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Pediatric pharmacology
 “Children are not just small adults” (1) as, in addition to growth, many developmental 

physiological changes occur with increasing age. The physiological differences 

in children compared to adults and in children of different ages, are especially 

pronounced in neonates and young infants (2). The developmental changes, 

together with growth, may impact the pharmacokinetics (PK) of drugs administered 

to the pediatric population and increase the observed interindividual variability in 

absorption, distribution, metabolism, and excretion (ADME) in children (3).

Drug absorption after oral administration may differ between neonates, infants, 

and children due to differences in e.g. intestinal surface area, permeability, gastric 

emptying time and intestinal transit, gastric and intestinal pH, bile fluid, (pancreatic) 

enzyme production, membrane transporters, and drug metabolizing enzymes in gut 

and liver (4, 5). Distribution of the drug may differ because of the developmental 

changes in e.g. body composition, tissue/organ weight and size compared to total 

body weight (6), the cardiac output and tissue blood flows (7), plasma protein binding 

(8) and the tissue: plasma partitioning (7). Furthermore, kidney growth (7) and age-

related changes in glomerular filtration rate and active tubular processes (3) impact 

renal excretion, and, finally, hepatic blood flow (7), plasma protein binding (8), liver 

growth (9), and maturation of enzyme expression and activity (3, 7) influence the 

rate of hepatic metabolic clearance of drugs (10).

cytochrome P450 3A enzymes
Cytochrome P450 (CYP) enzymes form an enzyme family involved in phase I 

metabolism of many drugs, of which the CYP3A subfamily, with its isoforms 

CYP3A4, CYP3A5, and CYP3A7, metabolizes many drugs. Profound changes occur 

in the activity of the CYP3A isoforms, with the CYP3A4 activity increasing with age, 

the CYP3A5 activity remaining relatively constant with age, while CYP3A7 is mostly 

expressed in fetal en neonatal tissue and decreases very fast in the first month after 

birth (11-13). For hepatic CYP3A4 enzymes, which are mainly responsible for the 

systemic metabolism of CYP3A substrates, the abundance is known to increase with 

age (12, 14), as well as the liver size (7), while the amount of microsomal protein 

in the liver is believed to remain constant with age (15). CYP3A enzyme activity per 

gram of liver has been studied in vitro and in vivo (11-13, 16), but many questions 

remain on the maturation of CYP3A-mediated drug clearance in children in a clinical 

setting, relevant to individualized dosing of CYP3A substrates in this population 

(17). For example, inflammation, sepsis, and organ failure, appear to impact CYP3A 

expression and activity (18-23), but what is the contribution of disease severity and 

inflammation, and is this consistent across the pediatric age range? 
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In addition to inflammation, age-related differences in clearance (24) and oral 

bioavailability of midazolam have been reported (25). Is this due to changes in 

intestinal and/or hepatic CYP3A activity with age? CYP3A enzymes reside in both 

the gut wall and the liver (16), for which different maturation profiles may be 

anticipated, leading to different activity in neonates, infants, and children compared 

to adults, but also to different maturation profiles for presystemic and systemic 

metabolism (26). 

After oral administration of a CYP3A substrate, part of the initial dose does not 

enter the systemic blood circulation, as the total bioavailability (Ftotal) depends on 

the fraction of the drug that gets absorbed (Fa), and the fraction escaping gut wall (Fg) 

and hepatic (Fh) metabolism (Figure 1)(27). It is therefore of interest to distinguish 

between intestinal and hepatic CYP3A activity with respect to their roles in first-pass 

and systemic metabolism, as the fraction escaping gut wall and hepatic metabolism 

may differ with age, resulting in a different total bioavailability and total plasma 

clearance throughout the pediatric age range. 

Furthermore, it has been assumed that clearance of drugs can be predicted from 

clearance of another drug sharing an elimination pathway, as shown for some drugs 

eliminated by glomerular filtration and drugs glucuronidated by UGT2B7 (28-30). 

But is this also the case for drugs that are mainly metabolized by CYP3A, and can 

this approach be used to predict clearance of CYP3A substrates in neonates, infants, 

and children? 

Chapter 1: 
 
 

 
Figure 1. (Chapter 1) 
 
 
 
 

Chapter 2: 
 
 

 
Figure 1. (Chapter 2)  
 
  

Figure 1. Presystemic metabolism upon oral drug administration. The total bioavailability (Ftotal) 
depends on the fraction absorbed of the initial dose (Fa), the fraction appearing in the portal vein 
escaping gut wall metabolism (Fg), and the fraction reaching the blood circulation after the first-
pass through the liver (Fh) with Ftotal = Fa × Fg × Fh, adapted and modified from Waterbeemd et al. 
(27) with permission.
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cYP3A-mediated midazolam clearance in children 
To predict plasma clearance of CYP3A substrates in children, the hydroxylation of 

drugs by CYP3A enzymes should be studied across a wide age range. Combining 

the knowledge of CYP3A-mediated drug clearance with the intended therapeutic 

window will enable the development of guidelines for dosing of CYP3A substrates in 

children. To describe CYP3A-mediated metabolism, midazolam is commonly used as 

probe drug, as its clearance is believed to reflect CYP3A activity (31, 32). Midazolam 

is a benzodiazepine, often used for sedation in the neonatal and pediatric intensive 

care unit (33, 34). Midazolam is considered a good probe drug for CYP3A4/5 activity 

(35), as midazolam is mainly metabolized by CYP3A4, with limited metabolism by 

CYP3A5 and CYP3A7 (36). Midazolam is an intermediate extraction ratio drug (37), 

and its metabolism depends mostly on intrinsic clearance by CYP3A enzymes rather 

than hepatic blood flow. That midazolam clearance is a good marker for (hepatic) 

CYP3A expression, was first proven by Thummel et al. who showed a significant in 

vitro  ̶ in vivo correlation (p<0.01) between CYP3A content in liver biopsy specimens 

and formation of 1-OH-midazolam in vitro with the measured midazolam clearance 

in vivo in patients who received a liver transplant (31). Furthermore, midazolam 

clearance adequately reflects the induction and inhibition of CYP3A4/5 activity by 

known CYP3A inducers and inhibitors (17), making midazolam a widely accepted 

probe drug for CYP3A activity. 

Therefore, data on midazolam PK after intravenous administration from 

preterm neonates up to adolescents, would allow for the characterization of total 

systemic CYP3A activity at different stages of development. Moreover, midazolam 

PK data after oral administration will also allow for studying the proportional 

contribution of intestinal and hepatic CYP3A enzymes to the CYP3A-mediated first-

pass metabolism in neonates, infants, and children, when added to results upon 

intravenous midazolam administration. 

Model-based approach to describe drug pharmacokinetics
To quantify CYP3A-mediated metabolism using clearance of midazolam or another 

CYP3A substrate as surrogate marker, a clinical trial may be performed to estimate 

PK parameters including clearance from densely sampled individual concentration-

time profiles. Based on these PK profiles, the parameters can be estimated in each 

individual, after which summary statistics are used to describe the distribution of 

parameter values in the study population (the two-stage approach). However, this 

requires many samples per individual, and this is, especially in pediatric studies, 

not always feasible due to ethical and practical constraints (38). Therefore, a 

population approach is preferably applied, which requires less concentration 

measurements per individual and allows for simultaneous analysis of data from the 
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whole population, while taking into account the individual differences (39). This 

model-based approach, also known as non-linear mixed effects modeling, can be 

used to estimate PK parameters on the basis of a limited number of PK samples 

per child, and interindividual and residual variability can be described separately 

(39). This allows for a covariate analysis, in which covariates, e.g. body weight or 

age, can be identified within the studied pediatric population to (partly) explain 

the interindividual variability. These covariates can subsequently be used to guide 

dosing.

Several types of PK models can be developed, based on availability of data and 

the model’s purpose (40), ranging from relatively simple empirical models to more 

complex (semi-) physiologically-based models. To describe clearance in a pediatric 

population, an empirical model may be sufficient, and after proper evaluation (41), 

these PK models can be used for the development of dosing guidelines in the studied 

population. 

However, an empirical model might not be sufficient to obtain insight into drug 

independent systems information (42), for example to study what role intestinal and 

hepatic CYP3A play in the first-pass metabolism of CYP3A substrates like midazolam 

(43, 44). A combination of mechanistic and empirical models can be used to enable 

incorporation of physiological knowledge on the gastro-intestinal tract, while 

obtaining more insight into the system by parameter estimation of for example gut 

wall and hepatic intrinsic clearance based on reverse translation of the observed 

clinical data (42).

Pediatric clearance of various cYP3A substrates
To obtain information on the pediatric clearance of different CYP3A substrates, 

dedicated PK studies in patients from all ages for all drugs should be performed. This 

requires a large burden and many resources. Therefore, other approaches have been 

proposed, including an approach in which a covariate relationship for clearance from 

one drug is extrapolated to another drug that shares the same elimination pathway 

(28). This has been shown to result in accurate pediatric clearance predictions 

for some drugs eliminated by glomerular filtration and drugs glucuronidated by 

UGT2B7 (28-30). In order to explore the potential use of this approach in a more 

general way, a framework was developed by Calvier et al. to identify the conditions 

in which clearance can accurately be scaled from adult clearance based on between-

drug extrapolation of a pediatric covariate function for clearance from a model 

drug to a test drug (45). This framework can be applied to evaluate down to which 

age systemically accurate scaling of clearance is possible, based on drug properties 

including the fraction metabolized by the isoenzyme pathway for which plasma 

clearance is scaled, the hepatic extraction ratio of the drugs in adults, the type of 
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binding plasma protein, and the unbound fraction (45). This framework is useful to 

predict to which drugs a pediatric covariate function for CYP3A-mediated midazolam 

clearance can be extrapolated. 

scope and intent of the investigations
A critical information gap exists with regard to the metabolism of CYP3A substrates 

in neonates, infants, and children, and CYP3A-mediated clearance of drugs cannot 

yet be predicted throughout the pediatric age range. Therefore, the aim of this thesis 

is to predict first-pass and systemic metabolism of CYP3A substrates in neonates, 

infants, and children, by development of pediatric (physiological) population PK 

models using the probe drug midazolam. For this purpose, the population approach 

is used to study systemic CYP3A-mediated midazolam clearance after intravenous 

administration, and a more physiological population approach is used to study 

the role of gut wall and hepatic CYP3A enzymes in presystemic metabolism when 

midazolam is administered orally. Lastly, we evaluate the application of a previously 

developed framework (45) to scale clearance of commonly used CYP3A substrates 

in children, using a pediatric covariate function for CYP3A-mediated midazolam 

clearance. This chapter provides an outline of the investigations that are described 

in this thesis. 

section I (chapter 2) describes the general trend towards evidence-based 

pharmacotherapy in the pediatric population using pharmacokinetic-

pharmacodynamic modeling. As many drugs, including many CYP3A substrates, are 

still used off-label in neonates, infants, and children, PK and PD studies are urgently 

needed in this population. We describe the different steps to take to come to an 

individualized dosing regimen, using PK and PKPD models, and how these models 

should be validated both internally and externally before a new dosing regimen can 

be proposed. Such new dosing regimens can be used to improve clinical practice, 

and guidelines can be updated accordingly. We foresee that properly designed 

clinical PKPD studies will remain the backbone of pediatric pharmacological 

research, and explaining the variability in PK is the first step towards individualized 

pharmacotherapy of CYP3A substrates and other drugs in children. 

section II focuses on the systemic metabolism by CYP3A enzymes in neonates, 

infants, and children, using intravenous midazolam clearance to reflect CYP3A-

mediated metabolism, and aims to quantify the impact of maturation, critical 

illness, and inflammation on midazolam clearance in critically ill children. chapter 

3 describes midazolam PK after intravenous administration in critically ill children 

aged between 1 day and 16.8 years of age. A PK model is developed to describe 



18 Chapter 1

clearance of midazolam in critically ill children and a covariate analysis is performed 

to explain the inter- and intra-individual variability within the population. The 

most important studied factors include body weight and age, reflecting the growth 

and maturation of the children, as well as critical illness and inflammation. Other 

pediatric studies suggested an important influence of these factors, but this has not 

been elucidated before. As it is important to evaluate the PK model both internally 

and externally before it is to be used to guide dosing in clinical practice or to derive 

dosing recommendations, in chapter 4 the predictive performance of the developed 

population PK model is evaluated in independent clinical datasets including data 

from similar populations (postoperative and critically ill term neonates, infants, and 

children) and other populations (including preterm neonates, healthy adults, and 

critically ill adults). 

In section III a novel physiological population PK modeling approach is used to 

delineate the contribution of enzymes in the gut wall and the liver to first-pass 

metabolism by CYP3A after oral administration of midazolam. The model includes 

physiological compartments representing the gastro-intestinal tract and the liver, 

and also empirical central and peripheral compartments for midazolam and 

1-OH-midazolam distribution. Pediatric physiological information from literature 

is included to account for differences in relevant physiological parameters such 

as hematocrit, intestinal surface area, organ size, tissue blood flows, and plasma 

protein binding in neonates, infants, and children, compared to adults. Based on this 

physiological information and by using PK data from preterm neonates and children 

(25, 46, 47), the intrinsic intestinal and hepatic clearances are estimated to derive 

values for bioavailability and plasma clearance. chapter 5 focuses on intestinal 

and hepatic CYP3A activity in preterm neonates, while chapter 6 describes the 

characterization of intestinal and hepatic CYP3A-mediated metabolism in children 

from 1 – 18 years of age. 

section IV discusses how information on CYP3A-mediated clearance of the probe 

drug midazolam in children can be used for the scaling of plasma clearance of 

other commonly used CYP3A substrates in the pediatric population. Based on the 

developed framework by Calvier et al. which takes into account drug properties 

like hepatic extraction ratio and fraction unbound (45), chapter 7 describes the 

application of the between-drug extrapolation of a covariate relationship for 

clearance based on midazolam to scale clearance of other CYP3A substrates in 

children. Chapter 7 also evaluates whether a pediatric covariate function for CYP3A-

mediated midazolam clearance can be used to scale clearance of various commonly 

used CYP3A substrates in children, by comparison of scaled clearance values with 
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reported pediatric clearance values. In addition, the pediatric covariate function for 

CYP3A-mediated clearance is applied to scale pediatric clearance of sildenafil, and 

these scaled clearance values are then compared with clearance values which are 

estimated based on sildenafil PK data in children 1-17 years of age. 

Lastly, section V (chapter 8) summarizes the results presented in this thesis on 

the maturation of systemic and first-pass CYP3A-mediated metabolism reflected by 

midazolam clearance in neonates, infants, and children, and on the between-drug 

extrapolation of a pediatric covariate function for clearance from midazolam to other 

commonly used CYP3A substrates. Furthermore, it provides future perspectives on 

the translation of our results to the clinic, on the use of physiological modeling 

approaches, and on how information from midazolam PK models can be used to 

predict drug clearance of other CYP3A substrates in the pediatric population. 
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