kg were higher 

than those in adults 

- CYP3A4/3A5 and alpha1-acid 

glycoprotein maturation is well 

characterized 

[45] 

   -   

Ibuprofen, 

Buprenorphine, 

Zidovudine, 

159 term and 

preterm 

neonates  

Top-down: Adult in vivo 

data, semi-physiological 

- PBPK model performs slightly better 

than allometric scaling approach 

[126] 



20 

Chloramphenicol, 

Lorazepam, 

Indomethacin, 

Morphine, 

Propofol and 

Midazolam 

allometric scaling to 

pediatric data. 

Middle-out: Estimation 

of enzyme catalytic rate 

constants by fitting to 

adult in vivo data. 

- Absolute fold error of 1.44 for the 

middle-out approach, 1.45 – 2 for 

the top-down approach. 

- Clearance underprediction for high 

clearance, glucuronidated 

compounds morphine and propofol 

   -   

Caffeine and 

Theophylline 

24 neonates Middle-out: ‘backfitting’ 

of Vmax to reported half 

lives 

- In vitro studies and comparison to 

pediatric data revealed possible 

contributions of CYP3A7 and FMO in 

neonates, which are not present in 

adults 

- Comparison of PBPK model and in 

vivo data revealed saturation of 

caffeine clearance 

[127] 

   -   

Oseltamivir Adult and 

neonatal 

monkeys, adult 

human data 

and neonatal 

Cmax and AUC 

data 

Bottom-up: IVIVE from 

S9 subcellular fraction 

metabolism data.  

Translational: Scaling of 

animal (marmoset 

monkey) parameters to 

human with fixed 

relations. 

- Integration of preclinical in vitro and 

in vivo (animal) data can enhance 

the learning part of the learn-

confirm cycle in pediatric drug 

research 

 

[128] 

   -   

Linezolid and 

Emtricitabine 

39 neonates 

(linezolid) and 

40 neonates 

(emtricitabine) 

Middle-out: Retrograde 

clearance calculation 

using observed adult 

clearances.  

- Renal maturation was captured well 

by this model 

- PBPK model can be used to 

investigate different hypotheses, in 

this case regarding the ontogeny of 

an unidentified clearance 

mechanism 

[129] 
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   -   

Fluconazole 13 neonates Top-down: Allometric 

scaling of adult popPK 

model. 

Translational: 

Extrapolation from 

juvenile mice. 

Middle-out: Use of 

adult CL found in PK 

study, maturation of 

renal function. 

- PBPK modeling can be used to 

predict a ‘First-In-Neonate’ dose 

- PK of exclusively renally cleared 

drugs can be predicted well with 

PBPK 

- Juvenile mice can be used as an 

animal model for neonates 

- Middle-out approach performed 

better than top-down approach and 

slightly worse than translational 

approach; prediction error was 

respectively -2.2%, 10.1% and -4.6% 

for animal, top-down and middle-

out model. 

[130] 

   -   

Amikacin and 

Paracetamol 

701 preterm 

and term 

neonates 

(amikacin) 

106 preterm 

neonates 

(paracetamol) 

Bottom-up: 

construction of general 

preterm neonatal PBPK 

model starting from 

earlier published PBPK 

models and literature 

ontogeny/maturation 

data. 

- Preterm PBPK model was 

constructed and incorporated in PK-

Sim’s database 

- GFR maturation does not take 

disease state into account, which 

can cause mismatch between 

predictions and observed data 

- Metabolic maturation of CYP2E1, 

SULT1A and UGT1A6 is captured 

very well, as shown by the good 

predictions of paracetamol PK. 

- Model should be tested with more 

compounds 

[131] 

   -   

Sotalol 80 children, 

including 14 

Middle-out: part of 

adult clinical data was 

- Entire age range was predicted well, 

except for the neonatal population 

[49] 
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neonates and 

33 infants 

used to tune 

parameters of a full 

PBPK model, then 

evaluation was done 

with the full adult data 

set before scaling to 

children. 

- Marked differences between two 

softwares (Simcyp and PK-Sim) 
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6. Application of the different approaches to the pediatric population 

The appropriateness of the bottom-up, top-down and middle-out approaches depends on the intended 

purpose of the analysis. Very early on in the drug development process, no human data is available. In this 

case, a pure PBPK approach (bottom-up) will typically be used to determine dosing and regimen for a first-

in-human trial. Once adult clinical data are available, the population approach (top-down) can be used to 

analyze it and make inferences about the (adult) PK of the drug under study. A scaling approach can then 

be applied to extrapolate the PK parameters to the pediatric population, but care should be taken when 

extrapolating to neonates. More specifically, the ontogeny of metabolic, transporter, and maturation 

processes and the differences in physiology in general in this young age category make allometric scaling 

with a (mathematically) simple maturation function in most cases inappropriate [17], [32], [132]. In 

parallel, the middle-out approach could be used to construct a retrograde PBPK model, starting from the 

PK models that were constructed earlier. The in vivo data obtained in the adult clinical trial can be 

combined with the collected in vitro data to construct a robust predictive model. In vitro experiments can 

elucidate which metabolic enzymes and transporters are involved in the ADME of the drug under study 

[133]–[135] and knowledge of their ontogeny can then be incorporated in the model to end up with a 

pediatric retrograde PBPK model. Using this model, a First-In-Pediatric and/or First-In-Neonate study can 

be designed, where the appropriate dose is administered to young patients [5], [19]. The data from this 

trial serve as a hypothesis check for the retrograde PBPK model, e.g. regarding enzyme contributions. The 

PBPK model can then be further optimized using this pediatric data in an iterative approach. Once an 

optimized model is obtained, it can be applied for dose optimization [97], [136], further trial design [137], 

prediction of food effects [138], [139], prediction of drug-drug interactions (DDIs) [140], [141] and 

extrapolation to special populations (e.g. critically ill neonates [44]). 

In this thesis, the appropriateness and applicability of the three aforementioned approaches with regards 

to their predictability towards the pediatric and neonatal population was investigated. For this, model 

compounds were chosen, based on both the availability of historical data and their specific characteristics 

regarding ADME. Depending on the compound, one or more of the approaches were applied and their 

performance investigated. In this way, insight could be gained in the ‘best way forward’ for the application 

of modeling and simulation tools in pediatric drug research. 
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7. Model compounds 

7.1. Desmopressin  

7.1.1. Characteristics and clinical use 
Desmopressin or 1-deamino-8-D-arginine vasopressin (dDAVP) is a synthetic vasopressin analogue 

originally developed for the treatment of central diabetes insipidus in adults [142]. Afterwards, it was 

approved for the management of primary nocturnal enuresis (PNE) in children, and its high efficacy when 

administered at bedtime is well documented [143]. Studies have also demonstrated the effectiveness of 

desmopressin in the management of nocturia in adults with nocturnal polyuria [144]. In very high doses, 

dDAVP is also used to treat bleeding disorders such as Von Willebrand disease. Being an analogue of 

vasopressin, it is a water-soluble peptide drug (its structure is shown in Figure 4) with a high hydrophilicity 

(LogP = -6.13) and basic properties (iso-electric point = 10.22 ) [145]. 

The reasons why dDAVP is used to treat PNE (as opposed to native vasopressin) are the increased stability, 

higher affinity for the V2-receptor (see section 8.1.3) and a low pressor effect due to its chemical 

modifications [143], [146]–[148].  

 

 

Figure 4: Chemical structure of dDAVP (created using ChemSketch 10.0) 
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7.1.2. Desmopressin PK 
The most important formulations of dDAVP are the nasal spray, tablet and lyophilisate [147]. In 2007, 

the US Food and Drug Administration requested an update of the summary of product characteristics for 

dDAVP nasal spray following an increasing number of reports on hyponatremia [149], [150]. Since then, 

the dDAVP spray is no longer indicated for the treatment of monosymptomatic nocturnal enuresis (MNE) 

[149]. Thus currently, two oral formulations (the tablet and the lyophilisate) of dDAVP are labeled for the 

indication of MNE. Their bioequivalence has been established in adults at 120 and 200 µg, but not in 

children [151], [152]. The PK of dDAVP has not yet been studied thoroughly in children and thus no size- 

or age-dependent dosing regimens are available for the pediatric population [153]–[155]. More, well-

designed studies in the youngest age groups should thus be performed.  

Absorption  

Oral formulations of dDAVP are absorbed rapidly in the gastro-intestinal tract reaching maximum peak 

plasma concentrations (Cmax) between 0.6 to 1.5 hours post administration [156]. The lyophilisate 

formulation is also absorbed buccally resulting in a higher bioavailability as compared to the tablet [157]. 

Still, the oral bioavailability is extremely low (0.1% for the tablet and 0.25% for the lyophilisate), since 

dDAVP is enzymatically degraded in the lumen of the gastrointestinal tract and the high molecular weight 

of desmopressin makes the gastrointestinal absorption inefficient [158]. The bioavailability following 

intranasal administration is slightly better (3-5%) [159]. A significant food effect on the absorption of 

dDAVP was described in adults: both a decreased (Cmax/2) and delayed absorption were described after 

eating [160]. This can be explained by either an increase in peptidase production after food ingestion or a 

binding of dDAVP to food particles [145], [161]. 

Previously, the lyophilisate formulation was shown to have a superior effect on diuresis in children, 

presumably due to a less pronounced food interaction [162]. dDAVP is to be taken in the fasted state 

before bedtime, which is challenging in young children, due to the short time between the last meal in the 

evening and bedtime. All in all, the absorption of desmopressin should be investigated more thoroughly 

in children. 

Distribution  

The apparent Vd of dDAVP after IV injection is higher in young adults (22.8 L, [163]) than in older adults 

(11.2 L [164]). In children, the apparent Vd (Vd/F) after administration of an oral lyophilisate was shown to 

be 8510 L, which would correspond to systemic Vd of 21.3 L assuming a bioavailability of 0.25% [153]. 
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Desmopressin does not cross the blood-brain barrier [165]. Following its high hydrophilicity, it is not 

expected that dDAVP distributes into the adipose tissues. 

Metabolism 

No metabolic degradation of dDAVP occurs in subcellular liver fractions, but it does in complete liver 

tissue slices and hepatocytes [166]–[168]. This degradation can be a consequence of binding to 

hepatic vasopressin receptors or internalization followed by intracellular degradation. Enzyme-

dependent proteolysis of desmopressin by pancreatic peptidases in jejunal and ileal juice also occurs, 

as happens with most peptide drugs [169]. In conclusion, most of the metabolism of dDAVP remains 

to be elucidated but is of lesser significance compared to its absorption (due to its low bioavailability). 

Elimination 

Agersø et al. determined the fraction of desmopressin excreted through the kidney after IV administration 

(4 μg) to be 39% [170]. Moreover, they investigated the correlation between creatinine clearance and 

renal clearance in both healthy and renally impaired patients and found that both renal and non-renal 

excretion of desmopressin vary with creatinine clearance. This observation could possibly be attributed to 

the association of renal impairment and changes in hepatic metabolism [171].  

7.1.3. Desmopressin PD 
PNE can have multiple causes, but the most prominent one is a disturbance in the circadian rhythm of 

endogenous vasopressin secretion [172]. Thus, dDAVP works by binding on the vasopressin (V2) receptor 

in the kidney, increasing the production of aquaporin channels and thereby increasing active water 

reabsorption. Furthermore, it increases the active sodium reabsorption which, due to osmotic pressure, 

increases passive water reabsorption. This results in the production of less and more concentrated urine. 

A difference in PD has been described between the two formulations (tablet and lyophilisate), but it is 

unclear whether this difference is caused by differences in exposure (PK) or a real difference on the effect 

site [154], [162]. Both formulations are well tolerated in children and the incidence of nocturnal voiding 

was found to be comparable between the two formulations [173].  

The PD of desmopressin is different between male and female patients, with a higher antidiuretic efficacy 

observed in females [163], [174], [175]. The most probable explanation is a different expression of the V2 

receptor in males and females. Indeed, the expression of V2 receptor mRNA and protein in kidneys of 

Sprague-Dawley rats was shown to be different between males and females. Some genes escape the 

inactivation by the second X chromosome, whereby a variability in gene expression could be observed 

[176]. Indeed, the V2 receptor has been shown to have a high probability of escaping inactivation, 
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potentially leading to expression of this gene as a result of both X-chromosomes in females [177]. This 

could indeed lead to a higher effect of dDAVP in women compared to men. 

7.2. Ciprofloxacin 

7.2.1. Characteristics and clinical use 
Ciprofloxacin is a broad spectrum antibiotic of the fluoroquinolone class labeled for treatment of anthrax 

and cUTI in children. Development of resistance of different pathogens to fluoroquinolones, in general 

mainly due their inappropriate usage, represents a current unmet clinical need. Being a fluoroquinolone 

(its structure shown in Figure 5), it has a logP of 1.63 [178], a solubility of 30 mg/ml H2O at 20°C [179] and 

is a zwitterion with an acidic pKa of 6.10 and a basic pKa of 8.60 [180]. 

 

 

Figure 5: Chemical structure of ciprofloxacin.(Created using Chemsketch 10.0) 

7.2.2. Ciprofloxacin PK 

Absorption 

Ciprofloxacin exhibits an absolute oral bioavailability of 70% and its plasma protein binding is between 20 

and 40% [181], [182]. It is actively absorbed in the gastrointestinal tract by organic anion transporters 

[101] and actively secreted back into the GI tract by breast cancer resistant proteins [183]. Due to its 

charged nature, ciprofloxacin has a profound food interaction with products containing Ca2+, Mg2+ or Al3+ 

ions, such as dairy products [182].  

Distribution 

The apparent Vd of ciprofloxacin was found to be 1.1 L/kg in adults suffering from cystic fibrosis [184], 

whereas in children, this value is normally higher (1.82 – 15.6 L/kg) [16], [20], [185]. This difference can be 

explained by the relatively hydrophilic nature of the compound and the fact that children contain more 

body water than adults [186]. Ciprofloxacin’s distribution is heavily pH-dependent, due to its zwitter-ionic 
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nature. This causes acidosis and alkalosis (e.g. due to disease state) to influence its PK, possibly altering 

exposure [181], [187], [188]. 

Metabolism 

Ciprofloxacin is partly metabolized in the liver, predominantly by CYP1A2 [182], [189], [190]. Around one 

third of the administered dose is eliminated this way, whereas the rest is excreted unchanged in bile and 

urine. Renal impairment seems to influence this metabolic capacity ([191], [192]), exemplifying the 

complex interplay between the different ADME processes. Incorporating this complexity in a pediatric 

framework shows the need for modeling and simulation tools. 

Excretion 

Ciprofloxacin undergoes glomerular filtration and tubular secretion, which together account for about 

60% of the total clearance in adults [182]. The remaining 10% (30% metabolism, 60% renal clearance) is 

attributed to biliary clearance [117], [193]. The impact of renal impairment on renal excretion remains 

unclear, as recent data are suggesting glomerular filtration and active transport processes might 

sometimes be influenced differently (contradicting the ‘intact nephron hypothesis’) [171], [194], [195]. 

Furthermore, in critically ill children, the renal clearance might be increased (‘augmented renal 

clearance’) comparable to other antibiotics [21]. 

7.3. Propofol 

7.3.1. Characteristics and clinical use 
Propofol is a short-acting anesthetic drug, used for both induction and maintenance of sedation and 

unconsciousness [196]. It is a very small molecule (its structure is shown in Figure 6) with a high lipophilicity 

(LogP = 3.8), no significant solubility in water and basic properties (pKa =11.1) [197], [198]. It is rapidly and 

extensively metabolized (less than 0.3% of the dose is excreted unchanged) to either 4-hydroxy propofol 

or propofol glucuronide, of which the former is further conjugated to either its glucuronide or its sulfate 

(see Figure 7) [199].  

The PK of propofol has been studied thoroughly [200], [201]. Originally, metabolism was thought to occur 

exclusively in the liver. Recent studies, however, found that propofol is also metabolized by the kidneys 

and possibly the small intestine and the lung [97], [116], [202]–[206].  Propofol is subject to drug drug 

interactions (DDIs) with many other drugs, e.g. ketamine [207], alfentanil [208], remifentanil [209], 

sevoflurane [210], and midazolam [211]. These interactions are categorized either as pharmacokinetic (PK) 

or pharmacodynamic (PD) interactions. Often, the causative mechanisms behind these interactions are 

not completely understood, nor is the extent of the impact on daily clinical practice. 
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Figure 6: Chemical structure of propofol (created using Chemsketch 10.0) 

7.3.2. Propofol PK 
As propofol is exclusively administered intravenously and the renally excreted dose is negligible [199], 

only distribution and metabolism are discussed. 

Distribution 

Propofol is a very lipophilic molecule, resulting in very high volumes of distribution (+/- 300 – 3000L) [199]. 

Due to its profound distribution in the adipose tissues, sampling times for clinical trials need to be very 

long; sampling over a too short time interval results in an underprediction of the Vd and an overprediction 

of the clearance [212]. In clinical terms, this is sometimes called ‘context-sensitive half-life’ [213], though 

this term is currently deemed redundant as the real half-life does not change with the trial context but 

only the estimation of this parameter does [214]. Due to it being a very small, lipophilic molecule, propofol 

distributes very rapidly and is able to cross the blood-brain barrier, resulting in a very rapid onset of its 

hypnotic effect [202], [215], [216].  

Metabolism 

As touched upon above, propofol is completely metabolized. The most important metabolic pathways are 

shown in Figure 7. Primary metabolism consists of approximately 20-40% cytochrome P450 (CYP) 

mediated hydroxylation (primarily CYP2B6 and CYP2C9) and 60-80% uridine 5'-diphospho-

glucuronosyltransferase (UGT) mediated glucuronidation (primarily UGT1A9). Almost all 4HP is further 

conjugated to either quinol glucuronides (via UGT1A9) or quinol sulfate (via SULT1A1). 98% of all 

metabolites are excreted in the urine [116].  

Due to its profound and complex metabolism, propofol’s PK is subject to a large variation in phenotype. 

Indeed, the expression of CYP2B6, CYP2C9 and UGT1A9 differs vastly between people and the effects of 

this variability on the PK are often unclear [217]–[222]. Within the pediatric scope, this variability is of 

higher importance, as the different metabolic enzymes mature at different rates [90], [223]–[228]. 
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Therefore, the PBPK approach should be an excellent way of predicting pediatric PK, as all these 

complexities are included in its model structure. 
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Figure 7: Propofol metabolic pathways (created using Chemsketch 10.0) 
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1. General aim 

As described in the introduction, many challenges to improve pediatric drug research and thus resolve the 

off-label prescription of drugs in children, are still present. It is ethically unacceptable that this vulnerable 

population does not receive the care it deserves. More knowledge regarding pediatric indications, disease 

progression, biomarkers, efficacy, toxicity and optimal dosing should be generated. However, performing 

clinical trials in children, is a daunting task, hindered by logistical, legal and ethical constraints. The project 

SAFEPEDRUG (http://safepedrug.eu) aims to improve the strategy for pediatric drug research, using, 

among others, a rational combination of bottom-up and top-down approaches, starting from pediatric 

characteristics and opportunities. The scope of this project focusses on the PK (and to a lesser extent, PD) 

of pediatric medicines. It consists of a consortium of different faculties of several Belgian universities, the 

pharmaceutical industry and regulatory authorities. Within the project, 8 work packages were defined, 

including the design and performance of pediatric clinical trials (WP2), the development of a juvenile 

animal model (WP3, [1]), the assessment of the use of modeling and simulation tools in pediatric drug 

research (WP4), and the investigation of the impact of critical illness (WP5, [2])   (more information can be 

found at http://safepedrug.eu/project/work-plan/). 

The scope of this work falls within WP4 of this project and thus the general aim of the thesis was to assess 

the reliability and predictability of the different modeling methodologies and how they can be applied 

prospectively in PDR. The strengths and weaknesses of each methodology were assessed and the 

opportunity of combining methodologies was explored. Of note is that the aim of this work was not to 

compare the methodologies to one another and rank them by performance, but rather investigate in 

which situation and for which type of drug (ADME property-wise) which methodology is more appropriate. 

Also, it was investigated where some of the methodologies fall short to reliably predict expected PK 

behavior and where areas of further investigation and research reside. It is thus not a ‘top-down’ versus 

‘bottom-up’ story, but more an investigation of the ‘best-of-two-worlds’ approach. To reach this aim, 

several model compounds were investigated, chosen for their ADME characteristics and data availability 

(see introduction). 

1. Specific aims 

1.1. Assessment of the top-down approach in PDR: desmopressin case study 

(Chapters 3-5) 
Using desmopressin as a model compound, the strengths and weaknesses of the pure ‘top-down’ 

approach were to be investigated. A priori, adult clinical data and sparse pediatric data were available, and 
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suspicions of differences between the two populations regarding effect of food and formulation on either 

PK or PD were postulated. The aim of this work was to construct population PKPD models based on 

available juvenile animal and pediatric data, and using these models, design and execute clinical trials to 

collect more informative data. Subsequently, an analysis of these trials could be performed to identify the 

pediatric covariate effects and the difference with the adult population. Furthermore, the limitations of 

using this powerful modeling tool on sparse or data arising from bad design were to be elucidated and 

opportunities to alleviate them were to be tested.  

1.2. Assessment of the bottom-up and top-down approach in PDR: ciprofloxacin 
case study (Chapters 6-7) 

The model compound ciprofloxacin was chosen for its clearance consisting of both metabolism and renal 

contributions. Being a frequently prescribed antibiotic, ample clinical data were also available. 

Additionally, a study was to be designed and executed in renally impaired children. To predict the PK of 

ciprofloxacin in this studied population, the population and PBPK approaches were to be applied in 

parallel, without formally informing one another. This made a comparison between the two approaches 

possible and allowed for a distinction between their opportunities. Hypothesis-generating and -testing 

capabilities of both approaches were to be investigated and model performance in different pediatric 

subpopulations was to be assessed.  

1.3. Assessment of the middle-out approach in PDR: propofol case study (Chapter 
8) 

The last model compound investigated was propofol. Chosen for its complex metabolism and extensive 

tissue distribution, this compound was originally selected to assess the pure PBPK approach, and to 

investigate to what extent the IVIVE approach for the glucuronidation pathway and extrahepatic 

metabolism was performing well. For this, bio-analysis methods for propofol and its metabolites were to 

be developed and validated and in vitro metabolism experiments needed to be performed. The knowledge 

gained from these experiments was then to be extrapolated to the in vivo situation. This pure bottom-up 

approach was then to be supplemented with clinical (adult) data, arriving to the middle-out approach. The 

performance of both approaches was to be assessed using available pediatric and neonatal clinical data 

and the opportunities of ‘merging’ the population and PBPK methodologies into one were investigated. 

Gaps in bottom-up PK prediction were to be identified and solutions for these gaps were to be 

investigated. 
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1.4. Identification of pitfalls and opportunities for the use of modeling and 
simulation in PDR (Chapter 9) 

Using the knowledge gained in the different case studies, an overview of the pitfalls and opportunities of 

modeling and simulation in pediatric drug research were to be identified. The appropriateness of each 

approach, based on available data and drug characteristics was to be assessed in general, but also specific 

learnings and guidelines regarding their use were to be generated.   
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1. Abstract 
Introduction: Desmopressin is used for nocturnal enuresis treatment in children. In this study, we 

investigated the pharmacokinetics of two formulations: a tablet and a lyophilisate, in both fasted 

and fed children. 

Methods: Previously published data from two studies (22 children aged 6 to 16 yr and 25 children 

aged 6 to 13 yr) were analyzed using population pharmacokinetic modeling. A 1-compartment 

model with first order absorption was fitted to the data. Covariates were selected using a forward 

selection procedure. The final model was evaluated, and sensitivity analysis was performed to 

improve future sampling designs. Simulations were subsequently performed to further explore the 

relative bioavailability of both formulations and the food effect.  

Results:  The final model described the desmopressin plasma concentrations adequately.  

Formulation and fed state were included as covariates on the relative bioavailability. The 

lyophilisate was on average 32.1 % more available than the tablet, and fasted children exhibited an 

average increase in relative bioavailability of 101%, compared to fed children. Body weight was 

included as a covariate on distribution volume, using a power function with exponent 0.402. 

Simulations suggest both the formulation and the food effect are clinically relevant.  

Conclusions: Bioequivalence data of two formulations of the same drug in adults, cannot be readily 

extrapolated to children. This is the first study in children suggesting that the two desmopressin 

formulations in children are not bioequivalent at the currently approved dose levels. Furthermore, 

the effect of food intake was found to be clinically relevant. Sampling times for a future study were 

suggested. This sampling design should result in more informative data and consequently generate 

a more robust model. 
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2. Introduction 
Off-label use of drugs in the pediatric population is widespread: 50-90% of prescriptions in 

pediatrics are off-label and/or unlicensed (1). The project SAFE-PEDRUG (http://safepedrug.eu) 

aims to reinvent the strategy for pediatric drug research using a rational combination of bottom-up 

and top-down approaches, starting from pediatric specificities and opportunities. Desmopressin (1-

deamino-8-D-arginine vasopressin, DDAVP), one of the drugs under study, is a synthetic vasopressin 

analogue acting on the V2 -receptors located in the collecting ducts of the kidney. It has been 

applied clinically for more than 30 years, using a range of different formulations: intranasal solution 

(since 1972), injectable solution (since 1981), tablets (since 1987), and most recently, an oral 

lyophilisate (since 2005) (2). 

Initially, DDAVP was developed to treat adult patients with central diabetes insipidus. Following the 

observation by Rittig et al., that children with enuresis showed a significantly lower nocturnal 

increase in arginine-vasopressine (AVP) (3), it was subsequently used for an indication primarily 

seen in children; enuresis nocturna. Until now, DDAVP is the only drug therapy with evidence level 

1, grade A recommendation, for the indication of monosymptomatic nocturnal enuresis (MNE) (4). 

Reported adverse events are generally described as mild, and include headache, abdominal pain, 

nausea, and - typically for the nasal spray (5) - nasal epistaxis, and congestion/rhinitis. 

Hyponatremia remains an infrequent but very serious adverse event associated with the 

antidiuretic effect of DDAVP treatment (6). It has been reported after intake of DDAVP with 

simultaneous excess intake of fluids [7, 8]. In 2007, the US Food and Drug Administration requested 

an update of the summary of product characteristics for DDAVP nasal spray following increasing 

reports on hyponatremia (7,9). Since then, the DDAVP spray is no longer indicated for the treatment 

of MNE, or in patients at risk for hyponatremia in the USA and most European countries (9). 

Currently, two oral formulations of DDAVP are labeled for the indication of MNE: a tablet (TAB) and 

a lyophilisate (MELT). Their bioequivalence at dose strengths of 200 µg and 120 µg, respectively, 

has been established in adults [10, 11] but not in children. In a previous study, the lyophilisate has 

been shown to have a superior effect on diuresis in children, which was hypothesized to arise from 

a less pronounced food interaction (12). DDAVP is to be taken in a fasted state before bedtime, 

which is challenging in young children, due to the short time between the last meal in the evening 

and bedtime. This suggests that the food effect on DDAVP PK/PD should be investigated more 

thoroughly, as this effect has been established before in adults (13) but not in children. A published 
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pilot study from our group investigated the PK of both the tablet and lyophilisate formulation in 

children whom were fed a standard meal (14). However, only an influence of the formulation on 

the variability in PK was detected and no fasted control group was included in the analysis. 

Additionally, suggestions of a body-size effect were found. Given these results, it was decided to set 

up a new study using a more elaborate sampling scheme to investigate these effects more 

thoroughly. This paper describes a model-based analysis we set up to increase the efficiency of this 

future trial. 

The purpose of this analysis was two-fold: 

1. By pooling previously published pediatric data on DDAVP PK and using a population 

pharmacokinetics (PopPK) approach, a more in-depth understanding of the effect of formulation, 

concomitant food intake and patient size on DDAVP PK could be obtained. 

2. The developed model was subsequently used to formulate experimental design strategies for the 

follow-up clinical trial, so that the analysis objectives could be reached as efficiently as possible. 
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3. Materials and Methods 

3.1. Study data 

Only two studies on orally formulated DDAVP PK in children have been published (14,15), both of 

which are included in the current analysis. Østerberg et al. compared the PK of an oral lyophilisate 

in 72 children with MNE to the PK in 28 healthy, adult volunteers using a double-blind, randomized, 

parallel group, multi-center study (15). Data from 25 of these children were available for the current 

analysis. In a second study, De Bruyne et al. used a two-period crossover design to compare the oral 

lyophilisate to a tablet formulation in children with MNE. Of the 23 children that were included, 22 

successfully completed the study, of which the data were available for the current analysis (14). The 

2 datasets are compared in Table 2. 

Table 2: Characteristics of the Østerberg and the De Bruyne datasets [14-15] 

 Østerberg et al. De Bruyne et al. 

n patients 25 22 

Age (years) (median [min-max]) 9.7 [6.7 - 13] 12.5 [7 - 16] 

Weight (kg) (median [min-max])  32 [25 - 63] 51  [24 - 82] 

Sex 5F and 20M 4F and 18M 

Height (cm) (median [min-max]) 138 [121 - 165] 162 [115 - 186] 

Formulation Lyophilisate Lyophilisate and tablet 

(2 weeks between treatments) 

Dose (µg) 0 - 480 200 (tablet) 

120 (lyophilisate) 

Fed state Fasted Fed (standardized 510 kcal meal) 

Average n samples per patient 1.9 3 per formulation 

Sampling times 0 - 24 h 1, 2 and 6 h 

Analytical method Radioimmunoassay LC-MS/MS 

Linear range 0.8 - 100 pg mL-1 2.0 - 100 pg mL-1 

 

3.2. Model development 

A 1-compartment model with first-order absorption was chosen as a starting point. The log-

transform-both-sides (LTBS) approach was used, meaning that the logarithm of the plasma 

concentrations was modelled. The development of the population model proceeded iteratively, and 
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the inter-individual variability (IIV) was assumed to follow a log-normal distribution. A proportional 

residual error model (= additive error model in the log domain) was used throughout the entire 

process. Once an appropriate mixed effects model was obtained, covariate relationships were 

investigated using a forward selection, adding them to the model one at a time and selecting the 

models with the best performance metrics to proceed with. The covariates that were tested, were: 

formulation (MELT), fed state (FED), age (AGE), body weight (WT), sex (SEX), and Tanner Index 

(TAN). 

The decision to include or exclude certain model components was guided by several performance 

metrics: the Objective Function Value (OFV), Akaike’s Information Criterion (AIC), the condition 

number (CN), and the relative standard error (RSE) of the parameter estimates, obtained through 

the covariance step in NONMEM. A drop in OFV of 3.84 was assumed to indicate a significantly 

better fit. Both the OFV and the AIC are based on likelihood ratio tests, that cannot be reliably used 

to guide in-/exclusion of IIV parameters, especially for sparse data (16). Thus, for those parameters, 

decisions were made based on RSE and CN (both should be as low as possible), and standard 

goodness of fit plots (plots of the observed concentrations versus population- and individual-

predicted   concentrations, and plots of the residuals). 

3.3. Model evaluation 

In order to establish confidence in the final model, different evaluation techniques were applied. A 

visual and numerical predictive check (VPC and NPC) were performed, without binning or calculating 

confidence intervals (CIs) on the (sparse) data. Individual and population predictions versus 

observations plots were also used, and bootstrap analysis was performed. For the latter analysis, 

1000 datasets of 47 subjects were resampled with replacement from the original dataset. The bias-

corrected bootstrap with acceleration constant (BCa ) method was used in order to obtain second-

order correct 90% CIs around the parameter estimates (17). This method corrects for bias and 

skewness in the standard bootstrap CIs and thus provides a more reliable estimate of the parameter 

CIs. 

The last evaluation technique consisted of normalized prediction distribution error (NPDE) analysis. 

For this method, the final model was simulated 1000 times using the same design as the original 

dataset, after which the NPDEs were obtained using the table step in NONMEM [18,19]. Under the 

null hypothesis that the model describes the data, the distribution of NPDEs should be equal to the 

standard normal distribution N(0,1). 
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This hypothesis was formally tested using the Wilcoxon signed-rank test (H0 : µ = 0), the Fisher 

variance ratio test (H0 : σ2 = 1), and the Shapiro-Wilks normality test (H0 : Z ∼ N (µ, σ2 )). 

3.4. Sensitivity analysis and sampling design 

Sensitivity analysis was performed on the final model. This means, in the broadest sense, that the 

influence of the different model inputs on the output was studied in a quantitative way. The results 

can point to parameters that can be excluded (model reduction) or errors in model structure. 

Furthermore, these results show at which point in time the model output is the most sensitive to 

an input, and thus when the most information can be gained from an experiment. Therefore, this 

technique can be used to perform Optimal Experimental Design (OED). In general, two kinds of 

sensitivity analysis exist: local and global sensitivity analysis [24–26], of which the former was 

performed in this study.  

In this Local Sensitivity Analysis (LSA), the influence of the model parameters was examined in a 

small window around the nominal (estimated) value. Because of this small perturbation, the change 

in response can be described by a first order approximation, and the sensitivity of the output to 

each input can be calculated using the partial derivative of that output to each specific parameter. 

In order to be able to compare these sensitivities, they were normalized to Elasticity Indices (EIs), 

which have the same units (pg ml−1) as the output (see Equation 4). These EIs can be compared 

between different parameters, independent of the parameter values. 

Equation 4: Elasticity indices 

𝐸𝐼𝑦 𝑡𝑜 𝜃𝑖
=  

𝜕𝑦(Θ)

𝜕𝜃𝑖
∗ 𝜃𝑖  

The results of the LSA were compared to an OED performed using PopED for R [18]. In this design, 

optimal sampling times were calculated based on optimization of the population Fisher Information 

Matrix (FIM) [25], which should result in more efficient designs than the use of a LSA on its own. 

Five iterations of a sequence of random search (300 iterations), stochastic gradient (150 iterations) 

and linear search (step size = 40) algorithms were used to identify the optimal design. 

3.5. Simulation-based analysis 

Once confidence in the model had been achieved during the evaluation step, it was used for 

simulation. On the one hand, the established average bioequivalence of 120 µg lyophilisate and 200 

µg tablet (10,11), and the food effect (13) previously reported in adults were further analyzed for 
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their clinical relevance in this pediatric dataset. On the other hand, the optimal sampling times 

found before were applied in a sample size calculation for a bioequivalence trial. 

To investigate the effect of the 2 DDAVP formulations and of the food intake, clinical trial 

simulations (CTSs) were performed. For this, 20 patients were sampled randomly (by body weight, 

as no other covariates were present in the final model) from a lognormal body weight distribution 

for children aged 7 to 16 year (23). These 20 patients then were simulated to undergo 4 scenarios:  

administration of 120 µg lyophilisate while fed (MELT + FED), 200 µg tablet while fed (TAB + FED), 

120 µg lyophilisate while fasted (MELT + FAST) and 200 µg tablet while fasted patients (TAB + FAST). 

For each scenario and patient, the area under the plasma concentration-time curve (AUC0-∞) and 

maximum drug concentration (Cmax), and their logarithms were calculated from 8 simulated 

samples, taken at the optimal times determined by the LSA. As is recommended by the FDA (24), an 

additional sample at 24h was included in this design, to minimize extrapolation in the AUC 

calculation. 

For each trial of each individual, the following ratios were calculated to separate the formulation 

and the food effect: 

𝐹𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑒𝑐𝑡:  

∆ log(𝐴𝑈𝐶𝐴) =  log(
𝐴𝑈𝐶𝑇𝐴𝐵,𝐴

𝐴𝑈𝐶𝑀𝐸𝐿𝑇,𝐴
) 

∆ log(𝐶𝑚𝑎𝑥,𝐴) =  log(
𝐶𝑚𝑎𝑥,𝑇𝐴𝐵,𝐴

𝐶𝑚𝑎𝑥,𝑀𝐸𝐿𝑇,𝐴
) 

𝐹𝑜𝑜𝑑 𝑒𝑓𝑓𝑒𝑐𝑡:  

∆ log(𝐴𝑈𝐶𝐵) =  log(
𝐴𝑈𝐶𝐵,𝐹𝐴𝑆𝑇

𝐴𝑈𝐶𝐵,𝐹𝐸𝐷
) 

∆ log(𝐶𝑚𝑎𝑥,𝐵) =  log(
𝐶𝑚𝑎𝑥,𝐵,𝐹𝐴𝑆𝑇

𝐶𝑚𝑎𝑥,𝐵,𝐹𝐸𝐷
) 

Where A = FED or FAST and B = TAB or MELT. Two formulations are considered bioequivalent when 

the 90% CIs of the geometric mean of their AUC- and Cmax -ratios fall between 80% and 125% [20, 

21].  As these means are equal to the log-average, the CIs on the log-ratios were calculated using 

the modified Cox method (Equation 5, (27)) which were subsequently exponentiated to obtain the 

normal CI. 
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Equation 5: Modified Cox method 

𝐶𝐼 = exp (�̂� +
𝜎2

2
± √

𝜎2

𝑛
+

𝜎4

2(𝑛−1)
) 

Where Ŷ is the mean of the log-ratios, σ is the standard deviation, n is the sample size (20), and t is 

the 90% value of the two-sided t-distribution with n − 1 degrees of freedom (≈ 1.33 for n = 20). The 

CIs for the food effect were calculated and interpreted in the same way, as is recommended by the 

FDA (28), resulting in the acceptance or rejection of bioequivalence and food effect for that 

particular trial. These trials were repeated 1000 times and the resulting CIs were then summarized 

by taking the median of the lower, upper and mean values. Furthermore, the percentage trials 

which resulted in acceptance of bioequivalence were calculated. Eventually, a sample size 

calculation for a crossover two-period bioequivalence study with doses suggested by the estimated 

model parameters was performed, both in fed and fasted patients. This sample size calculation took 

parameter uncertainty into account by sampling each parameter from a multivariate normal 

distribution based on the variance-covariance matrix, resulting in 1000 parameter sets for each 

number of individuals. 

3.6. Software 

Model development and parameter estimation were performed using NONMEM v. 7.3 (29), with 

FOCE as estimation algorithm, accessed with the software Perl-Speaks-Nonmem (PSN) (30), 

embedded in the workbench Piraña (31). RStudio (v. 0.98, http://www.rstudio.com/) was used to 

prepare the datasets, perform the simulations, and post-process all results, which included the 

statistical calculations and plot generation. The LSA was performed using the biointense model 

environment in Python. This package is “an object oriented python implementation for model 

building and analysis, focusing on sensitivity and identifiability analysis” (32). It was accessed using 

Spyder v. 2.3.3 (33). 

http://www.rstudio.com/
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4. Results 

4.1. Model development 

The model development path is depicted in Table 3. The available data was used to its limits, as not 

all random effects could be estimated without inflating the condition number. This is caused by the 

sparseness of the data. After model 29 was run (the final model), other covariates (age, tanner 

index, BMI and sex) were tested on all the fixed effects. Different relations (Emax, sigmoidal, 

exponential and allometric scaling) were also tested for these covariates. None of them improved 

the model significantly and often a significant increase in OFV was found instead (data not shown). 

Therefore, model 29 was chosen as the final model. The final model structure and parameters are 

found in Table 4. The final model included an effect of formulation and food intake on the 

bioavailability F1 and of body weight on the volume of distribution Vd. Inclusion of these covariates 

considerably reduced unexplained IIV compared with the base model. 
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Table 3: Model development path to the final model. 

Run # Ref # OFV ΔOFV AIC CN Max(RSE) Description 

1  -4.482  5.518   

One compartmental model with first 

order absorption. Estimation of fixed 

effects. 

7 1 -32.237 -27.755 -20.237 34 35% Estimation of IIV on F1 + fixed effects. 

11 1 -4.482 0 3.518   Fix F1 (no IV data) to 1. 

15 11 -32.237 -27.755 -22.237 17 35% Estimation of IIV on F1 + fixed effects. 

17 15 -35.976 -3.739 -23.976 34 77% 
Estimation of IIV on F1 and Vd + fixed 

effects. 

21 11 -49.413 -44.931 -37.413   

Addition of formulation effect covariate 

to model before estimating IIVs, estimate 

fixed effects and IIV on formulation 

effect. 

23 21 -70.275 -20.862 -56.275 32 36% 
Estimation of IIV on formulation effect 

and Vd + fixed effects. 

27 23 -85.594 -15.319 -69.594 84 56% 

Addition of food effect covariate to 

model (in addition to formulation) before 

estimating IIV on formulation effect and 

Vd + fixed effects. 

28 27 -83.954 1.64 -67.954 84 47% 
Put IIV on F1 (lumped) instead of on 

formulation effect. 

29 28 -87.758 -3.804 -69.758 40 46% 

Addition of body weight as a covariate to 

Vd using a power function (in addition to 

food and formulation effect on F1 = Final 

Model). 
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Figure 8: VPC for the different scenarios present in the data. The line represents the median model prediction for each 
scenario, the grey area represents the 90% prediction interval. 

 

Figure 9: VPC for all data pooled together. The line represents the total median model prediction, the grey area represents 
the 90% prediction interval. 

0 2 4 6 8 10 12

1
2

5
10

20
50

Time (h)

D
e

s
m

o
p

re
s
s
in

 c
o

n
c
e

n
tr

a
ti
o

n
 (

p
g

/m
l)



79 

 

Figure 10: Population and individual predictions versus observed concentrations. The dotted line represents the unity line 
and the full line represents a Loess smoother through the data points. 

 

Figure 11: NPDE distribution (left) and QQ-plot (right). µ = 0.00569, σ = 1.01. 

4.2. Model evaluation 

In Figure 8, VPCs for the three different scenarios present in the data (MELT + FAST, MELT + FED, 

and TAB + FED) are shown. The model seems to perform best for patients who receive the 

lyophilisate formulation. The numerical predictive check was performed on the full VPC (Figure 9). 

2.80% of the observations lay above the 90% PI and 3.50% of the observations lay below the 90% 

PI, indicating good model performance. Figure 10 shows the population and individual predictions 

plotted against the observations: no significant deviations from the line of unity are seen. 

The 90% CIs of the BCa bootstrap analysis (818/1000 runs completed minimization) are included in 

Table 4. The bootstrap estimates deviated between −7.53% and +4.50% from the model estimates, 

with an average deviation of 0.21%. Bootstrap-estimated relative standard errors (between 18.2% 

and 84.9%) were consistently higher than the standard errors estimated in NONMEM (between 10% 

and 46%). The NPDE results are shown in Figure 11. No significant deviations from the standard 

normal distribution could be detected, as is shown in Table 5. 
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Table 4: Population pharmacokinetic model parameter estimates and bootstrap values. CL/F1: clearance relative to 
bioavailabilty, Vd/F1: volume of distribution relative to bioavailibilty, ka: first order absorption rate constant; F1: 

bioavailability (fixed to 1 to show relative effects of formulation (5) and fasted state (6), IIV: interindividual variability, 
TV_X: typical value of parameter X, WT: Body Weight. 

Parameter Estimate [%RSE] Bootstrap [90%CI] 

CL/F1 = TV_CL 4982 L/h [12%] 4964 [4002 – 5820] 

Vd/F1 = TV_VD * (WT/45.5)exp
 23346 L [13%] 23345 [17817 – 28366] 

ka = TV_KA  1.65 h-1 [25%] 1.72 [1.01 − 2.58] 

F1 = TV_F1 + EFF_MELT +        

EFF_FASTED  
1 FIX 1 FIX 

Influence of MELT  0.321 [46%] 0.333 [0.0486 − 0.548] 

Influence of fasted state   1.01 [25%] 1.05 [0.579 − 1.45] 

EXP: Influence of weight (θ7) 0.402 [44%] 0.397 [0.118 − 0.731] 

IIV on CL 0 FIX 0 FIX 

IIV on Vd 

 

27.3%1 [15%] 

(39% Shrinkage) 

25.2% [16.5% − 46.0%] 

IIV on ka 0 FIX 0 FIX 

IIV on F1 

 

21.1% [10%] 

(39% Shrinkage) 

21.1% [11.6% − 31.2%] 

Proportional residual error 38.5 CV% [14%] 37.8 CV% [34.4% – 44.1%] 

 

  

                                                           
1 Coefficient of variation, calculated as 𝐶𝑉% = 100% ∗  √𝑒𝜔 − 1 
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Table 5: Formal tests for H0 : NPDE-distribution = N(0, 1) 

Test H0 Value p-value Conclusion 

Wilcoxon signed-rank µ = 0 V = 5153 0.994 H0 cannot be rejected 

Fisher variance ratio σ2 = 0 F = 1.03 0.770 H0 cannot be rejected 
Shapiro-Wilks Z ~N(μ, σ2) W = 0.989 0.315 H0 cannot be rejected 
 

4.3. Sensitivity analysis and sampling design 

The calculated EIs versus time are presented in Figure 12. Sensitivity function optima are marked 

with green stars. These optima are considered good sampling time points, as the output is the most 

sensitive to a certain parameter at those points, enabling optimal estimation of this parameter 

(22,34). The most important parameters (i.e. the one with the largest area under the sensitivity 

function) are the relative bioavailability and dose, the effect of food intake, Vd, and CL.  

Based on this analysis, sample times for a subsequent clinical study with rich sampling were 

suggested. Intensive sampling of the absorption part (< 3 h) is needed to capture all information 

present during this part of the PK profile. The elimination phase is much less informative and should 

not be sampled equally intensive. The proposed sampling scheme for a study with 8 time points was 

0.25 h, 0.5 h, 1 h, 1.5 h, 2 h, 3 h, 5 h and 6 h. 

The results of the FIM-based OED are shown in Figure 13. The resulting sampling scheme for 8 time 

points is presented in Table 6. The optimal design was 1.34 times more efficient than the initial (LSA-

derived) design. Merging of optimal times close to each other resulted in minimal loss of efficiency. 

This reduced design was 1.22 times more efficient than the initial LSA-derived design. 

Table 6: Optimal experimental design 

Scenario Sample times (h) 

MELT + FED 0.475 0.8 0.8 2.15 2.375 4.4 5.5 5.8 

MELT + FASTED 0.3259 0.475 0.8 1.85 2.075 5.8 5.8 5.8 
TAB + FED 0.4 0.65 0.8 2.025 2.15 6.1 7.2 7.2 
TAB + FASTED 0.525 0.525 0.8 1.735 2.053 4 6.85 7.8 
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Figure 12: Relative sensitivity of the predicted DDAVP plasma concentrations to the model parameters. The blue pentagons 
refer to original sample times [8], whereas the green stars represent proposed optimal sampling times. 
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Figure 13: FIM-based optimal sampling design. The profiles are expected population averages for the different scenarios 
and the circles are suggested sampling times. 

4.4. Simulation-based exploration 

4.4.1. Bioequivalence and food effect 

The CTSs are summarized in Figure 7. In none of the simulated trials, the different formulations/ fed 

states were found to be bioequivalent. The simulations, in Figure 14, show how the food effect is 
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DDAVP when they are fasted than when they have received a standard meal.  In addition, a 200 µg 

tablet results in a higher exposure compared to a 120 µg lyophilisate while in adults, these dose 

levels resulted in equivalent exposure. In order to quantify the relevance of these effects, the 

median 90% CIs for the ratio of geometric means of AUC0-∞ and Cmax were calculated and are 

presented below. 
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Cmax − ratio = 144% [135% − 153%] 

Food effect: 

AUC − ratio = 194% [187% − 201%] 

Cmax − ratio = 202% [190% − 215%] 

When applying EMA and FDA guidelines to the results of this simulation study, a significant food 

effect is concluded to be present for DDAVP in children [20, 21]. The established bioequivalence of 

200 µg tablet and 120 µg lyophilisate is also rejected, based on these simulations. It can thus be 

expected that in a real trial, bioequivalence between the 200 µg tablet and 120 µg lyophilisate 

cannot be claimed. Indeed, a point estimate of 138% suggests that the ratio of dose strengths (120 

µg lyophilisate versus 200 µg tablet) is suboptimal and a higher lyophilisate dose is needed to reach 

similar exposure as compared to the 200 µg tablet. Using the parameter estimate of the formulation 

effect (0.3208), we calculated that the equivalent dose of lyophilisate to 200 µg tablet is 151.4 µg. 

At this point, a new CTS was performed using these newly suggested dose strengths. The results are 

shown in Figure 15 and show an almost complete overlap of the concentration-time profiles for 

both formulations. 

 

Figure 14: Simulated DDAVP plasma concentrations for the four different scenarios (120 µg lyophilisate, 200 µg tablet). 
The lines represent the average response and the colored areas represent the 95% prediction intervals. On the left, the 
effect of the different formulations is depicted; on the right, the food effect is shown. 
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Figure 15: Simulated DDAVP plasma concentrations for the four different scenarios (150 µg lyophilisate, 200 µg tablet). 

In order to further support this new dose, a proper two-period cross-over bioequivalence trial 

should be performed with 150 µg lyophilisate and 200 µg tablet. A power curve was approximated 

for this design, by simulating this trial 1000 (parameter uncertainty) * 1000 (IIV) times for 1 up to 

50 patients and calculating the power as the number of times bioequivalence was proven divided 

by the total amount of trials (1000). The results for fed patients are shown in Figure 16: 

approximately 20 patients would be needed for a median power of 80%. As no fasted patient taking 

the tablet formulation were included in the original data set, this analysis cannot reliably be 

performed for fasted patients. Indeed, a power analysis using fasted patients, indicated 

approximately 250 patients would be needed for a median power of 80% (results not shown), which 

seems unlikely. 
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Figure 16: Approximated power curve for a two-period cross-over bioequivalence trial with fed patients. The colored areas 
represent the 90% prediction interval. 
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5. Discussion 
In this study, we investigated the pharmacokinetics of desmopressin in a pediatric population. In 

order to do this, two data sets of previously published clinical trials were combined, enabling the 

use of the specifics (e.g. food intake or not, sampling schemes,...) of both data sets and thus the 

extraction of more information from the data. Nonlinear mixed effects modeling was used and a 1-

compartmental model with first order absorption was able to describe the data well. In previous 

studies, more complex models such as a 2-compartmental model (35), a 3-compartmental model 

(36) and a 1-compartmental model with transit compartments (15) have been used to describe 

DDAVP PK. The first two, however, describe DDAVP pharmacokinetics after intravenous dosing, 

which indeed follow biphasic kinetics (37). Possibly, this biphasic behavior is masked by the 

absorption process after oral dosing. A two compartment model was tried but resulted in a 

significantly worse fit than the one compartment model (ΔOFV = +81.3) The use of a transit model 

could be argued, as the absorption kinetics of DDAVP do seem to be delayed; the mean residence 

time and number of compartments in children have been estimated as 0.237 h and 1.19, 

respectively (15). The simple first order absorption model was compared with the transit 

compartment model, but this showed no significant improvement (ΔOFVtransit = +8.502). For reasons 

of parsimony, the first order absorption model was hence retained. 

In our study, a population apparent clearance (CL/F) of 4892 L/h was found. This is almost twice the 

value found in the pediatric dataset by Österberg et al. (15). However, in our study we allowed the 

relative bioavailability to change, depending on the formulation and the fed state. If we calculate 

the population CL/F for a fasted population receiving the lyophilisate formulation, CL/F becomes 

4892/(1+0.3208+1.011) = 2098 L/h, which corresponds with the reported value of 2330 L/h by 

Österberg et al.(15). The same reasoning can be followed for the apparent volume of distribution 

(Vd/F). However, to compare both values correctly, Vd/F should be calculated for the average body 

weight from the full Österberg dataset (28 kg (15)). Vd/F then becomes 23346∗(28/45.5)0.4020 = 8237 

L, which corresponds to the reported value of 8510 L (15). 

The bioequivalence between 200 µg tablet and 120 µg lyophilisate found in adults (10,11,37) could 

not be supported by the current analysis. The statistical significance of the formulation effect is 

apparent from our model, suggesting that the 120 µg lyophilisate is 32.1% more bioavailable than 

the 200 µg tablet. In adults, this value was found to be (200/120 – 1) = 66.7% for a similar strength 

lyophilisate and tablet. Indeed, when a lyophilisate dose of 150 µg (33.3% lower than 200 µg) is 
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simulated (Figure 15), the desmopressin exposure of the two formulations in children shows a much 

better overlap. A possible explanation for this phenomenon could be a reduced sublingual 

absorption in children, caused by either the lower surface area compared to adults, or the fact that 

the lyophilisate is swallowed sooner by children. This could be formally tested in a two-period cross-

over clinical bioequivalence trial.  

The effect of food intake was also found to be clinically significant. Attributing this effect exclusively 

to food intake might be considered too simplistic, as all fasted patients originated from the 

Österberg study and all fed patients originated from the De Bruyne study, which means other 

factors might confound our analysis.  There are two major differences between the studies: the 

bioanalytical method and the level of hydration. Since the two analytical methods were both 

validated and had a similar linear range, it seems unlikely that this has confounded our estimate for 

food effect to any significant degree. In the De Bruyne study, hydration was maintained by oral 

water administration, 5 hours after dose. Patients in the Österberg study, however, drank 1.5% of 

their body weight as water during 30 minutes after which urinary output loss was replaced with an 

equivalent amount of tap water (14,15). Notwithstanding this difference in hydration method, it 

was previously shown that hydration does not significantly influence the PK of DDAVP (35) and it is 

thus highly improbable that the difference between the two study groups can be attributed to this. 

However, between-study-variability might still be present in this effect parameter, as it should thus 

be interpreted with care. 

As children are not always fasted when they take DDAVP (right before bedtime), this food effect can 

have consequences for the optimal dosing. Even though the effect on the maximal response might 

be negligible, as it is in adults, there might be an influence on the duration of action (13). 

An effect of WT on Vd/F was also found, indicating that dose adjustment could be necessary to 

maximize efficacy in this pediatric population. However, the extent of the body weight influence is 

quite unclear from these data, as the exponent of the power relation exhibits quite a large 

uncertainty. More informative trials can result in smaller CIs for this (and other) parameters. Indeed, 

although model evaluation was positive, the amount of information in the data seems to be 

exhausted in this (relatively simple) model. This is e.g. clear from the failure to additionaly estimate 

an IIV on CL and ka. However, the variability of CL in the population is still somewhat captured by 

the model, as CL and Vd are apparent clearance and volume of distribution, which are correlated 

via the bioavailability F. This way, the IIV on CL is partially captured by the IIV on F and Vd.  Ka, and 
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especially its IIV, should be estimated though, which is why a new trial with more intensive sampling 

of the absorption region is needed. 

Therefore, a sensitivity analysis was conducted in order to suggest sampling times for a new trial. 

More intensive sampling in the absorption phase is advisable, as is proposed by both the LSA as well 

as the OED. We suggest to design the trial according to the LSA results, as these time points are 

more practical in a clinical setting, and the OED was only 1.34 times more efficient than the LSA-

design. This design was based on 8 samples, while theoretically speaking 3 sampling points (the 

number of parameters in the model) should be sufficient (34). However, as the follow-up study will 

also investigate PD and due to logistical risks, more samples are preferable.  

As the difference between two formulations is not only a matter of PK, PD will also be monitored in 

this new trial. It was e.g. demonstrated in adults that there is a significant effect of sex on the DDAVP 

PD (38). This effect is thought to be caused by a difference in V2-receptor expression (39) and should 

also be investigated in children. As our study is based exclusively on PK data, no inferences about 

the optimal sampling scheme for PD analysis could be made. In the newly designed trial, PD 

characteristics such as urine volume and plasma osmolality will be measured after which a 

population approach will be used to gain knowledge about the complete PK/PD behavior of DDAVP 

in the pediatric population. 

In conclusion, in this analysis we have presented evidence for an effect of body weight and fed state 

on the pharmacokinetics of desmopressin in children. Furthermore, the relative bioavailability 

between the lyophilisate and tablet formulations is probably not the same in children as in adults. 

We should be reluctant to accept bioequivalence in children based on adult data alone. Our study 

also offers suggestions for optimizing the sampling design of a new trial and a sample size calculation 

for a bioequivalence trial was also provided.  
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1. Abstract 
Objective: For a new formulation of a drug, one only has to demonstrate pharmacokinetic (PK) 

bioequivalence with the original formulation in adults. However, “children are not small adults” and to 

guarantee safe and effective treatment, age-adapted drug development is required. Desmopressin 

(dDAVP), a vasopressin analogue prescribed for nocturnal enuresis in children, was studied as an example 

of extrapolation of formulations developed in adults.  

Design: Previously published data were analyzed using population pharmacokinetic pharmacodynamics 

(PKPD) modeling.  

Setting: PK/PD data in children who were administered ddavp after a standardized meal  

Patients: 18 children suffering nocturnal enuresis between 7 and 16 years old 

Interventions: Population PK/PD modeling 

Main outcome measures: Comparison of two ddavp-formulations;  tablet versus lyophilisate. The 

measurements for PK and PD were respectively plasma desmopressin concentration and urine osmolality 

and diuresis.  

Results: The only covariate that significantly improved the model was the formulation: the IC50 (for 

inhibition of urine production) was 0.7 pg/ml lower for the lyophilisate than for the tablet. The effect of 

formulation on the IC50 seems to suggest that the lyophilisate has a more pronounced effect on the urine 

volume and - osmolality than the tablet, when the same exposure is achieved. The 120 µg lyophilisate 

results in a lower urine volume and a higher urine concentration than the 200 µg tablet.  

Conclusions: This study indicates that minor changes in formulation make bioequivalence studies in 

children necessary and the collection of safety-data required. Appropriate PKPD studies are thus pivotal in 

the pediatric population, not only for every new drug but also for every new formulation. 
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2. Introduction 
Clinical drug studies in children are characterized by several practical and ethical issues [1]. FDA and EMA-

regulations on pediatric drug research have tried to find a compromise between minimal exposure of 

children to a pediatric research program, and acquiring minimal PK/PD and safety-data in children to 

reassure safe prescription of the drug. Therefore, pediatric bioequivalence studies are not required to 

obtain registration for a new or generic formulation of an existing drug. Today, only the pharmacokinetic 

(PK) bioequivalence with the original formulation in adults has to be demonstrated, following the 

assumption that the therapeutic effect of a drug product is a function of the concentration of the active 

molecule in the systemic circulation. Thus, if two or more drug formulations, containing equivalent 

amounts of the same drug, cause similar drug concentrations in blood or plasma, they are deemed 

bioequivalent and assumed to be therapeutically equivalent and interchangeable [2,3]. These PK-tests are 

performed in a limited number of healthy male young volunteers, assuming that PK is a surrogate for the 

pharmacodynamics (PD), hardly ever accounting for the potential effects of gender-, size-, age- and 

maturation-specific differences in PD. However, “children are not small adults” and to guarantee safe and 

effective treatment, age-adapted drug development is required [4]. 

The SAFE-PEDRUG project (http://safepedrug.eu) aims to question current premises in pediatric drug 

research and to develop a new strategy using a multidisciplinary bottom-up approach starting from 

knowledge of the pediatric physiology and pharmacology. One of the index-drugs under study in this 

project is desmopressin (dDAVP, 1-deamino-8-D-arginine vasopressin), which is a synthetic vasopressin 

analogue originally developed for central diabetes insipidus. Since 1980, this oligopeptide was approved 

for primary monosymptomatic nocturnal enuresis (MNE) in children. This is based on the findings that 

enuretic children lack the nocturnal rise in vasopressin levels resulting in a relatively high overnight urine 

production clearly exceeding their functional bladder capacity [5]. Desmopressin (dDAVP) is an interesting 

drug to be studied because of its peptidic nature, which leads to low bioavailability with large between-

subject variability (tablet; 0.08-0.16%/ lyophilisate; 0.25% in adults) [6,7]. Moreover, in contrast with most 

pediatric drug dosing regimens, the available dDAVP-formulations do not require an age - or size adapted 

dose [8,9]. Nevertheless, such age - and size dependency was recently demonstrated, not only in children 

but also in the elderly [10–12]. Currently, only the tablet and the lyophilisate are labelled for the use in 

MNE. The latter has an average bioavailability that is approximately 60 % higher than the tablet, based on 

adult bioequivalence studies [7]. The existing 200/400 microgram tablet formulations are thus considered 

to be bioequivalent to 120/240 microgram lyophilisate. Following the aforementioned FDA and EMA-

regulations, the same dosing regimen is applied in children, despite the absence of pediatric data [8,13].  



 

102 

These bioequivalence features for children were already questioned in the past by our research group 

based on the findings of previous pilot studies [10,11,14]. The bioavailability of dDAVP-lyophilisate is less 

influenced by food interactions, most likely due to the fact that the absorption mainly occurs through oral 

and/or buccal mucosae [10,15].  

Furthermore, the correlation between PK and PD shows some temporal delays  as was demonstrated in a 

recent study [16], and we might expect it to be even more complex in children because of age-related 

renal medullary concentrating activity. Clearly, there is a need for additional research on the equivalence 

of PD-effects of dDAVP, i.e. data on its anti-enuretic effect (number of wet nights per week), antidiuretic 

effect (urinary volume per time unit) and the renal concentrating capacity (urinary osmolality) are required 

in children. In order to draw solid conclusions regarding the efficacy of dDAVP in children, pharmacokinetic 

and pharmacodynamics data should be analyzed together. The aim of this study was to investigate the 

equivalence of dDAVP- tablet and -lyophilisate in children with MNE, regarding both pharmacokinetic and 

pharmacodynamic endpoints. 
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3. Materials and Methods 

3.1. Study data 
Previously published data from a pilot study were analyzed using population pharmacokinetic-

pharmacodynamics (PKPD) modeling. The design of this interventional prospective study was a two period 

cross-over trial, which is the preferred design for bioequivalence studies of two formulations according to 

the EMA-guidelines. Data was collected on two separate days in identical standardized conditions, in 

children who were fed a standard meal (Figure 17). The tested formulae of dDAVP were a 200 microgram 

tablet (Desmotab®, Ferring N.V. Aalst, Belgium) and a 120 microgram lyophilisate (Minirin®, Melt, Ferring) 

at respectively day one and day two. On arrival, volunteers had been fasting since the morning. A 15 ml/kg 

water load was administered to suppress the subjects’ own vasopressin secretion. If complete dilution was 

reached, a standardized meal of 510 kcal (McDonald’s® - Happy Meal™) was served, immediately followed 

by dDAVP administration. To maintain hydration, produced urine was compensated by drinking an equal 

amount of water and insensible loss (estimated as 500 ml/m2 body surface area per 24 hours) was 

administration 5 hours post-dDAVP dose.   

Patients between 5 and 18 years old, suffering from MNE, and partially responding to dDAVP-tablet or 

nasal spray were included. All children were recruited in a tertiary enuresis center (Ghent University 

Hospital, Belgium).  Exclusion criteria were dDAVP-hypersensitivity, abnormalities of the oral cavity, use of 

antibiotics, diuretics or any other drug known to have an effect on dDAVP-plasma concentrations, or any 

clinically significant disease likely to interfere with the evaluations.  
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Figure 17: Study design (adapted from De Guchtenaere A. et al., J Urol 2011 [10]) 

 

In this PKPD population modeling study, data of 18 out of the 23 originally included children were analyzed. 

The reasons to exclude data of 5 patients were the following; one patient was not able to take oral 

medication, one patient didn’t stop dDAVP treatment the day before the test, one patient did not reach 

full dilution after fluid intake, and two patients had collection errors (Table 7).  

Written informed consent was signed by all parents and/or a legal guardian, while children of appropriate 

intellectual maturity completed an assent form (age > 12 years). Approval was obtained from the local 

ethical committee (EC 2009/653) and the study was performed in accordance with ICH guidelines of Good 

Clinical Practice [17].  
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Table 7: Patient characteristics 

 

  

  

n patients 18 

Age (years) (median [min-max]) 13 [7 - 16] 

Weight (kg) (median [min-max])  51 [24 - 82] 

Sex 4F and 14M 

Height (cm) (median [min-max]) 161 [115 - 186] 

Formulation Lyophilisate and tablet 

(2 weeks between treatments) 
Dose (µg) 200 (tablet) 

120 (lyophilisate) 

Fed state Fed (standardized 510 kcal meal) 

Average n samples per patient 8 per formulation 

Sampling times 1, 2, 3, 4, 5, 6, 7 and 8h post dose 

Endpoints Urinary volume (ml) and urine osmolality (mOsm/kg) 
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3.2. Model development 
The dDAVP-plasma concentrations, urinary volumes and urine osmolalities were used as the PK- and PD-

endpoints, respectively. A sequential PK/PD approach was applied to these data. For this, a previously built 

and published one-compartmental model with first-order absorption was used to predict the dDAVP-

plasma concentrations at the PD-time points [14]. As dDAVP works by regulating a physiological process, 

i.e. water reabsorption, an indirect response model was found to best describe the link between plasma 

concentrations and PD-endpoints [18,19]. In previous work by Callreus et al., a type 2 indirect response 

model was used to describe the influence of dDAVP on the urine osmolality in adults [20]. This osmolality 

was then linked to the urine production via an effect compartment. This model was considered at the start 

of the model building process but soon replaced by another model structure. In this alternative, urine is 

considered to be produced according to a zero order function, which is inhibited by dDAVP, i.e. a type 1 

indirect response model was applied [18]. At each measurement, the urine compartment was reset to 

simulate bladder voiding, and the total urine volume at the time of measurement was linked to the 

osmolality using an Emax-type model. The model structure and link between predicted urine volume and 

measured urine osmolality are depicted in Figure 18. 

 

Figure 18: Model structure and graphical depiction of the link between predicted urine volume and urine osmolality. A one 
compartmental model with first order absorption is used to predict the dDAVP plasma concentration, which then inhibits the zero 
order product 

 

The estimation of the population parameters proceeded iteratively using FOCE in NONMEM version 7.3, 

and the interindividual variability (IIV) was assumed to follow a log-normal distribution [21]. Different 

residual error models were tested and eventually an additive residual error model was used for the 

osmolality, whereas a proportional residual error was chosen for the urine volume. Once an appropriate 

mixed effects model was obtained, covariate relationships were investigated using forward selection by 
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adding them to the model one at a time and selecting the models with the best performance metrics to 

proceed with. The covariates that were tested were the formulation (MELT), age (AGE), body weight (WT), 

sex (SEX), the Tanner Index (TAN) and the urinary creatinine level (UCREA). The model development 

decisions were driven by the following metrics: the objective function value (OFV), physiological 

plausibility, Akaike’s information criterion (AIC), condition number (CN) and the relative standard error 

(RSE) of the parameter estimates. A drop in the OFV of 3.84 was assumed to indicate a significantly better 

fit. Since in the end only one covariate was included in the model, no backward deletion step was 

performed. 

3.3. Model evaluation 
To assess the quality of the model, different evaluation techniques were applied. Both a prediction-

corrected visual predictive check (pcVPC) and a numerical predictive check (NPC) were performed [22,23]. 

Individual and population predictions were compared with the data and a normalized prediction 

distribution error (NPDE) analysis was performed. For this, the final model was simulated 1000 times, after 

which the NPDEs were calculated [24]. Under the null hypothesis that the model describes the data, the 

distribution of NPDEs should be equal to the standard normal distribution N (0, 1). This hypothesis was 

formally tested using the Wilcoxon signed-rank test (H0: µ = 0), the Fisher variance ratio test (H0: σ² = 1), 

and the Shapiro–Wilks normality test (H0: Z ~ N (µ, σ²)). 
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4. Results 
The parameters of the final model are shown in Table 8. All model parameters could be estimated with 

adequate accuracy. Inter-individual variabilities could be estimated for K0 (zero order urine production 

rate), IC50 (dDAVP concentration which results in half the maximum urine production inhibition) and O50 

(urine volume resulting in 50% of maximal osmolality). A lag time mixture model was added to the PD 

model to account for differences in time to reach complete dilution vs. the timing of drug administration 

between patients. Because tablet and lyophilisate were dosed on separate days, an interoccasion 

variability was included as well, to account for differences within the patient between the two study days. 

The only covariate that significantly improved the model was the formulation: the IC50 (for inhibition of 

urine production) was 0.7 pg/ml lower for the lyophilisate than for the tablet. The visual predictive check 

plots and NPDE results for both urine production and osmolality are depicted in Figure 19, indicating good 

model performance. The numerical predictive check showed that 8.24% of the urinary volume 

observations lie above and 9.61% below the 90% prediction interval (PI), whereas for osmolality, these 

values are 3.23% and 3.01%, respectively. These values should be around 5% in a good performing model. 

Plots of individual and population predictions plotted against the observations showed no significant 

deviations from the line of unity (data not shown). Regarding the NPDE results, no significant deviations 

from the standard normal distribution could be detected for either of the PD endpoints (Table 9), 

indicating that the model describes the data well. 
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Table 8: Parameter estimates of the final PD model 

Parameter Estimate [%RSE] Meaning parameter 

K0 = θ1 ∗ e(η1 + IOV) 405 ml/hour [11%] Zero order production rate of urine 

Imax = θ2 0.917 [0.7%] Maximal inhibition urine production by dDAVP 

IC50 = (MELT*θ8 + θ3) *eη3 2.08 pg/ml [8.5%] dDAVP concentration resulting in 50% inhibition 

HILL = θ4 4.70 [6.5%] Hill coefficient 

Omax = θ5 810 [1.8%] Maximal osmolality 

Emax = θ6 0.84 [2.3%] Maximal effect of urine volume on osmolality 

O50
 = θ7 *eη7 93.4 ml [10.1%] Urine volume resulting in 50% of maximal osmolality 

θ8 -0.692 pg/ml [12.9%] Effect of MELT formulation on IC50 

Tlag = θ9 0.381 h [17.6%] Lag in dose administration for second group 

Frac_Pop1 0.515 [25.8%] Fraction present in group not having a lag in dose 

administration 

IIV on K0 29.1% [38%] Interindividual variability on K0 

IIV on IC50 30.7% [22%] Interindividual variability on IC50 

IIV on O50 38.5% [21%] Interindividual variability on O50 

OCC 38.0% [18%] Magnitude of interoccasion variability 

CV on urine production 0.425 (5.1%) Proportional error model on urine production 

SD on osmolality 124 (4.5%) Additive error model on osmolality 
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Figure 19: Model evaluation results. On the bottom, the visual predictive checks are shown for urinary volume (left) and osmolality 
(right). The red dotted line represents the total median model prediction, and the blue shaded area between the blue dotted lines 
represents the 90 % prediction interval. The observed median and 90% interval are depicted by the full lines. On the top, the 
normalized prediction distribution error (NPDE) distribution for Urinary Volume (left) and Osmolality (right) are shown. Red lines 
show the NPDE distribution with the standard normal distribution (black line) overlaid. The mean of this distribution was -0.001 
for the Urinary Volume and -0.023 for the Urine Osmolality, whereas the standard deviation was 1.003 and 0.909, respectively. 
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Table 9: Formal tests for H0: NPDE-distribution = N (0, 1) for both urinary volume and urine osmolality 

Test H0 Value p-value Conclusion 

Urinary volume  

Wilcoxon signed-rank µ = 0 V = 21684 0.842 H0 cannot be 

rejected 

Fisher variance ratio σ2 = 0 F = 0.986 0.897 H0 cannot be 

rejected 

Shapiro-Wilks Z ~ N (μ, σ2) W = 0.994 0.422 H0 cannot be 

rejected 

Osmolality  

Wilcoxon signed-rank µ = 0 V = 20960 0.692 H0 cannot be 

rejected 

Fisher variance ratio σ2 = 0 F = 0.892 0.234 H0 cannot be 

rejected 

Shapiro-Wilks Z ~ N (μ, σ2) W = 0.995 0.402 H0 cannot be 

rejected 

 

The effect of formulation on the IC50 seems to suggest that the lyophilisate has a more pronounced 

effect on the urine volume and - osmolality than the tablet, when the same exposure is achieved. This is 

shown in Figure 4, which is the result of 1000 simulations of the study population after administration of 

120 µg lyophilisate or 200 µg tablet. The 120 µg lyophilisate results in a lower urine volume and a higher 

urine concentration than the 200 µg tablet. 
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Figure 20: Simulated urine volume and osmolality over time after 120 µg lyophilisate or 200 µg tablet. The solid and dashed lines 
represent the average responses, and the hatched areas represent the 90% prediction intervals. TAB = tablet formulation, MELT = 
lyophilisate formulation. 
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5. Discussion 
This study demonstrates that bioequivalence between two different formulations of a drug (with narrow 

therapeutic range) established in fasted adults does not guarantee bioequivalence in children in clinical 

practice, leading to questioning of the existing legislation. Extrapolation from adult clinical trials without 

performing similar pharmacokinetic (PK) and -dynamic (PD) studies in children can lead to under- or 

overdosing of a drug and should therefore be avoided, if not supported by pediatric data. In the current 

study, bio-equivalence estimated on PK-levels alone, and not confirmed by PD-data, could have led to 

overdosing, and only using both PK and PD data bio-equivalence in this patient-group could be studied. 

We applied a population approach to desmopressin (dDAVP) data, which is a vasopressin (AVP) analogue  

resulting  in reduced urine flow rate and a rise in urine osmolality, which were available as biomarkers 

[25]. The strength of this study is that the limitation of the original study with too few plasma 

concentration samples, was partially overcome by the population approach. Therefore, nonlinear mixed 

effects modeling was used to obtain PKPD-parameters and a combination of study data [26].  

It is a well-known phenomenon that there is a large inter-individual variability in plasma concentrations of 

dDAVP after oral dosing [27,28].  However, an earlier PK-analysis of these data showed a significantly 

smaller variability in plasma concentrations after lyophilisate dosing compared to tablet dosing. This is not 

only important for the efficacy, i.e. the antidiuretic effect (urinary volume per time unit) and the renal 

concentrating capacity (urinary osmolality) but also for the safety. There is the risk of hyponatremia when 

the effect is prolonged and the ability to regain diluting capacity the next morning is lost [29]. In the past, 

PD-studies of dDAVP were mainly performed in young healthy men or in patients with diabetes insipidus 

or nocturia. Moreover, most PD-data were collected in fasting-state, while there is clearly an effect of 

concomitant food intake in adults and in children [10,14,15]. Our data support the earlier observation that 

lyophilisate has superior PD-effects in comparison with the tablet [10], despite lower plasma 

concentrations in PK-studies [11]. For desmopressin, the dose tend to be more correlated to the duration 

of action than to the maximal concentrating capacity [30].  

This observation stresses that in order to study the difference between the two formulations, both PK- 

and PD-data should be analyzed in a combined fashion, if feasible. Although the most relevant clinical 

parameter for children with enuresis would be the anti-enuretic effect, anti-diuresis and concentrating 

activity are more sensitive biomarkers for the pharmacological effect.  

In this study, a previously published PK-model was linked to a PD-model (closing the hysteresis loop). A 

significant effect of the formulation was found on the IC50, which is physiologically implausible. Indeed, 

the input for the PD-model is the (predicted) plasma concentration, which causes formulation to lose its 
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meaning. Only at the PK-side, one could expect a formulation effect, as was found in the previous PK-

analysis [14]. This discrepancy between PK- and PD-results remains difficult to explain, but cannot be 

denied, and is probably related to missing  constituents in either or both models. This is most likely 

explained by the PK-sampling design of the study. Indeed, as was shown previously ([14]), the absorption 

of desmopressin is happening in the first hour after dosing. Unfortunately, in the original study, there was 

no blood sampling in the first hour, which is why an important part of the PK-data (the absorption 

characteristics) is missing [11]. It is possible that the lyophilisate is absorbed so fast that a large peak in 

the concentration-time profile is not identified. Another possibility is the occurrence of two peaks, 

corresponding with a (small) fraction that is swallowed and a fraction that is absorbed through the buccal 

mucosae. This implies that the real plasma concentrations of this formulation are underestimated, which 

in turn would overestimate the PD-effect. This hypothesis is exemplified in Figure 21. In theory, the melt 

is thought to show mainly buccal resorption, and less gastro-intestinal absorption, which would lead to 

less nutrition-dependency, but data are lacking to confirm that. For these peptides, minor changes in 

formulation could influence bioavailability, a theoretical consideration that might only be overruled by 

appropriate data.  

In order to confirm this hypothesis, a formal, well-designed PKPD-study should be performed in the 

pediatric population. Only then, the true difference between tablet and lyophilisate can be thoroughly 

characterized. A design for such a study was already proposed previously [14]. 

 

Figure 21: Sampling too late can result in missing an early occurring peak in plasma concentrations. The black circles are the 
sampling times of the PK study that was analyzed [31], while the dotted line shows the part of the hypothetical lyophilisate 
concentration time profile that could have been missed (MISS). 

Notwithstanding the aforementioned discrepancy, some inferences can already be gathered from the PD-

model. Both the high Hill factor (4.70) and low IC50 (2.08 pg/ml) indicate that dDAVP has a profound and 

fast effect, starting already at very low concentrations. An even higher Hill factor (13) was found in the 
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previous indirect response model by Callreus et al. [20], whereas the IC50 (3.7 ± 1.2 pg/ml) was 

comparable. Our model however starts from the urine volume as a response as opposed to the osmolality, 

which is more in line with the mechanism of action of desmopressin. The assumption of zero-order urine 

production is supported within the scope of this study, as the children were pre-hydrated in order to 

suppress their endogenous AVP-secretion, until minimum concentrating capacity was reached. The dDAVP 

has an approximately ten-times higher antidiuretic potency than AVP, effectively removing the link 

between plasma osmolality and urine production.  

A possible pitfall of this study is the fact that all patients in the study had a full stomach at the moment of 

dDAVP-administration, since the main aim of the study was to investigate the effect of food [10]. Urinary 

osmolality and diuresis not only correlate with the concentrating activity of dDAVP, but also with the renal 

osmotic load by the meal. However, since all patients received a standard meal and were in a fed state, 

the relative effect of osmotic load does not obscure the findings. This study adds proof to the differences 

in pediatric and adult PKPD features and exemplifies the need for pediatric clinical trials.  

It is undeniable that there are ethical and practical considerations in performing large PKPD-studies with 

multiple blood sampling in children. However, they should never overrule safety considerations when 

exposing children to drugs. Moreover, sensitive biomarkers are extremely important to explore the drug 

effect in pediatric drug studies. They can help to minimize the necessary number of patients to be exposed 

to study drug. Finally, practical issues in performing pediatric clinical drug trials can largely be overcome 

by population approaches as an option to explore the bioequivalence profile and minimize the burden for 

pediatric patients by optimizing trial design. 
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6. Conclusion 
A new indirect response model describing the pharmacodynamics of dDAVP was constructed and 

validated, using a previously built PK model and additional PD data. The model definitely does not support 

a too easy conclusion regarding bioequivalence in children, based on few available adult data for the two 

formulations. We realize that this largely questions the current legislation, and might induce reflections 

concerning generic products and maybe even biosimilars (since desmopressin is an oligopeptide).  

The discrepancies observed between the PK and PD model certainly indicate the need for informative 

sampling, i.e. during the absorption phase, to come to correct conclusions, even though in children, one 

tries to minimize blood sampling. This shows that both PK and PD data in the same population may be 

needed when investigating the difference between two formulations. In other words, data not only in 

fasting healthy young adults, during daytime but also in children and in real life situations, in the evening, 

after intake of an evening meal, for drugs and/or formulations that are likely nutrition and/or circadian 

rhythm dependent are required. Furthermore, such data should be collected in a rational, well designed 

way, for example based on earlier modeling work.   

This study suggest that minor changes in formulation may make bioequivalence studies in children 

necessary and the collection of safety-data required. Appropriate PKPD studies are thus pivotal in the 

pediatric population, not only for every new drug but also for every new formulation. 
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1. Introduction 
Desmopressin (dDAVP) is indicated for the treatment of central diabetes insipidus and primary nocturnal 

enuresis. Two oral formulations are currently labeled for this: a tablet (TAB) and a lyophilisate (MELT). 

Their bioequivalence at dose strengths of 200 µg and 120 µg, respectively, has been established in adults 

[1], [2] but not in children. It is to be taken in a fasted state before bedtime, which is challenging in young 

children, due to the short time between the last meal in the evening and bedtime. As this effect has 

previously been established at the pharmacokinetic (PK) level only both in adults [3] and children [4], it is 

warranted that its potential implications at the pharmacodynamic (PD) level in the pediatric population 

further investigated.  

Patients suffering from nocturnal enuresis are all starting treatment with the same dose of desmopressin, 

i.e. 120 μg once daily for the lyophilisate and 200 µg for the tablet formulation. In treatment resistant 

enuresis, this dose is doubled to 240 µg daily. Previous studies have been inconsistent regarding the need 

for age- or weight-dependent dDAVP dosing, but suggest there might be a correlation between body size 

and PK that could culminate in a potentially relevant PD effect [4]–[7]. The reason for this noted 

inconsistency might be attributed to the lack of pediatric PKPD data across the entire age range. 

Furthermore, previous studies suffered from a sparse sampling design, specifically in the early phase post 

dosing. A previous model-based analysis suggested that these early time points are necessary to correctly 

describe the absorption behavior of the lyophilisate formulation [8]. The complex absorption behavior of 

this formulation was already observed in pigs and described using a double input absorption model [9].  

In this study, the PK and PD of desmopressin in young children (less than 8 years old) was studied. The 

data was combined with previously analyzed data from older children in order to obtain dosing 

information across the whole age range. 
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2. Materials and methods 

2.1. Study data 
Two previously published pediatric PK studies on oral dDAVP and one pediatric PD study were included in 

the current analysis and their characteristics are summarized in Error! Reference source not found. [5], [

6], [10]. Østerberg et al. compared the PK of an oral lyophilisate in 72 children with MNE to the PK in 28 

healthy, adult volunteers using a double-blind, randomized, parallel group, multi-center study. Data from 

25 of these children were available for the current analysis. In a second study, De Bruyne et al. used a two-

period cross-over design to compare the oral lyophilisate to a tablet formulation in children with MNE. Of 

the 23 children that were included, 22 successfully completed the study and their PK data were available 

for the current analysis. The PD of 18 children of the same group were also investigated by Van Herzeele 

et al. All these data were previously analyzed by the present authors leading to inconsistent conclusions 

[8]. Therefore, the data were supplemented with data from a new study, properly designed based on the 

previously constructed models [4]. These patients are also described in Table 10. In short, 24 children who 

needed a urinary concentration test, or with nocturnal enuresis (based on nocturnal polyuria) with 

treatment failure when using the tablet were recruited in an open label, non-randomized, interventional 

PKPD study. After a 15 ml/kg water load to achieve maximal diluting capacity (urinary osmolality <200 

mosm/l), dDAVP was provided sublingually as a one-time age-adapted dose (see Table 10). Subsequently, 

all urinary voids were compensated to maintain fluid homeostasis. Blood and urine samples were taken 

and dDAVP was measured in both matrices. Furthermore, urine volume and urine osmolality were 

recorded as PD markers. 
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Table 10: Patient characteristics 

 Østerberg et al. De Bruyne et al.  

Van Herzeele et al. 

Current study 

n patients 25 22 (PK)/18 (PD) 24 (PKPD) 

Age (years) (median [min-max]) 9.7 [6.7 - 13] 12.5 [7 - 16] 5 [0.9 – 8.7] 

Weight (kg) (median [min-max])  32 [25 - 63] 51  [24 - 82] 18 [7.4 – 37] 

 

 

Sex 5F and 20M 4F and 18M 9F and 15M 

Height (cm) (median [min-max]) 138 [121 - 165] 162 [115 - 186] 111 [70 – 143] 

Formulation Lyophilisate Lyophilisate and tablet Lyophilisate 

Dose (µg) 0 - 480 200 (tablet) 

120 (lyophilisate) 

60 (< 2 years old) 

120 (2 – 4 years old) 

240 (> 4 years old) 

Fed state Fasted Fed (standardized 510 kcal) 

meal) 

Fasted  

Average PK samples per patient 1.9 3 per formulation 8  

PK sampling times 0 - 24 h 1, 2 and 6 h 0.25, 0.5, 1, 2, 3, 5, 6 and 7 h 

Analytical method Radioimmunoassay LC-MS/MS Radioimmunoassay 

Linear range 0.8 - 100 pg mL-1 2.00 - 100 pg mL-1 2.00 - 100 pg ml-1 

Average PD samples per patient NA 8 8 

PD sampling times   NA 1, 2, 3, 4, 5, 6, 7 and 8 h  1, 2, 3, 4, 5, 6, 7 and 8 h 

PD endpoints NA Urinary volume (ml)  

Urine osmolality (mOsm/kg) 

 

 

 

 

Urinary volume (ml)  

Urine osmolality (mOsm/kg) 

 
 

2.2. Model development 
A previously constructed porcine two-compartmental PK model with double input absorption was used as 

a starting point to describe the dDAVP concentrations [9]. This model was extended with a renal clearance 

component to accommodate for the urine concentrations and linked to our earlier constructed indirect 

response model [8]. Furthermore, separate absorption processes were implemented for the tablet and 

lyophilisate formulations. The log-transform-both-sides (LTBS) approach was used for the plasma 

concentrations, whereas the PD markers were modelled in the normal domain. The inter-individual 

variability (IIV) was implemented on most parameters and was assumed to follow a log-normal 

distribution.  Several residual error models (additive, proportional and mixed, for all outputs) were tested. 

Furthermore, different PK (1-versus 2-compartment, different absorption models, addition of renal 
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clearance) and PD (simple inverse, Emax-style, or dDAVP-inhibited link between urine volume and 

osmolality) models were compared in order to obtain the final structural model. Once an appropriate 

mixed effects model was obtained, covariate relationships were investigated using a forward selection 

approach, adding them to the model one at a time and selecting the models with the best performance 

metrics to proceed with. The covariates that were tested, were: formulation (MELT), fed state (FED), age 

(AGE), body weight (WT), sex (SEX), as well as theory-based allometric models [11]. Once the full model 

was obtained, backward deletion was performed in order to obtain the most appropriate, parsimonious 

model [12]. 

The decision to include or exclude certain model components was guided by several performance metrics: 

the Objective Function Value (OFV), Akaike’s Information Criterion (AIC), physiological plausibility and 

population and individual predictions versus observations. A drop in OFV of 3.84 (p = 0.05) was assumed 

to indicate a significantly better fit. In the backward deletion step, a rise in OFV less than 6.63 (p = 0.01) 

after deletion was assumed to indicate a not significantly worse model, thus leading to deletion of the 

covariate.  

2.3. Model evaluation 
The final PKPD model was evaluated using different standard tools [13] for all three model outputs (dDAVP 

plasma concentration, urine volume and urine osmolality). (1) Visual and numerical predictive checks were 

performed, based on 1000 simulations of the final model and binning into 10 unequal sized bins to assure 

equal distribution of the observed data. (2) Individual and population predictions versus observation plots 

were constructed and a Loess smoother was visually added to check for deviations from the unity line. (3) 

A bias-corrected bootstrap with acceleration constant method (BCa) was performed to obtain second-

order 90% CIs around the parameter estimates [14]. For this, 1000 datasets of 64 subjects were resampled 

with replacement from the original dataset. (4) For all three outputs, the normalized prediction 

distribution error (NPDE) distribution was also estimated. For this, the final model was simulated a 1000 

times using the original dataset after which the NPDEs were obtained using the table step in NONMEM 

[15]. Under the null hypothesis that the model describes the data, the distribution of NPDEs should be 

equal to the standard normal distribution N(0,1), which was formally tested using the Wilcoxon signed-

rank test (H0 : µ = 0), the Fisher variance ratio test (H0 : σ2 = 1), and the Shapiro-Wilks normality test (H0 : 

Z ∼ N (µ, σ2 )).  
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2.4. Simulations 
Once confidence in the model had been obtained during the evaluation step, it was used for simulation. 

In a first step, standard adult doses of 120 µg lyophilisate and 200 µg  tablet [16], [17] were compared in 

the fasted and fed state in the pediatric population. As the analyzed dataset did not contain fasted 

patients taking the tablet formulation, assessing a food effect was only possible for the lyophilisate. The 

original dataset of 64 patients was thus simulated 100 times after 120 µg lyophilisate + food, 120 µg 

lyophilisate + fasted and 200 µg tablet + food, resulting in 3 times 6400 simulated patients. dDAVP plasma 

concentrations over time were plotted together with produced urine volume over time. As in the 

simulation, a virtual sample was taken every 0.1 h, the diuresis rate was calculated from the simulated 

urine volume by multiplying it with its corresponding time interval. To assess the differences in PK, the 

area under the plasma concentration-time curve (AUC0-∞) and maximum drug concentration (Cmax) were 

calculated and compared. The differences in PD were assessed as follows: the duration of the effect was 

defined as the time interval during which the diuresis rate stayed below 85 ml/h, whereas efficacy was 

measured as the area under the diuresis curve between 0.5h and 8.5h after dosing. The target of 85 ml/h 

was chosen as the average of two values. On the one hand, the normal nocturnal diuresis rate of children 

at maximum diluting capacity (40 ml/h for normal children [18], assumed to be 50% more for maximum 

dilution capacity = 60 ml/h ) was seen as a target for treatment. On the other hand, the nocturnal diuresis 

rate of children suffering from MNE at maximum diluting capacity (110 ml/h, taken as the median of the 

diuresis of the patients before dDAVP administration) was chosen as baseline value to which to recover 

after treatment is stopped.  

The variability in AUC (for PK and PD) and Cmax (for PK) was described using the ratio of the interquartile 

range over the median, which is a nonparametric description less sensitive to outliers:  

𝑉𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑃75 − 𝑃25

𝑃50
∗ 100 % 

A second simulation study investigated alternative dosing schemes. The standard dose of 120 µg 

lyophilisate was compared to two age-based and three weight-based dosing schemes. The first age-based 

scheme was identical to the one used in the current study, extrapolated to older children as well. The 

second scheme was the same, using half the normal doses. The weight-based schemes were chosen 

similarly. All simulated dosing schemes are shown in Error! Reference source not found.. Simulation p

arameters were identical to the first simulation study, applied to fasted patients taking the lyophilisate 
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formulation. All simulations were carried out in the fed state this time to take into account that children 

are not fasted when taking desmopressin (1h before bedtime).  

In order to compare dosing regimens, the same parameters as described above were compared. 

Furthermore, three targets were defined to mimic a ‘successful therapy’ (simulating both a reduction in 

urine production and a recovery of functionality in the morning). A dosing regimen was deemed to be 

applicable when at least 75% (P25) of the patients reached at least 6 hours of decreased diuresis below 

85 ml/h, 50% (P50) reached at least 8 hours and less than 25% stayed 10 hours or longer below 85 ml/h. 

The first two criteria can be seen as markers of efficacious treatment, whereas the last marker is 

indicative of a good recovery of urine production in the morning. 

Table 11: Simulated dosing schemes. 

 AGE categories WT categories 

 <2y 2-4y 4-8y 8-12y 12+ <12.5kg 12.5-

25kg 

25-

50kg 

50-

100kg 

Standard dose 120 µg (All) 120 µg (All) 

Age scheme 1 60µg 120µg 240µg 360µg 480µg NA 

Age scheme 2 30µg 60µg 120µg 180µg 240µg NA 

WT scheme 1 NA 30µg 60µg 120µg 240µg 

WT scheme 2 NA 45µg 90µg 180µg 360µg 

WT scheme 3 NA 60µg 120µg 240 480µg 

 

2.5. Software 
Model development and parameter estimation were performed using NONMEM v. 7.4 [19], with FOCE+I 

as estimation algorithm, accessed with the software Perl-Speaks-Nonmem (PSN) [20], embedded in the 

workbench Piraña [21]. R (v. 3.4.2), accessed via RStudio (v. 1.1.383, http://www.rstudio.com/) was used 

to prepare the datasets, perform the simulations, and post-process all results, including the statistical 

calculations and plot generation.  

  

http://www.rstudio.com/
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3. Results 
In the new patient data containing earlier samples, absorption behavior indicating two absorption 

processes taking place could be detected by visual inspection of the data. This confirmed the hypothesis 

of a double input absorption and prompted the construction of a model describing this behavior.  

3.1. Model development  
Before starting full model development, the PK data alone were analyzed using the earlier published 

porcine model [9]. From this analysis, it was decided to start from a 1-compartmental model instead of a 

2-compartmental model, as two compartments were not supported by the data, similar to our previous 

analysis [4]. Furthermore, as no IV data were included, the bioavailability could not be estimated from the 

data, implying that CL and Vd are estimated as apparent parameters relative to bioavailability.  

As the data consisted of data from the two formulations in different scenarios, a reference bioavailability 

was chosen. As all children taking the tablet formulation were also fed (no fasted data available), the 

reference bioavailability (fixed to 1) was defined to be the bioavailability of the tablet formulation after 

food intake, FTab,Fed. The bioavailability of the lyophilisate, both in the fasted and the fed state could thus 

be estimated relative to FTab,Fed. 

After this, the PD data were added and simultaneous PKPD modeling commenced. In line with previous 

analyses, the IIV on the maximal effect and Hill coefficients (if present) was fixed to 0. Furthermore, an 

inter-occasion variability on urine production was included, as tablet and lyophilisate were dosed on 

separate days for some of the patients. The separate renal clearance pathway was omitted from the model 

for two reasons. Firstly, an earlier NCA analysis attributed less than 1% of the clearance to the renal 

pathway, which was confirmed by the parameter estimates of the population PK model. Secondly, as 

dDAVP influences the urinary output, the urinary dDAVP concentrations are not independent from its PD 

and thus not a clear marker for the renal clearance. The analysis was thus continued using dDAVP plasma 

concentrations, urine volume and osmolality as model outputs.  

Several PD models were compared to one another, but ultimately the original Emax-style model 

performed best. Furthermore, the addition of the PD data allowed to further characterize the PK 

absorption part: a shared absorption rate constant and lag time could be estimated for the gastro-

intestinally (non-buccally) absorbed part of the lyophilisate and the tablet. In the final model, an inverse 

effect of age on bioavailability, body weight on urine production and food and formulation on 

bioavailability were retained as significant covariates. The final model structure and parameter estimates 

are shown in Figure 22 and Table 12. 
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Figure 22: Final model structure and covariate effects 

 

Table 12: Final parameter estimates  

Parameter Estimate [%RSE] Meaning parameter 

Ka,1 = θ1 ∗ eη1
 0.347 h-1 [24%] 

First order absorption rate constant from depot 1 

(mouth/buccal membrane) 

Ka,2 = θ2 ∗ eη2 0.360 h-1 [35%] 
First order absorption rate constant from depot 2 

(gastrointestinal tract) 

Fr1 = eLog(θ3/(1 - θ3))+ eη3/(1+ eLog(θ3/(1-  θ3)) + eη3 ) 0.656 [7%] 
Fraction of the lyophilisate dose presented to depot 

1 (Fr2 = 1 – Fr1) 

BIO = (θ4 ∗ (AGE/10)θ20) ∗ (1+ θ21∗ FAST) ∗ (1+ θ22∗ 

MELT) ∗ eη4 
1 FIX 

Bioavailability 

D1 = θ5 ∗ eη5
 0.200 [19 %] Duration of zero-order dose to depot 1 

LAG2 = θ6 ∗ eη6 0.170 [22 %] Lagtime of absorption from depot 2  
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V1/F = θ7 ∗ eη7 4820 L [25%] Apparent volume of distribution 

CL/F = θ8 ∗ eη8 5810 L/h [15%] Apparent clearance 

Kin= θ9 ∗ (AGE/10)θ23 ∗ e(η9 + IOV) 322 ml/h [17%] Zero order production rate of urine 

Imax = θ10 ∗ eη10 0.934 [1%] Maximal inhibition urine production by dDAVP 

IC50 = θ11 ∗ eη11 1.37 [24%] dDAVP concentration resulting in 50% inhibition 

HILL = θ12 ∗ eη12 4 FIX Hill coefficient 

Omax = θ13 ∗eη13 766 mOsm [6%] Maximal osmolality 

Emax = θ14 ∗ eη14 0.881 [4%] Maximal effect of urine volume on osmolality 

Osm50 = θ15 ∗ eη15 93.4 ml [8%] Urine volume resulting in 50% of maximal osmolality 

GAM = θ16 ∗ eη16 3 FIX Second Hill coefficient 

θ17 = CV on dDAVP plasma concentration 0.424 [4%] 
Proportional error model on dDAVP plasma 

concentration 

θ18 = SD on Urine volume 43.8 [2%] Additive error model on urine production 

θ19 = SD on Urine osmolality 127 [4%] Additive error model on osmolality 

θ20 -0.790 [18%] Effect of age on BIOm 

θ21 0.975 [62%] Effect of fasted state on BIO 

θ22 1.04 [8%] Effect of formulation on BIO 

θ23 1.13 [24%] Effect of age on urine production 

IIV on Ka,1 120.3% [18%] Interindividual variability on Ka,1 

IIV on Ka,2 88.7% [39%] Interindividual variability on Ka,2 

IIV on BIO 30.7% [19%] Interindividual variability on BIO 

IIV on D1 40.1% [17%] Interindividual variability on ALAG2 

IIV on V1 95.2% [23%] Interindividual variability on ALAG2 

IIV on Kin 44.4% [19%] Interindividual variability on Kin 

IIV on IC50 38.3% [62%] Interindividual variability on IC50 
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IIV on Omax 21.3% [14%] Interindividual variability on Omax 

OCC 21.5% [19%] Magnitude of interoccasion variability 

 

3.2. Model evaluation 
In Figure 23, the population and individual prediction versus observation plots are shown for all outputs. 

Some underprediction of the lowest urine volumes can be observed. The VPCs showed good prediction of 

the general trend and variability for plasma concentrations, urine volume and urine osmolality. During the 

NPDE analysis no significant deviations from the standard normal distribution were detected, indicating 

good model performance. 

 

Figure 23: Individual and population predictions versus observed values. The dotted line represents the unity line and the full line 
represents a Loess smoother through the data points. 

 

 

3.3. Simulation based analysis 

3.3.1. Standard dosing 
The simulation results of the standard doses are shown in Figure 24. The simulated AUC, Cmax, Tmax and 

variability estimates are summarized in Table 13. Taking the dDAVP in the fasted state results a 50% 

increase in exposure. This is propagated to the PD effect as well: on average, the diuresis rate stays below 

85 ml/h during 8 hours for the fasted population and only during 6.5 hours for the fed population.  



 

134 

Comparing the two formulations in the fed state, a similar exposure for the melt as compared to the tablet 

and a similar PD effect for both formulations can be observed, suggesting ‘PK’ bioequivalence of the 

conventional formulations. On the PD level, the lyophilisate seems to be performing a little better than 

the tablet: on average, the effect lasts 0.5h longer. This is probably due to the lower variability in exposure 

after taking the lyophilisate. Care has to be taken however, as only a small portion of the data were tablet 

concentrations, all coming from older, fed children. To compare the formulations more thoroughly, fasted 

tablet data ánd data from younger children taking the tablet should be incorporated.  

 

Figure 24: Simulation results after 120 µg lyophilisate (fasted and fed) or 200 µg tablet (fed). The lines represent the median 
response and the shaded areas represent the 90% prediction intervals. The horizontal line marks the target of 100 ml/h enuresis, 
the full line the median response with the shaded area as 90% prediction interval and the dashed lines as the 25 and 75 percentile. 
The targets of 6 hours effect, 8 hours effect and no more than 10 hours effect are marked by vertical lines. On the top, the plasma 
concentration-time profiles are shown, whereas the PD response, depicted as produced urine volume, is shown below. The dotted 
line shows the limit of effect defined as 85 ml/h urine production. 
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Table 13: Simulated AUC and Cmax for the standard dosing of 120µg lyophilisate and 200µg tablet for both PK (AUCINF) and PD 
(AUC from 0.5h till 8h) 

 PK AUC (pg*h/ml) 
[90 % CI] 

Cmax (pg/ml) [90 % CI] IQR/median 
(AUC) 

IQR/median 
(Cmax) 

FAST MELT 55.6 [17.8 - 141] 12.5 [4.36 – 36.9] 81.5% 90.9% 

FED MELT 37.8 [12.1 – 104]] 8.48 [2.03– 26.6] 83.6% 92.5% 

FED TABLET 31.5 [7.26 - 115]  7.04 [2.93 – 27.2]  101% 105% 

     

PD P25 AUC0.5h-8h Median AUC0.5h-8h P75 AUC0.5h-8h IQR/median 

FAST MELT 137 269 588 168% 

FED MELT 180 428 919 172% 

FED TABLET 203 528 1160 182% 

 

3.3.2. Alternative dosing schemes 
In a second simulation study, alternative dosing schemes to the standard lyophilisate dose of 120 µg were 

investigated. Using the age-dependent dosing scheme that was also used in the present study, almost 

thrice the normal exposure was obtained, with long reductions in diuresis rate for the majority of the 

simulated patients (> 8h for 75% of the simulations). However, more than half of the simulated patients 

still experienced effects after 10 hours and 30% still had low urine production 12 hours after dosing. 

Another age-dependent dosing scheme with half the original dose resulted in a similar overall population 

exposure compared to the standard dosing but a much better PD profile, as the doses were better tailored 

to the individual patients and thus individual exposures were vastly different than the conventional dose. 

In this case, the targets of P25 at 6h, P50 at 8h and P75 at 10h were reached. Overall, a drop in variability 

in both PK and PD response could be seen when comparing the age-dependent dosing to the conventional 

standard dose. 
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Figure 25: Simulation results after age-dependent dosing schemes in the fed state. The lines represent the median response and 
the shaded areas represent the 90% prediction intervals. The horizontal line marks the target of 85 ml/h enuresis, the full line the 
median response with the shaded area as 90% prediction interval and the dashed lines as the 25 and 75 percentile. The targets of 
6 hours effect, 8 hours effect and no more than 10 hours effect are marked by vertical lines. On the top, the plasma concentration-
time profiles are shown, whereas the PD response, depicted as produced urine volume, is shown below. The dotted line shows the 
limit of effect defined as 85 ml/h urine production. 

Applying the weight-dependent dosing scheme, an increase in PK variability and decrease in PD variability 

was observed, again suggesting better-tailored doses. Overall exposure was higher, resulting in a longer 

persistence of effect on diuresis rate. Scheme 1 resulted in similar effects (small improvement) as 

conventional dosing, scheme 2 in optimal effects and scheme 3 in too persistent effects, (50% at least 10 

hours). 
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Figure 26: Simulation results after weight-dependent dosing schemes in the fed state. The lines represent the median response and 
the shaded areas represent the 90% prediction intervals. The horizontal line marks the target of 85 ml/h enuresis, the full line the 
median response with the shaded area as 90% prediction interval and the dashed lines as the 25 and 75 percentile. The targets of 
6 hours effect, 8 hours effect and no more than 10 hours effect are marked by vertical lines. On the top, the plasma concentration-
time profiles are shown, whereas the PD response, depicted as produced urine volume, is shown below. The dotted line shows the 
limit of effect defined as 85 ml/h urine production. 
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Table 14: Simulated AUC and Cmax for the standard dosing of 120µg lyophilisate and 200µg tablet for both PK (AUCINF) and PD 
(AUC from 0.5h till 8h) 

   AUC (pg*h/ml) [90 % CI]  Cmax (pg/ml) [90 % CI]  IQR/median 
(AUC) 

IQR/median 
(Cmax) 

120 MELT 37.8 [12.1 – 104]] 8.48 [2.03– 26.6] 83.6% 92.5% 

AGEDEP1 104 [32.6 – 249] 23.1 [8.02 – 66.6] 82.11% 89.05% 

AGEDEP2 52.0 [16.3– 125] 11.5 [4.01 – 33.3] 82.11% 89.06% 

WTDEP1 39.2 [11.2 – 110] 8.78 [2.66– 28.1] 92.85% 98.38% 

WTDEP2 58.9 [16.8 – 165] 13.2 [5.32 – 42.1] 92.86% 98.38% 

WTDEP3 78.5 [22.4 – 220] 17.6 [3.99 – 56.2] 92.85% 98.38% 

     

PD P25 AUC0.5h-8h Median AUC0.5h-8h P75 AUC0.5h-

8h 
IQR/median 

120 MELT 180 428 919 172% 

AGEDEP1 116 185 302 101% 

AGEDEP2 150 273 559 149% 

WTDEP1 185 376 777 157% 

WTDEP2 142 249 510 123% 

WTDEP3 126 209 383 148% 

 

Based on these results, it was concluded that age-based dosing scheme 2 and weight-based dosing scheme 

2 were the most optimal for pediatric dDAVP therapy. Indeed, weight-based dosing scheme 1 barely 

improves upon the conventional 120 µg dosing (only 40% reaching at least 6 hours diuresis under 85 ml/h) 

whereas weight-based dosing scheme 3 and age-based dosing scheme 1 result in an overdose situation, 

evident by 50% of subjects staying under 85 ml/h for longer than 10 hours.  

In order to further investigate the appropriateness of these schemes compared to conventional dosing, 

the simulations were stratified by age. This is shown in Figure 27. It can be seen that the conventional 

dosing fails to reach the targets for children older than 8 years and is too high for children younger than 

4 years. The age- and weight-dependent dosing schemes perform better: targets are reached from 4 

years onwards for the weight-based scheme and from 2 years onwards for the age-based scheme. For 

children older than 12y, the weight-based regimen seems overdose too: 12 hours are needed for P75 to 

reach 85 ml/h enuresis again. The younger group should be treated differently in the current analysis, as 

a target of 85 ml/h is too high for them (corresponding to e.g. 8.5 ml/h/kg for a 10 kg infant. Therefore, 

the data of the groups younger than 4 years was normalized by body weight however, and a target of 2 

ml/h/kg was assumed. In this case, the conventional dosing seems to be still muchtoo high (in line with 

the older age groups). For children aged 2-4 years, the age-based scheme is a bit on the low side (50% 
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reaching 7 hours) whereas the weight-based scheme reaches the target but is a bit high (P50: 8.5 h, P75: 

11h). For the children aged between 0 and 2 years, both the weight-based scheme and age based 

scheme still seem too high, but still much better than the conventional dose. Therefore, it is proposed 

that the age-based scheme (AGE-based dosing 2 in Table 11) is considered to be the best alternative for 

the conventional 120 µg dose, considering the significant food effect and the age effects detected in this 

analysis. For children between 2 and 4 years however, a WT-based dose might be more appropriate, 

probably corresponding to 60 µg instead of 45 µg. For children younger than 2, very low doses (< 30 µg) 

should be administered to obtain similar effects as in older children. 
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Figure 27: Stratification of diuresis simulations by age. The horizontal line marks the target of 100 ml/h enuresis, the full line the 
median response with the shaded area representing the 90% prediction interval and the dashed lines the 25 and 75 percentile. 

The targets of 6 hours effect, 8 hours effect and no more than 10 hours effect are marked by vertical lines. 
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4. Discussion 
In this study, new pediatric PKPD data for the peptide drug desmopressin were added to existing data and 

analyzed together using the mixed-effects modeling approach. Questions which were raised in previous 

analyses of PK and PD data were further investigated [4], [8]. During these previous analyses, a discrepancy 

between PK and PD data was found, resulting in a formulation effect on the PD site. It was then 

hypothesized that this discrepancy was caused by a lack of samples in the absorption part, precluding the 

reliable description of the plasma concentration-time profile following the melt intake, and the possible 

occurrence of a double absorption peak after buccal administration of the lyophilisate formulation. This 

hypothesis was further supported by a juvenile animal study in pigs [9]. Therefore, new clinical data were 

generated using an optimized clinical trial design based on the previously constructed PKPD models, which 

were added to the available dataset. A simultaneous PKPD analysis was performed on these data, using a 

double input, first-order absorption model linked to a one-compartmental model with first order 

elimination, which in turn was linked to a zero order production of urine using an indirect response model.  

In this model, the formulation effect on the PD side was no longer present, solving the earlier observed 

physiologically implausible discrepancy. Furthermore, several new growth effects could be detected by 

addition of the new dataset containing younger children. Indeed, an inverse effect of age on the 

bioavailability could be detected. As no IV data are included in this model, CL and V are apparent 

parameters and thus this inverse effect translates to a directly proportional effect of age on these 

parameters. Furthermore, age was found to be a significant covariate on urine production. This link 

between size/age and PKPD shows the benefit of adapted dosing schemes to assure efficacy during the 

entire night and prevent overdosing.  

A profound food effect was also detected bioavailability, as has been described before for adults [3] and 

children, based on PK data alone [4]. However, as in the analyzed dataset only a small part came from fed 

patients, which were all older than 8 years of age, this effect could also be a study effect or a maturational 

effect. It would indeed be beneficial for this PKPD analysis to complete the dataset with fed data in younger 

children and fasted data for patients taking the tablet formulation.  

The studies analyzed here were all conducted at daytime. As urine production undergoes a circadian 

rhythm, which might be altered in children suffering from MNE, consideration of this rhythm in both study 

design and model analysis might improve the capacity to elucidate the PK/PD and reduce the observed 

unexplained variability between and within patients.  



 

142 

Considering everything, some alternative dosing schemes were tested under the assumption that children 

are not fasted when taking dDAVP, one hour before bedtime. An age-dependent dosing scheme was 

identified to provide a more favorable pediatric profile for all ages as opposed to the conventional dosing. 

This dosing scheme could be further tested to ascertain the conclusions drawn. Furthermore, the proposed 

targets should be linked to the clinical outcome of interest; dry nights. 

To conclude, this study exemplifies again the need for good study design, as discrepancies present in the 

previous analyses of this compound in the pediatric population were resolved by the inclusion of new data 

originating form a model-based designed trial. It was shown that current dosing using the lyophilisate 

might be inappropriate in children whom are not fasted when they take dDAVP before bedtime. A simple 

dosing scheme based on age was proposed as an alternative and should now be tested in clinical practice. 
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PART 2: 

POPULATION PK AND PBPK IN 

PEDIATRIC DRUG RESEARCH 
Ciprofloxacin case study 

In these chapters, the pharmacokinetics of ciprofloxacin in children are investigated in relatively 
healthy patients and patients with complicated urinary tract infection. For this analysis, the 
population (top-down) and PBPK (bottom-up) were used in parallel. This investigation thus 
exemplifies the strengths and weaknesses of both approaches in presence of pediatric data. 
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1. Abstract 
Resistance rates for ciprofloxacin, which is labeled for treating complicated urinary tract infections in 

children, are rapidly rising. As there is limited knowledge on developmental pharmacology of ciprofloxacin, 

the primary aim of this study was to develop a population pharmacokinetic model for ciprofloxacin in 

children treated for complicated urinary tract infections. Children to whom ciprofloxacin was prescribed, 

intravenous (10-15 mg/kg body weight every 12 h) or per os (15-20 mg/kg every 12 h), were enrolled.  108 

Serum and 119 urine samples were obtained during 10 intravenous and 13 oral courses of ciprofloxacin in 

22 patients (age range 0.31 – 15.51 years). A one-compartment model best described our data.  Fat free 

mass and glomerular filtration rate (estimated by a formula using cystatin C and creatinine), standardized 

for body surface area, were significant covariates for ciprofloxacin clearance. In our population, 

ciprofloxacin clearance is 0.16 – 0.43 L/h/kg of body weight, volume of distribution 0.06 – 2.88 L/kg, and 

bioavailability 59.6%. All of our patients had a clinical cure of their infection. Based on target attainment 

simulations across doses, all children reached the pharmacodynamic target for Enterobacteriaceae, but 

on average only 53% for Pseudomonas aeruginosa, and 3% for Staphylococcus aureus, at the 15 mg/kg 

oral dose. For treating urinary tract infections caused by Pseudomonas aeruginosa, oral doses should be 

at least 20 mg/kg. Furthermore, in our population, fat free mass and kidney function should be considered 

as they prove to be significant covariates for ciprofloxacin clearance and hence, exposure. 
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2. Introduction 
Up to 8% of girls and 2% of boys suffer from at least one episode of urinary tract infection (UTI) before the 

age of 8 years, making this the most prevalent bacterial infection in childhood [1]. UTI encompasses 

infections of both bladder mucosa (cystitis), and of the renal tissue, which is usually called pyelonephritis 

or febrile UTI [2]. Girls and uncircumcised boys are at greatest risk for UTI, whereas children with 

congenital anomalies of the kidneys and urinary tract (CAKUT), and bladder bowel dysfunctions (BBD), are 

at risk for recurrences [3]. Furthermore, CAKUT, particularly vesicoureteral reflux, is a major risk factor for 

complications of UTI, such as sepsis, pseudohypoaldosteronism, and renal scarring [4]–[7].  Antibiotics are 

the cornerstone in treatment of UTI, and often the peroral (PO) route is preferred [8]. Ciprofloxacin, a 

second generation fluoroquinolone, is labeled for treatment of  complicated UTI in children [9][10]. Yet, 

resistance rates of different uropathogens for fluoroquinolones are rapidly rising, probably at least partly 

due to inappropriate usage [11]. Fluoroquinolones are concentration-dependent bacterial killers, which 

implies that sufficient drug concentrations are essential for both exerting antibiotic effects, and for 

reducing antimicrobial resistance [12][13], i.e. AUC/MIC is usually the pharmacokinetic parameter driving 

the antimicrobial effect. Pharmacokinetics (PK) of fluoroquinolones in children have not been extensively 

studied, probably due to previous safety concerns, as irreversible cartilage tissue damages were observed 

in juvenile animals after administration of ciprofloxacin [14][15]. Yet, there is no evidence of irreversible 

cartilage tissue damage in children who are treated with ciprofloxacin [16]. In children, PK is influenced by 

different disease, growth and maturational characteristics [17]. Therefore, research on developmental 

pharmacology of ciprofloxacin is pertinent for optimization of antimicrobial therapy.  

The primary aim of this study was to document serum and urine pharmacokinetics of ciprofloxacin in a 

population of children with complicated UTI. Furthermore, unbound concentrations, and the renal 

markers cystatin C and creatinine were determined in plasma. Using these data, a population 

pharmacokinetic (PopPK) modeling approach was applied, to investigate the influence of different 

covariates on ciprofloxacin exposure in this special population.  
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3. Materials and Methods 

3.1. Study design 
A prospective, open label, pharmacokinetic study was conducted at the departments of pediatrics at Ghent 

University Hospital and Universitair Ziekenhuis Brussel, the hospital of the Dutch speaking university of 

Brussels (Vrije Universiteit Brussel), between May 2015 and May 2017. Patients between 3 months and 17 

years of age who were treated with ciprofloxacin for UTI, either PO or intravenous (IV), were considered 

for inclusion. Patients were excluded if they had either a contraindication for ciprofloxacin such as 

epilepsy, pregnancy, long QT syndrome, glucose-6-phosphatase deficiency (G6PD), or if they were allergic 

for any of the product substances. Furthermore, patients were excluded if no informed consent could be 

obtained of both parents and/or legal representatives. This study was conducted in accordance with the 

guidelines of the Declaration of Helsinki, and was approved by institutional review boards at both study 

sites (Brussels: EC/2015/033; Ghent EC/2014/1207). Written informed consent was obtained from both 

the parents or legal representatives, and informed assent was obtained from the patients if they were 

older than 12 years. The study was registered at clinicaltrials.gov (NCT02598362). 

3.2. Drug dosing and administration 
For IV administration, ciprofloxacin solution for infusion (Ciprofloxacine Mylan, 400 mg/200 mL) was dosed 

at 10-15 mg/kg (maximum 750 mg), rounded off as prescribed by the treating physician, every 12 hours, 

via peripheral or central catheters. According to a standard protocol, ciprofloxacin was infused in a 30-60 

minutes period, and intravenous lines were flushed with 0.9% NaCl afterwards. For PO administration, 

ciprofloxacin was dosed at 15-20 mg/kg (maximum 750 mg) every 12 hours. Either ciprofloxacin 

suspension for oral administration (Ciproxine, Bayer SA-NV, Diegem, Belgium), or ciprofloxacin tablets of 

500 mg or 750 mg (Ciprofloxacine Sandoz, Vilvoorde, Belgium; Ciproxine, Bayer SA-NV, Diegem, Belgium) 

were used for oral treatments and were ingested with water. 

3.3. Sampling and storage 
Serial blood samples were drawn via a peripheral catheter, one sample prior to administration for patients 

who had received any previous dose, and at different time points after administration for all participants. 

Blood was subsequently centrifuged at the local study site (1500g for 10 minutes) after which the plasma 

samples were stored at – 20°C until analysis.  

Urine was collected, for toilet trained children with non-invasive collections, or with a catheter if it was 

present for clinical reasons. For non-toilet trained children, urine was collected with urine collection bags. 

A micturition alarm was placed in the diaper (Charco, Ghent, Belgium), so that the bag could be changed 
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in case of leakage. After each collection, urine volume and collection time were registered, and a sample 

was obtained that was stored at – 20°C until analysis.  

3.4. Bio-analysis 
Serum and urine ciprofloxacin concentrations were determined using a validated high-performance liquid 

chromatographic (HPLC) method with fluorescence detection. Sarafloxacin was used as internal standard. 

This method has previously been described by De Smet et al. [18]. Concisely, acetonitrile and internal 

standard were added to the plasma samples for protein precipitation, followed by evaporation of the liquid 

layer under N2, and reconstitution in eluent A (ACN/MeOH/0.025M TBA.Cl/TFA 75/25/899/1 v/v), the 

aqueous eluent used for HPLC analysis. Urine samples were diluted 1:20 with internal standard in eluent 

A before HPLC analysis.  Unbound concentrations were determined by adjusting the pH of the plasma 

samples to physiological pH (7.4) using 60 minutes of incubation at 37°C and 5% CO2, followed by 20 

minutes of ultrafiltration at 37°C and 3500g. The resulting filtrate was then diluted 1:10 with internal 

standard in eluent A and injected in the HPLC system.  

Serum cystatin C was analyzed using the N Latex cystatin C assay on the Behring nephelometer II (Siemens 

Healthcare Diagnostic Products GmbH, Marbrug, Germany). Creatinine in serum and urine was measured 

using the Enzymatic-Vitros IFCC-IDMS Standardized method (Vitros 4600/Ortho Clinical Diagnostics, 

Turnhout, Belgium).  

3.5. Model development 
A PopPK model was developed using NONMEM v. 7.3 [19], with FOCE+I as estimation algorithm, accessed 

with the software Perl-Speaks-Nonmem (PSN) [20], embedded in the workbench Piraña [21]. RStudio (v. 

0.98, http://www.rstudio.com/) was used to prepare the datasets, perform the simulations, and post-

process all results, which included the statistical calculations and plot generation.  

Based on literature, a 2-compartmental model was first fitted to the data [22]–[24]. However, as peripheral 

volume and intercompartmental clearance could not be estimated, a 1-compartment model was chosen 

as starting point for model development. As urine concentrations were available on top of plasma 

concentrations, a urine compartment was added to the model, and the clearance was split in a renal and 

a non-renal part. For the patients receiving oral administration, a first-order absorption was assumed as a 

starting point for model development. Inter-individual variability (IIV) was assumed to follow a log-normal 

distribution. Additive, proportional and mixed residual error models were tested on both the prediction 

of plasma and urinary concentrations. Once an appropriate mixed effects model was obtained, covariate 

relationships were investigated using forward selection and backwards elimination, adding them to the 
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model one at a time, and selecting the models with the best performance metrics to proceed with. The 

covariates that were tested, were: age (AGE), body weight (WT), fat free mass (FFM), fat content (WT – 

FFM, FAT), sex (SEX), serum creatinine (CREAT), serum cystatin C (CYSTC), febrile state during the study 

period (FEVER), presence of CAKUT (CAKUT), diagnosis of pyelonephritis (PYELO), comedication (COMED) 

and investigational center (SITE). Furthermore, theoretically based [25] allometric principles using fixed 

parameters were tested in parallel and retained in the model if their inclusion resulted in model 

improvement. 

The decision to include or exclude certain model components was guided by several performance metrics: 

Objective Function Value (OFV), Akaike’s Information Criterion (AIC), the condition number (CN), and 

relative standard error (RSE) of the parameter estimates, obtained through the covariance step in 

NONMEM. A drop in OFV of 3.84 (p < 0.05) after inclusion and 6.63 (p < 0.01) after exclusion was assumed 

to indicate a significantly better fit.  Both the OFV and the AIC are based on likelihood ratio tests, that 

cannot be reliably used to guide in-/exclusion of IIV parameters, especially for sparse data [26]. Thus, for 

those parameters, decisions were made based on RSE and CN (both should be as low as possible), and 

standard goodness-of-fit plots (plots of the observed concentrations versus population- and individual-

predicted concentrations, and plots of the residuals). 

3.6. Model evaluation 
Different evaluation techniques were applied to the final model. Individual and population prediction 

versus observation plots were constructed, and bootstrap analysis was performed. For the latter, 1000 

datasets were resampled with replacement from the original dataset. The bias-corrected bootstrap with 

acceleration constant (BCa) method was used in order to obtain second-order correct 90% CIs around the 

parameter estimates [27]. This method corrects for bias and skewness in the standard bootstrap CIs, and 

thus provides a more reliable estimate of the parameter CIs. Lastly, normalized prediction distribution 

errors (NPDE) were calculated. For this, the final model was simulated 1000 times using the same design 

as the original dataset, after which the NPDEs were calculated using the R-package NPDE. Under the null 

hypothesis that the model describes the data, the distribution of NPDEs should be equal to the standard 

normal distribution N (0,1). This was formally tested using the Wilcoxon signed-rank test (H0: µ = 0), the 

Fisher variance ratio test (H0 : σ2 = 1), and the Shapiro-Wilks normality test (H0 : Z ∼ N (µ, σ2)), from which 

a global adjusted p-value was calculated.  
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3.7. Dosing simulations 
In order to assess the appropriateness of current dosing regimens in children suffering from UTI, the lower 

(10 mg/kg) and upper (15 mg/kg) IV and PO (respectively 15 mg/kg and 20 mg/kg) dose were simulated 

for 1000 children, for low (60 ml/min/1.73 m²), normal (120 ml/min/1.73 m²) and elevated (180 

ml/min/1.73 m²) GFR. This was done for five age-ranges (0.25-1, 1-2, 2-3, 6-7 and 12-13 years) for which 

the weight was randomly sampled from a bivariate lognormal age-weight distribution [28]. The 90% 

confidence intervals (CI) of the AUC (calculated using the trapezoidal method) were then calculated and 

compared to the reference values for three pathogens: Pseudomonas aeruginosa, Staphylococcus aureus 

and the group of Enterobacteriaceae.  
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4. Results 

4.1. Participants 
A total of 108 serum and 119 urine samples were obtained from 22 children. One child participated both 

during a PO and IV course of ciprofloxacin, so data were collected during 23 courses of ciprofloxacin. 

Clinical characteristics of our study population are displayed in Table 15. The majority of participants had 

significant urinary tract comorbidities, such as any type of CAKUT (vesicoureteral reflux, duplex ureters, 

dysplastic kidneys) or BBD (overactive bladder, underactive bladder, voiding postponement). Escherichia 

coli was the most frequently cultured organism. However, non-E. coli uropathogens, such as Pseudomonas 

and Klebsiella strains, were cultured in the majority of our patients. There were more girls than boys in the 

IV group. Participants who were treated PO usually got a syrup formulation (9/13), the others used tablets. 

These different oral routes were first separately tested in model development but were not found to be 

significantly different from each other, and thus only two routes (IV and PO) were subsequently applied. 
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Table 15: Clinical characteristics of the study population 

 IV PO 

Number of participants 10 13 

Proportion females 8 (80%) 6 (46.2%) 

Diagnosis Acute pyelonephritis: 9 

Cystitis with oral 

intolerance: 1 

Acute pyelonephritis: 9 

Cystitis: 2 

Recurrent lower UTI: 2 

Comorbidities CAKUT: 3 

Neurogenic bladder: 1 

BBD: 2 

CAKUT and stone 

disease: 1 

None: 3 

CAKUT: 7 

CAKUT and renal insufficiency: 1 

CAKUT and BBD: 1 

CAKUT and stone disease: 1 

Neurogenic bladder: 1 

BBD: 1 

Stone disease: 1 

None: 1 

Age in years (median, range) 9.86 (0.51 – 15.5) 6.43 (0.31 – 15.4) 

Weight in kg (median, range) 26.7 (8.21 – 75.30) 18.3 (6.47 – 106) 

Serum cystatin C (mg/L) 0.71 (0.63 – 0.84) 0.86 (0.61 – 2.88) 

Serum creatinine (mg/dL) 0.49 (0.28 – 0.81) 0.64 (0.38 – 1.54) 

Chehade Kidney function 

(ml/min/1.73 m²) 

86.7 (73.7 – 113) 65.4 (6.76 – 116 ) 

Urine culture Escherichia coli: 4 

Pseudomonas 

aeruginosa: 3 

Klebsiella pneumoniae: 1 

No growth: 2 

Escherichia coli: 5 

Pseudomonas aeruginosa: 4 

Klebsiella pneumoniae: 1 

Proteus strains: 1 

No growth: 2 

4.2. Model development 
After thorough testing, a model using an allometric structure based on FFM and influence of KF on renal 

excretion was chosen as the optimal model. FFM rather than BW was used because of its performance, 

and because two obese patients were included in the study population. FFM was calculated using age (y), 

body weight (kg) and height (cm) using Equation 6[29]. 
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Equation 6: Formula for FFM-calculation in children [29] 

𝑀𝑎𝑙𝑒𝑠: 

𝐹𝐹𝑀 =  (0.88 +
1 − 0.88

1 + (
𝐴𝐺𝐸
13.4)

−12.7) ∗
9270 ∗ 𝑊𝑇

6680 + 216 ∗
𝑊𝑇

𝐻𝐺𝐻𝑇 ∗ 0.012

 

 

𝐹𝑒𝑚𝑎𝑙𝑒𝑠: 

𝐹𝐹𝑀 =  (1.11 +
1 − 1.11

1 + (
𝐴𝐺𝐸
7.1 )

−1.1) ∗
9270 ∗ 𝑊𝑇

8780 + 244 ∗
𝑊𝑇

𝐻𝐺𝐻𝑇 ∗ 0.012

 

 

KF was obtained by first calculating the body surface area (BSA)-normalized (per 1.73 m²) estimated GFR 

using the Chehade formula (Equation 7, [30]), after which this was divided by 120 ml/min (normal kidney 

function) to obtain a dimensionless parameter. 

Equation 7: Chehade equation for GFR calculation in children [30] 

𝑀𝑎𝑙𝑒𝑠 

𝐺𝐹𝑅𝐶𝐻𝐸  =  0.42 ∗
𝐻𝐺𝐻𝑇

𝐶𝑅𝐸𝐴𝑇
 −  0.0004 ∗ (

𝐻𝐺𝐻𝑇

𝐶𝑅𝐸𝐴𝑇
)

2

 −  14.52 ∗ 𝐶𝑦𝑠𝑡𝐶 +  0.69 ∗ 𝐴𝐺𝐸 +  21.88  

𝐹𝑒𝑚𝑎𝑙𝑒𝑠 

𝐺𝐹𝑅𝐶𝐻𝐸 =   0.42 ∗
𝐻𝐺𝐻𝑇

𝐶𝑅𝐸𝐴𝑇
 −  0.0004 ∗ (

𝐻𝐺𝐻𝑇

𝐶𝑅𝐸𝐴𝑇
)

2

 −  14.52 ∗ 𝐶𝑦𝑠𝑡𝐶 +  0.69 ∗ 𝐴𝐺𝐸 +  18.52  

No other significant covariates could be detected. The available data was used to its limits, as the 

absorption-related random effects could not be estimated without inflating the condition number. The 

final model structure and parameters are displayed in Table 16. 
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Table 16: Final model structure, parameter estimates and bootstrap values. F = bioavailability, ka: first order absorption rate 
constant, CLm: metabolic clearance, CLr: renal clearance, Vd: volume of distribution, IIV: interindividual variability. 

Parameter Estimate [%RSE] Bootstrap [90%CI] 

F = 1 * eη1 0.596 [14.5%] 0.610 [0.435 – 0.815] 

ka =  2*eη2 0.370 h-1 [8.9%] 0.379 h-1 [0.304 – 0.548] 

CLm =  3*(FFM/56.1)0.75 * eη3 7.14 L*h-1 [21.3%] 7.44 L*h-1 [4.89 – 11.0] 

CLr =  KF*4*(FFM/56.1)0.75 * eη4 8.76 L*h-1 [14.5%] 8.70 L*h-1 [6.06 – 11.5] 

Vd = 5*FFM/56.1 * eη5 38.8 L [27.6%] 41.1 L [21.5 – 66.9] 

IIV on F 0 FIX  

IIV on ka 0 FIX  

IIV on CLm 68.6%2 [33.4%] 

(13.1% Shrinkage) 

59.4% [33.8 – 88.1] 

IIV on CLr 59.0% [33.0%] 

(10.5% Shrinkage) 

62.6% [35.4 – 143] 

IIV on Vd 161% [46.8%] 

(11.5% Shrinkage) 

168% [68.1 – 436] 

Proportional residual error on plasma  0.0503 [28.0%] 0.0446 [0.00308 – 0.101] 

Additive residual error on plasma  0.381 [50.4%] 0.475 [0.0418 – 1.39] 

Proportional residual error on urine  0.198 [30.9%] 0.194 [0.0941 – 0.353] 

Additive residual error on urine  0.00530 [19.7%] 0.00850 [0.000247 - 0.0213] 

   

                                                           
2 Coefficient of variation, calculated as 𝐶𝑉% = 100% ∗  √𝑒𝜔 − 1 
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4.3. Model evaluation 
Observed plasma and urine concentrations are plotted against their corresponding population and 

individual predictions in Figure 28. A Loess smoother showed slight deviations from the line of unity for 

the population predictions and no significant deviations for the individual predictions. The 90% CIs of the 

BCa bootstrap analysis (877/1000 runs completed minimization) are included in Table 16. The bootstrap 

estimates on the fixed and random effects deviated between −13.4% and +6.10% from the model 

estimates, with an average deviation of +1.43%, indicating good agreement. 

 

Figure 28: Population and individual predicted plasma and urine concentrations versus observed concentrations. The dotted line 
represents the unity line, whereas the black line represents a Loess smoother through the data. 

The NPDE results for both plasma and urine predictions are shown in Figure 29. No significant deviations 

from the standard normal distribution could be detected, although the value was close for plasma (global 

adjusted p-value: 0.053 for plasma and 0.179 for urine). Judging from the above model diagnostics and 

the individual concentration-time profiles (data not shown) the model was deemed to fit the data 

reasonably well. 
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Figure 29: NPDE plots of the final model. On the left side, QQ-plots of the NPDEs are shown and on the right side the distribution 
of the NPDEs after 1000 simulations are shown together with the theoretical standard normal distribution. 

4.4. PK dosing simulations 
The model was subsequently used to simulate the most common dosing regimen. Simulated AUCs were 

divided by MIC breakpoints as published by The European Committee on Antimicrobial Susceptibility 

Testing Breakpoint tables (Version 7.1, 2017. http://www.eucast.org). These values are presented in 

Table 17 and in Figure 30 and Figure 31. A value of AUC/MIC of 125 or higher was postulated as PD target 

(MICP. aeruginosa: 0.5 mg/L, MICEnterobacteriaceae: 0.06 mg/L, MICS.aureus: 1 mg/L). All simulated groups reached this 

PD target for Enterobacteriaceae. For P. aeruginosa, on average 57% reached the target for the lower IV 

dose, ranging from 36% for young children with elevated renal function, to 88% for older children with 

renal impairment. For the 15 mg/kg IV dose, this increased to 93% overall, ranging from 86% to 100%. On 

http://www.eucast.org/
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average 53% of patients reached the PD target for the 15 mg/kg PO dose, ranging from 20% to 80%, which 

increased to 66% for the 20 mg/kg PO dose, ranging from 46% to 86%. For S. aureus, the PD target was 

only reached in 3% of the simulations, ranging from 0% to 33%. 

 



 

 

1
6
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Figure 30: Simulated AUC/MIC for total concentrations of ciprofloxacin. KF= kidney function. 
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Figure 31: Simulated AUC/MIC for unbound concentrations of ciprofloxacin. KF= kidney function. 
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Table 17: Simulated median AUC/MIC for total and unbound concentrations [90 % prediction interval] 

  IV Low dose (10 mg/kg), total concentration 

  P. aeruginosa  Enterobacteriaceae S. aureus 

KF = 0.5 0.25-1 y 146 [73 – 282] 1213 [606 – 2347] 73 [36 – 141] 

1-2 y 154 [71 – 298] 1285 [589 – 2480] 77 [35 – 149] 

2-3 y 161 [74  – 314] 1344 [617 – 2728] 81 [37 – 164] 

6-7 y 182 [84 – 346] 1517 [702 – 2880] 91 [42 – 173] 

12-13 y 188 [87 – 420] 1567 [728 – 3497] 94 [44 – 210] 

KF = 1 0.25-1 y 110 [56 – 214] 915 [467 – 1783] 55 [28 – 107] 

1-2 y 116 [57 – 222] 968 [475 – 1846] 58 [29 – 111] 

2-3 y 121 [59 – 238] 1006 [492 – 1980] 60 [30 - 119] 

6-7 y 135 [70 – 264] 1128 [586 – 2201] 68 [35 – 132] 

12-13 y 144 [73 – 312] 1203 [607 – 2603] 72 [36 – 156] 

KF = 1.5 0.25-1 y 90 [45 – 180] 750 [378 – 1500] 45 [23 – 90] 

1-2 y 93 [47 – 185] 777 [394 – 1541] 47 [24 – 92] 

2-3 y 98 [49 – 194] 818 [405 – 1620] 49 [24 – 97] 

6-7 y 111 [58 – 214] 929 [483 – 1783] 56 [29 – 107] 

12-13 y 120 [60 – 249] 1001 [504 - 2071] 60 [30 – 124] 
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IV High dose (15 mg/kg), total concentration  

  
P. aeruginosa  Enterobacteriae S. aureus 

KF = 0.5 0.25-1 y 216 [106 – 421] 1800 [880 – 3507] 108 [53 – 210] 

1-2 y 230 [105 – 456] 1913 [871 – 3798] 115 [52 – 228] 

2-3 y 246 [115 – 508] 2054 [955 – 4233] 123 [57 – 254] 

6-7 y 280 [132 – 550] 2333 [1098 – 4585] 140 [66 – 275] 

12-13 y 305 [142 – 660] 2541 [1184 – 5503] 152 [71 – 330] 

KF = 1 0.25-1 y 166 [86 – 317] 1385 [717 – 2643] 83 [43 – 159] 

1-2 y 173 [86 – 333] 1443 [719 – 2779] 87 [43 – 167] 

2-3 y 183 [91 – 366] 1524 [756 – 3051] 91 [45 – 183] 

6-7 y 212 [110 – 397] 1763 [914 – 3308] 106 [55 – 198] 

12-13 y 234 [116 – 483] 1946 [963 – 4028] 117 [58 – 242] 

KF = 1.5 0.25-1 y 133 [66 – 263] 1110 [552 – 2195] 67 [33 – 132] 

1-2 y 140 [69 – 276] 1167 [578 – 2299] 70 [35 – 138] 

2-3 y 151 [75 – 310] 1254 [621 – 2583] 75 [37 – 155] 

6-7 y 170 [90 – 327] 1414 [746 – 2725] 85 [45 – 164] 

12-13 y 189 [96 – 399] 1574 [803 – 3322] 94 [48 – 199] 
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  PO Low dose (15 mg/kg), total concentration  

  P. aeruginosa Enterobacteriae S. aureus 

KF = 0.5 0.25-1 y 119 [57 – 242] 991 [475 – 2021] 59 [28 – 121] 

1-2 y 129 [59 – 254] 1072 [493 – 2120] 64 [30 – 127] 

2-3 y 130 [62 – 260]  1084 [517 – 2169] 65 [31 – 130] 

6-7 y 142 [67 – 306]  1184 [561 – 2549] 71 [34 – 153] 

12-13 y 170 [75 – 331]  1414 [626 – 2757] 85 [38 – 165] 

KF = 1 0.25-1 y 88 [43 – 178] 734 [362 – 1487] 44 [22 – 89] 

1-2 y 93 [48 – 183] 772 [398 – 1521] 46 [24 – 91] 

2-3 y 96 [47 – 191]  803 [395 – 1594] 48 [24 – 96] 

6-7 y 106 [54 – 226]  887 [446 – 1886] 53 [27 – 113] 

12-13 y 126 [61 – 244]  1053 [510 -2030] 63 [31 – 122] 

KF = 1.5 0.25-1 y 70 [35 – 142] 585 [290 – 1180] 35 [17 – 71] 

1-2 y 76 [38 – 147] 630 [315 – 1225] 38 [19 – 74] 

2-3 y 77 [36 – 154]  645 [301 – 1287] 39 [18 – 77] 

6-7 y 86 [43 – 180]  716 [358 – 1498] 43 [22 – 90] 

12-13 y 102 [50 – 202]  850 [420 – 1679] 51 [25 – 101] 
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  PO High dose (20 mg/kg), total concentration  

  P. aeruginosa  Enterobacteriae S. aureus 

KF = 0.5 0.25-1 y 157 [77 – 325] 1306 [642 – 2712] 78 [39 – 163] 

1-2 y 170 [82 – 340] 1416 [684 – 2837] 85 [41 – 170] 

2-3 y 174 [81 – 345] 1451 [675 – 2872] 87 [41 – 172] 

6-7 y 196 [94 – 420] 1630 [784 – 3503] 98 [47 – 210] 

12-13 y 240 [109 – 464] 2004 [906 – 3869] 120 [54 – 232] 

KF = 1 0.25-1 y 117 [59 – 232] 971 [488 – 1931] 58 [29 – 116] 

1-2 y 125 [63 – 246] 1043 [523 – 2048] 63 [31 – 123] 

2-3 y 128 [63 – 253] 1070 [527 – 2107] 64 [32 – 126] 

6-7 y 147 [73 – 307] 1225 [610 – 2558] 73 [37 – 153] 

12-13 y 177 [86 – 345] 1479 [717 – 2874] 89 [43 – 172] 

KF = 1.5 0.25-1 y 93 [46 – 188] 775 [385 – 1566] 46 [23 – 94] 

1-2 y 100 [49 – 194] 837 [407 – 1619] 50 [24 – 97] 

2-3 y 104 [50 – 202] 868 [416 – 1687] 52 [25 – 101] 

6-7 y 118 [59 – 248] 983 [488 – 2066] 59 [29 – 124] 

12-13 y 142 [71 – 278] 1187 [588 – 2313] 71 [35 – 139] 
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5. Discussion 
In this multicenter prospective PopPK study, we analyzed pharmacokinetics of ciprofloxacin in a population 

of children who were treated for complicated UTI. Clearance in our population (0.16 L/h/kg – 0.43 L/h/kg) 

was lower when compared to previous studies (0.62 – 0.79 L/h/kg [22] and 0.13 – 0.88 L/h/kg [24]). This 

discrepancy seems to be caused by differences in renal clearance estimation, as the median renal 

contribution was estimated at 50%, where this is normally expected to be two thirds of total clearance 

[31]. In previous studies, renal clearance was estimated by creatinine-based methods, such as the Schwarz 

formula. In our population, GFR was estimated with the formula of Chehade, which combines cystatin C 

and creatinine [30]. In children, estimating GFR on either substance has drawbacks, as measuring GFR 

using an exogenous substance such as ethylenediaminetetra acetic acid (Cr-EDTA) is considered the gold 

standard. However, this is neither feasible in clinical settings, nor ethical for research purposes. Despite 

being a superior marker for drug clearance when compared to creatinine [32], cystatin C is not widely used 

in clinical practice. The Chehade formula was derived in a cohort of 238 children who had at least stage 1 

chronic kidney disease (CKD).  Therefore, we considered this formula optimal, since it combines cystatin C 

and creatinine, and most children in our population had chronic renal abnormalities. 

In comparison with previous studies, the volume of distribution was lower in our population 0.06 – 2.88 

L/kg, compared to 2.38 – 15.6 L/kg [22] and 1.82 – 13.4 L/kg [24]. On contrary to our study, patients with 

cystic fibrosis were included in these previous studies, in whom volume of distribution is usually increased. 

This might explain the lower volume of distribution in our population. As both CL and Vd are lower, 

ciprofloxacin’s half-life in our population is roughly comparable to previous analyses: 0.13 – 9.03 h vs 1.84 

– 2.35 h [22] and 1.26 – 9.29 h [24]. Furthermore, the estimated bioavailability and absorption rate 

constant are similar to previous analyses: respectively 0.596 vs 0.611 [22] and 0.851 [24], and 0.372 h-1 vs 

1.28 h-1 [22] and 0.423 h-1[24].  

In our PK dosing simulations, all simulated groups reached the PD target for Enterobacteriaceae.  Yet, on 

average 53% of all children reached the PD target for Pseudomonas aeruginosa, when dosed at 15 mg/kg 

PO. This is worrisome, as ciprofloxacin was prescribed as the only PO alternative for treating Pseudomonas 

aeruginosa in 7/22 of our patients. Subtherapeutic concentrations of fluoroquinolones select resistant 

Pseudomonas strains [33][12]. Therefore, higher PO doses might be required. However, even at the high 

dose of 20 mg/kg PO, only 46% of children with elevated KF reached the PD target. On average 3% of all 

children reached the PD target for S. aureus, which is expected, as ciprofloxacin generally has a weak gram-

positive coverage. 
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Using the unbound concentrations, we attempted to differentiate between tubular secretion and 

glomerular filtration for the renal clearance. It was however not possible to estimate the contribution of 

active processes to the renal clearance, probably due to sparseness of the data. It might also be possible 

that the renal comorbidities present in the population alter tubular secretion differently than filtration, as 

these processes happen in other parts of the kidney. 

There are some limitations to our work. First, a relatively high proportion of our study participants had 

major abnormalities of the urinary tract. This is reflected by the fraction of non-E. coli pathogens that were 

cultured in our population, which is with 60.9% higher than in most other populations of children with UTI. 

Therefore, our results might not extrapolate to other populations of children with UTI. However, in order 

to control antimicrobial resistance, ciprofloxacin should not be a first-choice agent for uncomplicated UTI. 

For children in our population, ciprofloxacin was usually prescribed as the only available PO alternative as 

dictated by antibiograms. For some children, ciprofloxacin was preferred because of assumed better 

penetrance in those with swollen kidney tissue during acute pyelonephritis, which was confirmed by 

ultrasounds. All these children did not respond to first choice antibiotics considered, usually temocillin or 

ceftriaxone. Among them were four children in whom no pathogen could be cultured in routine media; all 

had received prior antibiotics.  

Second, urine for our analyses was collected with non-invasive methods. We did a major effort to collect 

all urine during study periods, even in children who had not been toilet trained. Yet, given the high 

proportion of children with CAKUT, BBD, and neurogenic bladders in our population, it is likely that our 

urine collections do not represent the total urine production during study periods. This could only be 

overcome by collecting urine with indwelling catheters. However, this is not ethical for the purpose of 

research only without any further clinical reason. Furthermore, as most participants had had previous 

doses of ciprofloxacin, it could have been accumulated in urine. Therefore, we chose to model the 

cumulative urine excretion to at least ‘middle out’ the urine collection error. 

In conclusion, our population modeling analysis of these clinical data in children with complicated UTI 

indicated that these patients exhibit different ciprofloxacin PK than previously investigated populations 

(healthy and cystic fibrosis patients). This difference might be clinically relevant, as simulations show that 

PD targets are not reached for P. aeruginosa when applying conventional dosing schemes.  
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1. Abstract 
Introduction: In a recent multicenter population pharmacokinetic study of ciprofloxacin administered to 

children suffering from complicated urinary tract infection (cUTI), the apparent volume of distribution and 

total plasma clearance were decreased by 83.6% and 41.5% respectively, compared to healthy children. 

To explain these differences, a physiologically-based pharmacokinetic model for ciprofloxacin was 

developed for cUTI children.  

Methods: First, a physiological based pharmacokinetic (PBPK) model for ciprofloxacin in the adult 

population was developed. To that end, model input parameters and ciprofloxacin profiles from literature 

were used. Then, the established PBPK model was modified incorporating age-dependent functions and 

evaluated with pediatric data generated from a published model. Finally, the PBPK model was adapted to 

a cUTI pediatric population: (i) the degree of renal impairment (KF) was obtained for each patient, (ii) renal 

clearance (CLrenal,) was normalized by KF, (iii) CYP1A2 clearance (CLCYP1A2) was reduced according to KF, and 

finally (iv) 108 serum and 119 urine samples obtained in the cUTI clinical trial with 22 enrolled patients 

(age range 0.31-15.5 years) were used for model evaluation.  

Results: The PBPK model adequately predicted the ciprofloxacin exposure in adults and children. The 

observed vs simulated concentration pairs fell within the two-fold limits of acceptance in all cases, 

reflecting age-related pharmacokinetic changes. Plasma concentrations and fraction excreted unchanged 

in urine (fe) predictions improved in pediatric cUTI patients once CLrenal and CLCYP1A2 were corrected 

according to the individual values of KF.  

Discussion: The presented PBPK model for ciprofloxacin has demonstrated to be adequate to simulate 

different dosing scenarios to obtain PK predictions in a healthy population from 3 months old onwards. 

Model adaptation of CLrenal and CLCYP1A2 according to KF explained partially the differences seen in the 

plasma drug concentrations vs. time profiles and fe between healthy and cUTI children. Nevertheless, it is 

necessary to further investigate the disease-related changes in cUTI to improve model predictions. 
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2. Introduction 
Urinary tract infections are diseases occurring in patients with a structural or functional abnormality of the 

genitourinary tract [1], and remain one of the most common bacterial causes of febrile illness in the 

pediatric population [2]. At ages up to 8 years old, 2% of males and 8% of females suffer from at least one 

episode of UTI [3]. Children with congenital anomalies of the kidneys and urinary tract (CAKUT) are at 

major risk for complications of UTI (complicated urinary tract infections, cUTI) such as sepsis, 

pseudohypoaldosteronism, renal scarring or reflux nephropathy, which could result in chronic kidney 

disease [4]–[6]. 

Ciprofloxacin is a second generation fluoroquinolone with a broad antibacterial spectrum, labelled for 

treatment of cUTI in children [7], [8]. Development of resistance of different uropathogens to 

fluoroquinolones, mainly due to their inappropriate use, represents a current and alarming unmet clinical 

need [9]. Given that ciprofloxacin’s antibacterial effects are determined by the AUC over the MIC [10, Ch. 

8], it is fundamental to characterize its pharmacokinetics in the target populations to guarantee the right 

drug exposure avoiding toxicity and minimizing resistance [10, Ch. 8]. Such characterization is not trivial to 

achieve in the case of pediatric patients suffering from certain diseases like cUTI, as shown below. 

Ciprofloxacin undergoes glomerular filtration and tubular secretion (TS_CLint), which together, account for 

about 60% of the total clearance (CL) in adults. Non-renal CL involves CYP1A2 mediated metabolism 

(CLCYP1A2) and biliary excretion (CLBil). Ciprofloxacin´s oral bioavailability is approximately 70% and its 

binding to albumin ranges between 20% to 40% [7], [8]. Ciprofloxacin´s pharmacokinetics have been 

characterized for a cystic fibrosis (CF) adult population using a two compartment model with a total 

apparent volume of distribution (V) of 1.1 L/kg and a total clearance (CL) of 0.34 L/h/kg [11]. Age, body 

weight, serum creatinine concentration and CF state have been identified as covariates in different 

previous population analyses in the pediatric population[12], [13]. 

Recently, Meesters et al.[14] have developed a population pharmacokinetic model of ciprofloxacin in 

children with cUTI finding that V and total plasma CL were 83.6% and 41.5% reduced, respectively, with 

respect to healthy children and pediatric patients with CF [12], [13]. These findings are in accordance with 

previous observations indicating that renal impairment affects drug disposition beyond the impact on 

renal clearance [15]. 

Moreover, those results highlight the difficulty to establish an optimal dose and predict individual patients’ 

dosing. In this context, physiologically-based pharmacokinetic (PBPK) modeling appears best suited to 
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identify and potentially predict the impact of physiopathological alterations occurring in cUTI on the 

pharmacokinetics of ciprofloxacin in children, particularly in young infants, as PBPK models incorporate 

growth changes and maturation in processes that are known to alter drug disposition [16], together with 

disease related factors. 

PBPK models are regularly being applied to describe a compound’s behavior in otherwise healthy children, 

but their use in pediatric disease states affecting one or more of the eliminating organs is less well 

documented. Based on the above considerations, the goal of the present evaluation was to develop a PBPK 

model in the pediatric population with cUTI, which to the best of our knowledge is not available yet.  
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3. Methods 

3.1. Description of the PBPK model development workflow, clinical data and 

software used   
In this work, an FDA guidance-based workflow for PBPK model development in children was used [17], 

[18]. In a first step, a PBPK model for ciprofloxacin in the adult population was developed and challenged 

to predict systemic concentrations after intravenous (IV) and oral (PO) administration. Then, the 

established PBPK model in adults was modified, incorporating age-dependent physiological and 

anatomical changes to generate plasma ciprofloxacin concentrations for IV and PO administration in 

children. Finally, the PBPK model developed in healthy children was adapted to the pediatric population 

suffering from cUTI according to the patient´s individually determined kidney function (KF). Lastly, a 

parameter sensitivity analysis was performed to identify the most influential parameters on V and CL. 

Figure 32 shows the workflow used in this work specifying each step of the model development, the type 

of data and the corresponding source used for model building. Briefly, mean ciprofloxacin plasma 

concentration versus time profiles in adults after IV or PO administration were obtained from literature 

[19]–[24]. The population PK model developed by Rajagopalan and Gastonguay [12] for ciprofloxacin in 

children with normal kidney function or mild renal impairment, was used to simulate typical ciprofloxacin 

PK profiles in plasma of healthy children. Raw data obtained from a clinical study performed in pediatric 

patients with cUTI were used to adapt the PBPK model established for that particular pediatric population. 

Table 18 and Table 19 summarize the design characteristics of those studies performed in adults and 

children. 

 

Figure 32: Model building steps, type of data and the corresponding source. 
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Table 18: Clinical characteristics summary of the children from the cUTI clinical trial[14,43] separated by administration type. 
Table adapted from [14]. 

 IV OR 

Number of participants 10 13 

Proportion females 8 (80%) 6 (46.2%) 

Dose 30-60 minutes infusion of 10-15 
mg/kg every 12 hours   

15-20 mg/kg suspension or tablet 
(maximum 750 mg)  

Diagnosis Acute pyelonephritis: 9 

Cystitis with oral intolerance: 1 

Acute pyelonephritis: 9 

Cystitis: 2 

Recurrent lower UTI: 2 

Comorbidities CAKUT: 1 

CAKUT, heart deficiency and 
vesicoureteral reflux: 1 

CAKUT and stone disease: 1 

BBD: 2 

Disabled: 2 

None: 3 

CAKUT: 7 

CAKUT and renal insufficiency: 1 

CAKUT and BBD: 1 

CAKUT and stone disease: 1 

Neurogenic bladder: 1 

BBD: 1 

Stone disease: 1 

None: 1 

Age in years (median, range) 9.86 (0.51 – 15.5) 6.43 (0.31 – 15.4) 

Serum cystatin C (mg/L) 
(median, range) 

0.71 (0.63 - 0.84) 0.86 (0.61 – 2.88) 

Serum creatinine (mg/dL) 
(median, range) 

0.49 (0.28 - 0.81) 0.64 (0.38 – 1.54) 
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Table 19: Summary of ciprofloxacin adult and pediatric PK data sources. 

Reference Dose Weight  Height Age Sex 

Davis et al. [24] 200 mg IV over 30 min All subjects 

were within 

30% of their 

ideal body 

weight 

- 23 – 32 years 12 male 

750 mg PO 

Jaehde et al. [22] 200 mg IV over 30 min 67.1±11.6 kg 

 

- 29.3±5.7 years  12 (50% 

male) 

Lettieri et al. [19] 300 mg IV over 60 min 

73.0±6.7kg 177.5±4.6cm 27.4±4.3 years 

12 healthy 

male 
400 mg IV over 60 min 

500 mg PO 

750 mg PO 

Meagher et al. [20] 250 mg bid PO 78.9 (60 – 98) 181 cm (170 – 199) 31.9 years (19 – 53) 19 healthy 

male 
500 mg bid PO 

Begg et al. [21] 500 mg bid PO 72.5 kg - 61 Years 1 male 

Schuck et al. [23] 500 mg bid PO - - Median (ranged 

from 29 to 43 

years):   

36.5 years 

19 healthy 

male 

Rajagopalan and 

Gastonguay [12] 

 

IV: 9 mg/kg over 60 min 

PO: 15 mg/kg (tablet) 

13.2 kg (4.2 – 

63.2) 

- Median (ranged 

from 0.27 to 16.92 

years):   

2.5 years 

72 male, 78 

female 
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The software WebPlotDigitizer® v.3.8 (http://arohatgi info/WebPlotDigitizer) was used to extract the 

concentration versus time data from the adult literature studies. The software used for the PBPK model 

building was PK-Sim® v.7.2.1 (http://open-systems-pharmacology.org). NONMEM® v.7.4 (Icon 

Development Solutions, Ellicott City, MD, USA) [25] was used to perform the simulations of the PK profiles 

in plasma using the model and parameters publicly available[12]. R® v.3.3.2 and RStudio® v.1.0.136 were 

used for the graphical representation and preparation of the data sets. 

3.2. Adult PBPK model development and evaluation 
With respect to drug distribution and given the fact that ciprofloxacin is a small molecule with a molecular 

weight of 331g/mol (https://www.drugbank.ca/drugs/DB00537), the equations proposed by Rodgers et 

al. [26] suitable for this molecule class were used. Tissue-to-plasma partition coefficients (Kp) were 

predicted based on known organ composition and drug specific information, including ciprofloxacin 

physicochemical properties and plasma protein binding-related information, the plasma protein for which 

the drug has affinity, albumin, and the unbound fraction (fu), 0.67 [27]. 

To get the predicted systemic exposure, drug related information has to be provided to characterize the 

absorption, distribution and elimination processes. In our case, most of the required information was 

gathered from the literature, and the remaining info was estimated as described below. Table 20 lists the 

physicochemical properties provided during the analysis to get the predicted ciprofloxacin concentration 

profiles. 

  

http://open-systems-pharmacology.org/
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Table 20: Ciprofloxacin physicochemical properties. MW*: Effective Molecular Weight (ciprofloxacin contains a fluorine atom, 
which leads to a reduction of the effective Molecular Weight), logP: logarithm of the octanol-water partition coefficient of the 
neutral form (lipophilicity), pKa acid: negative logarithm of the acid dissociation constant, pKa basic: negative logarithm of the 
basic dissociation constant. 

Parameter Initial Value Source 

MW (g/mol) 331 https://www.drugbank.ca/drugs/DB00537 

MW* (g/mol) 314 [27] 

logP 1.63 http://www.jpharmsci.org/cms/attachment/2104506325/208

0956415/mmc2.pdf 

pKa acidic 6.10 https://www.drugbank.ca/drugs/DB00537 

pKa basic 8.60 https://www.drugbank.ca/drugs/DB00537 

Solubility at pH7 (mg/ml) 6.18 [27] 

 

Ciprofloxacin undergoes both renal and non-renal elimination. Renal clearance (CLRenal) exceeds the value 

of the product between fu and the glomerular filtration rate (GFR; 125 mL/min/1.73 m2) indicating the 

contribution of active tubular secretion [8]. Because the specific transporter(s) involved in the tubular 

secretion of ciprofloxacin are not well defined [28]–[30], and to ensure full characterization of the renal 

elimination, an efflux transporter was considered at the apical side of the kidney with a contribution to 

CLRenal represented by TS_CLint with a value that was estimated as explained below. CYP1A2 mediated 

metabolism [31] and biliary excretion were represented by CLCYP1A2 and CLBil, respectively. Taking into 

account that (i) approximately 15% of an IV dose is recovered in feces within 5 days after dosing [8], (ii) 

biliary and intestinal secretion are not age dependent in the range from 3 months to 18 years [32] and (iii) 

ciprofloxacin possesses a total plasma CL of 8.34 mL/min/kg for a healthy 70 kg individual [19], [22], [24], 

the value of CLBil used in our analysis was assumed to be 1.25 ml/min/kg. 

Mean plasma concentration and fraction of the administered dose excreted unchanged in urine (fe) 

profiles were used as raw data [19], [22], [24] to estimate the parameters TS_CLint, and CLCYP1A2 assuming 

linear pharmacokinetics [33] and average demographic characteristics (Table 19) using a Monte Carlo 

estimation method. 

http://www.jpharmsci.org/cms/attachment/2104506325/2080956415/mmc2.pdf
http://www.jpharmsci.org/cms/attachment/2104506325/2080956415/mmc2.pdf
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Once disposition was characterized, mean data obtained after PO administration [19]–[21], [23], [24] were 

described, using the information regarding the type of pharmaceutical formulation, and assuming that the 

full dose administered is released from the formulation and there is no loss of drug in the intestinal lumen 

apart from biliary excretion. The tablet particle dissolution was quantified by a Weibull function with no 

lag time, a shape factor of 0.80 and 4 hours for the 50 % dissolution time [27], [34]. Subsequently, 

transcellular specific intestinal permeability was estimated. 

3.3. Pediatric PBPK model development in healthy children 
Ciprofloxacin physicochemical properties, absorption, distribution, metabolism and excretion (ADME) 

parameters were retained in the pediatric model. Age-dependent algorithms implemented in PK-Sim® 

were used to generate anatomical and physiological parameters, along with height, body water, body 

weight, organ weights, blood flows, cardiac output and lipid and protein concentrations. Children´s 

ciprofloxacin fu was estimated using the value of fu in adults, and the default albumin ontogeny function 

based on the McNamara and Alcorn algorithm [35]. 

With respect to elimination, GFR and CLBil were adjusted using age-dependent functions proposed by 

Rhodin et al.[36] and Johnson et al.[32] respectively, as implemented in PK-Sim®. The ontogeny model 

published by Hayton [37] developed to describe the excretion of aminohippuric acid was applied for 

TS_CLint in the current exercise, whereas for the age-dependent CYP1A2 activity function, the one 

proposed by Edginton et al. [38] was considered. 

Typical pharmacokinetic profiles for 3, 6, and 18 months, 4, 8, and 12 years old male children were then 

generated assuming a single administration of 9 mg/kg as a 60 min IV infusion, or a 15 mg/kg tablet [12], 

and challenged against the typical predictions obtained from the population PK model reported by 

Rajagopalan and Gastonguay [12] for subjects without cystic fibrosis. Typical pharmacokinetic profiles 

were obtained selecting the individual´s weight according to the corresponding age value obtained from 

the ICRP European population [39].  

3.4. PBPK model for children with cUTI 
The clinical characteristics of the cUTI clinical trial population [14] are summarized in Table 1. 

Renal impairment is a major consequence of cUTI [6]. The ontogeny model implemented in PK-Sim® uses 

the following physiological variables to predict GFR as suggested by Rhodin et al. [36]: postmenstrual age, 

body weight, height, adult GFR and gender. However, the model does not incorporate a component 

accounting for renal insufficiency. 
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In order to overcome that limitation, we first calculated individual patient GFR using the approach 

suggested by Chehade [40] and represented in the following expression, since serum creatinine (mg/dL), 

and cystatin C (mg/L) values were available from the patient population, as well as gender, height (cm) 

and post menstrual age (years): 

𝐺𝐹𝑅 = 0.42 ×
𝐻𝑒𝑖𝑔ℎ𝑡

𝑆𝑒𝑟𝑢𝑚 𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒
− 4 × 10−4 × (

𝐻𝑒𝑖𝑔ℎ𝑡

𝑆𝑒𝑟𝑢𝑚 𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒
)

2

× 𝐶𝑦𝑠𝑡𝑎𝑡𝑖𝑛 𝐶 + 0.69 × 𝐴𝑔𝑒 + {
21.88, 𝑀𝑎𝑙𝑒𝑠

18.52, 𝐹𝑒𝑚𝑎𝑙𝑒𝑠
 

 

Subsequently, the degree of renal impairment (KF) was calculated for each patient as the ratio of the above 

calculation and the ontogeny GFR value (after normalizing it by BSA) using the Rhodin et al. [36] approach, 

and lastly, renal clearance (including filtration and tubular secretion) was normalized by KF. 

It has been widely demonstrated that not only renal elimination is altered in patients with impaired KF, 

also hepatic drug metabolism can be affected, either by inducing or suppressing expression of hepatic 

enzymes [41], [42]. Rowland Yeo et al. reported a CYP1A2 activity of 63.46 and 46.15% compared to 

healthy in the case of chronic kidney disease of stage 3 or 4-5, respectively [43]. Accordingly, CLCYP1A2 was 

reduced by those fractions in patients with KF values between 0.33-0.65 or lower than 0.33 of the normal 

(KF= 1), respectively. 

With respect to the change in plasma protein concentrations occurring as a consequence of the chronic 

kidney disease, given the low degree of binding of ciprofloxacin (fu ranges between 20 and 40%), its impact 

on plasma protein binding was considered to be negligible (as shown in Figure 33). 

 

Figure 33: Correlation between Kidney Function and ciprofloxacin fu in plasma 
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3.5. Model evaluation 
For all models developed described in sections 3.2 - 3.4, the PBPK based generated profiles either in plasma 

or in urine were displayed together with either mean published profiles, typical population PK model 

simulations, or individual observed profiles. In addition, PBPK based simulated data were plotted against 

challenged data for predictive performance analysis, considering them acceptable when they were within 

a two-fold prediction error. 

3.6. Parameter sensitivity analysis 
A local sensitivity analysis was performed to assess the impact of every model parameter on the CL and V, 

except for the parameters related to the drug properties. For this analysis in PK-Sim®, every input 

parameter (Pi) was varied around the value in the simulation by 10% and a new simulation was performed 

keeping all other input values constant. The change in the PK parameter estimate (∆PKj) was calculated as 

the difference between the values in the new simulation versus the original simulation. The sensitivity of 

the PK parameter to the input parameter was calculated as the ratio of the relative change of that PK 

parameter (∆PKj/PKj) and the relative variation of the input parameter (∆Pi/Pi) with the equation: 

(∆PKj/∆Pi)*(Pi/PKj).  
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4. Results 

4.1. Adult PBPK Model 
As shown in Figure 34, simulations according to the PBPK model agreed in general very well with the typical 

observed profiles reported in several studies for different types of drug exposure (total plasma 

concentration, fraction excreted unchanged in the urine, and saliva concentration) and for a variety of 

scenarios including (i) intravenous and oral administration, (ii) single and multiple dosing, (iii) different 

dosage regimens, and (iv) dose levels ranging from 200 mg to 750 mg. Figure 38A shows that for all the 

scenarios, the observed vs. model simulated concentration pairs fall within the two-fold limits of 

acceptance, in 100% of the cases for IV and 93.1% for PO.  

 

Figure 34: Mean observed (dots) and simulated (lines) ciprofloxacin concentrations and fe after simulating different administration 
protocols from the literature[19–24]. Table 19 summarizes the design characteristics of those studies. Blue, orange and yellow 
represent ciprofloxacin plasma concentration, saliva concentration and fe, respectively. 

The final parameter estimates are listed in Table 21. CLCYP1A2 final estimate increased 3.61 (ml/min) from 

its initial value to 20.6 (ml/min), while specific intestinal permeability was three times its initial estimate, 

3x10-6 (cm/min). For TS_CLint, a value of 1.32 (L/min/kg tissue) was estimated starting from 1.5 (L/min/kg 

tissue). 
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Table 21: Ciprofloxacin specific intestinal permeability and elimination parameters 

Parameter Initial Value Final Value Source 

Specific Intestinal 
permeability 
(transcellular) 
(cm/min) 

1x10-6  3x10-6 Estimated from the plasma drug concentration 

CLCYP1A2 (ml/min) 17 20.61  Estimated from the plasma drug concentration (IV and PO) [19]–
[24] 

GFR (ml/min/g of 
organ) 

0.266 0.266 [7], [8], [27] 

TS_CLint (L/min/kg 
tissue) 

1.5 1.32 
 

Estimated from the plasma drug concentration (IV and PO) [19]–
[24] 

CLBil (ml/min/kg) 1.25 1.25 [8] 

 

4.2. Pediatric PBPK Model 
The profiles represented in Figure 35 indicate that the total plasma ciprofloxacin concentrations predicted 

by the PBPK model are in close agreement with the simulations obtained from the published population 

PK model [12] for each of the five age groups explored. In Figure 38B it can be seen that 96.9% of the 

population PK simulated data vs. PK-Sim® simulated concentrations fall within the two-fold limits of 

acceptance for the IV administration and 95.1% for PO. 
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Figure 35: Results of the comparison of PK-SIM® predicted (lines) vs. individual NONMEM simulated profiles in children (symbols) 
after IV and PO ciprofloxacin administration for the five representative paediatric ages. Simulations represent a single 
administration of 9 mg/kg as a 60 min IV infusion or 15 mg/kg tablet PO. 

Those results support the fact that the PK-Sim® implemented ontogeny functions developed in healthy 

children for GFR [36]and CLBil [32], and the functions incorporated for active secretion [37] and CYP1A2 

activity [38] shown in Figure 36 are appropriate to predict the observations for term children from 3 

months to 18 years old (postnatal age). 

 

Figure 36: Ontogeny functions implemented in the PK-Sim® software (Rhodin et al. [36] for GFR and McNamara and Alcorn 
algorithm [35] for albumin) or incorporated based on the current analysis (Hayton [37] for active renal tubular secretion and 
Edginton et al.[38] for CYP1A2 activity). Light blue shadow covers the post menstrual age from the cUTI trial children.  

4.3. PBPK Model in children with complicated UTI 
In Figure 37, the PBPK predicted concentration-time profiles are shown for six patients receiving 

ciprofloxacin either IV or PO corresponding to the best, median, and worst fits, based on the mean 

absolute performance error computed for each individual as:  

𝑃𝐸% =
100

𝑛
 ∑ |

𝑃𝑟𝑒𝑑 − 𝑂𝑏𝑠

𝑂𝑏𝑠
|

𝑛
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Where n is the number of points while Pred and Obs refer to the model predicted and observed 

ciprofloxacin plasma concentration or fe. As can be seen, observations are very well captured by the model 

for most of the best and the median fitted individuals. 

 

Figure 37: Individual model based simulated (lines) and observed plasma concentrations (solid circles) vs time profiles for the best, 
middle, and worse fit patients. Blue, plasma concentrations, yellow, urine data. 

Figure 38B and 33C shows the PBPK model based predicted vs observed ciprofloxacin plasma 

concentration and fe after IV or PO administration in cUTI pediatric individuals. A marked difference in 

predictions can be seen between IV and PO. In the case of PO administration, the percentage of predictions 

located within the two-fold limits of acceptance increased from 63% to 75% (plasma), and from 52% up to 

72% (urine) when changes in kidney function were considered. On the contrary, differences in those 

percentages were found to be negligible after IV administration. Remarkably, in the current studied 

population, the renal function showed a mean reduction of 16 % with respect to normal, ranging from 

0.07 to 1. For IV administration, only 30% of subjects presented model predicted reduction in KF, whereas 

in the case of patients receiving ciprofloxacin orally, that percentage was increased up to 92%.   
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Figure 38: Results of the observed vs PK-SIM® simulated ciprofloxacin plasma concentrations or fe after intravenous or oral 
administration. Continuous lines represent the unity line and dashed lines represent the two-fold prediction line. (A) adult 
population (B) pediatric population (C) cUTI pediatric population. 
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4.4. Sensitivity analysis 
The sensitivity analysis revealed that V was greatly affected by tissue intracellular, blood cells and plasma 

pH, fu and kidney volume, whereas for CL, the contribution of the fu together with tubular secretion and 

kidney volume were the most influential parameters (Table 22: Sensitivity analysis results for Volume of 

distribution (Vd plasma) and Total plasma CL simulating 60 min of infusion with a dose of 13 mg/kg.Table 

22). All other tested parameters did not result in a ≥ 2.5% increase or decrease in V or CL when the 

parameter was increased or decrease 10% from the corresponding default value. 

Table 22: Sensitivity analysis results for Volume of distribution (Vd plasma) and Total plasma CL simulating 60 min of infusion 
with a dose of 13 mg/kg. 

Vd (plasma)/F CL/F 

Parameter Sensitivity Value Parameter Sensitivity Value 

Intracellular pH  -8.86 fup 0.81 

Blood cells pH -5.40 Kidney Volume 0.67 

fu 0.96 TS_CLint 0.39 

Plasma pH 0.42   

Kidney volume 0.39    
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5.  Discussion 
Dose selection and optimization remains a major challenge, especially in the pediatric population and even 

more so in diseased children. Under the premise that drug exposure is one of the main factors responsible 

for treatment success, understanding drug disposition is mandatory. Whereas top-down approaches (i.e., 

compartment-based models) have been shown useful where minor extrapolation is required, mechanistic, 

bottom-up or middle-out approaches are warranted to predict drug levels in the context of major changes 

in body physiology, with pediatric PBPK being the recommended paradigm. 

In the current analysis, the PBPK approach has been used to mechanistically describe the systemic and 

urinary ciprofloxacin exposure in children suffering from cUTI, a disease causing serious alterations in 

processes involved in its pharmacokinetics. In fact, a recent pharmacokinetic study of ciprofloxacin 

administered to cUTI children showed that the apparent V and the total plasma CL were decreased 

compared to healthy children (up to a 83.6% and 41.5%, respectively), presenting a degree of inter-

individual variability not explained by any of the patient’s factors ranging from 60 to  160% [14]. The lack 

of literature examples extrapolating from healthy subjects to the patient population, thus beyond 

ontogeny, and towards the population of interest, exemplify the novel contribution of the current work 

within the extensive literature on both PBPK and ciprofloxacin [12], [19]–[24], [44], [45]. 

Data availability in the current project was limited to serum ciprofloxacin concentrations and amounts 

excreted in urine, as well as the patient characteristics and drug properties listed in Tables 1 and 2, 

respectively, i.e. not enough to develop a stand-alone model and promoting the use of validated PBPK 

platforms such as PK-Sim®. The model building approach followed focused first on model assumptions 

accounting for permeability, tissue partition coefficients [26] and contributions of different elimination 

pathways. The agreement between simulated profiles and published data in healthy adults indicate model 

robustness, given the different dosing scenarios considered. Second, ontogenic relationships 

corresponding to renal filtration and active secretion, as well as CYP1A2 activity [36]–[38] were used to 

generate profiles in children, which were compared with those obtained based on a previously published 

population pharmacokinetic model [12], showing good agreement. Remarkably, the ontogeny function 

developed for CYP1A2, based on probe substrates methoxyresorufin, caffeine and ropivacaine [38] 

performed better than the standard ontogeny model. With respect to renal clearance mediated by 

secretion, its degree of maturation was adopted from the model developed for aminohippuric acid [37], 

which was shown to be appropriate for ciprofloxacin. 



 

198 

The third step was to adapt the PBPK model developed to the physio-pathological condition represented 

by cUTI. Markers of renal function available for each child comprised serum creatinine and cystatin C 

levels. Renal insufficiency in children was assumed to be reflected by the fractional change in the 

glomerular filtration rate between patients and healthy subjects combining the two markers and 

demographics as suggested by Chehade et al.[40]. It is known that chronic renal disease can alter drug 

disposition beyond renal excretion, for example decreasing enzyme expression/activity as it has been 

reported in the past [41], [42]. In the current model, metabolic clearance in children with cUTI was reduced 

accordingly. Impact of chronic renal disease on plasma protein levels has also been reported [46]. Given 

the low degree of binding for the case of ciprofloxacin (between 20-40%), it is however unlikely to have a 

relevant effect on its unbound fraction in plasma. The aforementioned approach agrees with previous 

PBPK works describing PK profiles in patients with altered renal function in which scaling factors for 

different parameters and conditions allowed an accurate PK description of different compounds in a 

renally impaired population [47], [48]. 

The physiologically-based model described the time-profiles of both plasma and urine after IV and PO 

administration fairly well. It should be taken into account that the only adjustment performed was based 

on creatinine or cystatin C. In fact, this approach allowed a better prediction, yet there are a number of 

drawbacks. For example, the KF estimation method is generally associated with GFR assuming that tubular 

secretion is proportionally related to GFR, which might not represent the real scenario [49]. This approach 

does not take other alterations in kidney physiology into account, i.e. 52% of the children from the cUTI 

trial had an estimated KF higher than 90% of the healthy function, suggesting other non-GFR-related 

kidney problems. Indeed, most of the individuals were suffering from CAKUT involving vesicoureteral 

reflux and/or bladder bowel dysfunction together with a UTI bacterial infection accompanied by acute 

pyelonephritis (Table 1). It should not be ignored that ciprofloxacin appears to be a substrate of OAT3 and 

P-glycoprotein (P-gp) transporters [50], [51].Alterations in the expression of those transporters or their 

functionality due to their binding to uremic toxins and inflammatory proteins in different tissues under 

renal disease condition have been reported [42],opening a research question in the case of ciprofloxacin. 

Lastly, we propose through the sensitivity analysis how to get the accurate information to get better 

predictions. It was revealed that V was greatly affected by the pH (tissue, intracellular, blood cells and 

plasma) and fu. Interestingly, Hinderling and Hartmann [52] studied the pH dependence of drug binding 

to plasma proteins in human and they observed that fu varied along with the pH value depending on the 
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drug. Therefore, it would be very interesting to further study the acidosis state in cUTI children and the 

extent of pH-induced changes in the fu of ciprofloxacin under acidemia or alkalemia conditions. 

 In conclusion, the presented PBPK model for ciprofloxacin has demonstrated to be adequate to simulate 

different dosing scenarios in order to obtain accurate PK predictions in a healthy population from 3 months 

old onwards. Model adaptation of GFR, TS_CLint and CLCYP1A2 according to KF partially explained the 

differences seen in the plasma drug concentrations vs. time profiles and fe between healthy and cUTI 

children. Nevertheless, it is necessary to further investigate the disease-related changes in cUTI due to the 

known large heterogeneity in patients suffering from CAKUT [53]. This study provides not only an 

evaluated PBPK model of ciprofloxacin for healthy children, but also essential key parameters to suggest 

hypotheses for further development of the PBPK model in a cUTI population. 

  



 

200 

6. Acknowledgements 
This study was supported by the Agency for Innovation by Science and Technology in Flanders (IWT) 

through the SAFE-PEDRUG project (IWT/SBO 130033). 

We acknowledge the Open Systems Pharmacology team (OSPS®) for their valuable support in the forum.  

  



 

201 

7. References 
[1] Nicolle, L. E. and AMMI Canada Guidelines Committee*, A. C. G., “Complicated urinary tract 

infection in adults.,” Can. J. Infect. Dis. Med. Microbiol. = J. Can. des Mal. Infect. la Microbiol. 
medicale, vol. 16, no. 6, pp. 349–60, 2005. 

[2] Shaikh, N., Morone, N. E., Bost, J. E., and Farrell, M. H., “Prevalence of Urinary Tract Infection in 
Childhood,” Pediatr. Infect. Dis. J., vol. 27, no. 4, pp. 302–308, Apr. 2008. 

[3] Chang, S. L. and Shortliffe, L. D., “Pediatric Urinary Tract Infections,” Pediatr. Clin. North Am., vol. 
53, no. 3, pp. 379–400, 2006. 

[4] Abraham, M. B., Larkins, N., Choong, C. S., and Shetty, V. B., “Transient pseudohypoaldosteronism 
in infancy secondary to urinary tract infection,” J. Paediatr. Child Health, vol. 53, no. 5, pp. 458–
463, May 2017. 

[5] Mattoo, T. K., Chesney, R. W., Greenfield, S. P., Hoberman, A., Keren, R., Mathews, R., Gravens-
Mueller, L., Ivanova, A., Carpenter, M. A., Moxey-Mims, M., Majd, M., and Ziessman, H. A., “Renal 
scarring in the randomized intervention for children with vesicoureteral reflux (RIVUR) trial,” Clin. 
J. Am. Soc. Nephrol., vol. 11, no. 1, pp. 54–61, Jan. 2016. 

[6] Najar, M., Saldanha, C., and Banday, K., “Approach to urinary tract infections,” Indian J. Nephrol., 
vol. 19, no. 4, p. 129, 2009. 

[7] European Medicines Agency, “EMA label guideline ciprofloxacin,” in Scientific conclusions and 
grounds for summaries of product characteristics, labelling and package leaflet for ciprofloxacin, 
vol. 1, . 

[8] US Food and Drug Administration, “FDA label guideline ciprofloxacin,” in Labelling leaflet for 
ciprofloxacin, 2004, pp. 1–31. 

[9] Li, X., Chen, Y., Gao, W., Ye, H., Shen, Z., Wen, Z., and Wei, J., “A 6-year study of complicated 
urinary tract infections in southern China: prevalence, antibiotic resistance, clinical and economic 
outcomes.,” Ther. Clin. Risk Manag., vol. 13, pp. 1479–1487, 2017. 

[10] Rotschafer, J. C., Andes, D. R., and Rodvold, K. A., Eds., Antibiotic Pharmacodynamics. New York, 
NY: Springer New York, 2016. 

[11] Montgomery, M. J., Montgomery, M. J., Beringer, P. M., Beringer, P. M., Aminimanizani, A., 
Aminimanizani, A., Louie, S. G., and Louie, S. G., “Population Pharmacokinetics and Use of Monte 
Carlo Simulation To Evaluate Currently Recommended Dosing Regimens of Ciprofloxacin in Adult 
Patients with Cystic Fibrosis,” Society, vol. 45, no. 12, pp. 3468–3473, 2001. 

[12] Rajagopalan, P. and Gastonguay, M. R., “Population Pharmacokinetics of Ciprofloxacin in Pediatric 
Patients,” J. Clin. Pharmacol., vol. 43, no. 7, pp. 698–710, Jul. 2003. 

[13] Zhao, W., Hill, H., Guellec, L., Neal, T., Mahoney, S., Paulus, S., Castellan, C., Kassai, B., Anker, J. N. 
Van Den, Kearns, G. L., Turner, M. A., and Jacqz-aigrain, E., “Population Pharmacokinetics of 
Ciprofloxacin in Neonates and Young Infants Less than Three Months of Age,” Antimicrob. Agents 
Chemother., vol. 58, no. 11, pp. 6572–6580, 2014. 

[14] Meesters, K., Michelet, R., Mauel, R., Raes, A., Van Bocxlaer, J., Vande Walle, J., and Vermeulen, 
A., “Pharmacokinetics of ciprofloxacin in children with complicated urinary tract infection: results 
of a multicenter population pharmacokinetic study.,” Submitt. to AAC, 2018. 



 

202 

[15] Tan, M. L., Yoshida, K., Zhao, P., Zhang, L., Nolin, T. D., Piquette-Miller, M., Galetin, A., and Huang, 
S. M., “Effect of Chronic Kidney Disease on Nonrenal Elimination Pathways: A Systematic 
Assessment of CYP1A2, CYP2C8, CYP2C9, CYP2C19, and OATP,” Clin. Pharmacol. Ther., vol. 00, no. 
00, 2017. 

[16] Maharaj, A. R. and Edginton, A. N., “Physiologically based pharmacokinetic modeling and 
simulation in pediatric drug development.,” CPT pharmacometrics Syst. Pharmacol., vol. 3, no. 
November, p. e150, 2014. 

[17] Maharaj, A. R., Barrett, J. S., and Edginton, A. N., “A Workflow Example of PBPK Modeling to 
Support Pediatric Research and Development: Case Study with Lorazepam,” AAPS J., vol. 15, no. 
2, pp. 455–464, 2013. 

[18] Leong, R., Vieira, M. L. T., Zhao, P., Mulugeta, Y., Lee, C. S., Huang, S.-M., and Burckart, G. J., 
“Regulatory Experience With Physiologically Based Pharmacokinetic Modeling for Pediatric Drug 
Trials,” Clin. Pharmacol. Ther., vol. 91, no. 5, pp. 926–931, 2012. 

[19] Lettieri, J. T., Rogge, M. C., Kaiser, L., Echols, R. M., and Heller, A. H., “Pharmacokinetic profiles of 
ciprofloxacin after single intravenous and oral doses,” Antimicrob. Agents Chemother., vol. 36, no. 
5, pp. 993–996, 1992. 

[20] Meagher, A. K., Forrest, A., Dalhoff, A., Stass, H., and Schentag, J. J., “Novel pharmacokinetic-
pharmacodynamic model for prediction of outcomes with an extended-release formulation of 
ciprofloxacin,” Antimicrob. Agents Chemother., vol. 48, no. 6, pp. 2061–2068, 2004. 

[21] Begg, E. J., Robson, R. a., Saunders, D. a., Graham, G. G., Buttimore, R. C., Neill, A. M., and Town, 
G. I., “The pharmacokinetics of oral fleroxacin and ciprofloxacin in plasma and sputum during 
acute and chronic dosing,” Br. J. Clin. Pharmacol., vol. 49, no. 1, pp. 32–38, 2000. 

[22] Jaehde, U., Sörgel, F., Reiter, A., Sigl, G., Naber, K. G., and Schunack, W., “Effect of probenecid on 
the distribution and elimination of ciprofloxacin in humans,” Clin. Pharmacol. Ther., vol. 58, no. 5, 
pp. 532–541, Nov. 1995. 

[23] Schuck, E. L., Dalhoff, A., Stass, H., and Derendorf, H., 
“Pharmacokinetic/pharmacodynamic(PK/PD) evaluation of a once-daily treatment using 
ciprofloxacin in an extended-release dosage form,” Infect. Suppl., vol. 33, no. 2, pp. 22–28, 2005. 

[24] Davis, R. L., Koup, J. R., Williams-Warren, J., Weber, A., Heggen, L., Stempel, D., and Smith, A. L., 
“Pharmacokinetics of ciprofloxacin in cystic fibrosis.,” Antimicrob. Agents Chemother., vol. 31, no. 
6, pp. 915–9, Jun. 1987. 

[25] Bauer, R., “NONMEM Users Guide: Introduction to NONMEM 7,” ICON Development Solutions 
Ellicott City, MD. pp. 1–61, 2010. 

[26] Rodgers, T. and Rowland, M., “Mechanistic approaches to volume of distribution predictions: 
Understanding the processes,” Pharm. Res., vol. 24, no. 5, pp. 918–933, 2007. 

[27] Kuepfer, L., Niederalt, C., Wendl, T., Schlender, J.-F. F., Willmann, S., Lippert, J., Block, M., Eissing, 
T., and Teutonico, D., “Applied Concepts in PBPK Modeling: How to Build a PBPK/PD Model,” CPT 
Pharmacometrics Syst. Pharmacol., vol. 5, no. 1, pp. 516–531, 2016. 

[28] Liang, Y., Li, S., and Chen, L., “The physiological role of drug transporters,” Protein Cell, vol. 6, no. 
5, pp. 334–350, 2015. 



 

203 

[29] Michot, J.-M., Seral, C., Van Bambeke, F., Mingeot-Leclercq, M.-P., and Tulkens, P. M., “Influence 
of Efflux Transporters on the Accumulation and Efflux of Four Quinolones (Ciprofloxacin, 
Levofloxacin, Garenoxacin, and Moxifloxacin) in J774 Macrophages,” Antimicrob. Agents 
Chemother., vol. 49, no. 6, pp. 2429–2437, Jun. 2005. 

[30] Ong, H. X., Traini, D., Bebawy, M., and Young, P. M., “Ciprofloxacin is actively transported across 
bronchial lung epithelial cells using a calu-3 air interface cell model,” Antimicrob. Agents 
Chemother., vol. 57, no. 6, pp. 2535–2540, 2013. 

[31] McLellan, R. A., Drobitch, R. K., Monshouwer, M., and Renton, K. W., “Fluoroquinolone antibiotics 
inhibit cytochrome P450-mediated microsomal drug metabolism in rat and human.,” Drug Metab. 
Dispos., vol. 24, no. 10, pp. 1134–8, Oct. 1996. 

[32] Johnson, T. N., Jamei, M., and Rowland-Yeo, K., “How does in vivo biliary elimination of drugs 
change with age? Evidence from in vitro and clinical data using a systems pharmacology 
approach,” Drug Metab. Dispos., vol. 44, no. 7, pp. 1090–1098, 2016. 

[33] Bergan, T., Thorsteinsson, S. B., Kolstad, I. M., and Johnsen, S., “Pharmacokinetics of ciprofloxacin 
after intravenous and increasing oral doses,” Eur. J. Clin. Microbiol., vol. 5, no. 2, pp. 187–192, 
1986. 

[34] Weibull, W., “A Statistical Distribution Function of Wide applicability,” J. Appl. Mech., vol. 103, no. 
4, pp. 293–297, 1951. 

[35] McNamara, P. J. and Alcorn, J., “Protein binding predictions in infants,” AAPS PharmSci, vol. 4, no. 
1, pp. 19–26, 2002. 

[36] Rhodin, M. M., Anderson, B. J., Peters, A. M., Coulthard, M. G., Wilkins, B., Cole, M., Chatelut, E., 
Grubb, A., Veal, G. J., Keir, M. J., and Holford, N. H. G., “Human renal function maturation: A 
quantitative description using weight and postmenstrual age,” Pediatr. Nephrol., vol. 24, no. 1, 
pp. 67–76, 2009. 

[37] Hayton, W. L., “Maturation and growth of renal function: dosing renally cleared drugs in 
children.,” AAPS PharmSci, vol. 2, no. 1, p. article 3, 2002. 

[38] Edginton, A. N., Schmitt, W., Voith, B., and Willmann, S., “A Mechanistic Approach for the Scaling 
of Clearance in Children.,” Clin. Pharmcokinetics, vol. 45, no. 7, pp. 683–704, 2006. 

[39] ICRP, “Basic Anatomical and Physiological Data for Use in Radiological Protection Reference 
Values,” Ann. ICRP, vol. 32, pp. 3–4, 2002. 

[40] Chehade, H., Cachat, F., Jannot, A. S., Meyrat, B. J., Mosig, D., Bardy, D., Parvex, P., and Girardin, 
E., “New combined serum creatinine and cystatin C quadratic formula for GFR assessment in 
children,” Clin. J. Am. Soc. Nephrol., vol. 9, no. 1, pp. 54–63, Jan. 2014. 

[41] Zhang, Y., Zhang, L., Abraham, S., Apparaju, S., Wu, T. C., Strong, J. M., Xiao, S., Atkinson, A. J., 
Thummel, K. E., Leeder, J. S., Lee, C., Burckart, G. J., Lesko, L. J., and Huang, S. M., “Assessment of 
the impact of renal impairment on systemic exposure of new molecular entities: Evaluation of 
recent new drug applications,” Clin. Pharmacol. Ther., vol. 85, no. 3, pp. 305–311, 2009. 

[42] Dreisbach, A. W. and Lertora, J. J., “The Effect of Chronic Renal Failure on Drug Metabolism and 
Transport,” Expert Opin Drug Metab Toxicol, vol. 4, no. 8, pp. 1065–1074, 2008. 

[43] Rowland Yeo, K., Rostami-Hodjegan, A., and Tucker, G. T., “Abundance of cytochromes P450 in 



 

204 

human liver: a meta-analysis,” Br. J. Clin. Pharmacol., vol. 57, no. 5, pp. 687–8, 2004. 

[44] Sadiq, M. W., Nielsen, E. I., Khachman, D., Conil, J. M., Georges, B., Houin, G., Laffont, C. M., 
Karlsson, M. O., and Friberg, L. E., “A whole-body physiologically based pharmacokinetic (WB-
PBPK) model of ciprofloxacin: a step towards predicting bacterial killing at sites of infection,” J. 
Pharmacokinet. Pharmacodyn., vol. 44, no. 2, pp. 69–79, 2016. 

[45] Navid, A., Ng, D. M., Wong, S. E., and Lightstone, F. C., “Application of a physiologically based 
pharmacokinetic model to study theophylline metabolism and its interactions with ciprofloxacin 
and caffeine,” CPT Pharmacometrics Syst. Pharmacol., vol. 5, no. 2, pp. 74–81, 2016. 

[46] Marsousi, N., Desmeules, J. A., Rudaz, S., and Daali, Y., “Usefulness of PBPK Modeling in 
Incorporation of Clinical Conditions in Personalized Medicine,” J. Pharm. Sci., vol. 106, no. 9, pp. 
2380–2391, 2017. 

[47] Zhao, P., Vieira, M. D. L. T., Grillo, J. a, Song, P., Wu, T.-C., Zheng, J. H., Arya, V., Berglund, E. G., 
Atkinson, A. J., Sugiyama, Y., Pang, K. S., Reynolds, K. S., Abernethy, D. R., Zhang, L., Lesko, L. J., 
and Huang, S.-M., “Evaluation of exposure change of nonrenally eliminated drugs in patients with 
chronic kidney disease using physiologically based pharmacokinetic modeling and simulation.,” J. 
Clin. Pharmacol., vol. 52, no. 1 Suppl, p. 91S--108S, Jan. 2012. 

[48] Sayama, H., Takubo, H., Komura, H., Kogayu, M., and Iwaki, M., “Application of a Physiologically 
Based Pharmacokinetic Model Informed by a Top-Down Approach for the Prediction of 
Pharmacokinetics in Chronic Kidney Disease Patients,” AAPS J., vol. 16, no. 5, pp. 1018–1028, 
2014. 

[49] Chapron, A., Shen, D. D., Kestenbaum, B. R., Robinson-Cohen, C., Himmelfarb, J., and Yeung, C. K., 
“Does Secretory Clearance Follow Glomerular Filtration Rate in Chronic Kidney Diseases? 
Reconsidering the Intact Nephron Hypothesis,” Clin. Transl. Sci., vol. 10, no. 5, pp. 395–403, 2017. 

[50] Vanwert, A. L., Srimaroeng, C., and Sweet, D. H., “Organic anion transporter 3 (oat3/slc22a8) 
interacts with carboxyfluoroquinolones, and deletion increases systemic exposure to 
ciprofloxacin,” Mol Pharmacol, vol. 74, no. 1, pp. 122–131, 2008. 

[51] Park, M. S., Okochi, H., and Benet, L. Z., “Is Ciprofloxacin a Substrate of P-glycoprotein?,” Arch. 
Drug Inf., vol. 4, no. 1, pp. 1–9, 2011. 

[52] Hinderling, P. H. and Hartmann, D., “The pH dependency of the binding of drugs to plasma 
proteins in man,” Ther. Drug Monit., vol. 27, no. 1, pp. 71–85, 2005. 

[53] Rodriguez, M. M., “Congenital anomalies of the kidney and the urinary tract (CAKUT),” Fetal 
Pediatr. Pathol., vol. 33, no. 5–6, pp. 293–320, 2014. 

 

 



 

 

  

PART 3: 

INTERTWINING PBPK AND 

POPPK IN PEDIATRIC DRUG 

RESEARCH 
Propofol Case Study 

In this part, the opportunities of combining the bottom-up PBPK and top-down popPK in one 
‘middle-out’ approach are exemplified with propofol. The strength and weaknesses of each 
approach, as discussed in the previous chapters are applied to the construction of PBPK models 
which are, depending on the available in vivo and in vitro data, based upon clinical adult and 
pediatric data to varying degrees. The feasibility of these models to predict pediatric PK is then 
investigated using clinical pediatric propofol data. 
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1. Abstract 
The project SAFEPEDRUG aims to provide guidelines for drug research in children, based on bottom-up 

and top-down approaches. Propofol, one of the studied model compounds, was selected because it is 

extensively metabolized in liver and kidney, with an important role for the glucuronidation pathway. 

Besides, being a lipophilic molecule, it is distributed into fat tissues, from where it redistributes into the 

systemic circulation. In the past, both bottom-up (Physiologically based pharmacokinetic, PBPK) and top-

down approaches (population pharmacokinetic, popPK) were applied to describe its pharmacokinetics 

(PK). In this work, a combination of the two was used to check their performance to describe PK in children 

and neonates using propofol as a model compound. First, in vitro data was generated in human liver 

microsomes and recombinant enzymes and used to develop an adult PBPK model in Simcyp®. Activity 

adjustment factors (AAFs) were calculated to account for differences between in vitro and in vivo enzyme 

activity. Clinical data were analyzed using a 3-compartment model in NONMEM. These data were used to 

construct a retrograde PBPK model and for qualification of the PBPK models. Once an accurate in vivo 

clearance was obtained accounting for the contribution of the different metabolic pathways, the resulting 

PBPK models were challenged with new data for qualification. After that, the constructed adult PPBK 

model for propofol was extrapolated to the pediatric population. Both the default built-in and in vivo 

derived ontogeny functions were used to do so. The models were qualified by comparing their predicted 

PK parameters to published values, and by comparison of predicted concentration-time profiles to 

available clinical data. Clearance values were predicted well, especially when compared with values 

obtained from trials where long-term sampling was applied, whereas volume of distribution was lower 

compared to the most common popPK model predictions. Concentration-time profiles were predicted well 

up until and including the preterm neonatal population. In this work, it was thus shown that PBPK can be 

used to predict the PK up to and including the preterm neonatal population without the use of pediatric 

in vivo data. This work adds weight to the need for further development of PBPK models, especially 

regarding distribution modeling and the use of in vivo derived ontogeny functions.   
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2. Introduction 
Off-label use of drugs in the pediatric population is widespread: 50-90% of prescriptions in children are 

off-label and/or unlicensed [1]. The SAFEPEDRUG project (http://safepedrug.eu) aims to optimize the 

strategy for pediatric drug research using, amongst others, a rational combination of bottom-up (based on 

in vitro data) and top-down (based on clinical in vivo data) approaches to derive the pharmacokinetics of 

drugs in this vulnerable population, starting from specific knowledge of the pediatric ontogeny and 

pathophysiology. For this purpose, model compounds with specific characteristics regarding distribution 

and elimination are used to investigate different modeling approaches. Propofol (2,6-di-isopropylphenol), 

one of the drugs in the project, is a short-acting anesthetic drug, used for both induction and maintenance 

of sedation and unconsciousness following intravenous (IV) administration [2]. It is rapidly and extensively 

metabolized (less than 0.3% of the dose is excreted unchanged) to either 4-hydroxy propofol (4HP) or 

propofol glucuronide (PG), of which the former is further conjugated to either its glucuronide or its sulfate 

(Figure 39) [3]. It is also a very lipophilic molecule (LogP = 3.8), resulting in very high volumes of distribution 

(+/- 300 – 3000L) [3].  

The pharmacokinetics of propofol have been studied thoroughly [4]–[7]. Originally, metabolism was 

thought to occur exclusively in the liver. Recent studies, however, found that propofol is also metabolized 

by the kidneys and possibly the small intestine and the lung [8]–[14]. Primary metabolism consists of 

approximately 20-40% cytochrome P450 (CYP) mediated hydroxylation (primarily CYP2B6 and CYP2C9) 

and 60-80% uridine 5'-diphospho-glucuronosyltransferase (UGT) mediated glucuronidation (primarily 

UGT1A9) [4], [13], [15]. Almost all 4HP is further conjugated and 98% of the metabolites are excreted in 

the urine [9]. The complexity of its metabolism and distribution make it an excellent candidate for the 

SAFEPEDRUG project. Indeed, a rational combination of bottom-up and top-down methods should 

constitute the ideal strategy to describe these complexities (best-of-two-worlds or middle-out approach) 

and propofol was used as one of the model compounds to test this hypothesis [16], [17].  

The methodology used in this manuscript is physiologically-based pharmacokinetic (PBPK) modeling [18], 

[19] using the software Simcyp®, based on in vitro information generated in-house and available in vivo 

data. This approach is gaining interest as the preferred methodology to reliably predict PK in the pediatric 

population [20], [21]. In this approach, drug-specific information is combined with physiological and 

anatomical knowledge into a predictive model. The concept itself is already 80 years old [22] but has only 

been applied to the pediatric population the last 15 years [20].  
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In the past, several PBPK models for propofol have already been constructed [11], [23], [24]. However, 

these models were either based on pediatric in vivo data [23] or severely underpredicted the in vivo 

clearance [11], [24]. Whereas in this work the PBPK approach is tested for the case where no pediatric 

clinical data is available yet, e.g. before a first-in-pediatric or first-in-neonate trial. 

In this manuscript, PBPK models were built for the adult population using only in vitro data (bottom-up) 

and combining both in vitro and in vivo data (middle-out). These adult models then constituted the 

foundation for a pediatric PBPK model to describe PK in children, infants and neonates. To build these 

models, in vitro-in vivo extrapolation (IVIVE) was applied. As propofol is metabolized by both CYP and UGT 

enzymes [4], this required the use of different incubation conditions. Furthermore, activity adjustment 

factors [25] were applied to correct for differences between in vitro and in vivo activity of specific enzymes.  

Propofol was selected as a model compound because it is very lipophilic, extensively metabolized in liver 

and kidney, with an important role for the glucuronidation pathway, making it an interesting drug to apply 

PBPK on and to evaluate how well it is performing to predict the pediatric PK. The purpose of this work 

was thus to assess the validity of the PBPK approach to predict our model compound’s pharmacokinetics 

in adults, children, infants and neonates.  First, the in vitro conditions were scrutinized for their relevance 

for CYP and UGT metabolism, and the utility of the use of activity adjustment factors was investigated. 

Then, the pure bottom-up approach was compared to the middle-out approach and lastly the extrapolation 

to the pediatric population was assessed. This was done by going beyond the usual evaluation of clearance 

prediction, the current practice in PBPK modeling [24], [26], [27]. In this work, the developed PBPK model 

was also evaluated for its prediction of volume of distribution at steady state (Vss) and the complete plasma 

concentration-time profile. In this way, inferences about the use of the PBPK approach in pediatric drug 

research could be made more reliably. 
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Figure 39: Metabolism of propofol 
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3. Materials and methods 

3.1. Chemicals 
All chemicals used were of the highest available purity. DMSO, CH3COONH4 (NH4Ac), UDP-glucuronic acid, 

D-saccharic acid-1,4-lactone, alamethicin (from Trichoderma viridae), EDTA, bovine serum albumin (BSA), 

sulfaphenazole, thioTEPA and tetrabutylammonium chloride were obtained from Sigma-Aldrich 

(Gillingham, UK). Na2HPO4, KH2PO4, KCl, MgCl2, NADP, and HCl were purchased from Merck (Darmstadt, 

Germany). Glucose-6-phosphate (G6P) and glucose-6-phosphate dehydrogenase (G6PDH) were obtained 

from Roche (Mannheim, Germany). Propofol was obtained from Acros Organics (Geel, Belgium) and its 

metabolites propofol glucuronide (PG) and 4-hydroxy propofol (4HP) from Toronto Research Chemicals 

(TRC, North York, ON, Canada). Deuterated standards for propofol (P-D17) and 4HP (4HP-D14) were 

purchased from Alsachim SAS (Illkirch Graffenstaden, France) and deuterated PG (PG-D17) was purchased 

from TRC. All other reagents were of the highest analytical grade available.  

3.2. Microsomes and recombinant enzymes 
Human liver (UltrapoolTM HLM 150) microsomes (HLM, pool of 150, male/female: 75/75), recombinant 

CYPs and UGTs in the form of supersomesTM (membrane fractions derived from Baculovirus infected insect 

cells expressing a specific enzyme) were purchased at Corning (Woburn, USA). Human kidney microsomes 

(HKM, pool of 8, male/female: 3/5), were purchased at Sekisui XenoTech, LLC (Kansas City, USA). Activity 

for pooled HLMs was reported as 93 pmol/min per mg protein for CYP2B6, 3200 pmol/min per mg protein 

for CYP2C9 and 2800 pmol/min per mg protein for UGT1A9, using specific probe substrates (respectively 

mephenytoin, diclofenac and propofol). For the HKM, the glucuronidation capacity was characterized for 

4-methylumbelliferone (a substrate of multiple UGTs), with reported activity of 119 nmol/min per mg 

protein. Activities for the recombinant systems were reported as 3.4 and 21 pmol/min per pmol CYP for 

CYP2B6 and CYP2C9 and 8400 pmol/min per mg protein for UGT1A9. 

3.3. Incubations in microsomes and with recombinant enzymes  
Linearity of 4HP (in HLM) and PG (in HLM and HKM) formation was assessed at a concentration of 5 µM 

propofol. The formation rate was found to be linear as a function of time and protein concentration up to 

20 min and 0.4 mg protein/mL, and up to 20 min and 0.3 mg protein/ml, respectively. In the recombinant 

systems, linearity as a function of time at 50 pmol/ml was assessed and found to be linear up to 15 minutes 

for CYP2B6, CYP2C9 and UGT1A9. 
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3.3.1. Hydroxylation of propofol in HLM and rhCYP 
Incubations were performed in triplicate in Eppendorf vials (Eppendorf, Hamburg, Germany) using a 

metabolite formation approach [28]. Procedures using microsomes and recombinant systems were 

identical. One incubation consisted of 250 µl diluted microsomes or rhCYP, 50 µl diluted propofol spike, 

100 µl phosphate buffer in 8% BSA (0.1M K2HPO4/KH2PO4, 8% v/v BSA) and 200 µl cofactor mixture 

consisting of 1.5 mg/ml glucose-6-phosphate (G6P), 1% glucose-6-phosphate dehydrogenase (G6PDH), 

0.375 mg/ml NADP, 1.5% MgCl2.6H2O (0.1 g/ml) and 98.4% 0.1M phosphate buffer at pH 7.4 resulting in a 

microsomal protein concentration of 0.3 mg/ml or a recombinant enzyme concentration of 100 pmol/ml 

and a solvent concentration <0.5%.  

A preincubation step with propofol, phosphate buffer and diluted microsomes/rhCYP was performed for 

5 min in a shaking water bath at 37°C (500 rpm) (Thermo, Waltham, USA), with final propofol 

concentrations of 5, 7.5, 10, 15, 20, 50, 75, 100 and 150 µM. Incubations were started by adding 200 µl 

cofactor. Reactions were stopped at 4, 8 and 12 min by transferring 100 μl aliquots into 96-well plates on 

dry ice containing 90 μl ice cold 1 M HCl and 50 μl of internal standard mix (propofol-D17 and 4HP-D14, 

final concentration respectively 50 and 10 µM). Boiled control and control incubates without cofactor (for 

microsomes) and supersomeTM insect controls (for rhCYP) were run in parallel to correct for chemical and 

non-CYP450 degradation, respectively. The plates were then stored at −80°C in an ultra-freezer (New 

Brunswick scientific, Rotselaar, Belgium) awaiting analysis.  

3.3.2. Chemical inhibition with sulfaphenazole and thioTEPA 
As it has been shown many times before that CYP2B6 and CYP2C9 are the most important CYP450 enzymes 

responsible for propofol hydroxylation, inhibition experiments were only carried out for these two 

enzymes [4], [29]–[33]. Incubations with the CYP2C9-inhibitor sulfaphenazole and the CYP2B6-inhibitor 

thioTEPA were similar to the previously described procedures, using a microsomal protein concentration 

of 0.3 mg/ml, a propofol concentration of 10 µM, inhibitor concentrations of 10 µM, and a solvent 

concentration <0.5%. Incubations were started by adding 200 µl cofactor and stopped at 4, 8 and 12 min 

by transferring 100 μl aliquots into 96-well plates on dry ice containing 90 μl ice cold 1 M HCl and 50 μl of 

internal standard. Boiled control incubates were run in parallel to correct for non-CYP450 degradation. 

The plates were then stored at −80°C in an ultra-freezer (New Brunswick scientific, Rotselaar, Belgium) 

awaiting analysis.  

3.3.3. Glucuronidation of propofol in HLM, HKM and rhUGT 
Incubations were performed in a comparable manner as for the hydroxylation of propofol, using a 

metabolite formation approach. Procedures for HLM, HKM and rhUGT were identical. One incubation 
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consisted of 250 µL diluted microsomes/rhUGT, 10 µl alamethicin solution (50 µg/mg protein), 50 µl 

diluted propofol spike, 100 µl phosphate buffer in 8% BSA (0.1M K2HPO4/KH2PO4, 8% v/v BSA) and 190 µl 

cofactor mixture consisting of 0.336 mg EDTA, 12 mg BSA, 7.014 µl MgCl2.6H2O (0.1 g/ml), 3 mg UDP-

glucuronic acid and 0.993 ml 0.1M phosphate buffer per ml at pH 7.4 resulting in a microsomal protein 

concentration of 0.3 mg/ml or a recombinant enzyme concentration of 100 pmol/ml and a solvent 

concentration <0.5%.  

First, 250 µl of diluted microsomes/rhUGT was activated on ice for 20 min with 50 µg/mg protein 

alamethicin. After this step, the procedure was similar to the hydroxylation experiments: after a 

preincubation step with final propofol concentrations of 5, 10, 20, 50, 75, 100, 125, 150, 200 and 400 µM, 

incubations were started by adding 190 µl cofactor. Reactions were stopped at 4, 8 and 12 min by 

transferring 100 μl aliquots into 96-well plates on dry ice containing 90 μl ice cold 1 M HCl and 50 μl of 

internal standard mix (propofol-D17 and PG-D17, final concentration respectively 50 and 20 µM). Boiled 

control incubates (for microsomes) and supersomeTM insect controls (for rhUGT) were run in parallel to 

correct for non-UGT degradation. The plates were then stored at −80°C in an ultra-freezer (New Brunswick 

scientific, Rotselaar, Belgium) awaiting analysis.  

3.4. UPLC-MS² bio-analysis 
Propofol, 4HP and PG were analyzed by means of UPLC-MS², preceded by solid phase extraction (SPE). A 

Waters Acquity UPLC was coupled to a Waters Quattro Ultima triple quadrupole system (Micromass 

Waters, Manchester, UK) in negative electrospray ionization (ESI-) mode. 

Before analysis, samples were diluted 1:1 by addition of 270 µl 1% NH4OH solution, after which mixed-

mode SPE was applied using an Oasis MAX 96-well µElution plate and an extraction plate manifold for 

Oasis 96-well plates (Waters, Milford, USA). These plates were washed and conditioned with respectively 

200 µl MeOH and 200 µl H2O, whereafter 500 µl of diluted sample was added onto the sorbent. The plate 

was then washed with 200 µl wash solvent (5% MeOH, 95% 2% NH4OH solution) and 100 µl of the first 

eluens (100% MeOH) added. The first eluate (containing propofol and 4HP) was then collected and the 

second eluens (2% FA in MeOH) added. The second eluate (containing PG) was then collected in the same 

well, after which the entire content was diluted 1:1 with 0.1 M NH4Ac (pH 4.76). During this sample 

preparation, all (instable) 4HP was forcibly oxidized to its benzoquinone form, also known as propofol 

impurity J [34]. It was in fact this compound that was measured to quantify the 4HP content of the samples.  

After sample preparation, these plates were presented to the UPLC-MS² method. For the chromatographic 

separation, a gradient was applied with solvents A (95% 1 mM NH4Ac (pH 4.76) and 5% MeOH) and B 
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(100% MeOH) on a Waters ACQUITY UPLC HSS column (1.8 µm particle size, 50 x 2.1 mm) and a Waters 

VanGuard pre-column (5 x 2.1mm) (Waters, Zellik, Belgium) held at 40°C. For 0.5 min, the column was kept 

at 50% B, after which a step gradient to 100% B occurred, which was held for 1 minute, followed by a step 

gradient back to 50% allowing 0.5 min re-equilibration. The mass spectrometer was set to ESI- mode with 

a capillary voltage of -2500 V, a source temperature of 150 °C, a desolvation temperature of 400 °C, a cone 

gas flow of 175 L/h, and a desolvation gas flow of 800 L/h. The settings and ion transitions per compound 

are shown in the supplementary data, Table S-I.  

9 Calibrators and 4 quality control samples were used for each analyte run and a linear calibration model 

with 1/X weighing was used for propofol and 4HP, whereas a quadratic model with 1/X weighing was used 

for PG. The methods were validated according to FDA guidelines [35]: at least 4 out of 6 QCs were within 

15% of their nominal value and standards deviated not more than 15% from the nominal concentration, 

except for the LLOQ where 20% deviation was allowed. A linear range of 1 to 1000, 0.5 to 500 and 0.2 to 

200 µM was obtained for propofol, 4HP and PG, respectively. 

3.5. Data analysis 
For the metabolite formation approach, concentrations of 4HP and PG were corrected for protein 

concentration (mg microsomal protein/ml) and reaction time (min), resulting in the initial reaction velocity 

v0. This velocity was then normalized for initial substrate concentration (μM) in order to calculate the 

apparent in vitro clearance (CLapp). CLapp and v0 were both plotted vs. substrate concentration and the 

Michaelis-Menten equation was fitted to the data, using the nls function of the R software package 

(version 0.98; http://www.rstudio.com/) resulting in the Michaelis-Menten constant Km and the intrinsic 

clearance CLint, and Km and the maximal reaction velocity Vmax, respectively. The consistency of these 

models in terms of parameter estimates, precision and accuracy was assessed before accepting the results, 

imposing a maximal standard error of 15%, as suggested by FDA guidelines [35].  

3.6. IVIVE-PBPK 

3.6.1. Construction of the PBPK model 
Once the metabolic parameters were obtained, IVIVE was performed in the Simcyp® Simulator v16.0 

(Sheffield, UK). For the HLM-based model (PBPKHLM), the contributions of each enzyme to the total 

clearance were estimated from the inhibition experiments, whereas the recombinant CLint could be used 

for the rhCYP-based model (PBPKrhCYP). An unbound fraction in microsomes (fu,mic) of 0.65 was estimated 

in silico using the prediction toolbox (using LogP, pKa, assay pH and microsomal protein concentration as 

input) and used to obtain the unbound intrinsic clearance (CLint,u). In Simcyp®, Equation 8 is then used to 

http://www.rstudio.com/
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calculate the total unbound intrinsic clearance for liver (CLint,H,u) and kidney (CLint,K,u). MPPGL and MPPGK 

represent the amount of microsomal protein per gram liver and kidney for a certain individual as calculated 

by Simcyp using the Healthy volunteer population. The percentages are the contribution of the different 

CYP enzymes to the total CYP-mediated clearance, as obtained from the inhibition experiments. CYP 

activity in the kidney was assumed to be negligible, as has been described before for CYP2C9 [36] and 

CYP2B6 [14]. For the PBPKrhCYP, intersystem extrapolation factors (ISEFs) of 0.43, 0.78 and 1 were used for 

CYP2B6, CYP2C9 and UGT1A9, respectively. These values are the default values used in Simcyp for BD 

Supersomes. The amount of enzymes present in a microgram of liver protein are calculated by Simcyp 

using the Healthy volunteer population.  

Equation 8: Calculation intrinsic hepatic and renal clearance for an HLM-based and an rhCYP-based model. 

HLM: 

𝐶𝐿𝑖𝑛𝑡,𝐻,𝑢 = 𝑀𝑃𝑃𝐺𝐿 ∗ 𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ ((%𝐶𝑌𝑃2𝐶9) ∗ 𝐶𝐿𝑖𝑛𝑡,𝑢,𝐻𝐿𝑀,𝐶𝑌𝑃 +   (%𝐶𝑌𝑃2𝐵6) ∗ 𝐶𝐿𝑖𝑛𝑡,𝑢,𝐻𝐿𝑀,𝐶𝑌𝑃

+ (%𝑈𝐺𝑇1𝐴9) ∗ 𝐶𝐿𝑖𝑛𝑡,𝑢,𝐻𝐿𝑀,𝑈𝐺𝑇) 

𝐶𝐿𝑖𝑛𝑡,𝑅,𝑢 = 𝑀𝑃𝑃𝐺𝐾 ∗ 𝑘𝑖𝑑𝑛𝑒𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ ((%𝑈𝐺𝑇1𝐴9) ∗ 𝐶𝐿𝑖𝑛𝑡,𝑢,𝐻𝐾𝑀,𝑈𝐺𝑇) 

rhCYP: 

𝐶𝐿𝑖𝑛𝑡,𝐻,𝑢 = 𝑀𝑃𝑃𝐺𝐿 ∗ 𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 ∗ (𝐼𝑆𝐸𝐹𝐶𝑌𝑃2𝐵6 ∗ 𝐶𝐿𝑖𝑛𝑡,𝑢,𝐶𝑌𝑃2𝐵6 ∗ [𝐶𝑌𝑃2𝐵6]𝐻 +  𝐼𝑆𝐸𝐹𝐶𝑌𝑃2𝐶9

∗  𝐶𝐿𝑖𝑛𝑡,𝑢,𝐶𝑌𝑃2𝐶9 ∗ [𝐶𝑌𝑃2𝐶9]𝐻 +  𝐼𝑆𝐸𝐹𝑈𝐺𝑇1𝐴9 ∗  𝐶𝐿𝑖𝑛𝑡,𝑢,𝑈𝐺𝑇1𝐴9 ∗ [𝑈𝐺𝑇1𝐴9]𝐻) 

𝐶𝐿𝑖𝑛𝑡,𝑅,𝑢 = 𝑀𝑃𝑃𝐺𝐾 ∗ 𝑘𝑖𝑑𝑛𝑒𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 ∗  𝐼𝑆𝐸𝐹𝑈𝐺𝑇1𝐴9 ∗ [𝑈𝐺𝑇1𝐴9]𝐾 ∗  𝐶𝐿𝑖𝑛𝑡,𝑢,𝑈𝐺𝑇1𝐴9) 

Subsequently, the CLint,H,u and CLint,R,u were combined with the in silico estimated fraction unbound in 

plasma (fu,p) (calculated using LogP and pKa) and the blood/plasma ratio (B:P) (calculated using LogP,  fu,p, 

pKa and haematocrit), and respectively the hepatic (QH) and renal (QR) blood flow using the well-stirred 

liver and well-stirred kidney model to obtain the hepatic (CLH) and renal (CLR) plasma clearance, as is shown 

in Equation 9.  

Equation 9: Well-stirred clearance model 

𝐶𝐿𝑥 =  
𝑄𝑥 ∗  𝑓𝑢,𝑝 ∗ 𝐶𝐿𝑖𝑛𝑡,𝑥,𝑢 

𝑄𝑥 + 𝑓𝑢,𝑝 ∗
𝐶𝐿𝑖𝑛𝑡,𝑥,𝑢

𝐵: 𝑃
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An intravenous full PBPK model [37] was selected in Simcyp® to predict pharmacokinetics as a function of 

time. Physicochemical input parameters used were: molecular weight 178.3 g/mole; logPO:W 3.8; fu,p 0.056 

(in silico); B:P 1.28 (in silico); pKa1 11.1. The distribution component of the PBPK model was represented 

by the classical Rodgers & Rowland model expanded with the steady-state Fick-Nernst-Planck equations 

(method 3 in Simcyp®). Furthermore, the Hansch equation [38]  was used to take into account neutral lipid 

partitioning of propofol. These distribution equations are used in the simulator to calculate separate 

plasma partition coefficients (Kp) for the different compartments of the PBPK model. The elimination 

component of the model involved a renal and a hepatic metabolic clearance part. Propofol was assumed 

to be 100% metabolized, thus no renal elimination of unchanged drug was included in the model, 

consistent with the reported negligible renal elimination [3]. The hepatic and renal metabolic clearance 

were included using the clearances derived by IVIVE, as described above. 

3.6.2. Calculation and incorporation of Activity Adjustment Factors 
During the development of the PBPK model it became clear that the CYP2B6-mediated clearance was 

severely underpredicted using HLMs. Therefore, activity adjustment factors (AAF) were calculated. These 

factors were first proposed by T’Jollyn et al. [25] and try to correct for the difference between in vitro and 

in vivo activities of different enzymes. They differ from other scaling factors such as relative activity factors 

(RAF), as they incorporate both in vivo and in vitro information in their calculation, rather than scaling 

between different in vitro systems only. To calculate an AAF, a specific probe substrate of which the in vivo 

clearance is known is incubated in the HLM-batch that is used for the kinetic experiments. The AAF is then 

calculated as the ratio of the unbound in vivo back-calculated CLint,H,u and the unbound in vitro CLint,HLM,u 

obtained with the specific probe substrate. This factor is then multiplied with the relevant parameter, to 

obtain the activity adjusted intrinsic clearance CLint,AA,u. 

The probe substrates used for CYP2B6 and CYP2C9 were bupropion and diclofenac, respectively. For 

UGT1A9, the probe substrate most often used is propofol, of which the use would be redundant in this 

work. Therefore, only activity adjustment factors for CYP2B6 and CYP2C9 were calculated. As the 

discrepancy in activity was discovered after the experiments were carried out, in vitro kinetic data 

obtained by Corning, the supplier of the microsomes, were used to estimate the unbound in vitro CLint,HLM,u. 

Both bupropion and diclofenac were present as compound files in Simcyp®, which allowed for easy back-

calculation from the in vivo CLint,H,u. The ratios of these two values were then calculated for both CYP2B6 

and CYP2C9, resulting in the AAF. 
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3.6.3. Construction of the Retrograde Model 
In order to provide a benchmark PBPK model, a retrograde model based on in vivo data was also 

constructed. To do this, available PK data were fitted using a population PK model (see section ‘Population 

analysis of available in vivo data’) resulting in a benchmark CL and Vd. To scale back this clearance to the 

corresponding in vitro CLint’s, extra data was gathered from literature. This information is presented in 

Table 23. 

Table 23: Input for retrograde model building 

Parameter Value Source 

Total CL  

(80 kg, 25 year old male) 

96.40 L/h popPK analysis 

fm,UGT 62% [4] 

fm,CYP 38% [4] 

Renal contribution 33.3% [11], [13], [39] 

Hepatic contribution 66.7% 100% minus renal contribution 

CYP2B6 contribution CL2B6,EM,H / CL2B6,PM, H  = 2.66 [30], [40] 

 

This information was integrated in Simcyp® in a stepwise manner. First, the hepatic CYP450 clearance 

(CLH,CYP) was calculated. As the CYP activity in the kidneys is negligible [36], [41], [42], it was assumed that 

all CYP450 clearance originated from the liver. The fraction metabolized by CYP450 was assumed to be 

38% [4]; thus for the reference individual of the Simcyp Healthy Caucasian population of 80 kg and 25 

years old this meant that: 

𝐶𝐿𝐻,𝐶𝑌𝑃 = 38% ∗ 96.40 𝐿
ℎ⁄ = 36.48 𝐿

ℎ⁄  

Furthermore, it was assumed that one third of propofol metabolism occurs in the kidney (Veroli et al., 

1992; Raoof et al., 1996; Gill et al., 2013) and all other metabolism occurs in the liver: 

𝐶𝐿𝐻,𝑇𝑂𝑇 = 66.7% ∗ 96.40 𝐿
ℎ⁄ = 64.30 𝐿

ℎ⁄  
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The trial that was used to find the differences in clearance between extensive and poor CYP2B6 

metabolizers [30], [40] was then simulated in Simcyp® using the clinical trial simulation tool. For this, a 

poor and extensive metabolizing population (i.e. 100% poor metabolizers and 100% extensive 

metabolizers) was constructed matching the demographics of the original study as closely as possible. It 

was assumed that the only CYP enzymes involved in propofol’s metabolism were CYP2B6 and CYP2C9 [4], 

[29]–[33]. The hepatic retrograde enzyme kinetics module was then used to calculate CLint,CYP2B6 and 

CLint,CYP2C9 while varying their respective contributions (taking into account that part of the hepatic 

metabolism is UGT mediated by multiplying their contributions with the ratio of CLH,CYP and CLH,TOT). The 

ratio of the hepatic clearances was then calculated after each trial simulation. This was repeated until a 

ratio of 2.66 (the ratio obtained in the original study) was obtained. As no retrograde calculator was 

available (Simcyp® v16) for UGTs, CLint,rhUGT was subsequently varied until the hepatic clearance reached 

its assumed value of 64.30 L/h for the reference individual. Once this value was obtained, it was observed 

that kidney and liver needed a different CLint,rhUGT in order to obtain the correct contributions. Therefore, a 

rUGT scalar was varied for the renal CLint,rhUGT until CL was 96.40 L/h and the contributions agreed with the 

in vivo ones. 

3.7. Extrapolation to the pediatric population 
The adult retrograde model was extrapolated to the pediatric age range using the pediatric population in 

Simcyp® v16.0 (Sheffield, UK). In this pediatric population, maturational changes in tissue volumes, tissue 

composition and flows are incorporated [26]. Furthermore, the default ontogeny functions were used for 

CYP2B6, CYP2C9 and UGT1A9. These ontogeny functions are mostly based on in vitro information: Western 

Blots for CYP2B6 [43], [44], in vitro activity, immunoblotting and limited in vivo information for CYP2C9 

[43], [45]–[47] and in vitro activity for UGT1A9 [48]. However, the specific ontogenetic and anatomic 

differences regarding the preterm neonate population [49]–[52] were not included in this version of the 

simulator. The first pediatric PBPK model was constructed using these default ontogeny functions. 

Afterwards, the literature was searched for in vivo derived ontogeny functions and these were 

incorporated in the simulator, creating a second pediatric PBPK model. For CYP2B6 and CYP2C9, an in vivo 

ontogeny function (enzyme levels as a function of age derived from in vivo PK data) was found in a recent 

meta-analysis by Upreti et al. [53]. For UGT1A9, no such in vivo function could be found.  

Finally, Simcyp® v17.0 (Sheffield, UK), which includes specific information regarding preterm neonates was 

used to improve the constructed preterm PBPK model up until 0.077 years PNA (28 days). This population 
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was expanded with the same ontogeny functions as used in v16 and gestational age was simulated at 28, 

32 and 36 weeks and compared with in vivo term and preterm clinical data. 

3.8. Qualification of the adult models 

3.8.1. Population analysis of available in vivo data 
The estimation of clearance and volume of distribution of propofol in literature varies largely [3], [5], [32], 

[54], [55]. This variability can be partly explained by the context-sensitive half-life of propofol, which 

means that estimation of its PK parameters depends on the length of infusion and the applied sampling 

scheme [56]. In order to obtain a reliable benchmark value to 1) compare the PBPK model to, and 2) use 

to construct a retrograde PBPK model, several data sets were collected from literature. Plasma 

concentration-time data from Eleveld et al. [5], Smuszkiewicz et al. [55] and Campbell et al. [54], [57] were 

obtained and are summarized in Table 24. The data from Eleveld et al. were available as concentration-

time data, whereas the individual concentration-time profiles were obtained from the authors and 

digitized using WebPlotDigitizer (https://automeris.io/WebPlotDigitizer) for Smuskiewicz et al. and 

Campbell et al.. 

Table 24: Propofol PK data collected from literature 

 Eleveld et al., 2014 Smuszkiewicz et al., 2016 Campbell et al., 1988 

Number of patients 660 29 9 

Infusion time <1 h 14 - 335 h 2 – 10 h 

Sampling time 2 – 15 h 8 h 24 – 120 h 

CL 109.8 L/h 87.6 L/h 75.3 L/h 

Vd 239.5 L 955.1 L 2920 L 

T1/2 1.5 h 7.7 h 29.9 h 

 

To ensure equal distribution of the trial conditions, 10 datasets of 100 patients were constructed, each 

consisting of 60 randomly sampled patients from the Eleveld data and all the other data. Consistent with 

previous population models [5], [55], each of these 10  datasets was fitted to a three-compartmental 

model with first-order elimination using NONMEM (v7.3, [58]). The parameter estimates were assessed 

for consistency and accuracy, after which they were averaged to obtain benchmark PK parameters. 

https://automeris.io/WebPlotDigitizer
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3.8.2. Adult model qualification tools 
Qualification of the PBPK models was done according to EMA guidelines [59]. As an internal qualification, 

the predicted PK parameters (clearance and volume of distribution) were compared to the values obtained 

by population analysis of in vivo data. Furthermore, the clinical data used for the construction of the 

retrograde model were resimulated using the final PBPK model after which simulated and observed 

plasma concentration-time data were compared using plots of simulated against observed data. The two-

fold and 1.5-fold error (percentage of the predicted concentrations within two-fold, resp. 1.5 fold of the 

original data)  were then calculated. For external qualification, clinical data (concentration-time data and 

covariates) obtained from openTCI (opentci.org) were simulated and performance was investigated by 

looking at plots of simulated and observed data, and concentration-time profiles. The two-fold and 1.5-

fold error (for the observed versus prediction plots) and percentage of data points lying outside the 90% 

prediction interval (for the concentration-time profiles) were then calculated. 

3.9. Qualification of the pediatric models 

3.9.1. Available in vivo data 
The model was qualified by comparison of predictions to in vivo data, which were either collected from 

literature or delivered by collaborators of the SAFEPEDRUG consortium. These data, which consisted of 

individual plasma concentration-time profiles, are summarized in Table 25. 

Table 25: available pediatriac in vivo data 

Population n Median age [range] Reference 

Preterm neonates 

(<1m) 

12 7d [1d – 25d] [60] 

Term neonates (<1m) 13 10d [2d – 25d] [60] 

Infants (1m – 2y) 54 1.039y [1m – 2y] [5], [61] 

Older children (> 2y) 115 6y [2.055y – 17y] [5] 

 

Furthermore, clearance and volume of distribution values were taken from literature to compare to the 

predicted PK parameters. Volumes were either Vss obtained by NCA or the sum of the volumes obtained 

by population compartmental analysis, named Vd,pop throughout the remainder of this manuscript. These 

are summarized in Table 4. 
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Table 26: pediatric in vivo data collected from literature 

Trial CL (L/h/kg) Vd (L/kg) Median age [range] Reference 

Bolus to neonates in 

ICU 

0.82 3.70 11d [3d - 25d] [62] 

Bolus to preterm and 

term neonates in ICU 

1.83 6.06 

 

8d [1d - 25d] [60] 

Bolus to infants with 

biliary atresia 

2.32 2.40 1.92y [0.92y – 3.58y] [63] 

Bolus to healthy infants 2.25 3.50 1.025y [4m – 2y] [63] 

Bolus to healthy 

children 

1.85 11.6 5.5y [4.1y – 7y] [64] 

Bolus to infants with 

minor burns 

3.10 12.0 1.48y [1y – 2.58y] [65] 

Bolus to children 

scheduled for surgery 

2.43 13.2 6.5y [3y – 10y] [66] 

Bolus to children 

undergoing 

circumcision 

2.42 12.4 7.9y [4y – 12y] [67] 

Bolus and infusion to 

healthy children 

2.40 9.70 7.0y [3y – 11y] [68] 

Bolus to infants and 

children undergoing 

surgery 

1.27 5.31 1.44y [4m – 9y] [69] 

Infusion to critically ill 

neonates, infants and 

children 

1.81 7.61 1.33y [1w – 12y] [70] 
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3.9.2. Model evaluation tools 
Evaluation of the PBPK models was done according to EMA guidelines [59]. The predicted PK parameters 

(clearance and volume of distribution as a function of age) were compared to literature values. As no 

pediatric data was used in the construction of this model, only external evaluation was performed. For 

this, the available in vivo data were simulated using the parameter estimation module of Simcyp. This 

means that the exact dosing regimens, weights and ages of the individuals of the trials was used as an 

input for a Simcyp trial simulation. Simulated and observed plasma concentration-time data were 

compared by plotting both observed and simulated data over time. As the neonatal data were obtained 

by arterial sampling, the arterial plasma concentration was calculated using the simulated lung 

concentrations, individual blood-to-plasma ratios and lung partition coefficients [71]. 

Clearance and volume of distribution simulations 

In order to investigate the maturation of propofol clearance, simulations were carried out. For this, 10,000 

(100 trials of 100 individuals) simulations were carried out for all relevant age categories: neonates (<1 m), 

infants (1m - 3 m), toddlers (3m – 2y), young children (2y – 6y), children (6y – 12y) and adolescents/young 

adults (12y – 25y). Furthermore, the preterm population available in Simcyp v17 (until 0.077 years old), 

was also simulated. For each individual, CLtot, and Vd,PBPK were calculated using the best performing PBPK 

model (assessed by comparison to clinical data). The maturation of CLtot and Vd was then compared to the 

values of Table 26.  

Furthermore, 4 published maturation functions, derived by population PK, were compared to the PBPK 

obtained clearance maturation. These maturation functions were an exponential model derived from very 

young neonates by Allegaert et al. ([60]), a sigmoidal model derived from neonates and infants by 

Mahmood et al. ([24]) and two more complex population models: one derived from infants (>6 months), 

children and adults by Eleveld et al. ([5]) and one derived from 7 datasets gathered in neonates up to 

adults by Wang et al ([72], [73]). 

To compare the separate maturation of CYP- and UGT-mediated clearance, a trial conducted by Allegaert 

et al. [15] was simulated. For this, 11 neonates, 22 infants, 40 toddlers, 50 children, 100 adolescents and 

100 young adults were sampled randomly from the 60,000 (10,000*6 age categories) individuals. For these 

individuals, the ratio between glucuronidation and hydroxylation clearance was calculated and compared 

to the ratio of urinary metabolites found in the original trial. Just as in the original study, a Wilcoxon rank 

sum test was performed to assess whether the ratio of glucuronidation to hydroxylation was significantly 

different between adults and neonates. 
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3.10. Sensitivity Analysis 
A sensitivity analysis was conducted using the sensitivity analysis tool available in Simcyp. The effect of 

lipophilicity (log PO:W), tissue distribution (Kp scalar), intrinsic clearance (CLint,CYP2B6,u, CLint,CYP2C9,u, and 

CLint,UGT1A9,u), the relative difference between renal and hepatic glucuronidation (rUGT scalar) and blood 

distribution (B:P and fu,p) on CL, Vss and AUC was investigated. To perform a local sensitivity analysis, 

parameters were allowed to change only 1% around their nominal value and only three uniform steps 

were allowed. From this, the elasticity indices (EI) and sensitivity indices (SI) for these parameters could 

be calculated and a ranking was made, from the least important parameters to the most important with 

regards to the different outputs. More information about these parameters can be found in specialized 

literature [74], [75]. In short, these indices take on a value between 0 and 1, where a larger value means 

that the parameter under investigation is more important in the calculation of the model output.  To assess 

the impact of the most influential parameters on the concentration-time profiles, they were allowed to 

change 10% around their nominal value and again three uniform steps were allowed. The concentration-

time profiles after a bolus dose (2.5 mg/kg, 24 hours sampling) were then examined and the effect of the 

parameters, defined as a visible change in the concentration-time profile, was allocated as either ‘early 

phase’ (first hour), ‘mid phase’ (1-10 hours), ‘late phase’ (>10 hours) or ‘no effect’. 
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4. Results 

4.1. In vitro experiments 
The results of all in vitro experiments are summarized in Table 27. The CLint for UGT-mediated metabolism 

was consistently higher than the one for CYP-mediated metabolism, both in microsomal and recombinant 

systems. None of the control incubations exhibited significant metabolite formation. Propofol 

hydroxylation was found to be inhibited 4.13% by thioTEPA and 12.5% by sulfaphenazole, strangely 

suggesting a marginal role for CYP2B6 and a larger role for CYP2C9 in this part of the metabolism. However, 

the CLint,rhCYP was higher (2.51 µl/min/pmole CYP) for CYP2B6 than for CYP2C9 (0.93 µl/min/pmole CYP), 

suggesting that the contribution of CYP2B6 might be more important than indicated by the chemical 

inhibition experiment. This could be caused by lower CYP2B6 activity in HLMs compared to the in vivo 

situation. Furthermore, previous research has shown that CYP2B6 plays an important role in propofol’s 

hydroxylation [30], [32], [40], [76], [77]. Additionaly, it has been shown before that CYP2B6 activity is low 

in HLMs, mainly caused by its very low abundance [32], [41], [78], [79]. For these three reasons, AAFs were 

calculated for CYP2B6 and CYP2C9 (see section ‘Calculation and incorporation of Activity Adjustment 

Factors’). 
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Table 27: in vitro metabolism experimental results 

Experiment Parameter  Value (RSE) 

HLM  Km,CYP 26.83 µM (14.9%) 

 Vmax,CYP 1887 pmol/min/mg protein 

(13.2%)  

 CLint,CYP 70.33 µl/min/mg protein (19.9%) 

 Km,UGT 6.12 µM (9.1%) 

 Vmax,UGT 1652 pmol/min/mg protein (7.9%) 

 CLint,UGT 270 µl/min/mg protein (12%) 

HKM  Km,total 4.3 µM (12.1%) 

 Vmax,total 5461 pmol/min/mg protein (7.1%) 

 CLint,total 1270 µl/min/mg protein (14%) 

Inhibition experiment %CYP2B6 (of CYP-metabolism) 4.13 % 

 %CYP2C9 (of CYP-metabolism) 12.5 % 

rhCYP Km,CYP2B6 8.7 µM (15.5%) 

 Vmax,CYP2B6 21.8 nmoles/min/nmole CYP (11%) 

 CLint,CYP2B6 2.51 µl/min/pmole CYP (19%) 

 Km,CYP2C9 33 µM (13.6 %) 

 Vmax,CYP2C9 30 nmoles/min/nmole CYP (18.3%) 

 CLint,CYP2C9 0.93 µl/min/pmole CYP (22.8%) 

rhUGT Km,UGT1A9 8.97 µM (12.2% )  

 Vmax,UGT1A9 3140 nmoles/min/nmole UGT  

(8.8 %) 

 CLint,UGT1A9 350 µl/min/pmole UGT (15.1%) 
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4.2. Adult PBPK models 
The obtained in vitro metabolism data were used to construct two full PBPK models in Simcyp. For PBPKHLM, 

CLint values were multiplied with their % contribution, as calculated in the inhibition experiment, and 

entered into the simulator, in order to calculate the in vivo clearance. As only one CLint could be entered 

for UGT1A9 clearance, the HLM CLint,UGT was chosen. To accommodate for the difference between hepatic 

and renal CLint,UGT, their difference (1270 – 270 = 1000 µl/min/mg protein) was included as additional HKM 

clearance. The PBPKrhCYP was constructed by adding the CLint,rhCYP values and ISEF values into the simulator 

after which the in vivo clearance was calculated. Here the CLint,UGT1A9 was the same for kidney and liver (to 

the best of our knowledge no recombinant enzymes from kidney tissue exist) and the rUGT scalar was left 

at 1 for kidney tissue. For both approaches, the clearance obtained using this approach was considerably 

higher than previous bottom-up predictions of propofol CL [11] due to the use of in silico predicted B:P 

and fu,p values. Still, it was lower than the lowest reported in vivo CL for the same reference individual (80 

kg, 25 years). Moreover, the predicted CL contributions were dominated by UGT1A9: more than 80% of 

the CL was attributed to glucuronidation in both approaches. Therefore, and to adjust for the low CYP2B6 

activity, this model was expanded using AAFs. 

To calculate the AAFs, the in vitro CLint for diclofenac (CYP2C9) and bupropion (CYP2B6) for the specific 

batch used were obtained from Corning, the supplier of the microsomes. These were 1135 and 2.2 

µl/min/mg protein, respectively (personal communication). These CLint values were compared to in vivo 

CLïnt values, obtained from Simcyp®. For this, the compound file of both compounds was loaded. The CLint,H  

was then calculated back to the in vitro CLint using the liver weight and microsomal protein content per 

gram liver from an individual with the same age and body weight as the median of the donors for the HLM 

batch (73 kg, 52 years), taking into account the contribution of the respective enzymes to the in vivo 

metabolism used in Simcyp® (respectively [80] and [81] for CYP2B6, and [82] and [83] for CYP2C9). This is 

shown in Equation 10. 

Equation 10: Back-calculation of CLint,H for diclofenac and bupropion 

𝐶𝐿𝑖𝑛𝑡,𝐻,𝐶𝑌𝑃2𝐶9 =
8693.62

𝐿
ℎ

∗
1 ℎ

60 𝑚𝑖𝑛 ∗  
1000 𝑚𝑙

1 𝐿

1564 𝑔 𝑙𝑖𝑣𝑒𝑟 ∗ 37.89 𝑚𝑔
𝑝𝑟𝑜𝑡𝑒𝑖𝑛
𝑔 𝑙𝑖𝑣𝑒𝑟

∗ 30.32% = 741
µ𝑙

𝑚𝑖𝑛 ∗ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛⁄   
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𝐶𝐿𝑖𝑛𝑡,𝐻,𝐶𝑌𝑃2𝐵6 =
1187.91

𝐿
ℎ

∗
1 ℎ

60 𝑚𝑖𝑛
∗   

1000 𝑚𝑙
1 𝐿

1564 𝑔 𝑙𝑖𝑣𝑒𝑟 ∗ 37.89 𝑚𝑔
𝑝𝑟𝑜𝑡𝑒𝑖𝑛
𝑔 𝑙𝑖𝑣𝑒𝑟

∗ 45.06% = 148
µ𝑙

𝑚𝑖𝑛 ∗ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛⁄  

The AAFs were then calculated by taking the ratio of the back-calculated in vivo and the obtained in vitro 

CLint: 

𝐴𝐴𝐹𝐶𝑌𝑃2𝐶9 =
741

1135
 
µ𝑙

𝑚𝑖𝑛 ∗ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛⁄ = 0.653 

  

𝐴𝐴𝐹𝐶𝑌𝑃2𝐵6 =
148

2.2
 
µ𝑙

𝑚𝑖𝑛 ∗ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛⁄ = 67.3 

These values can be interpreted as the fold difference between the enzyme activity/abundance in the in 

vivo and in vitro situation and should be multiplied with the corresponding CLint during IVIVE. The new CLint 

values for propofol applied in the PBPKAAF model thus were: 

𝐶𝐿𝑖𝑛𝑡,𝐶𝑌𝑃2𝐶9 = 70.33  
µ𝑙

𝑚𝑖𝑛 ∗ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛⁄ ∗ 12.5% ∗ 0.653 = 5.74 
µ𝑙

𝑚𝑖𝑛 ∗ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛⁄   

𝐶𝐿𝑖𝑛𝑡,𝐶𝑌𝑃2𝐵6 = 70.33 
µ𝑙

𝑚𝑖𝑛 ∗ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛⁄ ∗ 4.13% ∗ 67.3 = 195.48 
µ𝑙

𝑚𝑖𝑛 ∗ 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛⁄  

This model resulted in a higher CL prediction and significantly higher CYP2B6 contribution more consistent 

with the in vivo situation (see section ‘Model qualification’). 

To be able to qualify the PBPK models, in vivo data were collected from literature. These data were also 

used to construct a retrograde PBPK model (PBPKRG), which could be used as a benchmark model. The 

procedure described in section ‘construction of a retrograde model’ resulted in a model with the following 

clearance input parameters: CLint, rhCYP2B6 21.18 µl/min/pmole CYP; CLint, rhCYP2C9 0.21 µl/min/pmole CYP; CLint, 

rhUGT1A9 285 µl/min/pmole UGT; rUGT scalar (Kidney) 12.8.  

In total, four adult PBPK models were thus constructed: two pure bottom-up model based on the unaltered 

HLM and rhCYP experiments, a model where AAFs were applied to the HLM results during the IVIVE and 

one middle-out model based on the retrograde approach. Their respective predictions of CL, Vss and 

enzymatic contributions are presented in Table 28, and the input parameters are presented in 

supplementary Table S-2. As the difference in modeling strategy between the three approaches is situated 
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at the clearance level, the Vss prediction was identical in all cases. A marked increase in CL prediction (64.8 

to 80.4 L/h) is seen by introduction of the AAFs to the IVIVE. This is caused by the markedly higher CYP2B6 

contribution in this model. Compared to the PBPKRG benchmark, the PBPKAAF slightly underpredicts the 

clearance. The contributions of the different enzymes are also slightly different, especially for the renal 

part. When comparing the models to the in vivo situation (contributions taken from literature, see Table 

6), it is clear that both the pure PBPK and PBPKAAF underpredict the in vivo CL (respectively 33.3 and 16.7%). 

The PBPKRG model captures both the extent and the enzyme contributions of the in vivo clearance, which 

is as expected, as it is constructed using this in vivo information. The PBPKAAF model slightly overpredicts 

the CYP contribution and underpredicts the UGT contribution of the metabolism. An AAF model was also 

built using the rhCYP data and resulted in similar results but is omitted for sake of conciseness. The volume 

of distribution seems to be predicted well by all three models. 

Table 28:  Comparison PBPK, PBPKAAF and PBPKRG model 

Model CLRef (L/h) Vss  

(L/kg) 

%CYP2B6 %CYP2C9 %UGT1A9Hepatic %UGT1A9renal 

PBPKHLM 64.81 12.29 0.60 1.83 56.31 17.19 

PBPKrhCYP 56.45 12.29 3.66 11.27 77.06 8.00 

PBPKAAF 80.37 12.29 40.15 1.17 35.55 23.12 

PBPKRG 96.39 12.29 36.40 1.52 28.81 33.28 

In vivo 96.40 12.20 38  62 

   66.67 33.33 
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Table 29: Simcyp input parameters per model for the adult models. logP: lipohilicity constant, pKa: acid dissociation constant, B:P 
blood to plasma ratio, fu,p: fraction unbound in plasma, CLint, X: intrinsic clearance from enzyme X, fu,mic: fraction unbound in 
microsomal experiments. 

Parameter PBPKHLM PBPKrhcyp PBPKAAF,HLM PBPKRG Source 

Molecular weight 

(g/mol) 
178.3 g/mol Drugbank 

logP 3.8 Drugbank 

Compound type Neutral 

Monoprotic acid at pH 

<< pKa 

pKa 11.1 Drugbank 

B:P 1.28 

Simcyp prediction 

toolbox 

fu,p 0.056 
Simcyp prediction 

toolbox 

Distribution model Rodgers-Rowland with steady-state Fick-Nernst-Planck Method 3 Simcyp 

CLint, CYP2B6 

2.9  

µl/min/mg 

protein 

2.1 

µl/min/pmole 

(ISEF: 0.43) 

195.48 µl/min/mg 

protein 

21.18 

µl/min/pmole 

Own experiments  

(see main text) 

CLint, CYP2C9 

8.8  

µl/min/mg 

protein 

0.83 

µl/min/pmole 

(ISEF: 0.78) 

5.74  µl⁄min/mg 

protein 

0.21 

µl/min/pmole 

Own experiments  

(see main text) 

Additional CLint, HLM 

58.64 

µl/min/mg 

protein  

NA NA NA 

Own experiments  

(see main text) 

CLint, UGT1A9, H 

270 

µl⁄min/mg 

protein 

323 

µl/min/pmole 

270 µl⁄min/mg 

protein 

285 

µl/min/pmole 

Own experiments  

(see main text) 
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(ISEF: 1)  

CLint, UGT1A9, R 

1000 

µl⁄min/mg 

protein 

 (as additional 

HKM CLint) 

rUGT scalar: 1 

1000 µl⁄min/mg 

protein (as 

additional HKM 

CLint) 

rUGT scalar: 

12.8 

Own experiments  

(see main text) 

fu,mic 0.65 1 

Simcyp prediction 

toolbox or fixed to 1 

(RG) 

Unchanged renal 

excretion 
0 

100% metabolism 

assumption 

 

4.3. Qualification 
The pooled parameter estimates from the popPK analysis of the collected in vivo data are shown in Table 

30. The values are the average of the ten analyses, whereas the ranges depict the minimum and maximum 

obtained. As is shown by these ranges, the parameter estimates where quite consistent over the ten 

analyses, suggesting that the mean values could be used as benchmark values. Therefore, these values 

were used to construct the PBPKRG model, as discussed earlier in the results section.  

Table 30: Pooled parameter estimates of the popPK analysis normalized for a body weight of 80 kg 

Parameter Value (Range) SE (Range) 

CL (CL1) 96.40 L/h (89.6-107.2 L/h) 10% (9-12%) 

Q2 112 L/h (88 – 117.8 L/h) 16% (14-18%) 

Q3 72.8 L/h (56.6 – 86.4 L/h) 16% (12-22%) 

Vss (V1 + V2 + V3) 976 L (786 – 1250 L)  15% (13-16%) 

 

The data used in the popPK analysis were also used to qualify the PBPKAAF and PBPKRG model. It was decided 

to dismiss the PBPK model without AAF as it was clearly inferior to the other two models, both with respect 
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to prediction of CL magnitude and enzyme contributions. The PK parameters were compared in the 

previous section, so here the qualification using predicted plasma concentration-time profiles is shown. 

In Figure 40, the internal qualification of both models is shown: the individual predictions of the PBPKRG 

and PBPKAAF are compared to the observed values used in the model building and the observed data 

overlaid with the 90% prediction intervals for PBPKRG and PBPKAAF are shown. The percentage of 

predictions within two-fold and 1.5-fold were 85.06% and 62.45% for PBPKRG, and 80.13% and 54.73% for 

PBPKAAF. Furthermore, a Loess smoother through the data points coincides with the unity line. Both models 

thus predict the observations well (especially taking into account that much of the Eleveld data is derived 

from arterial concentrations), and the PBPKRG model performs better than the PBPKAAF. In Figure 41, the 

same plots (and concentration-time profiles) are shown for a trial which was not used in the model 

building, i.e. it represents an external qualification. The data was obtained from opentci (opentci.org) and 

originates from a trial carried out by Doufas et al. in 2004 [84]. In this trial, 18 healthy adult volunteers 

received 5 consecutive target-controlled propofol infusions. The dosing information, body weights and 

ages of the participants were used as an input for Simcyp to simulate the trial. The percentage of 

predictions within two-fold and 1.5-fold were 81.99% and 49.56% for PBPKRG, and 71.74% and 50.10% for 

PBPKAAF. There is a slight bias when comparing the Loess smoother to the unity line in both cases. The 

percentage of data points falling outside the lower 5% and the 95% upper prediction border were 24.30% 

and 8.71% for PBPKRG and 35.51% and 9.77% for PBPKAAF. Both models describe the data relatively well, 

but worse than the internal data.  
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Figure 40: Internal qualification of PPBKAAF and PBPKRG using the dataset applied to construct the PBPKRG model. Dotted lines are 
the Loess smoother through the data, while the dashed lines represent the 2-fold error. 

 

 

Figure 41: External qualification of PBPKAAF and PBPKRG using data from Doufas et al. [55]. Dotted lines are the Loess smoother 
through the data, while the dashed lines represent the 2-fold error. The lower panels depict the concentration-time profiles 
obtained by Doufas et al. along with a 95% prediction interval after 1000 Simcyp simulations with similar trial conditions. 
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4.4. Extrapolation to the pediatric population 
Using the pediatric population module, the entire age range from term birth until 25 years could be 

described using both default and in vivo derived ontogeny functions. For the preterm population, a 

separate model using Simcyp® v17 was necessary. 

Three PBPK models were thus constructed: one with the default ontogeny functions present in Simcyp®, 

PBPKDO, one with the in vivo ontogeny functions for CYP2B6 and CYP2C9, PBPKIO and one specifically 

created for the preterm population, PBPKpre 
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4.5. Pediatric model evaluation 

4.5.1. Default ontogeny 
In Figure 2, the observed data overlaid with the 90% prediction intervals are shown for the PBPKDO model 

using post-natal age for all pediatric population categories. The percentage of data points falling outside 

the 90% prediction interval were 21.51% for children, 26.35% for infants, 73.02% for term neonates, and 

40.22% for preterm neonates. 

 

Figure 42: 90% prediction interval by the PBPKDO model overlaid with the observed data. 
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4.5.2. In vivo ontogeny 
In Figure 43, the observed data overlaid with the 90% prediction intervals are shown for the PBPKIO model. 

The percentage of data points falling outside the 90% prediction interval were 19.55% for children, 23.80% 

for infants, 13.49% for term neonates, and 57.61% for preterm neonates. 

 

Figure 43: 90% prediction interval by the PBPKIO model overlaid with the observed data. 

Finally, Figure 44 shows the observed data of the preterm population overlaid with the 90% prediction 

intervals for the PBPKPRE model and the PBPKIO model. In this case, the percent of data points falling outside 

the 90% prediction interval was 22.83%. 

 

Figure 44: 90% prediction interval by the PBPKPre model overlaid with the observed data compared to the PBPKIO model. 
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The complete model development and evaluation path is depicted in Figure 45. The in vivo ontogeny and 

default ontogeny functions perform the same for infants and children, whereas term neonates are better 

predicted by the in vivo ontogeny function and the preterm neonates are better predicted by the default 

ontogeny function, indicating a mismatch between simulated populations. The preterm population from 

Simcyp V17 markedly improves predictions.  

 

Figure 45: constructed PBPK models and evaluation results. 

4.6. Clearance and volume of distribution simulations 
As the PBPKIO model predicted the external data better than the PBPKDO model, it was decided to 

investigate the maturation of the different PK parameters. First, CL and VSS maturation were compared to 

published maturation functions and published PK parameters. Afterwards, the maturation of 

glucuronidation and hydroxylation was simulated and compared to a trial measuring the ratio of the 

different metabolites in urine as a function of age. 

4.6.1. Maturation of clearance and volume of distribution at steady state 
In Figure 46, the simulated clearance per kg body weight is shown as a function of age, overlaid with four 

published maturation functions. The Eleveld maturation function (red) is based on young children, children 

and adolescents (6 months till 25 years) [5], whereas the Mahmood function is a sigmoidal function based 



 

241 

on neonates and infants (less than 3 months old) [24]. The Allegaert function is an exponential function 

tailored for the very young (less than 1 month old) with a step function at ten days of age [60] and the 

Wang function is a maturation function based on the entire pediatric age range. As can be seen in Figure 

46, these maturation functions vastly differ in their prediction of clearance maturation, illustrating the 

large variability in propofol PK. Because the PBPK model includes the variability in, among others, enzyme 

expression and ontogeny, this variability is also apparent in the simulated clearance. 

 

Figure 46:Simulated clearance maturation by PBPKIO, accompanied by four published maturation functions. The white line shows 
a Loess smoother through the PBPK simulated clearances. 

In Figure 7, both the simulated CL and Vss are shown accompanied by data from 11 different trials. Short 

(<24 h) and long (>24h) sampled trials are differentiated from one another to take the context-sensitive 

half-life (i.e. the impact of the length of the sampling window on the parameter estimates) of propofol 

into account [54], [56], [85]. It can be seen that trials with shorter sampling intervals predict a higher CL 

and a lower Vss than trials with longer sampling intervals. The PBPKIO model seems to correctly predict the 

CL but overpredicts the Vss, whereas the PBPKpre seems to capture both well. 
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Figure 47: Predicted volume of distribution at steady state (L/kg) and clearance (L/h/kg) as a function of age, compared to 
historical data from 11 different trials. The gray dots are simulated from a preterm population (28 weeks gestational age) and 
the black do dots are term individuals. The colored dots represent the median age and parameter values of the studied 
population, whereas the bars represent the age-range (x-axis) and range of parameter values (y-axis). Trial details are indicated 
in Table 26. 

4.6.2. Maturation of glucuronidation and hydroxylation  
In Figure 48, the results of the simulated trials based on an earlier study regarding the urinary metabolites 

of propofol [15] are shown using both the PBPKDO and PBPKIO models. The results of the ratio comparison 

are shown in Table 31. For the in vivo based ontogeny functions, this difference could be detected, but not 

for the original in vitro based ontogeny functions. Furthermore, the ratios for the PBPKIO model (2.34 and 

0.17) matched the ratios of the original study (3.46 and 0.34, respectively, for adults and neonates). 

 

Figure 48: Simulation of the ratio between glucuronidation and hydroxylation clearance as a function of age using both the 
PBPKDO (left) and PBPKIO (right) models. 
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Table 31: Simulated glucuronidation to hydroxylation ratio for adults and neonates using both PBPKDO and PBPKIO models. 

 Adults [range] Neonates [range] P-value 

PBPKDO-ratio 1.98 [0.43 – 12.88] 1.35 [0.17 – 8.32] 0.3001 

PBPKIO-ratio 2.34 [0.16 – 45.01] 0.17 [0.0081 – 1.37] <0.001 

 

4.7. Sensitivity Analysis 
The results of the sensitivity analysis are shown for PBPKRG in Table 32. In order to be able to compare the 

results, the EIs are reported. These indices are a measure for the influence a parameter has on a specific 

output, normalized for both the output and the parameter value. This allows for ranking the different 

parameters regarding their relative importance. To obtain an overall ranking, the absolute values of the 

EIs were summed over the different outputs before ranking. The most important parameter of the ones 

studied is LogP, followed by fu,p and the blood to plasma ratio. The intrinsic clearance parameters seem to 

be of lesser influence on the studied outputs close to their nominal value, i.e. when they are already 

estimated from in vitro or in vivo data.  

Table 32: Results of the sensitivity analysis 

Parameter EICL EIVss EIAUC Effect? ∑(|EI|) Rank 

LogP -1.8563452 5.8320505 1.3203428 Early and 

mid-phase 

9.008738 1 

fu,P 0.7912315 0.9971046 -0.7099668 Early phase 2.498303 2 

B:P 0.4542178 0.00685 -0.5802167 Early and 

mid-phase 

1.041284 3 

Kp scalar 0 0.992528 0.008211 Mid phase 1.000739 4 

CLint,CYP2B6 0.163354 0 -0.12182 All phases 0.285177 7 

CLint,CYP2C9 0.007147 0 -0.00541 All phases 0.012552 8 

CLint,UGT1A9 0.335456 0 -0.24695 All phases 0.582404 5 

UGT Scalar 0.205397 0 -0.15301 All phases 0.358405 6 
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5. Discussion 
In this work, the PBPK approach, which holds a lot of promise to reliably predict PK behavior of compounds 

with varying characteristics and undergoing elimination via different routes, was assessed for its 

applicability to pediatric drug research, using propofol as a model compound. First, 4 models predicting 

the PK of propofol in adults were constructed. The first two models (PBPKHLM and PBPKrhCYP) were based 

on in vitro experiments with HLM with specific CYP and UGT contributions obtained via chemical inhibition 

experiments, and rhCYP and rhUGT experiments. The third model (PBPKAAF) updated these contributions 

using AAFs obtained using both in vitro and in vivo information from specific probe substrates. Finally, in 

the fourth model (PBPKRG), the CLint and contributions were derived using specific in vivo information about 

the substrate, propofol. The first two models are examples of a pure bottom-up approach, whereas the 

two other models use the middle-out approach. Indeed, even though no in vivo propofol data were used 

to construct the PBPKAAF model, other in vivo data were used for the probe substrates bupropion and 

diclofenac. A real combination of the top-down and bottom-up approach is applied in the PBPKRG model. 

Here, the population approach was used to obtain a benchmark in vivo propofol CL, which was 

subsequently combined with other information obtained from literature, and used to calculate back the 

necessary in vitro CLint and the respective enzyme contributions. The retrograde model was then 

extrapolated to the pediatric population. Only one pediatric PBPK model for propofol has been published 

in the past [23]. However, this model utilized a regression function to scale the clearance, based on several 

published clearances for children older than 1 year old. The current pediatric model thus has some 

advantages over this historic PBPK model. Firstly, extrapolation to children younger than 1 year cannot be 

reliably done using such regression function, since the ontogeny of the relevant processes needs to be 

considered as well . Secondly, in some of the trials used in the clearance regression function, sampling 

happened over a quite short time period (<24h) which, considering the long terminal half-life of propofol, 

can result in biased PK parameters and thus a biased regression function. Thirdly, the focus of the 

published study was on the PD rather than on the PK of propofol.  

Comparing the PBPK approach to the (top-down) population approach shows some attractive advantages. 

Due to the combination of a physiological description of the absorption, distribution, metabolism and 

excretion (ADME) processes and ontogeny and maturation of the subsystems (enzymes, organs, …), 

prediction of the expected PK across all age ranges is possible with the same model [86], [87]. Furthermore, 

drug concentrations in different tissues can also be predicted, e.g. at the site of action [88]–[90]. Lastly, a 

pediatric PBPK model could be extrapolated from the adult one with requiring any in vivo pediatric data 

about the drug under study in the model building process [26]. The current study shows that the PBPK 
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approach can be used to extrapolate an adult PBPK model to the pediatric population for compounds that 

are extensively metabolized and to an important extent glucuronidatede such as our model compound 

propofol. This can be reliably done up to and including the term neonatal population, using the Simcyp 

simulator v16 and for preterm neonates using the preterm module of the Simcyp simulator v17. The use 

of in vivo ontogeny functions, as contrasted to in vitro-derived functions, improves the model, as is shown 

by the improved performance plots and by the fact that incorporating these functions allows the model to 

detect the difference in glucuronidation to hydroxylation ratio between adults and neonates. An in vivo 

ontogeny function for UGT1A9 is, to the best of our knowledge, not available. It is anticipated that the 

construction of such a function would further improve the pediatric PBPK model for propofol. For this, in 

vivo studies using a probe substrate for UGT1A9 should be carried out. As propofol itself is one of these 

probes, alternatively one could obtain this information by measuring its glucuronide metabolites in 

samples that are already collected in other clinical trials or during therapeutic drug monitoring 

(opportunistic sampling). A good starting point for such ontogeny function could be the work performed 

by Miyagi et al. [91]. 

When comparing the four adult models to each other, the pure PBPK model failed to predict the in vivo CL 

due to severe underprediction of the CYP2B6 mediated CL. Therefore, AAFs were calculated. The AAF for 

CYP2B6, based on in vitro and in vivo bupropion clearance, was high (67.3), reflecting a very low CYP2B6 

abundance and/or activity in microsomal systems compared to in vivo. There are several reasons why this 

high AAF can be considered as an appropriate value. Firstly, the implementation of this value greatly 

improved the in vivo clearance prediction of the PBPK model, most notably in the CYP2B6 contribution. 

Secondly, a recent study [92] described a comparison of the IVIVE capacity of different CYP450 enzymes 

in HLM. In that study, the intrinsic Vmax of bupropion hydroxylation by HLM was found to be 46.67 

pmol/min/mg protein. If we assume a similar Km as has been found previously [93]–[95] of around 80 µM, 

an in vitro CLint of 1.71 µl/min/mg protein is obtained, which is very close to the in vitro CLint reported by 

Corning of 2.20 µl/min/mg protein (personal communication). Calculating an AAF with this value and the 

back-scaled in vivo CLint would thus also result in a very high AAF (86.5), supporting the value obtained in 

the present study. Thirdly, in the same paper, the IVIVE of the CYP2C9 substrate tolbutamide was 

performed and compared to in vivo CL. Different methods were used, resulting in a mean average fold 

error of 0.58, which is very consistent with our AAF of 0.65 found for diclofenac, another CYP2C9 probe 

substrate, suggesting compound-independent validity of the AAF approach. 
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Adding the AAFs based on probe substrates substantially improved the prediction. However, even with 

the AAFs, the PBPKAAF model underpredicted the in vivo CL by around 17%. There are several possible 

explanations for this underprediction. Firstly, the AAFs were calculated based on in vitro metabolism 

experiments carried out by the supplier of the HLM, possibly a significant time before the metabolism 

experiments with propofol described here were carried out. Therefore, even though they were always 

stored at -80°C, it is possible that the enzyme activity at the time of the propofol experiments was lower 

than at the time of the probe substrate kinetic experiments, due to degradation of CYP2B6, as the 

freeze/thaw stability in HLM was only tested for other CYP enzymes [96]. Secondly, no AAF was calculated 

for UGT1A9 because the kinetic in vitro experiments carried out by the supplier were only performed for 

the CYP enzymes. Thirdly, in the in vitro experiments with HLM and HKM, a significant difference between 

hepatic and renal UGT1A9 metabolic capacity was observed. This difference has been described before 

[11], [13], [14] and still remains to be explained. In the current generation PBPK models, e.g. the model 

structure used in Simcyp®, there is no way to incorporate this organ specific difference. This was 

circumvented in the current work using an additional HKM CL, but it would be more appropriate to be able 

to attribute this additional CL to its specific responsible enzyme (UGT1A9). Fourthly, other organs might 

contribute to the overall clearance, which is currently not included in this model. Lastly and perhaps most 

importantly is the fact that the well-stirred liver model was used to calculate the clearance. It has been 

shown before that using the well-stirred liver model results in underprediction when used for high 

clearance compounds of which the organ clearance approaches organ blood flow [97], [98] and the parallel 

tube model might offer improvement. IVIVE performed using the parallel tube model and the PBPKAAF 

parameters indeed resulted in a higher predicted clearance (96.8 L/h vs 80.37 L/h), close to in vivo values. 

The predicted contributions of the different enzymes were the same regardless of the extrapolation 

model. As it was not possible to simulate concentration time-profiles or predict kidney metabolic 

clearances with the parallel tube model in Simcyp v16, the authors decided to continue with the well-

stirred model. For the PBPKRG model, this difference does not matter, as the predicted clearance is fitted 

to in vivo observations. Furthermore, preliminary in vitro experiments performed with tolcapone and 

entacapone, respectively a low and medium-high clearance UGT1A9-substrate showed that the 

underprediction after IVIVE is indepent of the extraction rate. Indeed, both the in vivo clearance of 

tolcapone and entacapone were underpredicted, suggesting that the issue lies rather in the 

glucuronidation prediction as a whole than the extent of clearance (data not shown).  

The validity of the enzyme contributions found in this work should be further investigated. Indeed, most 

studies in literature only report the total CYP and UGT contributions to propofol metabolism in vivo [14], 
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[29] rather than the specific enzyme contributions. The reason why this is such a challenge is the profound 

variability across CYP2B6 polymorphisms, making it very difficult to infer statistically significant differences 

between CYP2B6 poor, intermediate and extensive metabolizers [32], [41], [76], [99]. Furthermore, it is 

possible that due to the different enzymes that metabolize propofol and the high total clearance, the 

lowered activity of one pathway is compensated by an increased relative contribution of another one. 

When challenging the models with in vivo data for qualification, both PBPKAAF and PBPKRG models seem to 

describe the adult data relatively well. It is important to realize that these models should not be used to 

individually describe volunteers enrolled in the different trials used, as the only covariates reported are 

body weight and age, while in a PBPK approach a great deal of other covariates are implemented. At best, 

it is possible to simulate a population with the same BW and age as the individual in question and generate 

a confidence interval around the prediction. However, due to the large variability in CYP2B6 

polymorphisms, this would not be very informative. 

As the PBPKRG model is partly based on in vivo data, it is to be expected that it performs better than the 

PBPKAAF model. However, often these in vivo data are not available, i.e. for new compounds or compounds 

still under development. In these cases, the PBPKAAF approach seems to be a valid tool for predicting the 

PK as opposed to PBPK models based on uncorrected in vitro data, especially when multiple enzymes are 

known to be responsible for the metabolism. 

Extrapolating the adult PBPK model to the pediatric population using default (in vitro based) ontogeny 

functions yielded good predictions for children and infants, but not for neonates. Including ontogeny 

functions for CYP2B6 and CYP2C9 based on in vivo data improved the predictions for term neonates, but 

not for preterm neonates, indicated by the mismatch between simulated and observed concentrations. 

Applying the same model structure to a better fitting, recently constructed, preterm neonate population 

improved the predictions profoundly, yielding a pediatric PBPK model applicable over the entire age range 

and exemplifying the use of this technique in support of pediatrics. 

The long terminal half-life of propofol has been discussed thoroughly before [2], [54], [56]. Sampling during 

too short time intervals results in biased parameter estimates: underestimation of Vss and overestimation 

of CL. A recent study compared the performance of 11 pharmacokinetic models for long-term infusions 

and found large differences between them [100]. This is again illustrated in Figure 7, where most of the 

Vss values obtained from trials with shorter sampling times are lower than the ones originating from trials 

with sampling longer than 24h. The opposite can be seen for the estimated CL. The PBPK-predicted PK 

parameters seem to coincide more with the longer trials, even though the Vss is overpredicted. When using 
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other distribution models available in Simcyp®, the results are similar: using the standard Rodgers-Rowland 

model (method 2) gives an even higher prediction of the Vss, whereas the Poulin-Theil model (method 1) 

results in profound underprediction of the Vss, as it does not take the high lipophilicity of propofol into 

account (data not shown for sake of conciseness). Indeed, the development of PBPK models has been 

focused mostly on the prediction of elimination parameters and it seems that distribution has been lagging 

behind, using rather simple equations based on partition coefficients, assuming instant equilibrium [101]–

[103]. Perhaps using more complex distribution models could improve the prediction of Vss. One could 

argue that the distribution model should have been optimized before extrapolation, by fitting of the adult 

PBPK model. However, as the predicted and observed Vss were quasi identical in the adult model (12.29 vs 

12.20 L/kg for an average individual); it is unlikely this would improve the pediatric model much. 

Propofol was chosen as a model compound in this work because of its complex and extensive metabolism, 

with an important role for the glucuronidation pathway. The extent of metabolite formation could be used 

as marker for the ontogeny of the different involved enzymes. For this, propofol metabolites should be 

routinely measured during pediatric trials. Furthermore, the formation of secondary glucuronides (e.g. 4-

hydroxy propofol glucuronide) could provide further insight into the different pathways involved and this 

could subsequently also be included in a PBPK setup. By doing it this way, an explanation might e.g. be 

found for the discrepancies between renal and hepatic UGT-clearance described in this work. 
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6. Conclusion 
In this work, it was shown that to model pediatric PK of a lipophilic molecule with an extensive, complex 

metabolism and/or distribution pattern, without using pediatric clinical data, a middle-out approach yields 

the best results. When conducting in vitro experiments, it is advisable to use probe substrates for all the 

enzymes that are thought to play a role in the metabolism of the molecule under study. In this regard, 

more probe substrates should be made available, especially regarding UGT and other non-CYP enzymes. 

For a new compound under development (where clinical data are often lacking), the AAF-PBPK approach 

is yielding good results, even for compounds exhibiting complex metabolism. The utility of the different 

PBPK approaches thus depends on their intended application and the availability of data. 

It has been shown that the use of retrograde clearance calculations is a powerful technique allowing to 

accurately describe the different contributions and the extent of the clearance. However, reliable clinical 

in vivo data is needed for this, which are not always available yet. For propofol, a large database 

(opentci.org) is available and research for other compounds would benefit tremendously from similar 

initiatives. In this way, in vitro and in vivo can find each other in silico using the middle out approach. 

The use of in vivo derived ontogeny functions markedly improves the predictions, and efforts should be 

coordinated to derive these functions for other metabolic enzymes as well. The long terminal half-life of 

propofol make sampling conditions quite important for the reliable estimation of PK parameters using the 

population approach. Using the PBPK approach, no pediatric in vivo data are used and this limitation is 

thus not present, as parameters are not dependent on sampling conditions but derived in a bottom-up 

fashion.  

This work adds weight to the need for further development of PBPK models, especially regarding 

distribution modeling and the use of in vivo derived ontogeny functions. Furthermore, it is shown that 

even for compounds exhibiting complex PK, such as propofol, it is possible to use the current state-of-the-

art PBPK models to predict PK in children and neonates, making them the tool of choice for the prediction 

of a first in children and first in neonate dose in pediatric drug development [49]. Lastly, this work shows 

that with the use of model compounds, such as propofol, knowledge gaps in pediatric drug development 

can be identified. 
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1. Introduction 
The pediatric population remains a vulnerable and often overlooked population in drug development and 

research. Once indication and suitability of a certain drug are established, the optimal dosing regimen to 

be applied remains an important question to be addressed. In order to determine this dose, a variety of 

(mathematical) tools exist, based on (adult or pediatric) in vivo, in vitro and/or in silico data. These tools 

are generally divided into “bottom-up” and “top-down” approaches, though recently, combining the two 

in a so-called “middle-out” approach, is increasing in popularity [1]–[3]. Nevertheless, discrepancies often 

arise depending on the particular approach used and it was one of the goals of this thesis to find out the 

strengths and weaknesses of each methodology, besides identifying opportunities to combine approaches. 

Moreover, we investigated where some of the methodologies fall short to reliably predict expected PK 

behavior and, in that respect, which areas deserve further investigation and improvement. In this way, the 

thesis was an investigation of the ‘best-of-two-worlds’ approach. To reach those aims, desmopressin, 

ciprofloxacin and propofol were chosen as model compounds. These compounds were selected for their 

specific ADME characteristics, availability of data and/or occurrence of specific research questions. This 

work was mostly focused on the metabolism and excretion properties of these compounds and their 

predictability in the pediatric population. By generating tailored, new, in vitro and in vivo data and 

subsequently applying several bottom-up, top-down and middle-out analyses on the totality of the 

available data regarding the pediatric PK of these compounds, inferences about the compounds 

themselves ánd the applied methodologies could be made. Furthermore, to generate this information, 

new bio-analytical methods were developed, new concepts (AAFs) in in vitro metabolism experiments 

were applied and new pediatric clinical trials were designed. 
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2. The top-down approach in pediatric drug research: desmopressin 
Using desmopressin as a model compound, the population ‘top-down’ approach was investigated. Firstly, 

available sparse pediatric PK data, obtained from fasted and fed children taking either the lyophilisate or 

tablet formulation, were analyzed using a population PK modelling approach. A profound food effect as 

well as a formulation effect were detected, besides a smaller effect of body weight on Vd. The covariate 

analysis suggested the formulation effect to be smaller in children than in adults, whereas the food effect 

was comparable in both age groups. However, already during the analysis, it was clear that the absorption 

part was not characterized well enough, evidenced by the large uncertainty on the absorption parameter 

estimates and the fact that it was not possible to reliably estimate their interindividual variability. Sampling 

during the absorption phase had not frequently enough been done to allow reliable parameter estimation. 

The generated PK model was subsequently used to design a new, more informative trial in children, such 

that the number of samples and sampling times were optimal to allow reliable estimation of all parameters 

of interest, including the covariate effects, still being acceptable from a logistical and ethical point of view  

(‘learn-and-confirm’ paradigm). While the new trial was in the recruitment phase, historically available PD 

data were pooled with the original PK data and an indirect response model was applied to describe the 

observed urinary volume and osmolality effects, using predicted concentrations as drivers. This new, 

innovative model started from the mechanism of action of dDAVP [4] and mimicked its effect on water 

reabsorption by inhibiting the urine production. During the covariate analysis, again a significant 

formulation effect was found, this time on a PD parameter, the IC50. As this is physiologically implausible 

(similar concentrations at the effect-site should result in similar PD effects if no active metabolites are 

present), this again suggested that something was missing on the PK side of the analysis. Indeed, an 

analysis performed in juvenile pigs showed the occurrence of two absorption peaks after early and 

frequent sampling immediately post dosing [5]. Starting sampling too late could underestimate the 

absorption of the lyophilisate formulation and thus underestimate the formulation effect on the PK side, 

leading to an overestimation of its effect on the PD side. This was ultimately confirmed in the popPKPD 

analysis of the combined data of the newly designed trial. In this analysis, the effect of formulation was 

only detected on the PK absorption parameters: a biphasic profile was found after administration of the 

melt, and only one absorption peak was observed after administration of the tablet. Furthermore, as the 

new trial included younger children as well (0.8–8.7 years of age), significant maturational effects were 

detected.  

The results of these dDAVP studies can be extended beyond the methodological learnings. They serve as 

a reminder of the importance of a good sampling design, especially in pediatric clinical trials. Indeed, in 
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this sparse sampling environment, the selection of optimized and informative time points is of the utmost 

importance, even when a powerful analysis tool such as mixed effects modeling is used. For this, 

simulations using an earlier developed model (based on adult or pediatric data) should be applied. Another 

result that can be extended more generally to the class of buccal formulations is the double absorption 

peak, which occurs after administration of the desmopressin lyophilisate formulation. The findings 

regarding the partly buccal, partly gastrointestinal absorption are not unique to desmopressin but are only 

rarely investigated further [6]. The double peak is caused by the fact that part of the dissolved compound 

is swallowed and subsequently absorbed from the gut. This seems to be age-dependent, with the younger 

ages swallowing more, and has also been observed in the juvenile pig. The described PK absorption model 

thus has merit for other compounds as well, and could potentially be used in a translational set-up to 

extend findings from piglets to pediatrics. As pigs can be more intensively sampled, more inferences can 

be drawn from their plasma concentrations and more complex models can thus be built and tested before 

going to humans. 

These analyses also add weight to the consensus that the population approach is a very powerful tool to 

analyze sparse pediatric data when available [7], [8]. However, even such powerful tool cannot overcome 

a poor sampling design as only after pooling PK and PD data, inconsistencies in the analysis became 

evident. The exact formulation effect of desmopressin could only be elucidated after designing and 

analyzing a new, improved trial. Opportunities regarding combining a juvenile animal model with the 

population modeling approach were also shown by this work. The top-down approach worked as a 

hypothesis-generating tool for the double absorption peak after which trials (and subsequent analyses) in 

young pigs gave a first confirmation of this hypothesis before testing it in children.  

Aside from hypothesis testing, the relative simplicity (in terms of number of compartments and 

parameters) of population models also facilitated an easy application of the generated models with 

regards to clinical significance (via bioequivalence-like trial simulations), trial design (via sensitivity 

analyses, optimal experimental design and power analysis) and detection of clinically important covariates. 

Furthermore, the coupling of PK to PD data can lead to more insights and elucidate erroneous conclusions 

based on incomplete data. 

  



 

265 

3. Comparison top-down and bottom-up approach in pediatric drug 

research: ciprofloxacin 
The model compound ciprofloxacin was chosen for its clearance consisting of both metabolism and renal 

contributions. A study was designed and executed in renally impaired children suffering from complicated 

urinary tract infections. In this way, this compound allowed to compare the different methodologies in 

otherwise relatively ‘healthy’ pediatric patients and ill children. To predict the PK of ciprofloxacin in this 

studied population (and others), the population and PBPK approaches were both used, without formally 

informing one another.  

The PBPK approach was first used to construct an adult and healthy pediatric model before moving to the 

children suffering from cUTI. Implementing ontogeny functions derived from in vivo data using the CYP1A2 

probes methoxyresorufin, caffeine and ropivacaine, and the tubular secretion probe aminohippuric acid 

improved pediatric predictions, resulting in a performant healthy pediatric PBPK model.  

During work on the cUTI population, a nice interplay between the two approaches was achieved. Even 

though no mathematical connection between them was made, their complementary properties allowed 

for the generation and testing of hypotheses. Indeed, the population approach identified PK parameters 

for the renally impaired patients which were up to 83.6% lower than in earlier analyses performed in 

otherwise healthy children and children with cystic fibrosis. In the PBPK analysis, the developed pediatric 

model failed to predict the PK of ciprofloxacin in this particular population (before adaptation) while 

predicting the otherwise healthy children well. As both the popPK and the PBPK approach showed the 

same marked differences in PK between the two populations, this was investigated further. Here, both the 

empirical power of the population approach and the physiologically descriptive power of the PBPK 

approach were found to be useful. The population model detected effects of size on clearance and volume 

of distribution and quantified the effect of kidney function on the renal ciprofloxacin clearance. Using this 

data-driven approach, it was determined that in this population only half of the ciprofloxacin clearance 

was renal as opposed to two thirds of the total clearance in healthy children and adults alike. The kidney 

function, calculated by the Chehade equation was found to be diminished in some, but not all of the 

patients in the cUTI group. However, this function represents the glomerular filtration rate rather than the 

sum of active and passive renal excretion processes. As ciprofloxacin is also actively secreted via the 

tubules, this is an important remark to make. This information was then incorporated in the PBPK model: 

the degree of renal impairment was calculated for each patient as the ratio of the expected and observed 

renal function to adjust filtration and tubular secretion. Furthermore, CYP1A2 activity in patients with 
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chronic kidney disease stage 3 or 4-5, was reduced to 63.46 and 46.15% respectively, to account for 

metabolic inhibition by CKD [9]. In this way, the PBPK model was able to predict the PK of ciprofloxacin in 

this population fairly well. The hypothesis generating power of the PBPK approach was further exemplified 

by a sensitivity analysis, which showed that the distribution volume was greatly affected by the pH (tissue, 

intracellular, blood cells and plasma) and fu, possibly adding more arguments for the differences observed 

between pediatric populations. A further study regarding the acidosis state in cUTI children and the extent 

of pH-induced changes in the fu of ciprofloxacin under acidemia or alkalemia conditions would be able to 

confirm those findings. 

However, deeper understanding of the influence of kidney disease on the different elimination processes 

is still needed, along with its implementation in a PBPK model structure. Moreover, ciprofloxacin appears 

to be substrate of OAT3 and P-glycoprotein (P-gp) transporters [10]–[12]. Alterations in the expression of 

those transporters or their functionality due to binding of uremic toxins and inflammatory proteins in 

different tissues under renal disease condition could also influence the PK, exemplifying the need for the 

implementation of disease models in a PBPK framework. 

In conclusion, the work on ciprofloxacin showed that the population approach and the PBPK approach, 

when applied in parallel, can lead to more insights than when they are applied alone. Hypotheses can be 

generated by one approach and tested by the other, and available data can be used for both testing of 

model assumptions and generation of new ideas. In this way, the two approaches work together in a real 

‘learn-confirm’ paradigm assuring that all available data are used to the fullest. More research regarding 

disease progression in children and its implementation in a model-based setting is needed and could for 

sure benefit from a combination of the two methodologies. 
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4. Intertwining the top-down and bottom-up approach in pediatric 

drug research: propofol 
The last model compound investigated was propofol. Chosen for its complex metabolism and extensive 

tissue distribution, this compound was originally selected as a probe to assess the pure PBPK approach, 

and to investigate to how the IVIVE approach for the glucuronidation pathway and extrahepatic 

metabolism (at the level of the kidney) was performing. However, as the pure IVIVE approach was quickly 

found to be ineffective, as reported before for high clearance compounds [13], in vivo clinical (adult) 

information was added to the model building process to varying degrees. The use of clinical data of two 

probe substrates, bupropion (CYP2B6) and diclofenac (CYP2C9) and of in vitro metabolism data allowed 

for the calculation of activity adjustment factors (AAFs), which greatly improved the propofol in vivo 

clearance prediction. These factors are calculated as the ratio of the in vivo back-calculated hepatic CLint 

and the in vitro microsomal CLint to accommodate for differences in in vivo and in vitro activity. Using them 

to correct the contributions of CYP2B6 and CYP2C9 resulted in a clearance model in which the total 

clearance, UGT-mediated and extrahepatic clearance were all predicted relatively well, as opposed to 

previous propofol PBPK models [13]. These contributions could be further validated using in vivo probe 

studies in children and neonates using e.g. opportunistic sampling. 

The use of in vivo clinical data for propofol resulted in the construction of a retrograde clearance model 

and thus an exact description of the in vivo clearance. Both models performed similarly in the adult 

population, indicating the possibility of using the IVIVE-PBPK approach for new compounds, as long as 

probes (with corresponding in vivo information) are investigated in parallel to calculate AAFs. This has 

been done before for the compound tramadol and should be assessed for more compounds in order to 

become standard practice [14]. AAFs should not be confused with the more conventional extrapolation 

factors such as relative activity factors (RAFs, [15]) and intersystem extrapolation factors (ISEFs, [16], [17]). 

The retrograde model was then extrapolated to the pediatric population using standard ontogeny and 

maturation functions available in Simcyp® v16. Alternatively, the use of in vivo derived maturation 

functions [18] improved the clearance model, indicating the need for the development of these functions 

for other, non-CYP enzymes. For UGT1A9, a recent in vivo study regarding paracetamol could be used as a 

starting point for the development of this function [19]. These maturation functions were derived by 

assessing the clearance of specific probe substrates in vivo for different age categories as opposed to the 

original functions based on in vitro activity, Western Blots, or other immunoblotting techniques. The 

obtained model was able to describe the PK of propofol adequately in children, infants and term neonates, 



 

268 

especially taking the prospective nature of the model into account. Indeed, no data were generated in the 

pediatric population to support the extrapolation from the adult population. The preterm neonatal 

population, however, was not predicted well, mostly indicating an inherent limitation of the used 

software, Simcyp v16. The use of v17 remedied this and allowed for good prediction up until the preterm 

neonatal population. Furthermore, volumes of distribution were also predicted, and when compared to in 

vivo derived values, they turned out to be not very well predicted, i.e. mediocre at best. It remains unclear 

if this is because of differences in sampling conditions between the clinical trials used for this comparison, 

or because of inaccuracies in the model itself. However, as the adult model described the Vdss correctly, 

this would probably be a pediatric-specific issue.  

All in all, this exercise showed that intertwining the top-down and bottom-up approach improved model 

performance substantially, compared to the pure bottom-up approach. In order to apply this to pediatric 

drug development, the same workflow should be followed for other compounds. As in vivo adult clinical 

data are mostly available for a new compound once it is at the pediatric development stage, it could be a 

powerful tool to predict a first-in-pediatric or first-in-neonate dose. When no or limited clinical data 

regarding the new compound are available, the use of in vitro experiments to determine metabolic 

pathways and involved enzymes, followed by in vitro metabolism experiments with the compound under 

study and probe substrates for the enzymes involved could result in an AAF-corrected IVIVE PBPK model 

to predict first-in-human and first-in-pediatric doses alike. However, the use of some in vivo data to check 

predictions would be advised, for example from animal or microtracer studies [20]. 
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5. Conclusion: pitfalls and opportunities in pediatric drug research 
The current work was performed within the framework of the SAFEPEDRUG project, which aims to 

improve pediatric drug research and decrease the burden on children. In order to achieve this, alternatives 

for exploratory pediatric clinical trials are necessary. Indeed, as much available information as possible 

should be collected before administering a drug to a child, ideally leading to confirmatory clinical pediatric 

trials. Modeling and simulation tools are pivotal in this endeavor; they can aid in preclinical and clinical 

trial design, analysis of trial data, translation of PK behavior from animals to man and even a priori 

prediction of PK data. It is therefore of utmost importance that these tools are used across the entire drug 

development path to maximize efficiency. This thesis adds some learnings regarding the use of these tools 

on to the growing consensus of their utility.  

Before there is any human in vivo data available, much knowledge can already be generated using these 

tools. The work regarding propofol shows that the use of IVIVE-PBPK is feasible as long as the in vitro 

metabolism experiments are monitored thoroughly. However, in vitro work regarding non-CYP enzymes 

(such as UGT1A9) still needs more methodological research. And even for CYP enzymes, the use of probe 

substrates to calculate AAFs improves the predictive power of this approach tremendously. In this way, 

first-in-human doses can be generated a priori. However, care needs to be taken regarding the plethora 

of assumptions that is embedded or explicitly stated in a PBPK modeling setting and the predictions should 

always be qualified using clinical data once available.  

In very rare cases, information regarding pediatric PK is required early on in development, even before 

adult data is available. In this case, the PBPK approach has a distinct advantage over the top-down 

approach, being independent of pediatric compound-specific clinical data. Comparing the existing 

knowledge 15 years ago to the present knowledge regarding a.o. enzyme ontogeny, suggests that pediatric 

PBPK models will become more and more performant in the future. Currently, using in vitro derived 

ontogeny functions combined with in vivo derived functions where possible, the prediction of pediatric PK 

is possible with acceptable accuracy for a first-in-pediatric dose selection, depending on the metabolic 

routes and transporters involved. Once pediatric clinical data then become available, it can again be used 

to improve the model and inform new trials in, for example, obese or critically ill children. Another 

possibility to generate pediatric PK knowledge before testing in children is the use of a juvenile animal 

model. In the SAFEPEDRUG project, the conventional pig was used within this scope using desmopressin 

as a model compound [21]. This animal model could be used to generate valuable information regarding 

the absorption behavior of the lyophilisate formulation of desmopressin and helped in generating and 
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confirming hypotheses arisen from discrepancies in the analysis of pediatric PKPD data. A third way 

forward could be the development of a juvenile animal PBPK model, combining the strengths of the two 

approaches.  

These discrepancies illustrate another pitfall identified during this thesis: the importance of a good clinical 

trial design. While it has been described many times before that a good design is pivotal for the success of 

a trial, especially in children [22]–[25], often times sampling schemes are still selected in a rather arbitrary 

manner. In the desmopressin work, this trial design (performed before the start of our work) resulted in a 

mismatch between PK and PD results, culminating in a formulation effect on the IC50 at the PD side. Only 

after a model-based, optimized, well-designed trial was executed, this discrepancy was resolved. The 

consistent use of the expertise of a multi-disciplinary team early in the pediatric drug development process 

can prevent these kind of inefficiencies. Alternatively, it is when these kinds of discrepancies occur, that a 

lot of insights are obtained: a mismatch between predictions and observations suggests that some 

processes are not modelled correctly, which can then be used to generate new hypotheses. In the 

desmopressin case, this was done by postulating the double peak absorption hypothesis, seen before with 

similar types of buccal formulations, which was confirmed in an animal and pediatric trial. In this way, it 

was an example of the so-called ‘learn-confirm’ paradigm.  

The goal of this work was not to compare the population approach to the PBPK approach, but to 

investigate their appropriateness in pediatric drug research and identify opportunities for their more 

consistent application. In the ciprofloxacin work, the two approaches were used in parallel. Even though 

they were not used to inform one another mathematically, communication between the two still existed. 

Indeed, when the PBPK model was not able to describe the newly generated pediatric data prospectively, 

explanations were identified using the population approach; namely a difference in Vdss and CL between 

the original population and the (renally impaired) population under study. The PBPK approach could then 

again be used to perform a sensitivity analysis and identify possible contributing factors to the difference 

between the two populations. In this case, the two approaches were not as intensively intertwined as in 

the propofol work, but still their parallel execution led to insights, which might not have been attained 

with either one alone.   

In conclusion, this thesis adds weight to the recommendation to use modeling and simulation tools all 

along the (pediatric) drug development path. Furthermore, the combination of these modeling tools with 

(1) each other and (2) other tools such as preclinical models can result in new insights and the generation 

of extra knowledge. The key is to utilize all available data (in vitro, in vivo and in silico) before subjecting 
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children to clinical trials. Only in this way, we can make these trials confirmatory rather than exploratory 

and children can receive the care they deserve with the lowest research burden possible. 
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1. Broader international context and relevance 

1.1. The international need for pediatric medicines 

Children and neonates remain an often overlooked population in the development and research of new 

medicines [1]. Their needs span from pediatric-specific indications [2] over adapted formulations and/or 

taste requirements [3], [4] to specialized dosing regimens, as a consequence of pediatric-specific side-

effects and PK or PD differences [5]. The last two decades, this need has been recognized internationally 

by, among others, the WHO, FDA (US), EMA (Europe), PMDA (Japan) and TGA (Australia), and guidelines 

have been drafted as a way forward [1], [6]–[10]. This has led to improvements in pediatric oncology [11], 

cardiovascular diseases [12], asthma [13], infectious diseases [14], [15], anesthesiology [16] and neurology 

[17] to name a few. In general, the outlook of pediatric drug development is more positive than it was 15 

years ago [18]. However, many challenges remain and there is a continuous need for national and 

international initiatives to tackle the complex aggregate of pediatric drug research and development. This 

is exemplified by the emergence of pediatric research networks such as the SAFEPEDRUG consortium 

(safepedrug.eu), the TINN consortium (tinn-project.org), PERC (pediatricerc.com/), and the consolidation 

of national and international pediatric clinical trial networks in the USA [19] and Europe (IMI2 initiative, 

https://www.imi.europa.eu/content/imi-2-call-10). The international need for pediatric medicines has 

also been noticed by mainstream media. In the last year, articles were published in Belgium about the lack 

of pediatric drug testing [20], the lack of investments in pediatric oncology [21] and the rising number of 

children taking medicines [22]. Internationally, articles were published among others about the pediatric 

risks when exposed to off-label medicines [23] and on the state of pediatric medicines in the European 

Union [24]. 

1.2. Drug treatment in children 

One of the issues when addressing the international need for pediatric medicines is the determination of 

the correct pediatric dose [5]. Depending on the available data, there are many ways of achieving this goal 

with varying degree of confidence. Historically, empirical dosing rules were used to adapt adult doses to 

their pediatric counterparts. This practice is slowly being replaced in favor of model-based decision 

making, a process which is still going on [5], [25], [26]. These models are currently often constructed in a 

pure ‘top-down’ (scaling from animal, adult or other pediatric data) or ‘bottom-up’ (based on in vitro, in 

silico and/or ex vivo data) fashion, disregarding the other available techniques and mostly not making use 

of all available data. As pediatric data is almost always very sparse [27], [28], it is ethically unacceptable to 

not use all knowledge already generated. Indeed, the field is currently moving towards different 
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combinations of the existing techniques in a ‘middle-out’ approach [29]–[31]. In this way, all available 

knowledge can be integrated to provide appropriate dosing information for children and neonates alike. 

In this work, different ways of combining available data were investigated, which all had their merits and 

provided valuable insights regarding pitfalls and opportunities for using them. The applicability of a 

method (or more appropriately a combination of methods) strongly depends on the available data. Even 

so, it is important that the field moves away from empiricism towards knowledge-based dose adaptation. 

For this, the different techniques can be applied in a coherent framework of data analysis, hypothesis 

generation and testing in order to generate a ‘learn and confirm’ cycle. Indeed, especially in the pediatric 

population, it is unfeasible, unethical and unwanted to generate new clinical trials for each new research 

question. Better is to use the available clinical data to the fullest, supplemented with in vitro, in silico and 

animal model data to answer questions a priori and use a trial to confirm the answers a posteriori.  

A very powerful framework to integrate all these different data sources is a PBPK modeling framework. In 

the broadest sense, it combines drug-specific, population-specific and physiological information in one, 

interconnected network. When combined with the modeling and simulation tools developed for the 

‘golden standard’ population approach, a very powerful toolbox can be generated to predict dosing in 

healthy and diseased children alike. To improve this framework, a learning curve is still to be followed by 

the community. For this, existing drugs of which data from various sources are available should be used to 

develop these kind of ‘information networks’ in the form of middle-out approach based models. By doing 

so, the most efficient ways of integrating data from all these different sources can be identified and new 

data collection can be prioritized. After enough confidence has been built by the community, this approach 

can be applied for new (pediatric) drugs in the development phase. Data can be gathered in an informed 

and efficient way and analyzed with the most appropriate tool. This thesis, as part of the SAFEPEDRUG 

project, aimed to aid in the process towards this informative network, based on the learn-and-confirm 

paradigm. Indeed, in order to manage such a diverse information pool, multidisciplinary networks such as 

our consortium are the way forward. Each (interconnected) specialization provides new insights, informs 

the others and generates unique data. A PBPK modeling framework can be seen as a way of integrating all 

these data in one network to provide answers to research questions and generate new hypotheses.  

  



 

280 

2. Impact on the scientific field and future perspectives 

2.1. Modeling and simulation in pediatric PKPD research 

In the investigation of pediatric PKPD, modeling and simulation tools can be of tremendous help [26], [32] 

and should be applied wherever possible. Historically, two approaches are applied: the top-down 

(population) and bottom-up (PBPK) approach. The first approach, based on clinical in vivo data and 

relatively simple compartmental models, has been the golden standard for the last decades. It is a 

seasoned methodology with many success stories in pediatric research [27], [33]. However, to predict 

PKPD in young children (especially <2 years old), either in vivo data is needed (in essence fitting the model 

rather than predicting) [34], [35] or empirical maturation functions based on compounds with similar 

properties (metabolic routes, CYP and/or transporter involvement,  etc.) are applied with varying degrees 

of success [36]–[38]. The application of the second approach in pediatric drug research is much younger. 

This presents itself in a lack of consensus in model building and evaluation tools, and thus a large variety 

in published model performance [39], [40]. Nevertheless, success stories including the neonatal 

population, without the use of pediatric in vivo information, exist [41], [42]. The down-side of PBPK models 

is the large databases that are needed to support the model structure. Indeed, while no compound-specific 

in vivo information is used, countless in vitro, ex vivo, in vivo and in silico experiments lie at the basis of 

the plethora of parameters present in a full PBPK model [43]–[45]. In the end, pure PBPK models are thus 

as reliable as these data sets and undergo ‘continuous improvement’ as more and more accurate data is 

added to these data sets. The last years, a third approach has been emerging, combining the 

aforementioned approaches to a certain degree. This so called ‘middle-out’ approach is based on the 

premise that all available data should be used, and thus combines available (adult or pediatric) in vivo data, 

with the PBPK framework. In this way, a ‘best-of-two-worlds’ approach can yield maximal knowledge 

generation and constitutes the most efficient way forward to dose regimen determination in children and 

neonates. In this thesis, the different approaches were applied on three different model compounds in 

order to infer information about their applicability and to identify possible knowledge gaps.  

2.2. The middle out approach in pediatric drug research: ‘closing the gap’ 

The combination of PBPK modelling and the population approach is a promising way forward for pediatric 

drug research. However, some challenges should still be tackled, which are described hereafter. 

2.2.1. Integration of available knowledge and construction of databases 
In order to build a PBPK model, a huge amount of data regarding the drug’s physico-chemistry, human 

physiology, variability within populations, ontogeny and maturation of enzymes and transporters etc. is 
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needed. Retrieving this information when studying a drug is often a daunting task. Commercial software 

packages such as Simcyp® [43], [46] and PK-Sim® [47] have already compiled an impressive amount of 

data, which is readily available to their users. However, large differences can be found between software 

packages when predicting PK for the same compound using the same input parameters [31], [41]. This 

points to discrepancies in the underlying assumptions or data applied in the different software packages. 

An integrated PBPK database, openly available [48], [49], would allow the scientific community to 

evaluate, verify and expand the aggregated knowledge [50], ultimately improving PBPK models 

community-wide. Addition of published models to this database (as is currently the case for population 

models with the DDMoRe initiative (www.ddmore.foundation)), including code and/or model diagnostics, 

could inspire good modeling practice and allow the qualification, improvement and application of 

published models. PK-Sim® has recently become open source and is freely available for the scientific 

community (https://github.com/Open-Systems-Pharmacology/Suite), which is a step forward on this 

proposed path. 

2.2.2. Model-based pediatric trial design 
PBPK models are, among others, used to determine a ‘First-in-Pediatric’ and ‘First-in-Neonate’ dose. This 

dose is then tested in a pediatric clinical trial. In order to obtain the most information from such a trial, it 

should be well designed, preferably using the existing PBPK model. In the top-down approach, this is often 

done using power calculations and optimal experimental design [26], [51] and an analogous procedure 

should be applied in the bottom-up or middle-out approach. Applying the same optimal experimental 

design approach directly on a PBPK model is rather complex, as these models contain hundreds of 

parameters. One option is to simplify the PBPK model using a lumping technique [52] and design the trial 

using this model. The simpler model has less parameters and the optimal experimental design task might 

become feasible. A second possibility is the use of a sensitivity analysis to determine the parameters most 

influential for the predicted outcome and investigate these further. The sensitivity function can then be 

calculated over time for these important parameters, and time points with a high sensitivity index can then 

be considered as sampling times for the trial under design [53]. A third option is the use of clinical trial 

simulations, where different trial conditions are simulated and the confidence intervals of e.g. the 

estimated clearance are compared. Simulations can also be used to predict time points where tissue 

concentrations are the highest, if one would be interested in a trial where those could be sampled. 

Whichever way the trial is designed, opportunistic samples should always be taken, as sampling in 

neonates and children is extremely sparse as it is [54].  
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2.2.3. Pediatric microdosing/microtracers  
Recently, the use of microdosing and microtracers has been investigated for its possible application in 

pediatric drug research [55]. In short, this technique uses sub-therapeutic, radioactively labeled doses of 

the drug under study, which are either administered alone (microdosing) or together with a therapeutic 

dose of cold drug (microtracer). The radioactive dose is too low to produce a meaningful pharmacological 

effect, but the compound still undergoes ADME, which makes it possible to use it to study PK without the 

risk of developing side-effects. To be able to do this, very sensitive analytical methods need to be used to 

quantify the amount of radioisotopes. Accelerator Mass Spectrometry (AMS) is the most commonly used 

technique for this, and originates from paleontology where it was applied for carbon dating [56]. When 

this detection method is coupled to a separation technique such as liquid chromatography, the 

radiolabeled substrate and metabolites can be analyzed, which can help to elucidate the ontogeny of the 

metabolism of the drug under study, assuming the responsible enzymes are known. Its biggest weaknesses 

are the assumption of dose linearity between the subtherapeutic dose and the therapeutic level, which 

often spans a 100-fold range, besides the high cost of both the radioactive drug and analytical method. 

However, dose linearity is most often assessed in animal models and, as most drugs are not given at 

saturating doses, found in most cases to be appropriate over a large dose range [57]. 

Nowadays, microdosing and microtracer trials are mostly analyzed using non-compartmental analysis 

(NCA) and presented as an alternative for allometric scaling and PBPK [58], [59]. However, within a 

multidisciplinary setup, it would be more interesting to use this technique as an additional tool to inform 

pharmacokinetic models. Hypotheses generated by a PBPK model could for example be tested using a 

microdosing study, effectively aiding in the qualification of the PBPK model.  

2.2.4. Optimization of in vitro experiments 
In order to improve the PBPK knowledge base, more in vitro metabolism and transporter data should be 

gathered and accurately extrapolated to the in vivo situation. Therefore, in vitro experiments should be 

optimized or developed for non-CYP enzymes and for transporters. In parallel, in vivo information 

regarding these systems should be gathered using e.g. probe substrate experiments. Even for the CYP 

enzymes, work remains to be done; e.g. the use of AAFs should be investigated using more model 

compounds. UGTs are the second most important metabolizing enzymes (after CYPs) and should hence 

receive priority, as they undergo extensive maturation during the first months and years of life and are 

thus pivotal in the ontogeny of drug metabolism [60]. Efforts have been made towards optimization of in 

vitro UGT experiments [61, Ch. 13], [62] but the IVIVE is still not as performant as for CYPs, especially for 

high clearance compounds [37], [63]–[65]. SULTs are an important enzyme group for the neonatal 
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population as well, substituting for UGTs in the early phase of life [66]. Some work has been done regarding 

their in vitro and in vivo activity [67]–[70], but much remains to be done. For other metabolizing enzymes, 

even larger knowledge gaps exist. Transporters and their ontogeny are being studied more and more 

often, but the extrapolation from in vitro transporter experiments towards the in vivo situation remains 

difficult [71]–[76]. More research in this field is also required. 

2.2.5. Pediatric PD 
The scope of this thesis is the prediction of PK in neonates and children. This is of course only the first part 

of the answer to proper dosing in this population. Once one can reliably predict the exposure in neonates 

and children, one should also investigate how this relates to the drug effect. Indeed, as is the case with 

the rest of the physiology in the younger age groups, many receptors and other pharmacodynamic targets 

undergo maturation and developmental changes, which can cause both higher and lower sensitivity to 

drugs [17]. Research regarding pediatric pharmacodynamics is, unfortunately, sparse. This is because the 

ethical and logistical constraints of clinical trials are even more problematic for PD studies, as one would 

often need to administer different doses to understand the relation to the response. Furthermore, the 

lack of suitable pharmacodynamic juvenile animal models also hampers the development of this research 

field [17], [35]. Nevertheless, some progress has been made in the field of psychopharmacology [77], [78], 

antibiotics [79], hypnotics [80], H2 antagonists [81] and anticoagulants [82]. Analogous to pediatric PK, 

elucidating the ontogeny of the most important drug receptors, together with finding preclinical models 

for pediatric PD can overcome the challenges in pediatric and developmental pharmacodynamics and 

should be performed in order to completely achieve the correct dose for the correct patient and thus really 

provide the care that the pediatric population deserves [83]–[85]. 

2.2.6. Absorption and distribution 
In this thesis, the focus was on pediatric clearance and excretion prediction, as has been the standard in 

the PBPK community. However, even with this focus, problems regarding distribution and absorption 

prediction were detected. Indeed, the absorption behavior of the lyophilisate formulation of desmopressin 

and the extensive tissue distribution of propofol were extra complexities during the model-based analyses. 

In future projects such as the SAFEPEDRUG project, it would be opportune to include these processes a 

priori in the analysis plan using other specifically selected model compounds. In this way, the current state-

of-the-art absorption and distribution models could be improved alongside the clearance and excretion 

models, yielding the optimal pediatric ADME prediction. 
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2.3. Application of modeling and simulation tools in pediatric drug research: 
pitfalls and opportunities 

The main objective of this thesis was to identify pitfalls and opportunities regarding the combination of 

different modeling and simulation tools in pediatric drug research. Due to the large difference in 

compounds and methodologies used, different observations could be made, which are listed below. 

However, this list is not exhaustive, and this kind of work should be repeated for more compounds in order 

to establish a standard, most efficient, ‘way forward’.  

One of the most important take home messages from this thesis is that modeling and simulation tools 

should be used all across the (pediatric) drug development path. Computing power and algorithms have 

evolved tremendously the last decades to the point that even very complex models can often be run on a 

handheld PC. Ideally, no child should suffer from a badly designed trial as they could all be optimally 

designed using M&S. In order to do this, all available data should be used as early as possible. Indeed, in 

vitro data, animal data, molecular modeling data and physicochemical information about the compound 

can be used a priori to design a first trial (ideally in adults, rarely immediately in children), which can then 

be used to inform new, improved models. These can again be used to design more specific trials, but also 

answer research questions, predict doses,… This approach is exemplified in Figure 49. It is important to 

note that this figure shows flows of information, not time. In this way it is different than the conventional 

‘staggered approach’, which is no longer feasible for efficient pediatric drug development [1], [26] . The 

use of this framework implies that, in order to succeed, a multi-disciplinary team is needed to be able to 

‘connect’ all the different data types and decide on the most efficient way forward (e.g. which animal 

species would work best, which in vitro system, which kind of trial…). Furthermore, all generated data is 

ideally stored in both an easily accessible database and in an open modeling framework. In this way, the 

knowledge generated by the team effort can be used for other compounds with similar ADME properties 

or to extrapolate to specific populations.  
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Figure 49: Proposal of a modeling and simulation workbench for pediatric drug research and development. White arrows 
represent information flows whereas black arrow represent model-based extrapolation and prediction. The workflow can be 

entered at any point depending on the research question, available data and experimental possibilities. The entire process 
progresses from little knowledge about the compound (lightly colored, new drug) to the point where the compound can be used 

to generate new ADME or (patho-)physiological knowledge (dark colored, model compound). 

A couple of pitfalls of using modeling and simulation in the pediatric drug research setting were also 

identified in this thesis. They are described using the chronology of a M&S project.  

At the start of an analysis, it is often a risk to ‘rush in’ the modeling assignment without setting a clear goal 

for the model undertaking. The construction of a model still takes quite some time and effort, so it is of 

utmost importance to build a model that is ‘fit-for-purpose’. Once this goal has been set, a clear modeling 

and simulation plan should be laid out and the literature should be checked for existing, similar models. 

An efficient modeling exercise can then only succeed using the correct data and modeling tools. Data 

handling should be documented and it should always be able to trace back to the original data. This implies 

communication with the other stakeholders. The data should be checked for consistency and changes 

should be reported quickly. New insights from the exercise should then also be communicated with the 

multidisciplinary team to allow for feedback and possible adjustments of the research plan. Once a 

satisfactory model is obtained, the project is not over. The inferences of the model and its simulations 
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should be generated and checked with the other stakeholders. Furthermore, information derived from the 

model can be used to generate new experiments either for testing new hypotheses or fill gaps, and 

strengthen old ones. 

The main message throughout these pitfalls is the importance of communication. The use of the middle-

out approach early on in pediatric drug research implies a multidisciplinary team. It is of the utmost 

importance and benefit of the child that all members in this team communicate and share their expertise. 

In this way, they all retain the same goal, as well as a common research plan and way forward. The 

existence of consortia like the SAFEPEDRUG project is an example of this and emergence of more of these 

initiatives bode well for the future of pediatric medicines, allowing the smallest members of our population 

to obtain a bigger and better part of our healthcare. 
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