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KIITOKSET 

 

Olen suuresti kiitollinen Arto Urtille sekä Hanna Kortejärvelle tämän työn ohjaamisesta. 

Heidän näkökulmansa ja neuvonsa auttoivat saamaan otetta aiheesta, joka alkuvaiheessa 

tuntui loputtoman laajalta ja hahmottomalta. Erityisen suuri kiitos Hannalle viimeisten 

kuukausien tuesta ja kannustuksesta, ilman sitä työ olisi varmasti vieläkin 

viimeistelemättä. Lopullisen työn oikolukeneet Jyry sekä äitini tekivät myös suuren ja 

arvokkaan työn, kiitos siitä.  

 

Suurkiitos Jyrylle ymmärryksestä ja loputtomasta kärsivällisyydestä kanssani etenkin 

tämän prosessin loppuvaiheilla. Ja muutenkin.  

 

Aivan erityinen kiitos koko perheelleni. Olen pohjattoman kiitollinen upeille 

vanhemmilleni kaikesta heidän tuestaan ja kannustuksestaan, ei vain tämän työn 

puitteissa vaan elämässä aina. En osaa kuvitellakaan missä olisin ilman teitä. Kiitos 

rakkaalle siskolleni ja siskonpojalleni, missä he sitten ovatkin. Sellaista päivää ei tule, 

ettenkö teitä toivoisi osaksi elämääni. Kiitos ihanalle veljelleni kaikista yhteisistä 

hetkistä. Elämäni on rikkaampaa, kun sinä olet osa sitä.  

 

Kiitos myös lukuisille ystäville ja tuttaville tsempistä ja kannustavista sanoista. Kiitos 

varsinkin Sinille yhteisistä graduhetkistä (ja kärsivällisen sylin tarjoamisesta Lilalle). 

Mutta aivan erityisesti kiitos Eevalle, joka ymmärtää gradutuskan paremmin kuin 

kukaan muu. Kiitos siitä että olet olemassa. Egotripin Gloriasta lähtien olen tiennyt, että 

tunnet minut liiankin hyvin. Onneksi.  
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1 INTRODUCTION  

 

There is a considerable paucity of data on the pharmacokinetics of drugs in infants and 

children, leading to substantial off-label medication with up to 58-92% of patients in 

pediatric wards receiving at least one unlicensed or off-label medication (‘t Jong et al 

2002; Kumar et al 2008; Kimland et al 2012; Lindell-Osuagwu et al 2014). Following 

similar legislative actions in the United States, the Pediatric Regulation (Regulation 

(EC) No 1901/2006) came into effect in the European Union (EU) in 2007 with the 

objective of facilitating the development and availability of medicines for children 

(Zisowsky et al 2010; European Commission 2013). Although more information on the 

use of drugs in children have become available as a result of the regulations both in 

USA and Europe, a recent study found that in Finland, off-label use in pediatric wards 

had, in fact, increased from 2001 to 2011 (Benjamin et al 2006; European Commission 

2013; Lindell-Osuagwu et al 2014; Wharton et al 2014).  

 

Obtaining clinical data on pediatric medication is complicated, not only due to ethical 

aspects of performing clinical studies in children, but also because children are a 

heterogeneous group (European Medicines Agency 2001; Kearns et al 2003; Anderson 

and Lynn 2009; Zisowsky et al 2010; Johnson and Rostami-Hodjegan 2011). During 

development and maturation, all facets of pharmacokinetics (PK), that is absorption, 

distribution, metabolism, and excretion, change. Thus, not only is it an inadequate 

practice to scale adult doses to children simply by a size-based extrapolation, but also, 

results from any pediatric clinical trial cannot automatically be applied outside the age 

range of the study. European Medicines Agency, EMA, divides children into five age 

groups: preterm newborn infants, term newborn infants (0-27 days), infants and toddlers 

(28 days to 23 months), children (2-11 years), and adolescents (12 years and above) 

(European Medicines Agency 2001). However, maturational changes take place within 

these age groups as well. Due to practical and ethical constraints in pediatric clinical 

studies, different modeling and simulation approaches have been advocated as 

particularly valuable, and are encouraged by regulators as well (European Commission 

2013; Manolis and Pons 2009; Zisowsky et al 2010; Johnson and Rostami-Hodjegan 
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2011). Although modeling and simulation methods cannot replace clinical trials, they 

can be used as decision, analysis, and optimization tools.  

 

This work is divided into a literary review and an experimental part. The literary review 

consists of descriptions of developmental pharmacokinetics (section 2), and modeling 

and simulation approaches beneficial in pediatric drug research (section 3). The 

experimental part includes two separate works: simulations of a metabolic drug-drug 

interaction (DDI) from birth to early adulthood, and the extrapolation of pediatric in 

vivo clearance from in vitro data for six different drugs. The aim of the literary review is 

to assess the developmental phenomena that cause pediatric PK parameters to differ 

from those observed in adults, the clinical consequences arising from these differences, 

and present some of the ways modeling and simulation methodologies can be applied in 

pediatric drug research. The scope of this work in developmental PK is distribution, 

metabolism, and excretion; absorptive processes are not included. In case of neonates, 

developmental pharmacokinetic considerations are restricted to full-term babies. 

Premature neonates, although briefly references on a few occasions, are not within the 

scope of this work, and thus the effects of prematurity on pharmacokinetics are not 

discussed. Developmental differences in pharmacodynamics are also an important 

concern in medicating infants and children, but they fall outside the scope of this work. 

When reveiwing modeling and simulation approaches, two methodologies particularly 

suitable for pediatrics, namely population pharmacokinetic (POP-PK) modeling and 

physiologically based pharmacokinetic (PBPK) modeling, are discussed.  

 

 

2 DEVELOPMENTAL PHARMACOKINETICS  

 

When experimental data on suitable dosing regimens in different pediatric groups is not 

available, an allometric approach is often used in clinical settings to scale adult doses to 

children (Kearns et al 2003; Rowland and Tozer 2011). An example of such an 

allometric scaling method is given by Equation 1:  

 

                         (
           

           
)
     

  (Equation 1)  
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where BW is the body weight of the refence adult or the child in question. Reference 

adult weight is usually 70 kg. However, simple allometric approaches are predicated on 

the assumption that the only difference between adults and children is size, which is not 

the case. Maturational changes make PK phenomena in children qualitatively different 

from those observed in adults, as will be discussed in the following sections. This is 

particularly true in neonates, which is also the most often referenced pediatric group in 

this literary review.  

 

From birth to adulthood, both Vd and CL undergo clinically significant maturational 

changes (Alcorn and McNamara; Kearns et al 2003; Anderson and Lynn 2009). 

Elimination half-life reflects the interplay between these two independently maturing 

parameters (Rowland and Tozer 2011). Suitable loading doses, maintenance doses, and 

dosing intervals are determined by estimations Vd, CL, and t½. When steady state 

concentrations need to be acquired quickly, a loading dose may be required. An 

appropriate loading dose is dependent on the volume of distribution. Maturational 

changes in Vd must then be offset by corresponding changes in loading doses, with an 

increase in Vd requiring an increase in loading dose, and a decrease in Vd respectively 

requiring a decrease in loading dose. During continuous administration or multiple 

dosing, reduced CL generates a risk of excessive drug accumulation, while increased 

CL may lead to sub-therapeutic plasma concentrations and lack of therapeutic effect. To 

offset the effects of altered CL rates, either weight-normalized dosing and/or dosing 

interval need to be adjusted.  

 

The effects of developmental alterations in body composition, tissue perfusion, and 

plasma protein binding will be discussed in section 2.1 Volume of distribution. 

Distribution barriers, such as the blood-brain barrier, and the effects of transporter 

activity on drug distribution are ruled outside the scope of this work. When discussing 

the maturation of elimination processes, the focus is mostly on the two most important 

elimination mechanisms. These include renal clearance and hepatic metabolism via 

cytochrome P-450 (CYP450) enzymes (see Figure 1) (Williams et al 2004). Other 

hepatic metabolism enzymes are also briefly discussed. Effectively no data was 

available on the maturation of hepatic and renal transporters, therefore, they will not be 
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discussed. Metabolism occurring outside the liver, along with other elimination 

mechanisms and routes, are not within the scope of this literary review.  

 

Figure 1. Relative importance of route and mechanism of elimination of the top 200 

drugs prescribed in the United States in 2002. UGT = uridine diphosphate glucuronosyl 

transferases; CYP = cytochrome P-450 enzymes. Data from Williams et al 2004. 

 

2.1 Volume of distribution  

 

2.1.1 Body composition and tissue perfusion  

 

A neonate has a significantly higher relative amount of total body water as percent of 

body weight (BW) than an adult, although exact estimates of body water compartment 

sizes vary by about 10-15 % depending on the measuring method used (Friis-Hansen 

1961; Fomon et al 1982; Valentin 2002). The development of body water compartments 

in childhood is depicted in Figure 2 (page 5). Contrary to adults, a newborn has more 

extracellular than intracellular water, but this relationship is reversed within the first few 

years of life. By adolescence, the amount and distribution of body water have matured 

to reflect adult composition.  
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Figure 2. Development of body water compartments (as % of body weight) from birth 

to the age of 15 years. TBW = total body water; ECW = extracellular water; ICW = 

intracellular water. Data collected from Friis-Hansen (1961).  

 

Figure 3. Development of body fat content (as % of body weight) from birth to the age 

of 15 years, and adult female and male body fat content. Data collected from Fomon et 

al (1982).  

 

Body fat content increases sharply after birth, peaks at five to six months of age, and 

then begins a gradual decline (Friis-Hansen 1961; Fomon et al 1982; Valentin 2002). 

An increase occurs again in pre-adolescent and adolescent children. The development of 
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body fat content over the first 15 years of life is depicted in Figure 3 (page 5). Reports 

on the increase of body fat in adolescence and beyond as a function of age show marked 

variation, but reveal clear differences in males and females, with a higher body fat in 

females. Body fat in an adult can vary multifold, but reference values of 20% in males 

and 30% in females have been reported (Valentin 2002)  

 

As a result of the higher total body water-to-fat ratio in a neonate, hydrophilic drugs, 

such as the antibiotics gentamicin and linezolid, distribute into a relatively larger 

volume, thus exhibiting increased volume of distribution normalized to BW compared 

to adults (Kelman et al 1984; Jungbluth et al 2003). The volume of distribution of 

gentamicin in neonates and young infants is 0.41-0.46 l/kg, compared to 0.25 l/kg in 

adults. In neonates, linezolid exhibits a Vd of 0.78 l/kg, compared to 0.65 l/kg in adults. 

When Vd is increased, the weight-normalized loading dose, if required, needs to be 

respectively higher. As an increased Vd also contributes to a prolonged elimination half-

life, dosing interval needs to be longer. Theoretically, it could be expected that 

lipophilic drugs would show a decreased Vd in infants and young children, however, 

this is often not the case. For example, the Vd of propofol is 5.6 l/kg in a neonate, 

compared to 4.7 l/kg in an adult (Allegaert et al 2007; Obach et al 2008). Propofol is 

highly protein bound, with a plasma unbound fraction, fu(pl), of 0.016 in adults, and the 

slightly increased neonatal Vd might reflect an increase in the unbound fraction. As the 

relatively lower body fat content in a neonate rarely translates into a lowered Vd, usually 

no compensatory changes related to distribution volume in neonatal dosing regimens 

need to be made for lipophilic drugs.  

 

Possible developmental changes in organ and tissue perfusion during childhood have 

not been experimentally established, but assuming that relative distribution of cardiac 

output remains constant, pediatric values for perfusion can be approximated from adult 

data (Valentin 2002). Perfusion, calculated from cardiac output, of selected organs at 

various ages is presented in Table 1 (page 7).  
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Table 1. Perfusion (ml/min/g of tissue) of selected organs from birth to adulthood. 

Perfusion as percent of cardiac output (% CO) in adults is also reported. Pediatric 

perfusion values are calculated assuming blood flow as percent of cardiac output 

remains constant regardless of age. Data from Valentin 2002.  

  Fat Brain  

Small 

intestine 

Large 

intestine 

Sceletal 

muscle Liver Kidneys 

Neonate  0.11 0.19 0.73 0.42 1.2 0.11 4.3 

1 year 0.035 0.15 0.71 0.90 1.0 0.092 3.1 

5 years 0.064 0.33 1.1 1.5 1.6 0.088 5.6 

10 years 0.056 0.46 0.98 1.5 1.6 0.066 5.0 

15 years 0.036 0.54 0.80 1.1 1.2 0.043 4.5 

Adult  0.026 0.54 0.69 0.92 1.0 0.039 3.8 

% of CO in 

adults 7% 12% 11% 5% 26% 15% 18% 

 

From Table 1 it is evident that perfusion normalized to mass of the tissue is often 

greater in a neonate than an adult. This is due to the relatively higher cardiac output, 

normalized to body weight: 43 ml/min/kg in a neonate and 24 ml/min/kg in an adult, 

assuming a neonatal weight of 3.5 kg and an adult weight of 70 kg (absolute cardiac 

output values being 600 ml/min and 6500 ml/min in neonates and adults, respectively) 

(Valentin 2002). In case of permeability-limited distribution, altered perfusion is not 

expected to have an effect on drug pharmacokinetics (Rowland and Tozer 2011). 

However, when distribution is limited by perfusion, an increase in blood flow rate 

translates into distribution equilibrium acquired faster in the tissue or organ. This may 

alter the time course of response and/or occurrence of adverse events if exposure-time-

profiles in pharmacodynamically important tissues is changed; however, such 

pharmacodynamic considerations are outside the scope of this work. From a 

pharmacokinetic point of view, the potentially most significant clinical effects arise 

from alterations in the perfusion of eliminating organs, i.e. mainly liver and kidneys 

(Rowland and Tozer 2011). In a neonate, both liver and kidney perfusion as ml/min/g of 

tissue is higher compared to adults. Thus, drugs whose elimination is perfusion rate-

limited could be anticipated to show increased clearance. However, this tends not to be 

the case, due to immature enzyme expression and glomerular function, as will be 

discussed in sections 2.2 Hepatic metabolism and 2.3 Renal clearance (Alcorn and 

McNamara; Kearns et al 2003; Anderson and Lynn 2009).  
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2.1.2 Plasma protein binding   

 

Binding of many drugs is decreased in neonates and young infants compared to adults, 

partly because concentrations of the two main binding proteins in plasma, albumin and 

α1-acid glycoprotein (AAG), are lower in neonates (Krasner et al 1973; Wallace 1976; 

Kurz et al 1977a; Wood and Wood 1981; Nau et al 1984; Kanakoudi et al 1995). 

Concentrations of albumin and AAG in neonatal and adult plasma are presented in 

Table 2. Neonatal albumin also exhibits altered affinity towards some of its substrates 

(Krasner et al 1973; Wallace 1976; Kurz et al 1977a). For example, neonatal albumin 

has a higher binding affinity to bilirubin than does adult albumin (association constant 

5.2x10
7
 M

-1
 compared to 2.4x10

7
 M

-1
 in adults), whereas the reverse is true for 

sulphadiazine (association constant 1.8x10
3
 M

-1
 compared to 3.6x10

3
 M

-1
 in adults).  

 

Table 2. Concentrations of albumin (g/l), α1-acid glycoprotein (AAG, g/l), bilirubin 

(mg/l), and free fatty acids (µM) in neonatal and adult plasma.  

 Albumin (g/l) AAG (g/l) Bilirubin (mg/l) Free fatty acids (µM)  

Neonate 35  0.28 14-26 1103 

Adult 45 0.83 1-3 555 

Reference Kanakoudi et 

al 1995 

Kanakoudi 

et al 1995 

Kurz et al 1977a  Nau et al 1984 

 

Some endogenous substances, such as bilirubin and free fatty acids, capable of 

displacing drugs from their binding sites in albumin thus increasing the unbound 

fraction of the drugs, are more abundant in a neonate than an adult (Wallace 1976; Kurz 

et al 1977a; Kurz et al 1977b; Nau et al 1984). Concentrations of bilirubin and free fatty 

acids in neonatal and adult plasma are presented in Table 2. Bilirubin has been shown to 

decrease the binding of e.g. nitrofurantoin, sulfamethoxydiazine, sulphadiazine, 

salicylate, and chloramphenicol in vitro (Wallace 1976; Kurz et al 1977a; Kurz et al 

1977b). Conversely, some drugs, such as the cephalosporin antibiotic ceftriaxone and 

many sulfonamide antibiotics, such as sulfisoxazole, are known to displace bilirubin 

from albumin, thus increasing the risk of kernicterus, a state where excess free bilirubin 

damages the developing central nervous system (Brodersen 1974; Fink et al 1987).  
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Increase in fu(pl) in the neonatal period may lead to significantly larger Vd values per 

kilogram, as well as enhanced clearance by glomerular filtration in the kidney, or 

hepatic clearance of low extraction ratio drugs (Rowland and Tozer 2011). However, as 

will be discussed in sections 2.2 Hepatic metabolism and 2.3 Renal clearance, in 

neonates the immaturity of elimination processes tends to be the rate limiting step, and 

therefore increases in fu(pl) do not translate to increased clearance (Alcorn and 

McNamara; Kearns et al 2003; Anderson and Lynn 2009). Examples of drugs exhibiting 

increased fu(pl) and Vd in neonates compared to adults are presented in Table 3. Of 

course, the increased neonatal Vd may be the result of not only to decreased binding, but 

also increased body water content (Friis-Hansen 1961; Fomon et al 1982; Valentin 

2002). The increased Vd may need to be offset by a higher loading dose and/or shorter 

dosing interval, particularly if elimination is also accelerated. On the other hand, a drug 

that tends to displace bilirubin from albumin may not be suitable for use in young 

infants at all, or at the least it requires decreased dosing to avoid the development of 

kernicterus.  

 

Table 3. Values of unbound fraction in plasma, fu(pl), and volume of distribution, Vd 

(l/kg), in neonates and adults for selected drugs. Where available, number of subjects 

(N) in the study is also reported. – = data not available.  

 fu(pl)  Vd (l/kg) Reference 

Phenytoin  

Neonate 0.26  1.19 

(N=77)  

Carter et al 1977; Kurz et al 1997a  

Adult 0.11  0.64  Goodman and Gilman’s The 

pharmacological basis of therapeutics 

2011 

Fentanyl  

Neonate  0.3 

(N=72) 

5.1 

(N=14) 

Koehntop et al 1986; Wilson et al 

1997 

Adult 0.16 0.89 Obach et al 2008 

Furosemide  

Neonate 0.025 

(N=8)  

0.83 

(N=8) 

Aranda et al 1978  

Adult  0.012 0.12  Obach et al 2008  

 

Developmental alterations in plasma protein binding have only been shown for neonates 

and young infants, indicating that this feature generally matures to adult level during 

infancy (Krasner et al 1973; Wallace 1976; Kurz et al 1977a; Wood and Wood 1981; 

Nau et al 1984; Kanakoudi et al 1995; Alcorn and McNamara 2003; Kearns et al 2003;). 

However, when exactly adult binding profile is reached remains unclear.  
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2.2 Hepatic metabolism  

 

Liver metabolic capacity in a neonate and young infant is considerably reduced 

compared to older children and adults, resulting in lower clearance of many drugs 

(Alcorn and McNamara 2003; Kearns et al 2003; Anderson and Lynn 2009). Ability to 

metabolize drugs generally matures within the first 6-12 months of life, although 

ontogeny is enzyme isoform-specific. After metabolic capacity has matured, clearance 

(CL) relative to BW tends to be considerably higher in children, often necessitating 

increased weight-normalized drug dosing compared to adults. However, the less often 

utilized CL normalized to body surface area (BSA) remains relatively constant once 

metabolic maturity has been reached. Relative to BSA, liver volume also remains 

constant throughout life, although liver volume relative to body mass is higher in infants 

and children compared to adults (Murry et al 1995; Valentin 2002; Johnson et al 2005). 

This may in part explain why, once metabolic capacity has matured, clearance 

normalized to BW is often higher in children compared to adults, while clearance 

normalized to BSA remains relatively constant. 

 

2.2.1 Liver perfusion  

 

Liver blood flow rate in an adult is about one fourth of cardiac output (25.5% in a male, 

and 27.0% in a female) (Valentin 2002). The development of liver blood flow rates, 

calculated assuming that liver perfusion as percent of cardiac output remains constant 

regardless of age, is depicted in Figure 4. Normalized to body weight, liver perfusion is 

higher in children compared to adults. The relatively higher liver blood flow rate may 

be clinically relevant in the metabolism of high extraction ratio drugs, although, the 

immaturity of metabolizing enzymes may offset the increased perfusion, effectively 

turning high extraction ratio drugs into low extraction ratio drugs in neonates and young 

infants (Alcorn and McNamara 2003; Kearns et al 2003; Anderson and Lynn 2009).  
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Figure 4. Development of liver perfusion (ml/min/kg of body weight) at different ages 

in children and adults. Data from Valentin 2002.  

 

In neonates, liver perfusion can be further altered due to a patent ductus venosus 

(Murayama et al 2006). Ductus venosus is a fetal blood vein through which a significant 

proportion of blood flow can be directed to the heart and brain bypassing the liver. It 

usually experiences a decrease in blood flow immediately after birth followed by 

functional and anatomical closure within a few weeks. Significant correlations between 

the flow volume of a patent ductus venosus and early neonatal liver function have been 

established, indicating a possible decreasing effect on drug metabolic clearance rates 

within the first few postnatal weeks. However, the clinical significance of a patent 

ductus venosus for drug dosing regimens remains unclear.  

 

2.2.2 Metabolizing enzymes  

 

Cytochrome P-450 enzymes  

 

Cytochrome P-450 (CYP450) enzymes are the predominant phase I metabolic enzymes 

catalyzing biotransformation of endogenous as well as xenobiotic substances, including 

a myriad of drugs (Roberts et al 2002; Zanger and Schwab 2013). The relative 

contribution of various isoforms in the clearance of clinically used drugs metabolized 

by CYP450 isoforms, and factors influencing variability, are depicted in Figure 5 (page 

12). Over 35 human CYPs have been identified and classified into families, subfamilies, 
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and individual isoforms. About 70% of adult liver CYP450 content is accounted for by 

CYP1A2, 2A6, 2B6, 2C, 2D6, 2E1, and 3A, all of which also play key roles in drug 

metabolism (see Figure 5) (Shimada et al 1994). The two most abundant CYP450 forms 

are CYP3A and CYP2C, accounting for 30% and 20%, respectively, of the total CYP 

content in the liver. However, induction, inhibition, age, sex, inflammation, genetic 

polymorphism, and various diseases can alter the expression and activity of individual 

CYPs. Enzyme abundance in infancy and childhood is affected by all these 

aforementioned factors in addition to ontogeny.  

 

Figure 5. Relative contribution of various cytochrome P-450 (CYP) isoforms in the 

P450-mediated clearance of drugs and factors influencing variability. Important 

variability factors are indicated by bold type, with possible directions of influence 

indicated by arrow (↑ = increased activity; ↓ = decreased activity; ↑↓ = increased and 

decreased activity). Factors of controversial significance are shown in parentheses. f = 

female; m = male. Figure from Zanger and Schwab 2013.  

 

Total CYP expression at birth is low compared to adults, and increases in isoform-

specific patterns particularly over the first year of life (Alcorn and McNamara; Kearns 

et al 2003; Anderson and Lynn 2009). Cresteil (1998) classified the development of the 

major CYP isoforms in three categories: 1) those expressed predominantly in the fetal 

liver, termed fetal P450s (including 3A7); 2) isoforms whose expression surges shortly 

after birth, termed early neonatal P450s (including 2D6 and 2E1); and 3) isoforms 

which develop later, termed neonatal P450s (including 3A4, 2C, and 1A2). Johnson et 
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al (2006) fitted experimental in vitro data reports on the ontogeny of CYP isoforms to 

mathematical models and arrived at estimates of when half of adult expression is 

reached. Their results, along with an estimation of CYP expression at birth, Cresteil 

(1998) classification, and examples of age-related changes required in the dosing of 

drugs that are primarily cleared by one CYP isoform, are presented in Table 4 (page 

14). It should be noted, though, that there is limited and often conflicting information on 

the ontogeny of individual enzyme isoforms, and the data presented in Table 4 should 

therefore be considered as approximations.  

 

In this section, the isoform-specific maturation of CYP enzymes is outlined. Whenever 

available, experimental clearance values are reported for drugs that are cleared mainly 

by metabolism via one CYP isoform. Unless otherwise stated, all clearance values are 

obtained following intravenous administration. It should be noted though, that many 

studies performed on neonates included prematurely born subjects, and the resultant 

value may not fully reflect the pharmacokinetics of a full-term newborn (Alcorn and 

McNamara; Kearns et al 2003; Anderson and Lynn 2009). Available elimination half-

lives are also reported, as they are clinically significant for the individualization of 

dosing intervals. However, t½ is also also affected by alterations in volume of 

distribution. For example, the CYP2C9 substrate diclofenac exhibits higher CL rates in 

children aged 4-7 years (7.7 ml/min/kg) compared to adults (3.5 ml/min/kg) (Korpela 

and Olkkola 1990; Obach et al 2008). Yet, elimination half-lives are essentially 

identical (1.3 h in children vs. 1.4 h in adults). This is due to the significantly higher Vd 

observed in children (0.90 l/kg vs. 0.22 l/kg in adults). In this data set, though, more 

often than not a decrease in clearance rate is coupled with prolonged elimination half-

life.  
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Table 4. Development of cytochrome P-450 (CYP) isoforms, and examples of changes 

made to the weight-normalized pediatric doses of drugs that are primarily cleared by 

one CYP isoform. Cresteil (1998) classification: 1 = isoforms expressed predominantly 

in the fetal liver 2 = isoforms whose expression surges shortly after birth 3 = isoforms 

which develop later. mo = month; yrs = years; ↑ = increase in weight-normalized 

pediatric dose compared to adults; ↓ = decrease in weight-normalized pediatric dose 

compared to adults; – = data not available. Data from Treluyer et al 1991, Lacroix et al 

1997, Cresteil 1998, Sonnier and Cresteil 1998, Alcorn and McNamara 2003, 

Koukouritaki et al 2004, Johnson et al 2006, Tateishi et al 1997, Stevens et al 2003, 

Anderson and Lynn 2009, Croom et al 2009.  

CYP isoform 

(Cresteil (1998) 

classification); 

and drugs 

cleared mainly 

by the isoform.  

Fractional 

expression 

at birth 

relative to 

adult 

Time to 

half adult 

expression 

(years) 

Pediatric dose compared with adult 

dose  

<1 

mo 

1 mo 

– 1 

year 

1-5 

yrs  

6-11 

yrs  

12-15 

yrs 

CYP1A2 (3) Negligible 0.9  

 Theophylline   ↓ ↓ ↑ ↑ ↑ 

 Caffeine    ↓ ↓ ↑ ↑ ↑ 

CYP2B6 (2) Negligible 1.31  

 Bupropion    ↓ – – ↑ ↑ 

CYP2C9 (3) 0.21 0.01  

 Phenytoin    ↓ ↓ ↑ ↑ ↑ 

 Warfarin    ↓ – – ↑ ↑ 

CYP2C19 (3) 0.23 0.99  

 Omeprazole    ↓ ↓ Same Same Same 

 Lansoprazole    ↓ ↓ Same Same Same 

CYP2D6 (2) 0.036 0.101  

 Dextro-  

 methorphan  

  ↓ ↓ Same Same Same 

CYP2E1 (2) Negligible 2  

A representative example for CYP2E1 not available. 

CYP3A4 (3)  Negligible 0.31  

 Carbamazepine    ↓ ↑ ↑ ↑ ↑ 

 Cyclosporine    ↓ ↑ ↑ ↑ ↑ 

CYP3A7 (1) 5 Not known  

 A representative example for CYP3A7 not  

 available. A general pattern for dosing based  

 on knowledge of ontogeny is presented. 

↑ Same Same Same Same 
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CYP1A2  

 

Data from in vitro microsome studies suggest that CYP1A2 is the last CYP isoform to 

develop, and it is not expressed in fetal or neonatal livers (Sonnier and Cresteil 1998). 

Its concentration increases at 1-3 months of age, with 50% of adult values reached by 

one year of age, although there is marked interindividual variation (Sonnier and Cresteil 

1998; Johnson et al 2006). These results are largely consistent with an early report of 

the maturation of caffeine elimination (Aranda et al 1979). In neonates and young 

infants, caffeine, a CYP1A2 substrate, is mostly excreted unchanged in urine, with adult 

metabolic profile acquired at 3-4.5 months of postnatal age. Caffeine clearance rates are 

significantly lower in infants younger than 3 months compared to adults (Aranda et al 

1979; Obach et al 2008). Clearance at different ages of drugs predominantly eliminated 

by CYP1A2 metabolism is presented in Table 5. 

 

Table 5. Clearance (CL, ml/min/kg) and elimination half-life (t½ h) in adults and 

children of some drugs mainly cleared by CYP1A2 metabolism.  Where available, 

number of subjects (N) in the study is also reported. Unless otherwise stated, values are 

obtained following intravenous administration.– = data not available.  

Drug Age 
CL 

(ml/min/kg) 
t½ (h) Reference 

Caffeine 

Adult 1.4  4.9  Obach et al 2008 

Premature neonates (N=12)  0.15  103  

Aranda et al 1979 
1-2½ months (N=5)  0.53

(1)
  26

(1)
  

3-4½ months (N=3) 1.7
(1)

 14
(1)

  

5-6 months (N=2) 5.5
(1)

   2.6
(1)

  

Theo-

phylline 

Adult 0.86  7.2 Obach et al 2008 

Premature neonate (N=15)   0.35 – Kraus et al 1993 

½ - <2 years (N=38)  0.87  – 
Igarashi and 

Iwakawa 2009  
2 - <4 years (N=35)  0.89 – 

4 - <9 years (N=27)  0.98 – 

10.7 years (N=30) 1.33  3.7   Ellis et al 1976  

Ropi-

vacaine 

Adult 5.5 2.2 Obach et al 2008 

3-11 months (N=7)  4.84
(2)

  6.4
(2)

  
McCann et al 2001  

1-2 years (N=11)  6.15
(2)

  4.5
(2)

  

1-2 years  (N=5)  6.4
(2)

  3.1
(2)

  
Lönnqvist et al 

2000  
3-4 years (N=9)  7.1

(2)
  3.4

(2)
  

5-8 years (N=6)  8.8
(2)

  2.9
(2)

  
(1)

 Caffeine was administered orally to two subjects in the study.  
(2) 

Administered via epidural route. Emanuelsson et al (1997) found that epidural and 

intravenous administrations produce comparable CL values in adults, however, t½ is 

prolonged after epidural administration.  
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Like caffeine, theophylline is also mainly eliminated via CYP1A2 metabolism, and 

findings on the maturation of its elimination are consistent with the reports on caffeine. 

In a neonate, theophylline is mostly excreted unchanged in urine whereas hepatic 

metabolism is the predominant route of elimination in adults and older children (Grygiel 

and Birkett 1980; Bonati et al 1981; Kraus et al 1993). Some of the dose given to a 

neonate is metabolized into caffeine, while no caffeine is detected in adults following 

theophylline administration. Theophylline clearance and urine metabolite pattern 

matures to adult values at 55 weeks postconceptional age, which corresponds to 15 

weeks (about 3.5 months) postnatal age assuming parturition occurs at 40 weeks 

gestation. In older children, after infancy, theophylline elimination rate increases and 

even significantly surpasses adult values (see Table 5) (Ellis et al 1976; Obach et al 

2008).  

 

CYP2B6  

 

Expression of CYP2B6 has been reported in fetal liver samples at considerably lower 

levels compared to adults, with an increase in expression after parturition (Croom et al 

2009; Tateishi et al 1997). Croom et al (2009) reported CYP2B6 expression in 64% of 

samples collected from neonates up to 30 days of age, and in 90% of samples collected 

from infants aged at least 6 months. Expression seems to increase considerably within 

the first months after parturition, with a median 2-fold higher concentration in samples 

from donors of postnatal age greater than 30 days compared to samples from younger 

donors, suggesting a delay in the enzyme’s postpartum development. Half of adult 

expression is estimated to be reached at the age of 1.3 years (Johnson et al 2006). There 

is considerable interindividual variation in the onset of CYP2B6 expression, as well as 

the extent of expression regardless of age (Croom et al 2009; Zanger and Schwab 2013).  

 

Bupropion, an antidepressant sometimes administered to children, is eliminated mainly 

by CYP2B6-mediated metabolism (Daviss et al 2005; Zanger and Schwab 2013). There 

is very little information on the pharmacokinetics of bupropion in children, but a study 

in adolescents aged 11-17 years reported an elimination half-life of 12 hours (Daviss et 

al 2005). This is similar to the t1/2 of 11 hours reported in adults, (Goodman and 
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Gilman’s The pharmacological basis of therapeutics 2011). Elimination half-life of 

course reflects also changes in volume of distribution, but as distribution profiles of 

drugs have generally matured by adolescence, the findings by Daviss et al (2005) 

suggest that CYP2B6 metabolic capacity approximates adult levels by adolescence. 

However, it should be noted that pharmacokinetics of bupropion was determined after 

oral administration in both adults and adolescents, and thus the results should be 

considered approximate only.  

 

CYP2C9 and CYP2C19  

 

Expression of both CYP2C9 and CYP2C19 begins in utero, although concentrations are 

low compared to adults (Tateishi et al 1997; Koukouritaki et al 2004). In adults 

CYP2C9 is the more abundant isoform, whereas in fetal samples, this relationship is 

reversed (Koukouritaki et al 2004). CYP2C9 becomes the more abundant isoform 

shortly after birth. Birth seems to be the trigger for an increased CYP2C9 expression in 

the neonatal period, while CYP2C19 expression increases more linearly from the fetal 

stage through birth and infancy up to childhood (Tateishi et al 1997; Koukouritaki et al 

2004). The developmental pattern of individual CYP2C isoform expression is marked 

with considerable interindividual variation. Half of adult CYP2C9 expression is reached 

within days after birth, while CYP2C19 expression reaches half of adult level at 1 year 

of age (Johnson et al 2006). Clearance at different ages of drugs predominantly 

eliminated by CYP2C9 or CYP2C19 metabolism is presented in Table 6 (page 18).  

 

  



18 
 

Table 6. Clearance (CL, ml/min/kg) and elimination half-life (t½, h) in adults and 

children of some drugs mainly cleared by CYP2C9 (A) and CYP2C19 (B) metabolism. 

Where available, number of subjects (N) in the study is also reported. Values are 

obtained following intravenous administration. – = data not available; PMA = post-

menstrual age.  

 

A. CYP2C9 substrates 

Drug Age 
CL 

(ml/min/kg) 
t½ (h) Reference 

Diclofenac 

Adult 3.5 1.4 
Obach et al 

2008 

4-7 years (N=10)  7.7  1.3  
Korpela and 

Olkkola 1990 

Phenytoin 

Adult (N=63)  0.29 40  
Ahn et al 

2008 

Neonate
(1)

 (N=14)  0.18  100 
Abroms et al 

1981 

11 days (N=83)  1.4  28.9  
Al Za’Abi et 

al 2006 

0.08-17.1 years;   

mean 6.9 years  

(N=32)  

3.3  22.1  

Hennig et al 

2014 

(1)
 Including prematurely born infants.  

 

B. CYP2C19 substrates  

Drug Age 
CL 

(ml/min/kg) 
t½ (h) Reference 

Lansoprazole 

Adult 4.4 1.0  
Obach et al 

2008 

0-28 days (N=24)  2.67  2.6  Zhang et al 

2008 29 days – 1 year 

(N=24)  
11.8  1.0  

Omeprazole 

Adult 8.4  0.58  
Obach et al 

2008 

4.5-27 months (N=9)  8.83  – 
Faure et al 

2001 

1-84 months;  

median 7 months 

(N=40)  

10.9  – 

Solana et al 

2014 

Thiopentone 

Adult (N=12)  3.4  12.0  
Burch and 

Stanski 1983  

Neonate  

(N, all 

PMAs = 30)  

PMA 40 

weeks  
2.81  – 

Larsson et al 

2011 PMA 42 

weeks 
3.55  – 
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Clinical evidence on CYP2C9 and CYP2C19 substrates mirrors the in vitro 

maturational findings outlined above (Table 6). Neonatal clearance of phenytoin, a 

CYP2C9 substrate, is lower compared to adults, although the available data included 

prematurely born neonates and may not fully reflect clearance at full term (Abroms et al 

1981; Ahn et al 2008). Phenytoin clearance is reported to surpass adult values already at 

the age of 11 days, and seems to remain significantly increased up to adolescence 

(Hennig et al 2014; Ahn et al 2008). However, phenytoin exhibits dose dependent 

pharmacokinetics, thus the clinical findings presented here may be confounded by 

differences in dosing regimens between the different studies. Also, the neonatal study 

included prematurely born infants, and therefore the reported PK parameters may not 

fully reflect the pharmacokinetics in a full-term newborn (Abroms et al 1981).  

 

Thiopentone CL is higher in neonates born at 42 weeks gestation compared to neonates 

born at 40 weeks gestation (see Table 6), supporting the in vitro finding of linear 

increase in CYP2C19 expression in utero until parturition occurs (Koukouritaki et al 

2004; Larsson et al 2011). Lansoprazole, a CYP2C19 substrate, exhibits a lowered 

clearance rate in newborns up to the age of 28 days (Obach et al 2008; Zhang et al 

2008). Thereafter, lansoprazole clearance is more than twice that reported for adults. 

Omeprazole clearance also seems to surpass adult clearance already in early infancy, 

although the difference is less pronounced compared to lansoprazole (Faure et al 2001; 

Obach et al 2008; Solana et al 2014). Both omeprazole and lansoprazole are, to some 

extent, metabolized also by CYP3A4 (Litalien et al 2005). Differences in the relative 

contribution of CYP2C19 and CYP3A4 may explain the more pronounced increase in 

CL rates of lansoprazole compared to omeprazole in children past the neonatal stage. 

Furthermore, omeprazole, but not lansoprazole, exhibits dose dependent 

pharmacokinetics, and the available omeprazole clearance values may reflect not only 

maturational processes, but also variations in dosing regimens.  

 

CYP2D6  

 

The onset of CYP2D6 expression seems to occur in utero, with 5% of adult 

concentrations reported in the fetus and neonate aged less than 24 hours (Treluyer et al 
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1991; Tateishi et al 1997). Trelyer et al (1991) found that CYP2D6 concentration 

quickly rises over the first week after parturition, regardless of gestational age, and 

increases steadily with age. Johnson et al (2006) estimated that half of adult expression 

is reached shortly after the age of 1 month. Experimentally, two thirds of adult 

expression has been observed in hepatic samples from donors aged 1 month to 5 years 

(Trelyer et al 1991). However, it is highly likely that maturational changes occurred 

within the pooled age group of 1 month to 5 years, and other researchers have reported 

findings suggesting that CYP2D6 expression fully matures by the age of 1 year 

(Tateishi et al 1997). CYP2D6 is subject to significant genetic polymorphism causing 

multifold differences in substrate clearance rates, adding to the variation of in vivo 

elimination of CYP2D6 substrates from birth onwards (Allegaert et al 2008; Zanger and 

Schwab 2013). Clearance at different ages of drugs predominantly eliminated by 

CYP2D6 metabolism is presented in Table 7.  

 

Table 7. Clearance (CL, ml/min/kg) and elimination half-life (t½ h) in adults and 

children of some drugs mainly cleared by CYP2D6 metabolism.  Where available, 

number of subjects (N) in the study is also reported. Values are obtained following 

intravenous administration– = data not available.  

 
Age 

CL 

(ml/min/kg) 
t1/2 (h) Reference 

Oxycodone  

Adult 6.1  5.5  Obach et al 2008 

2-10 years  (N=18)  15.2 1.6 Olkkola et al 1994 

8 months – 6 years 

(N=40)  

15.6  2.7 Kokki et al 2004 

Propafenone  

Adult 16 2.1  Obach et al 2008 

3 days – 7 years 

(N=8)  

20.3  
– 

Ito et al 1998 

Tramadol  

Adult 6.5  5.8  Obach et al 2008 

Neonate  (N=57)  4.1
(1)

  7.4
(1)

  Allegaert et al 2008  

2-8 years (N=104)  12.8  2.2  Garrido et al 2006  
 (1)

 Including prematurely born infants  

 

The propafenone metabolite produced by CYP2D6 is not detectable in neonates, 

supporting the in vitro findings of negligible CYP2D6 expression at birth (Treluyer et al 

1991; Tateishi et al 1997; Ito et al 1998). Also, as presented in Table 7, tramadol 

clearance in neonates is decreased compared to adults (Allegaert et al 2008; Obach et al 

2008). In early childhood, the CYP2D6 capacity may surpass that seen in adults, with 
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higher weight-normalized CL rates reported for oxycodone and tramadol (see Table 7) 

(Olkkola et al 1994; Kokki et al 2004; Obach et al 2008). 

 

CYP2E1  

 

Expression of CYP2E1 begins in utero, and an age-associated increase in concentration 

occurs during the first year of life (Treluyer et al 1996; Vieira et al 1996; Tateishi et al 

1997; Johnsrud et al 2003). By fitting available experimental in vitro ontogeny data to 

mathematical models, Johnson et al (2006) estimated that half of adult CYP2E1 

expression is reached at the age of 2 years. However, individual experimental reports on 

maturation vary greatly, with estimates of the age when adult expression is reached 

ranging from 90 days to 1-10 years (Treluyer et al 1996; Vieira et al 1996; Tateishi et al 

1997; Johnsrud et al 2003). The clinical significance of CYP2E1 ontogeny in pediatric 

medication is likely to be low, as relatively few drugs are metabolized mainly by 

CYP2E1 alone. No representative clinical examples in children of drugs eliminated 

primarily by CYP2E1-mediated metabolism could be found in literature. 

 

CYP3A4 and CYP3A7   

 

CYP3A7 is the major fetal CYP enzyme, expressed only by few adults in low levels 

(Lacroix et al 1997; Tateishi et al 1997; Stevens et al 2003). The shift from CYP3A7 to 

CYP3A4 occurs after birth, although reports on their developmental profiles are not 

consistent. Lacroix et al (1997) reported a surge in CYP3A7 activity during the first 

postpartum week, followed by a progressive decline to less than 10 times lower activity 

in adult samples compared to fetal samples. In contrast, Stevens et al (2003) observed a 

continuous decrease in CYP3A7 levels with both gestational and postnatal age, with no 

evidence of CYP3A7 expression temporarily increasing after parturition.  

 

The expression of CYP3A4 in the fetal liver is weak, but gradually increases during the 

first 6 postnatal months (Lacroix et al 1997; Tateishi et al 1997; Stevens et al 2003). 

Half of adult expression has been estimated to occur by 4 months of age, with adult 

levels reported in children aged 1 year and older (Lacroix et al 1997; Johnson et al 



22 
 

2006). The clearance at different ages of drugs eliminated mainly by CYP3A4 

metabolism is presented in Table 8.  

 

Table 8. Clearance (CL, ml/min/kg) and elimination half-life (t1/2, h) in adults and 

children of some drugs mainly cleared by CYP3A4 metabolism. Where available, 

number of subjects (N) in the study is also reported. Values are obtained following 

intravenous administration. – = data not available.  

 
Age 

CL 

(ml/min/kg) 
t1/2 (h) Reference 

Alfentanil  

Adult 3.9 1.6 Obach et al 2008 

0-4 days  0.9-3.2
(1)

   4.1-8.7
(1)

   
Jacq-Aigain and 

Burtin 1996 

Cyclosporine  

Adult 7.5 7.3  Obach et al 2008 

Weight <20 kg
(2)

 

(N=15)  
8.0  

Mean of 

all
(2)

 3.1  
Choi et al 2006 

Weight 20-40 kg
(2)

 

(N=14)  
6.9  

Weight >40 kg
(2)

 

(N=3) 
5.3  

0.5-9 years  

(N: see below)  
21.7  – 

Jin et al 2008  
>9-17 years (N, all 

ages = 24)  
6.7  – 

Fentanyl  

Adult 4.7 3.0 Obach et al 2008 

0.5-14.0 days 

(N=14)  
17.9  5.3  

Koehntop et al 

1986 

2.5 weeks – <6 

months (N=5)  
8.0  – 

Katz and Kelly 

1993 

6 months – 6 years 

(N=9)  
18.9  – 

>6 – 14 years  

(N=5) 
8.2  – 

Midazolam 

Adult 5.3  3.1 Obach et al 2008 

0-10 days (N=187)  1.2  – Burtin et al 1994 

7-39 months 

(N=13)  
14.4  1.22  

Muchochi et al 

2008 

6 months –  

1.9 years (N=5)  
11.3  2.9  

Reed et al 2001 
2-11.9 years 

(N=14)  
10.0  3.0  

12-15.9 years 

(N=3)  
9.33  4.5  

(1)
 Including prematurely born infants  

(2)
 The age of children in each weight group was not disclosed. The age of all 

participants in the study ranged from 8 months to 15.6 years.  
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CYP3A7 and CYP3A4 are structurally closely related with an 88% similarity in their 

amino acid sequences (Lacroix et al 1997). They show activity towards a wide array of 

the same substrates, with CYP3A4 generally exhibiting a higher metabolic capacity 

(Stevens et al 2003; Lacroix et al 1997). However, there are some marked differences in 

their substrate profiles as well. For example, testosterone and midazolam are effectively 

metabolized by CYP3A4, while CYP3A7 shows very limited activity toward both 

compounds. On the other hand, the 16α hydroxylation of dehydroepiandrosterone is 

selectively catalyzed by CYP3A7.  

 

The overlapping substrate specificities of the two isoforms make it difficult to predict 

neonatal clearance of drugs known to be mainly metabolized by CYP3A4 in adults. 

While CYP3A4 might not be expressed in a newborn, its substrate may be adequately 

metabolized by CYP3A7 (Stevens et al 2003; Lacroix et al 1997). In such situations 

dosage scaling according to weight without consideration to maturational changes might 

be suitable. For example, alfentanil and fentanyl are both cleared mainly by CYP3A4 in 

adults, but the activity of CYP3A7 towards them is unclear. Clinical studies show that 

afentanil clearance in neonates may reach almost those reported for adults, and fentanyl 

clearance has been observed to significantly surpass adult values in newborns (see 

Table 8) (Koehntop et al 1986; Jacq-Aigrain and Burtin 1996; Obach 2008). This data 

suggests that the metabolizing capacity of CYP3A7 towards these drugs may be high 

enough to almost offset the missing CYP3A4 isoform, although it is of course possible 

there is some other compensatory elimination pathway in neonates. 

 

On the other hand, a drug eliminated via CYP3A4 metabolism but not metabolized by 

CYP3A7 will likely require considerably diminished weight-normalized doses in 

neonates, as it can be assumed to show a markedly lower clearance rate. For example, 

midazolam is metabolized by CYP3A4 and to a significantly lesser extent by CYP3A7, 

and its clearance in neonates is low compared to adults (see Table 8) (Burtin et al 1994; 

Lacroix et al 1997; Obach 2008). In infants 6 months and older, midazolam clearance 

surpasses that reported for adults, likely mirroring a high level of CYP3A4 expression 

reached by this age (Reed et al 2001; Muchochi et al 2008; Obach 2008). 
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Uridine diphosphate glucuronosyl transferases  

 

The two uridine diphosphate glucuronosyltransferase (UGT) families 1A and 2B are 

important metabolizing enzymes exhibiting high capacity and broad range of substrates, 

both endogenous and exogenous (Radominska-Pandya et al 1999). Although the 

immaturity of glucuronide formation in a neonate and the subsequent age-related 

increase in glucuronidation capacity has been established decades ago, there is little 

information on the ontogeny of individual UGT isoforms. A general pattern of total 

glucuronidation capacity development has been established, despite not all studies 

reporting concurring findings. Fetal liver exhibits only moderate glucuronidation, with 

an onset of UGT enzyme expression and associated conjugation activity at birth, 

regardless of gestational age (Miyagi and Collier 2007; Onishi et al 1979; Strassburg et 

al 2002; Vest 1958; Zaya et al 2006). Adult capacity is achieved within the first few 

postnatal years, with some isoforms possibly reaching adult levels already during the 

first year after birth. Due to the delayed development of glucuronidation, smaller doses 

and/or longer dosing intervals of many drugs extensively metabolized by UGT enzymes 

are required in neonates and infants to avoid accumulation and toxicity.  

 

Clinical consequences of immature neonatal glucuronidation were reported well before 

the characteristics and ontogeny of the enzymes involved were understood. The first 

example reported was that of hyperbilirubinemia in neonates, which was discovered to 

be due to inadequate glucuronidation at the end of the 1950’s (Vest 1958). Bilirubin 

conjugation, catalyzed by UGT1A1, reaches adult values at 3 months of age (Onishi et 

al 1979; Vest 1958). Gray baby syndrome caused by chloramphenicol, the classical 

example of toxicity due to immature glucuronidation, was first described a year later 

(Sutherland et al 1959). Chloramphenicol is an antibiotic mostly metabolized by 

glucuronidation. Its clearance is markedly decreased in neonates and young infants, 

causing accumulation and eventually a fatal cardiovascular collapse if dosing is not 

adequately decreased to accommodate the immaturity of the UGT enzyme system. 

Actual neonatal CL values for chloramphenicol, however, were not available in 

literature.  
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Other enzymes 

 

Flavin-containing monooxygenases (FMOs), a phase I oxidative enzyme family, 

metabolize a wide variety of endogenous and exogenous substrates, including 

chlorpromazine, cimetidine, and ranitidine, all of which are administered to pediatric 

patients (Dolphin et al 1996; Koukouritaki et al 2002). FMO3 is the predominant human 

isoform in adults, while FMO1 is expressed in human fetal liver. FMO1 expression 

ceases within three days postpartum, regardless of gestational age at birth. Hepatic 

expression of both FMO1 and FMO3 in the neonatal period (i.e. the first 30 days after 

birth) is absent in most cases, or low at the most. The onset of FMO3 expression is 

highly variable, usually occurring by 1-2 years of age. FMO3 expression remains 

intermediate until the age of 11 years, after which expression continues to increase up to 

the age of 18 years.  

 

Sulfotransferases (SULT) and glutathione-S-transferases (GST), phase II metabolic 

enzyme families, are present in fetal livers from early on and present substantial 

metabolizing capacity (Strange et al 1985; Cappiello et al 1991; Pacifici et al 1993; 

Richard et al 2001; Duanmu et al 2006). Ontogeny is known to be isoform-specific, but 

characterization of the maturation of each isoform is incomplete. There seem to be fetal 

forms, not expressed by adult livers, of both SULTs and GSTs, while other isoenzymes 

are expressed only postpartum, and yet others are expressed at adult levels already at 

birth.  

 

2.3 Renal clearance  

 

Anatomically, the kidney is immature at birth (Macdonald and Emery 1959; Fetterman 

et al 1965). Glomerulus formation is complete at 36 weeks of gestation, but glomeruli 

development continues after birth. Acquisition of fully mature, adult form glomeruli 

occurs at 3-12 years of age. The size of proximal tubule in a full term neonate is small 

relative to the size of the glomerulus. This disparity in size diminishes within the first 

five postnatal months.  
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2.3.1 Glomerular Filtration  

 

Glomerular excretion of drugs is dependent on renal perfusion and the unbound 

fraction, both of which tend to be increased in neonates and infants compared to adults 

(Wallace 1976; Kurz et al 1977a; Kanakoudi et al 1995; Alcorn and McNamara 2003; 

Kearns et al 2003). Renally cleared drugs would, therefore, be expected to exhibit 

increased clearance rates in infancy. However, the immaturity of glomerular function 

offsets the effects of perfusion and binding, and weight-normalized clearance of renally 

excreted drugs tends to be decreased at the neonatal and infancy stages. Decreased 

doses and/or increased dosing intervals are therefore required to avoid accumulation and 

toxicity.  

 

The reference glomerular filtration rate (GFR) in adults is 120 ml/min per a body 

weight of 70 kg or body surface area of 1.73 m
2
, with reported experimental values 

often falling within the range of 100-130 ml/min (West et al 1948; Piepsz et al 2006). 

There is a long standing tradition of normalizing pediatric GFR to BSA, although 

arguments, based on experimental as well as theoretical considerations, have been made 

for scaling either to extracellular fluid volume, or allometrically to BW (McIntosh et al 

1928; West et al 1948; Rubin et al 1949; Peters et al 1994; Rhodin et al 2009; Schwartz 

et al 2009). The majority of experimental values, however, continue to be normalized to 

BSA, using 1.73 m
2
 as the reference adult value. The reported unit for GFR is often 

ml/min/1.73m
2
, although ml/min/m

2
 is also sometimes used.  

 

The maturation of GFR in infancy and childhood has been extensively studied for 

decades. Although not all studies report concurring findings, a general pattern has been 

established (McIntosh et al 1928; West et al 1948; Rubin et al 1949; Brodehl et al 1968; 

Arant 1978; Piepsz et al 1994; Cleary et al 1996; Bleyzac et al 2001; Blake et al 2005; 

Piepsz et al 2006; Rhodin et al 2009; De Cock et al 2012). Glomerular filtration rate in a 

neonate is small compared to adults, typically in the range of 20-40 ml/min/1.73 m
2
, 

although interindividual variation in early infancy is substantial. GFR at birth and in the 

first postnatal months relate to gestational age so that premature neonates exhibit a 

lower GFR compared to full-term neonates. There is some indication that before 
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entering a gradual phase of increase, GFR doubles in the first one to two postnatal 

weeks, possibly due to an increase in renal plasma flow, but findings to date are 

inconclusive (Rubin et al 1949; Cleary et al 1996; Rhodin et al 2009; De Cock et al 

2012). Adult values, normalized to BSA, are typically reached by two years of age, 

although individual reports of maturation vary greatly (McIntosh et al 1928; Rubin et al 

1949; Brodehl et al 1968; Piepsz et al 1994; Blake et al 2005; Piepsz et al 2006). 

Beyond the age of two years, GFR normalized to BSA remains roughly at the adult 

level, although there is some evidence it may surpass adult values in childhood and 

early adolescence.  

 

The age-related development of GFR in the so far largest study assessing the maturation 

of GFR agrees well with the pattern outlined above (Piepsz et al 2006). In a sample of 

623 pediatric subjects aged 0.1-15 years, GFR normalized to BSA remained constant 

after the age of 2.5 years, reflecting matured glomeurular function, although the mean 

mature GFR value was 104 ml/min/1.73m
2
, which is somewhat below the reference 

adult value of 120 ml/min/1.73m
2
. Maturation of GFR as reported by Piepsz et al (2006) 

is depicted in Figure 6.  

 

 

Figure 6. Development of glomerular filtration rate (GFR, ml/min/1.73m
2
) from the age 

of one month to ten years. Data collected from Piepsz et al 2006.  

 

Decreased glomerular filtration rate in neonates often results in decreased clearance and 

prolonged elimination half-lives for drugs that are predominantly eliminated by renal 
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filtration (Alcorn and McNamara 2003; Kearns et al 2003; Anderson and Lynn 2009; 

Rowland and Tozer 2011). Some representative examples are given in Table 9. 

However, it should be noted that renal clearance not only depends on GFR, but also 

secretion and reabsorption in the kidney, as well as renal blood flow and fu(pl). Also, 

elimination half-life, which is also included in Table 9, is a secondary parameter 

reflecting not only clearance, but also volume of distribution. Thus, clearance is not 

always directly reflected in t1/2, as demonstrated by ganciclovir in Table 9. Ganciclovir, 

which is actively secreted in addition to being filtrated in the glomerulus, has been 

reported to exhibit similar clearance values in adults and neonates, yet elimination half-

life in a neonate is in fact shorter than in adults (Trang et al 1993; Goodman and 

Gilman’s The pharmacological basis of therapeutics 2011). This is due to the decreased 

neonatal volume of distribution of 0.7 l/kg compared to 1.1 l/kg in adults.  

 

Table 9. Neonatal (and adult in parentheses) clearances (CL, ml/min/kg) and half-lives 

(t1/2, hours) of some renally cleared drugs. Where available, number of subjects (N) in 

the neonatal study is also reported. N was not available for adult values, as adult data 

was collected from a reference book. Values are obtained following intravenous 

administration. fu(pl) = fraction unbound in plasma.  

Drug 

Urinary 

excretion, % 

(fu(pl) in 

adults) 

CL neonate 

(adult), 

ml/min/kg 

t1/2 

neonate 

(adult), 

hours 

Reference 

Atenolol  
94  

(>0.95) 

unknown 

(2.4)  

N=35  

16  

(6.1) 

N=35 

Rubin et al 1983; Goodman 

and Gilman’s The 

pharmacological basis of 

therapeutics 2011  

Amikacin  
98  

(0.96) 

0.23
(1)

  

(1.3)  

N=874 

12  

(2.3) 

N=874 

Goodman and Gilman’s 

The pharmacological basis 

of therapeutics 2011; De 

Cock et al 2012  

Gentamicin  
>90  

(>0.9)  

0.18
(1)

 

(1.5)
(2)

  

N=143  

5.5-6.1
(1)

 

(2-3) 

N=143 

Kelman et al 1984; 

Goodman and Gilman’s 

The pharmacological basis 

of therapeutics 2011  

Ganciclovir  
91  

(0.98-0.99)  

3.3  

(3.4)   

N=27  

2.4  

(3.7) 

N=27  

Trang et al 1993; Goodman 

and Gilman’s The 

pharmacological basis of 

therapeutics 2011  
(1)

 Calculated assuming a neonatal body weight of 3.5 kg. Study included prematurely 

born neonates.  
(2)

 Calculated assuming an adult GFR of 120 ml/min for a 70 kg individual.  
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2.3.2 Tubular function  

 

Both tubular secretion and reabsorption are immature at birth, and when normalized to 

BSA, appear to reach adult values at about two years of age, although some studies have 

reported adult secretory capacity in infants well before their first birthday (West et al 

1948; Brodehl et al 1968; Hua et al 1997). In infancy, tubular function seems to mature 

at a slower rate than glomerular filtration, resulting in so-called glomerotubular 

imbalance, which is analogous to the morphological imbalance described by Fetterman 

et al (1965) (see section 2.3 Renal clearance). However, maturation of tubular function 

in its entirety is difficult to characterize, as secretion is the result of a plethora of 

transporters, and would require studying the ontogeny of each transporter with selective 

substrates (Hua et al 1997; Alcorn and McNamara 2003; Anderson and Lynn 2009; 

Rowland and Tozer 2011). Accordingly, relatively little is in fact known about the 

development of tubular function, and the aforementioned general patterns should be 

considered approximations.  

 

 

3 MODELING AND SIMULATION OF PHARMACOKINETICS 

 

Due to ethical considerations, pediatric clinical studies are often performed on ill 

children, jeopardizing generalizability of the results not only outside of the age group 

studied, but also within the age group to children not afflicted with the same ailment 

(Yamaguchi et al 2000; Mulla et al 2003b; European commission 2006; Peeters et al 

2006; Zisowsky et al 2010; Ince et al 2012; Vet et al 2012). Sample sizes also tend to be 

small, further weakening generalizability of the results. Especially in early infancy 

maturation occurs quickly, and while lumping infants and children of different ages 

together might be necessary for statistical reasons, evidence of maturational changes is 

often lost in the process (Alcorn and McNamara; Kearns et al 2003; Anderson and Lynn 

2009). Due to the practical and ethical restraints on performing pediatric clinical trials, 

utilization of modeling and simulation approaches are highly desirable (Manolis and 

Pons 2009; Johnson and Rostami-Hodjegan 2011; Zisowsky et al 2010; European 

Commission 2013). Ways to employ modeling and simulation methods and advantages 

they offer in pediatric research are depicted in Figure 7. Although modeling and 
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simulation methods cannot replace clinical trials, they can be used as decision, analysis, 

and optimization tools, and are therefore particularly beneficial in vulnerable subject 

groups, such as children (Johnson 2005; Rostami-Hodjegan and Tucker 2007; Manolis 

and Pons 2009; Zisowsky et al 2010). By advancing the optimization of the study 

protocol, they can aid in minimizing the number of necessary studies, the required 

number of subjects per study, the dose of the medication, and the number of blood 

samples per subject, all while maximizing the utilization of available experimental data. 

In this section, population pharmacokinetic (POP-PK) modeling and physiologically-

based pharmacokinetic (PBPK) modeling, two modeling and simulation methods 

particularly suited for pediatric drug research, are discussed.  

 

 

Figure 7. Role of modeling and simulation in pediatric drug development. Image from 

Zisowsky et al 2010. M&S = modeling and simulation; PK = pharmacokinetic; PK/PD 

= pharmacokinetic/pharmacodynamic.  

 

3.1 Population pharmacokinetic models  

 

Population pharmacokinetic modeling utilizes complex statistical methods to describe 

the PK of a drug in a population from sparsely sampled data (Rostami-Hodjegan and 

Tucker 2007; Tod et al 2008; Jamei et al 2009; De Cock et al 2011; Kiang et al 2012). 
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This approach is often considered desirable for example in the neonatal and young 

infant populations, as only a few blood samples from individual subjects are required. 

Collection of samples from each subject is timed differently relative to administration, 

so that there are enough data points over the desired time period to characterize a 

plasma concentration-time profile. POP-PK modeling lends itself well to covariate 

analysis, where interindividual variation in observed pharmacokinetics can be ascribed 

to demographic, pathophysiological, environmental, and drug-related factors, for 

example age, gender, body weight, body water content, or genotype. The methodology 

does not, however, offer explanations as to why a change in a defined property reflects 

in the drug PK. Model building is also laborious and requires understanding of complex 

statistical methodology. Despite these limitations, POP-PK approaches in pediatric 

studies have become very popular in the recent years, with a PubMed search of 

“population pharmacokinetics” and “children” yielding over 2300 results (search 

performed on 3.6.2015). As a method driven by experimental data (so called top-down 

approach), the process of model building is the same in pediatric and adult simulations, 

although the selection of relevant covariates is often different (Anderson et al 2006; Tod 

et al 2008; Jamei et al 2009; De Cock et al 2011; Kiang et al 2012). In infant and 

pediatric population, covariates indicative of maturation, such as gestational age, are 

often relevant. Such covariates are less useful in adult studies, whereas covariates 

depicting life-style, such as smoking, are often of interest.  

 

The benefit of sparse sampling allows PK studies to be performed even in the most 

vulnerable population, premature neonates, as was done by Kim et al (2013) for 

theophylline. The number of blood samples that a premature neonate can withstand is 

very limited. Using a POP-PK methodology, Kim et al (2013) were able to characterize 

pharmacokinetic parameters and covariates of theophylline in a setting where only two 

blood samples, several hours apart, were drawn from each subject. Altogether 13 

covariates, including e.g. BW, gestational age, postnatal age, sex, serum creatinine, 

delivery mode, and CYP1A2 genotypes, were evaluated for their effect on theophylline 

clearance and volume of distribution. Introduction of most covariates, however, did not 

improve the model fit, and the final model only included two covariates: BW and 

postnatal age for clearance, and BW for volume of distribution. In the final model, 
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clearance was described as CL (l/h) = 0.00492 * (BW)
3.53

 + 0.00646 * (postnatal age), 

and volume of distribution was described as Vd (l) = 1.53 * (BW).  

 

When it comes to pharmacokinetic and physiological processes and phenomena, POP-

PK results are only observational, not explanatory, as exemplified by the results of 

fluconazole POP-PK study by Wade et al (2008). The group found that fluconazole 

clearance was dependent on four covariates: BW, gestational age at birth, postnatal age, 

and serum creatinine, with the final clearance equation as follows: CL (l/h) = 0.015 * 

(BW/1)
0.75

 * (gestational age at birth/26)
1.739

 * (postnatal age/2)
0.237

 * (serum 

creatinine)
-4.896

. POP-PK methodology does not, however, allow determining the 

reasons why these covariates affect clearance. Gestational age, for example, is related to 

both glomerular function and metabolic enzyme capacity (Alcorn and McNamara 2003; 

Kearns et al 2003; Anderson and Lynn 2009). A POP-PK study alone does not 

differentiate between the developmental changes in these two elimination pathways, but 

rather observes the net effect of all maturational processes. Also, the generalizability of 

POP-PK findings outside the study population is limited. For example, subjects in the 

Wade et al (2008) fluconazole study were less than three months old. It is highly 

unlikely that the effect of gestational age at birth remains a relevant covariate of 

fluconazole clearance past infancy, once enzyme expression and renal function have 

matured.  

 

3.2 Physiologically based pharmacokinetic models  

 

PBPK modeling is a mechanistic, bottom-up approach, where the model is determined 

by the understanding of physiological structures and processes relevant to the PK of a 

given drug (Rostami-Hodjegan and Tucker 2007; Tod et al 2008; Espie et al 2009; 

Jamei et al 2009; Barrett et al 2012; Peters 2012). The approach allows for the 

prediction of disposition, tissue concentrations, and plasma concentration-time profile 

of a drug by integrating physiology of the chosen population with the physicochemical 

properties of the drug. Such predictive potential allows for the simulation and prediction 

of clinical PK, which can be exploited in the planning of clinical study protocols. The 

mechanistic approach also allows the exploration of various what-if scenarios, such as 
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initiating and stopping concomitant medications, changes in physiological states, or 

accidental over- or underdosing. 

 

In a whole body PBPK model, most identifiable organs and tissues are serially 

interconnected by the circulatory system, as depicted in a schematic representation of 

such a model in Figure 8 on page 34 (Tod et al 2008; Espie et al 2009; Jamei et al 2009; 

Barrett et al 2012). Each organ or tissue is assigned a physiologically relevant volume 

(VT) and blood or plasma flow (QT). Tissues contributing only a negligible amount to 

the pharmacokinetics are usually lumped together, or omitted entirely, whereas 

distribution into the more important organs and drug fate therein need to be carefully 

described. Depletion of the drug from the system is included in the mathematical 

characterization of eliminating organs, usually the liver and/or kidneys. Structure of an 

individual model depends on the characteristics of the drug in question, as well as the 

aims of the simulation itself. Often whole body PBPK models can be simplified to 

include only a few key organs, as organs exhibiting similar physical and biochemical 

properties can be grouped together into a composite compartment. 
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Figure 8. Schematic depiction of a PBPK model structure (A), and the basic form of 

equations used to calculate tissue concentrations in non-eliminating organs (B). CLH = 

hepatic clearance; CLR = renal clearance; QT = tissue perfusion; CV = drug 

concentration in venous blood; CT = drug concentration in tissue; AT = amount in tissue; 

VT = tissue volume; kp = tissue-plasma partition coefficient; CA = drug concentration in 

arterial blood.  
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Unlike POP-PK and other top-down approaches, PBPK does not require any clinical in 

vivo data  (Björkman 2005; Rostami-Hodjegan and Tucker 2007; Tod et al 2008; Espie 

et al 2009; Jamei et al 2009; Barrett et al 2012). Using only in vitro and preclinical 

animal data, with mathematical descriptions of pharmacokinetic maturation in infants 

and children, a pediatric PBPK model can be built. For example, Parrott et al (2011) 

reported high agreement between predicted and observed in vivo area under the plasma 

concentration-time curve (AUC) values for oseltamivir from a PBPK model that was 

first validated on juvenile marmosets and then modified for human neonates and infants. 

However, if clinical pharmacokinetic data in adults is available, it can be used for the 

validation of the general model structure. The validated model can then be modified for 

pediatric simulations. Such an approach was successfully utilized in predicting CL, Vd, 

and t½ of midazolam and theophylline in neonates, infants, and children (Björkman 

2005). Edington et al (2006) used a similar approach, obtaining simulated plasma 

concentration profiles and values for Vd and t½ for paracetamol, alfentanil, morphine, 

theophylline, and levofloxacin in children from birth to 18 years of age. Their model 

was highly successful, with 83%, 97%, and 87% of predicted plasma concentrations, 

volumes of distribution, and elimination half-lives, respectively, falling within 2-fold of 

the reported in vivo values.  

 

The advantage of such a bottom-up approach is its inherent flexibility, unattainable by 

any top-down approach (Rostami-Hodjegan and Tucker 2007; Tod et al 2008; Espie et 

al 2009; Jamei et al 2009; Barrett et al 2012). However, building a successful PBPK 

model requires an abundance of detailed information in the form of relevant parameters. 

Such information is not always available, particularly in the case of vulnerable 

populations like young infants and children, where the maturation of tissue volumes, 

plasma flow, drug binding in blood, and elimination capacity of liver, kidneys, and 

other eliminating organs need to be characterized (Bouzom and Walther 2008; 

Zisowsky et al 2010; Johnson and Rostami-Hodjegan 2011; Barrett et al 2012). As 

discussed in previous sections (sections 2.1 Volume of distribution, 2.2 Hepatic 

metabolism, and 2.3 Renal clearance), maturational changes in all these variables are 

not yet fully characterized. Perhaps due to these practical challenges, the use of PBPK 
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methodology in pediatric populations is still somewhat limited, with a PubMed search 

of “physiologically based pharmacokinetic” and “children” returning less than 140 

results (search performed on 3.6.2015).  

 

 

4 DISCUSSION   

 

Due to relatively higher body water content and decreased plasma protein binding 

capacity, neonates tend to exhibit increased volumes of distribution for highly protein 

bound and/or hydrophilic drugs (Friis-Hansen 1961; Kurz et al 1977a; Kanakoudi et al 

1995; Valentin 2002; Alcorn and McNamara 2003). Vd matures mostly during infancy, 

although the exact time course of development has not been established. Increases in 

unbound fraction may also contribute to increased clearance rates of low extraction ratio 

drugs. This is exceedingly rare in neonatal populations, though, as the immaturity of 

elimination processes in the liver and kidney decreases the extraction ratio of most 

drugs, effectively turning high extraction ratio drugs to low extraction ratio drugs 

(Cresteil 1998; Bleyzac et al 2001; Alcorn and McNamara 2003; Kearns et al 2003; 

Johnson et al 2006; Piepsz et al 2006; Anderson and Lynn 2009). For the same reason, 

the higher weight-normalized liver and kidney perfusion generally does not lead to 

higher clearance rates of perfusion rate limited drugs (Murry et al 1995; Valentin 2002; 

Alcorn and McNamara 2003; Kearns et al 2003; Johnson et al 2005; Anderson and 

Lynn 2009). Past the infancy stage, though, many drugs do exhibit increased pediatric 

clearance rates, necessitating higher weight-normalized dosing.  

 

In this literary review, the known developmental patterns of Vd and CL were discussed 

separately. However, clinically relevant alterations in both parameters occur 

concurrently and independently of each other. For example, compared to adults, 

neonatal gentamicin CL is decreased (0.18 vs. 1.5 ml/min/kg) due to immature renal 

function, and Vd is increased (0.41-0.46 vs. 0.25 l/kg) due to relatively higher body 

water content (Kelman et al 1984; Goodman and Gilman’s The pharmacological basis 

of therapeutics 2011). Both contribute toward an increase in t½ (6 vs. 2-4 hours). 

Fentanyl, on the other hand, exhibits a considerably increased neonatal CL (17.9 vs. 4.7 
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ml/min/kg), but it is not enough to offset the effect of weight-normalized Vd (5.1 vs. 

0.89 l/kg) on elimination half-life, which is prolonged in neonates (5.3 vs. 3.0 hours) 

(Koehntop et al 1986; Obach et al 2008). Finally, ganciclovir exhibits a shortened t½ in 

neonates (2.4 vs 3.7 hours) (Trang et al 1993; Goodman and Gilman’s The 

pharmacological basis of therapeutics 2011). Although its clearance is comparable to 

adults already at the neonatal stage (3.3 vs. 3.4 ml/min/kg), the relatively smaller Vd 

(0.7 l/kg vs. 1.1 l/kg in adults) causes the elimination half-life to be decreased.  

 

The available clinical pediatric PK data is not without its limitations. Based on ethical 

considerations, pediatric studies on healthy subjects are exceedingly rare, as children 

can generally be enrolled in clinical studies only when their participation is expected to 

directly benefit them (European commission 2006). Thus, the majority of PK studies are 

performed on children who are ill. Such studies may not be representative of children 

not afflicted with the same ailment, as the condition itself, concomitant medications, 

and other medical interventions may alter pharmacokinetics of the studied drug 

(Yamaguchi et al 2000; Mulla et al 2003b; Peeters et al 2006; Ince et al 2012; Vet et al 

2012). In addition, the number of subjects in pediatric studies tends to be small, and 

children representing a wide range of ages are often lumped together, with only one 

value for the studied PK parameters reported (Zisowsky et al 2010). For example, Vet et 

al (2012) studied midazolam pharmacokinetics in 21 children aged from 2 days to 17 

years, and reported only one clearance value. Midazolam has been extensively studied 

in neonates, infants and children, and the considerable maturational changes that occur 

within the age range of 2 days to 17 years have been well established, but were not 

accounted for in the report by Vet et al (2012) (Burtin et al 1994; Reed et al 2001; 

Muchochi et al 2008). Furthermore, interindividual variability in children, particularly 

in the neonatal and early infancy stages, is more pronounced compared to adults, which 

increases the likelihood of contradictory findings reported by different studies, and 

hinders the generalizability of any experimental findings outside the study population 

(Hattis et al 2003).  

 

Due to the ethical and practical challenges in performing pediatric clinical trials, careful 

design of study protocol is particularly important (European Commission 2006). PBPK 
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modeling approaches are especially suitable for this purpose, as they enable the 

assessment of the interplay between simultaneous but independent development of all 

physiological properties and processes affecting PK at different ages (Barrett et al 2012; 

Edington et al 2006; Jamei et al 2009; Johnson and Rostami-Hodjegan 2011; Zisowsky 

et al 2010). Furthermore, the effects of disease states or concomitant medications 

known to be present in the study population can be incorporated in the model to 

comprehensively explore various what-if scenarios. Once an appropriate dosing 

regimen for the study subjects has been outlined, a POP-PK approach can be used to 

allow for the minimization of blood samples drawn from each study participant 

(Rostami-Hodjegan and Tucker 2007; Tod et al 2008; Jamei et al 2009; De Cock et al 

2011). POP-PK modeling also enables the identification of covariates, which can be 

taken advantage of when individualizing treatment plans for individual patients. To 

bridge the obtained clinical data outside the age range and disease states represented in 

the study, PBPK modeling can again be implemented. Indeed, pairing PBPK with POP-

PK, although not a mainstream practice at the moment, would be a prudent approach in 

pediatric clinical trial planning and execution. Combining both approaches would aid in 

overcoming the inherent limitations of both methodologies, PBPK by allowing for the 

optimization of POP-PK study protocol and extrapolation of POP-PK results outside the 

study population, and POP-PK by providing PBPK with data required for the validation 

and further development and refinement of the model.  

 

In the second part of this work, the experimental part, two modeling approaches for the 

prediction of pediatric PK are explored. First, the performance of a commercial PBPK 

software, Simcyp, in simulating cyclosporine A clearance with and without concomitant 

administration of an interacting drug is assessed. Second, a method for extrapolating in 

vivo clearance from in vitro data for pediatric subjects is developed and evaluated. 

Provided their performances are acceptable, both modeling methods could be employed 

in pediatric drug research as one of many ways to minimize the number of subjects 

required in pediatric clinical studies, optimize clinical study protocols, and maximize 

the utility of all available data.  
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5 CONCLUSIONS  

 

Both primary pharmacokinetic parameters, volume of distribution and clearance, 

undergo considerable developmental changes in childhood, necessitating compensatory 

adjustments in drug dosing regimens if therapeutic effect without toxicity is to be 

reached and maintained. General principles of developmental pharmacokinetics have 

been outlined in this review. In the neonatal stage, volume of distribution especially for 

highly protein bound, hydrophilic drugs is increased due to relatively higher body water 

content and decreased plasma protein binding capcity. Newborns exhibit a decreased 

elimination capacity due to immature renal function and low expression of metabolic 

enzymes in the liver. Ontogeny of enzyme expression is isoform-specific, with some 

isoforms expressed predominantly in the fetal stage, others showing a surge in 

expression shortly after birth, and some developing later in the neonatal or early infancy 

stages. In older children, once metabolic capacity has matured, weight-normalized 

clearance rates are often higher sompared to adults. However, available clinical data is 

often scarce and different studies report conflicting findings. Compared to adults, 

performing pediatric clinical studies is more complex for ethical and practical reasons. 

To optimize clinical study protocols and bridge the gaps in the available pediatric PK 

data, modeling and simulation methods, such as population pharmacokinetic modeling 

and physiologically based pharmacokinetic modeling, are valuable. POP-PK modeling 

allows for the minimizaton of blood samples drawn from each subject and identification 

of covariates relevant to the PK of the studied drug. PBPK modeling and simulation is 

valuable in planning suitable pediatric study protocols, assessing the effects of multiple 

variables such as disease states or concomitant mediacations, and extrapolating 

available clinical data from one group of children to another. Ideal approach, although 

not a mainstream practice currently, would be to combine both modeling methods.  
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PART II: EXPERIMENTAL WORK 

 

 

6 INTRODUCTION   

 

Children are a vulnerable subject group, and performing pediatric clinical studies is 

difficult due to ethical and practical constraints (European Commission 2006). 

Therefore, reliable computer modeling approaches are valuable (Manolis and Pons 

2009; Zisowsky et al 2010; Johnson and Rostami-Hodjegan 2011; Zisowsky et al 2010; 

European Commission 2013). In this experimental work, two modeling approaches 

were explored: using Simcyp population-based simulation software to predict of a 

metabolic drug-drug interaction (DDI) in children, and in vitro – in vivo extrapolation 

(IVIVE) in the prediction of pediatric in vivo clearance.  

 

The experimental work on drug interactions was inspired by the work of Salem et al 

(2013). Their study collected and assessed available literary data on pediatric drug-drug 

interactions, and found a lack of high quality information on the subject. In this work, 

Simcyp simulator was used to model one of the DDIs described by Salem et al (2013): 

the effect of the fungal medicine ketoconazole (KTZ) on the immunosuppressant 

cyclosporine A (CsA). The aim of this work was to evaluate the quality of Simcyp 

simulation output based on available clinical data, and the data on the mechanisms of 

the CsA-KTZ interaction.  

 

To the writer’s knowledge, in vitro – in vivo extrapolation of clearance has not been 

applied to predict in vivo CL in children. The aim of this work was to develop such a 

method and evaluate its performance. This method could be used in the drug 

development process before first pediatric clinical studies. Extrapolations were 

performed for six drugs and the results were assessed against published in vivo 

clearance data in children. 
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7 MATERIALS AND METHODS 

 

7.1 Simulations of interaction between cyclosporine A and ketoconazole in children 

 

A series of DDI simulations in children of different ages were performed on Simcyp, 

Version 12.1.114.0, release 2 (Certara; Sheffield, UK). The interaction pair for the DDI 

simulations was chosen among pediatric interactions reported in literature, as identified 

by Salem et al (2013). Requirements for Simcyp simulations were the availability of 

both victim and perpetrator drugs in Simcyp for the built-in pediatric demography. Of 

the interaction pairs that met this criterion, the antifungal ketoconazole decreasing the 

clearance of the immunosuppressant cyclosporine A was best documented in children, 

and was subsequently chosen for the interaction modeling. The CsA-KTZ interaction is 

due to KTZ inhibiting the CYP3A4-mediated metabolism of CsA in the liver, and, when 

administered orally, also in the gut (Back et al 1989; Watkins 1990; Gomez et al 1995; 

Wu et al 1995; Akhlagi et al 2001; del Mar Fernández de Gatta et al 2002). The degree 

of interaction was measured as Rss, the ratio of steady state values for CsA AUC in the 

presence of KTZ to the CsA AUC without KTZ.  

 

PK Parameters mode, which reports steady-state results, was used for Simcyp 

simulations. Study duration was set at 24 hours, and population size was 100 broken 

down to 10 studies of 10 individuals. Dosing regimens for both drugs were selected 

based on available literature data on the dosages used in clinical settings where both 

drugs were administered concurrently to children (El-Husseini et al 2004a; El-Husseini 

et al 2004b; El-Husseini et al 2004c; El-Husseini et al 2005; El-Husseini et al 2006; 

Iyengar et al 2013). CsA dosing was set at 2.5 mg/kg twice daily, administered 12 hours 

apart. KTZ administration was set at 3.0 mg/kg as a single dose given concurrently with 

the first CsA dose. Simulations using both oral and intravenous administrations of CsA 

were performed. Simcyp does not allow simulations with intravenous KTZ, thus it was 

administered orally in both simulation scenarios. Subject state was set as fasted at the 

point of drug administrations. All simulations were carried out using the Simcyp built-in 

Pediatric demography for 16 age groups: birth to 1 month, 1-3 months, 3-6 months, 6-9 
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months, 9-12 months, 1-2 years, 2-3 years, 3-4 years, 4-6 years, 6-8 years, 8-10 years, 

10-12 years, 12-14 years, 14-16 years, 16-18 years, and 18-25 years.  

 

The simulated CsA CL and CLpo values were also assessed against available clinical 

data in children.  

 

7.2 In vitro – in vivo extrapolation of pediatric clearance  

 

For the in vitro – in vivo extrapolations of clearance, drugs were chosen on the 

following criteria: 1) in vitro intrinsic clearance (CLintin vitro) data suitable for 

extrapolation was available in literature; 2) the main elimination route is liver 

metabolism; 3) the drug is cleared mainly by metabolism via a single CYP450 isoform; 

and 4) both pediatric and adult in vivo clearance data following intravenous 

administration was available for the drug. The extrapolation was performed for caffeine 

(CAF), diclofenac (DLF), midazolam (MDZ), omeprazole (OME), propafenone (PPF), 

and theophylline (THE). CAF and THE are cleared mainly by CYP1A2 metabolism, 

DLF is cleared mainly by CYP2C9 metabolism, MDZ is cleared mainly by CYP3A4 

metabolism, OME is cleared mainly by CYP2C19 metabolism, and PPF is cleared 

mainly by CYP2D6 metabolism (Litalien et al 2005; Goodman and Gilman’s The 

pharmacological basis of therapeutics 2011). However, due to paucity of available data, 

the chosen drugs had some less than optimum characteristics: 18% of THE is excreted 

unchanged in urine, which was corrected for by assuming that the extrapolated CL 

value represented 82% of total THE clearance. OME is also metabolized by CYP3A4, 

but as CYP2C19 is the major metabolizing enzyme, and the relative activity of 

CYP3A4 toward OME is unclear, it was assumed that OME is cleared exclusively by 

CYP2C19. OME is also known to exhibit dose-dependent PK in adults. Finally, CAF 

has been reported to exhibit considerable renal excretion in young infants despite being 

almost entirely metabolized in adults (Aldridge et al 1979). As the quantitative extent of 

renal excretion in infancy is not known, in this work it was assumed that CAF is 

metabolically cleared in children of all ages.  
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Predictions were performed for simulated individuals of the same ages as the children in 

the in vivo studies where the pediatric CL values were reported. In vitro intrinsic 

clearance data in hepatocytes and microsomes was obtained from Obach (1999), Lau et 

al (2002), Riley et al (2005), Mohutsky et al (2006), and Sohlenius-Sternbeck et al 

(2010). Sources for pediatric in vivo CL values are presented in Appendix 1. 

Extrapolations were also performed for adults, in order to assess the relative 

performance of the extrapolation methods in adult and pediatric populations. Adult in 

vivo clearance values were collected from Obach et al (2008).  

 

7.2.1 Methods for predicting in vivo clearance  

 

As no method for extrapolating clearance form in vitro to in vivo for pediatric age 

groups could be found in literature, one was developed in this work. A schematic 

representation of the method is depicted in Figure 9 on this and the next page.  
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Figure 9. Procedure to predict in vivo hepatic blood clearance, CL(bl), from in vivo data 

for adults (A) and children (B). CLint = intrinsic clearance in the specified context (in 

hepatocytes, microsomes, or in vivo); HPGL = a scaling factor for hepatocytes per gram 

of liver; MPPGL = a scaling factor for microsomal protein per gram of liver; Q = liver 

perfusion; RB = blood-to-plasma ratio; CL(pl) = in vivo plasma clearance; BSA = body 

surface area; BW = body weight; Eq. = equation.  

 

In vivo clearance was estimated using both the well-stirred (WS) and the parallel tube 

(PT) models. Three versions of both models were used: disregarding all binding data, 

incorporating only blood binding values, and considering binding in both blood and in 

the in vitro incubation (Equations 2-7) (Pang and Rowland 1977; Houston and Carlile 

1997). In the case of theophylline, the 18% renal excretion was added to the 

extrapolated CL value by assuming that the extrapolation result represented 82% of 

total clearance.  

 

WS, without consideration to binding:  

Blood CL (ml/min/kg) = 
               

               
   (Equation 2)  

 

WS, considering binding in blood:  

Blood CL (ml/min/kg) = 
    (  )               

(    (  )               
  (Equation 3)  
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WS, considering binding both in blood and in the in vitro incubation:   

Blood CL (ml/min/kg) = 
    (  ) 

             
  (   )

     (  )  
              

  (   )

   (Equation 4)  

 

PT, no binding:       

Blood CL (ml/min/kg) =   (    
(
              

 
)
)  (Equation 5)  

 

PT, considering binding in blood:   

Blood CL (ml/min/kg) =   (    
(
   (  )                

 
)
)  (Equation 6)  

 

PT, considering binding both in blood and in the in vitro incubation:  

Blood CL (ml/min/kg) =   (    
(
   (  )                

    (   )
)
)   (Equation 7)  

 

where Q denotes hepatic blood flow, CLintin vitro is intrinsic clearance in the in vitro 

incubation, fu(bl) is the unbound fraction of the drug in blood, and fu(inc) is the 

unbound fraction of the drug in the incubation. The value used for Q was 21 ml/min/kg 

in adults, while in children it was calculated according to Equation 10 (Davies and 

Morris 1993). Where experimental value for fu(inc) was not available, it was calculated 

according to equations developed by Hallifax and Houston (2006) for microsomes, and 

Kilford et al (2008) for hepatocytes:  

 

fu(inc), microsomes = 
 

                     
                      

 (Equation 8)  

 

fu(inc), hepatocytes = 
 

                           
                      

  (Equation 9)  

 

where C is the microsomal protein concentration (mg/ml), logP/D is the logP of the 

molecule if it is a base or logD7.4 of the molecule if it is neutral or an acid, and VR is the 

ratio of the cell volume and incubation volume.  
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A formula to calculate liver blood flow in children could not be found in literature, and 

therefore one was obtained by fitting experimental values to a curve (Valentin 2002). 

The quality of fit, R
2
, was 0.96 and thus the equation was considered adequate and was 

used to calculate liver perfusion in children of different ages (Equation 10).  

 

Q (ml/min/kg) = 0.0978 * Age + 0.2563   (Equation 10)  

 

No data on possible maturational changes in hepatocytes per gram of liver (HPGL) 

could be found in literature, and thus the adult scaling factor of 99*10
6
 cells/gram of 

liver was used for all ages (Barter et al 2007). The scaling factor for milligrams of 

protein per gram of liver, MPPGL, was 32 in adults, while in children the scaling factor 

was calculated according to the equation developed by Barter et al (2008):  

 

MPPGL =   (                                   
                    )  (Equation 11)  

 

Liver mass in adults was assumed to be 25.7 g/kg of body weight, while in children, it 

was calculated by multiplying liver volume (Equation 12) with a liver density scaling 

factor of 1080 g/l reported for adults, as no data on the maturation of liver density in 

childhood was available (Davies and Morris 1993; Heinemann et al 1999; Johnson et al 

2005).  

 

Liver volume (l) = 0.722 * BSA
1.176

     (Equation 12)  

 

where BSA is the body surface area. BSA was calculated using simple allometry 

(Kearns et al 2003; Rowland and Tozer 2011):  

 

BSA (m
2
) =1.73 * (BW / 70)

0.75
     (Equation 13)  

 

where BW is body weight in kilograms. Body weight was calculated using the Best 

Guess equations (Tinning and Acworth 2007):  
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For infants <12 months:     

BW (kg) = (age in months + 9) / 2   (Equation 14)  

For children aged 1-5 years:    

BW (kg) = 2 x (age in years + 5)   (Equation 15)  

For children aged 5-14 years:   

BW (kg) = 4 x age in years    (Equation 16)  

 

The effect of enzyme maturation was modeled using the maturation functions developed 

by Johnson et al (2006) for each CYP450 isoform (Equations 17-21).  

 

CYP1A2 (fraction of adult abundance):  
       

             
  (Equation 17)  

 

CYP2C9 (fraction of adult abundance):  
         

        
      (Equation 18)  

 

CYP2C19 (fraction of adult abundance): 
           

         
      (Equation 19) 

 

CYP2D6 (fraction of adult abundance): 
        

         
        (Equation 20)  

 

CYP3A4 (fraction of adult abundance): 
     

            
   (Equation 21)  

 

7.2.2 Statistical methods  

 

Extrapolation results that were within 2-fold of the reported in vivo value were 

considered successful (Houston and Carlile 1997). Percentage of predictions falling 

within 5-fold and 10-fold were also calculated.  

 

Whether the outcome (success or failure) of an adult extrapolation predicted the 

outcome of corresponding pediatric extrapolations was assessed as follows: The 

percentage of successful pediatric extrapolations per each calculation method from a 

given CLintin vitro was calculated first. Outcome of the adult extrapolations were 
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considered to have predicted the outcome of the pediatric extrapolations, when 1) ≥50% 

of pediatric extrapolations were successful and the corresponding adult prediction was 

also successful, or, 2) 0% of the pediatric extrapolations were successful and the 

corresponding adult prediction also failed. However, the success or failure in adults did 

not predict the outcome in children, when 1) ≥50% of pediatric extrapolations were 

successful and the corresponding adult prediction failed, or, 2) 0% of the pediatric 

extrapolations were successful while the corresponding adult extrapolation was 

successful. In the remaining cases, >0 – <50% of the pediatric extrapolations were 

successful, and the adult extrapolations could be considered as only partly predicting the 

result in children. A schematic depiction of the method, using extrapolations performed 

for OME from the Sohlenius-Sternbeck et al (2010) hepatocyte data as an example case, 

is presented in Figure 10 (page 49).  

 

Fold error of predictions was calculated as follows:  

fold error =  
      

      
 , if CLpred < CLobs    (Equation 22) 

fold error =  
      

     
 , if CLpred > CLobs    (Equation 23)  

 

where CLobs is the observed in vivo clearance value, and CLpred is the predicted 

clearance value extrapolated from in vitro data. Arithmetic average of the fold errors 

(aafe), was used as a measure of bias.  

 

Average fold error (afe) (Equation 24) gives equal weight to under- and overpredictions 

and was used as a measure of accuracy.   

afe =     
 

 
∑    

    

   
 
     (Equation 24)  

 

Root mean squared error, RMSE, was used as a measure of precision (Equation 25).  

RMSE = √
 

 
  ∑(            )     (Equation 25)  

 



49 
 

 

 

 
 

Figure 10. The method for assessing, whether the outcome (success or failure) of an 

adult extrapolation predicted the outcome of corresponding pediatric extrapolations. 

Omeprazole extrapolations performed from the Sohlenius-Sternbeck et al (2010) 

hepatocyte data is used as an example here. The same process was carried out for other 

in vitro clearance data, i.e. in case of omeprazole, Sohlenius-Sternbeck et al (2010) 

microsome data, and Riley et al (2005) microsome data. The number of pediatric ages 

and sources of in vitro data varies between drugs (see Table 13); for omeprazole the 

number of available perdiatric ages was four. The pediatric extrapolations were 

considered successful, when at least 50% were within 2-fold of the reported in vivo 

clearance value.  

 

 

  

green  = Successful individual prediction / ≥50% of pediatric extrapolations successful

red  = Failed adult prediction / all pediatric extrapolations failed

yellow  = Partly successful pediatric extrapolations: >0% – <50% successful 
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8 RESULTS   

 

8.1 Simulations of interaction between cyclosporine A and ketoconazole in children 

 

Figure 11 (on this and the next page) depicts results for the simulated interaction 

magnitude across the simulated age range. Interaction magnitude is measured as Rss, 

the ratios of steady state CsA AUC with and without concomitant KTZ. Rss increased 

with age in both simulation scenarios, i.e. with oral and intravenous adminisration of 

CsA. Rss ratio varied from 14.9 at the age of 1-3 months to 36.6 at the age of 18-25 

years following oral CsA administration, and from 12.2 at the age of 1-3 months to 19.7 

at the age of 18-25 years following intravenous CsA administration. Rss values 

following oral CsA administration were consistently higher compared to Rss values 

following intravenous CsA administration. Simulated systemic plasma clearance (CL) 

and oral clearance (CLpo) of CsA, both normalized to body weight, are also depicted in 

Figure 11. When administered alone, simulated CL normalized to BW peaked at the age 

of 10-12 years, while CLpo normalized to BW peaked at the age of 16-18 years. 

However, due to a software error, Simcyp was unable to perform any interaction 

simulations for the youngest age group (0-1 month). All results presented and discussed 

here refer to simulations performed for subjects aged 1 month and older. 
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B.  

Figure 11. A. Simulated magnitude of the metabolic drug-drug interaction between 

cyclosporine A (CsA) and ketoconazole (KTZ), as measured by the ratio of CsA area 

under the plasma concentration-time curve (AUC) in the presence of KTZ to the CsA 

AUC without KTZ. Results following intravenous (i.v.) and oral (p.o.) administration of 

CsA are presented. KTZ is administered orally in both scenarios. B. Simulated systemic 

plasma clearance (CL) and oral plasma clearance (CLpo) of CsA.  

 

8.2 In vitro – in vivo extrapolations of pediatric clearance  

 

Data from both matrices was available for all other drugs except for caffeine, for which 

only hepatocyte data was available. Midazolam was the only drug included in all the in 

vitro source data incubations. In vivo clearance values were available for 1-15 different 

pediatric ages, depending on the drug. Summary of all performed predictions is 

presented in Table 10. Whenever a mean or median age of the pediatric subjects in the 

in vivo studies was reported, it was used in this work. Where only a range of ages was 

reported, the average of the range was used. Summary of the in vivo data used in this 

work is presented in Appendix 1.  
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Table 10. Summary of performed extrapolations: A) the major metabolizing enzyme of 

each drug, the number of in vivo pediatric clearance values obtained from literature for 

each drug, the age range (in years) of children for whom the extrapolations were 

preformed, and B) chemical class of each drug, and articles from where the in vitro 

clearance data for each drug was obtained. Pink background denotes in vitro studies 

performed in hepatocytes, and blue background denotes studies performed in 

microsomes. CAF = caffeine; DLF = diclofenac; MDZ = midazolam; OME = 

omeprazole; PPF = propafenone; THE = theophylline; CYP = cytochrome P-450; A = 

acid; B = base; N = neutral; hep = hepatocyte; mic = microsome.  

 

A)  

Drug 
Major 

metabolizing 
enzyme 

Number of different 
age groups 

modeling was 
performed for  

Range of ages (years) modeling was 
performed for  

CAF CYP1A2 3 0.15-0.46 

DLF CYP2C9  1 5.5 

MDZ CYP3A4 15 0.010-14 

OME CYP2C19 4 0.014-9.65 

PPF CYP2D6 1 1.2 

THE CYP1A2 15 1.25-12.5 

 

B) 

Drug 
Acid / 

neutral / 
base 

Source of in vitro data 

Lau et al 
2002 

Mohutsky 
et al 2006 

Obach 
1999 

Riley et al 2005 

Sohlenius-
Sternbeck et al 

2010 

hep mic hep mic 

CAF N X 
  

X 
   

DLF A 
 

X X X X X X 

MDZ N X X X X X X X 

OME N 
    

X X X 

PPF B 
  

X 
 

X X X 

THE N X 
  

X 
  

X 

 

All in all, hepatocyte data without any binding considerations yielded the highest 

success rates, as measured by the percentage of extrapolations within 2-fold of the 

reported in vivo clearance value, with 63% of all WS and 64% of all PT extrapolations 

from hepatocyte data successful (Table 11 on page 53). The most precise (lowest 

RMSE), most accurate (lowest afe), and least biased (lowest aafe) predictions were also 

those performed for hepatocyte data without any binding terms, with the PT model 

performing slightly better than the WS model. Hepatocyte data benefitted from 

disregarding both binding terms, while for microsome data, there was little difference in 
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the success rate between including no binding terms and considering both fu(bl) and 

fu(inc). Considering only fu(bl) yielded the poorest results for both matrices, regardless 

of the extrapolation method. Extrapolations generally tended to underpredict CL, with 

the exception of microsomal extrapolations resulting in overpredictions when binding 

was disregarded. Figure 12 (page 54) depicts the overall performance of the 

extrapolations from hepatocyte and microsome data for different pediatric ages using 

the WS and the PT models without any binding considerations.  

 

Table 11. Extrapolation results from hepatocytes (pink background) and microsomes 

(blue background). Statistical parameters are: aafe = arithmetic average of fold errors; 

afe = average fold error, and RMSE = root mean squared error. Percent of predictions 

falling within 2-, 5-, and 10-fold of the observed in vivo clearance values are also 

reported. 

 

Well-Stirred Parallel Tube 

No 
binding fu(bl) only 

fu(bl) and 
fu(inc) 

No 
binding fu(bl) only 

fu(bl) and 
fu(inc) 

aafe 
-1.17 -21.62 -8.90 -0.97 -21.50 -8.84 

2.41 -3.80 -2.52 2.86 -3.29 -2.03 

afe 
1.52 10.31 7.00 1.38 10.22 6.91 

1.93 2.68 2.04 2.32 2.34 1.75 

RMSE 
7.06 12.41 12.06 6.87 12.15 12.04 

12.62 11.67 10.55 15.93 11.46 10.52 

% within 2-fold 
63% 15% 41% 64% 15% 41% 

59% 42% 56% 54% 44% 58% 

% within 5-fold 
95% 39% 63% 95% 39% 63% 

89% 66% 82% 87% 70% 82% 

% within 10-fold 
99% 45% 70% 99% 47% 70% 

98% 91% 94% 98% 94% 97% 
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Figure 12. Ratios of predicted to observed clearance values at different ages. Lines for 

unity, as well as extrapolations falling within 2-fold and 5-fold of reported in vivo 

clearance values are also presented. CLpred = predicted clearance; CLobs = observed 
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clearance; WS = well-stirred; PT = parallel tube; CAF = caffeine; DLF = diclofenac; 

MDZ = midazolam; OME = omeprazole; PPF = propafenone; THE = theophylline.  

 

Both calculation methods without any binding considerations were used to further 

explore the effect of age on the success rate of the extrapolations (Figure 13). To this 

end, results were assorted into five age groups in a way that allowed at least 13 

extrapolations to be included in each group (see Appendix 2). The overall success rate, 

as measured by extrapolated CL values falling within 2-fold of reported in vivo CL 

values, increased with increasing pediatric age. Extrapolations performed on hepatocyte 

data were more successful in children aged 3 years and above, when compared to 

younger children. When using microsome data, success rate increased after the age of 1 

year. Hepatocyte data underpredicted and microsme data overpredicted CL in all age 

groups (statistical parameters of each age group are presented in Appendix 2). There 

was generally very little difference on the performance of the WS and PT models within 

a given in vitro matrix.  

 

 
Figure 13. The success rate of pediatric extrapolations, assessed by age groups, 

performed on hepatocyte and microsome data using the well-stirred and parallel tube 

models without any binding considerations. An extrapolation was considered successful 

when extrapolated clearance (CL) value was within 2-fold of reported in vivo CL value. 
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In most cases, the outcome in the adult extrapolations predicted the outcome in the 

pediatric extrapolations, i.e. when adult extrapolation was successful, at least 50% of 

pediatric extrapolations tended to also be successful, or when adult extrapolations 

failed, pediatric extrapolations also tended to fail (Table 12). Adult outcome was 

particularly successful in predicting pediatric outcome when microsome data was used. 

In hepatocytes this correlation was markedly lower. The highest correlation between 

adult and pediatric extrapolation outcomes was observed in calculations performed on 

microsome data using the WS model with no binding considerations, where the adult 

outcome predicted the pediatric outcome in 79% of all extrapolations. The correlation 

between adult and pediatric extrapolation outcomes for each drug and each individual 

extrapolation are presented in Appendix 3.  

 

Table 12. Relation of adult prediction outcome to the pediatric prediction outcome. The 

percentage of predictions across the whole data set, where the result was the same in 

adults and children (i.e. either successful or failed in both), and where it was opposite 

(i.e. successful in children when failed in adults, or vice versa) are given in the first 

rows. In the last rows, the percentage of predictions, where <50% of the pediatric 

predictions were successful, while adult predictions were either successful or failed, are 

presented. Predictions falling within 2-fold of reported in vivo values were considered 

successful. Pink background denotes hepatocyte data, and blue background denotes 

microsome data.  

  

Well-Stirred Parallel Tube 

No 
binding  

fu(bl) 
only  

fu(bl) 
and 

fu(inc)  
No 

binding  
fu(bl) 
only  

fu(bl) 
and 

fu(inc)  

Adult outcome (success or 
failure) predicted pediatric 

outcome 

55% 73% 45% 55% 73% 36% 

79% 71% 71% 64% 71% 79% 

Adult outcome (success or 
failure) was opposite to the 

pediatric outcome 

27% 18% 45% 27% 18% 55% 

21% 0% 7% 14% 7% 7% 

>0% – <50% of pediatric 

predictions successful; adult 
predictions successful 

9% 0% 0% 9% 0% 0% 

0% 7% 7% 7% 7% 7% 

>0% – <50% of pediatric 
predictions successful; adult 

predictions not successful 

9% 9% 9% 9% 9% 9% 

0% 21% 14% 14% 14% 7% 

 

Pediatric predictions performed for PPF were the most successful, with all 

extrapolations falling within 2-fold of the reported in vivo CL value for both the WS and 
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the PT models when no binding terms were considered. At the opposite end of the 

spectrum, none of the extrapolations performed for CAF were successful. With both the 

WS and the PT models, proportion of successful predictions for MDZ, PPF, and THE 

was highest when no binding was considered. For OME, including both binding terms 

yielded the most successful predictions, regardless of the calculation model used. For 

DLF, three different calculation methods resulted in the highest success rate (33%): WS 

with both binding terms, PT without any binding considerations, and PT with both 

binding terms. Percentage of successful pediatric extrapolations for each drug is 

presented in Table 13. More detailed results for each drug, including statistical 

parameters (aafe, afe, and RMSE) as well as percentage of extrapolations falling within 

5- and 10-fold of reported in vivo values are presented in Appendix 4.  

 

Table 13. Percentage of successful pediatric extrapolations (defined as extrapolated 

clearance, CL, falling within 2-fold of reported in vivo CL) for each drug. CAF = 

caffeine; DLF = diclofenac; MDZ = midazolam; OME = omeprazole; PPF = 

propafenone; THE = theophylline; fu(bl) = unbound fraction in blood; fu(in) = unbound 

fraction in the incubation.  

Drug 

Well-Stirred Parallel Tube 

No 

binding 

fu(bl) 

only 

fu(bl) and 

fu(inc) 

No 

binding 

fu(bl) 

only 

fu(bl) and 

fu(inc) 

CAF 0 % 0 % 0 % 0 % 0 % 0 % 

DLF 25 % 0 % 33 % 33 % 0 % 33 % 

MDZ 63 % 20 % 42 % 60 % 22 % 44 % 

OME 33 % 17 % 50 % 33 % 17 % 50 % 

PPF 100 % 0 % 25 % 100 % 0 % 50 % 

THE 67 % 43 % 50 % 67 % 43 % 50 % 

 

 

9 DISCUSSION   

 

What is known about maturation of PK processes and phenomena in infants and 

children is very limited and often based on few if not a singular study of limited sample 

size and subjects of varying ages that are not healthy. As children are a vulnerable 

subject group, minimizing the number of clinical trials performed on them is desirable. 

Modeling and simulation methods can be valuable tools in achieving this goal while still 

maximizing the utilization of all available data. In this work, the commercial software 
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Simcyp was used to simulate a metabolic DDI between CsA and KTZ. In a separate 

section, an IVIVE method for predicting in vivo pediatric clearance from in vitro data 

was developed.  

9.1 Simulations of interaction between cyclosporine A and ketoconazole in children 

 

Tha interaction between KTZ and CsA is due to KTZ inhibiting CsA metabolism by 

CYP3A4 in the liver and, when both are administered orally, in the gut (Back et al 

1989; Watkins 1990; Gomez et al 1995; Wu et al 1995; Akhlagi et al 2001; del Mar 

Fernández de Gatta et al 2002). As the hepatic expression of CYP3A4 in a neonate is 

negligible, the level of interaction in this age group is expected to also be negligible and 

to increase with the onset of CYP3A4 expression during early infancy (Lacroix et al 

1997; Tateishi et al 1997; Stevens et al 2003). This hypothesis could not be fully 

explored, as the simulations failed in the neonatal age group, where the most significant 

changes in enzyme expression occur. The interaction magnitude (Rss) increasing with 

age in all simulations does, however, suggest an increase in the underlying CYP3A4 

expression in the early infancy stage, as expected. When both drugs are administered 

orally, a substantial portion of the interaction arises from gut CYP3A4 inhibition, 

adding to the total magnitude of interaction (Gomez et al 1995; Wu et al 1995; Akhlagi 

et al 2001). This effect was also present in the Simcyp results, as Rss values in all age 

groups were higher following oral CsA administration compared to intravenous CsA 

administration. Based on indirect mRNA data it seems that CYP3A4 expression in the 

gut remains negligible up to the age of 6 months (Fakhoury et al 2005). If this is the 

case, the effect of gut level CYP3A4 inhibition on the magnitude of the interaction, as 

reflected by an increase in Rss values following the change from intravenous to oral 

administration of CsA, should also remain negligible up to this age. This was not the 

case, as the increase in Rss resulting from oral administration of CsA was 23% in 

simulations performed for infants up to the age of 6 months. The relative increase in Rss 

after oral CsA administration compared to intravenous CsA administration was 86% in 

adulthood, suggesting an underlying increase in gut CYP3A4 expression from early 

infancy to adulthood. However, it should be noted that the interaction magnitude in all 

simulations was strikingly high, starting from an Rss of 14.9 and 12.1 following oral 

and intravenous, respectively, administration of CsA.  
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Gomez et al (1995) reported decreases of 44% and 77% on weight-normalized CL and 

CLpo of CsA, respectively, in adults following the introduction of concomitant KTZ 

therapy. The simulated decreases in clearance in the adult age group (18-25 years) were 

significantly higher: 94% for CL and 97% for CLpo. For children, such quantitative in 

vivo data on the CsA-KTZ interaction was not available in literature.  

 

The CsA-KTZ interaction has been utilized in long-term CsA treatment as a way to 

reduce costs by decreasing daily CsA dosage both in adults and children while still 

maintaining unchanged CsA exposure, as assessed by AUC or blood trough 

concentrations, depending on the study (First et al 1991; Keogh et al 1995; Foradori et 

al 1998; Sobh et al 2001; Dominiguez et al 2003; Carbajal et al 2004; El-Agroudy et al 

2004; El-Husseini et al 2004a; El-Husseini et al 2004b; El-Husseini et al 2004c;  El-

Husseini et al 2005; El-Husseini et al 2006; Iyengar et al 2013). The CsA dose 

reductions obtained from this approach by various investigators are presented in Table 

14 (page 60). Data on dose reductions is, of course, not a reliable way to quantify the in 

vivo interaction, as no primary PK parameters are determined. However, dose 

reductions were executed on the basis of measurements of CsA blood concentration, 

and are therefore clinically relevant despite the absence of primary PK parameter data. 

Attained dose reductions from different studies cannot be directly compared, though, as 

dosage regimens of both CsA and KTZ varied. Keeping these restraints in mind, the 

results do indirectly suggest that the interaction magnitude may be greater in adults than 

in children, as considerably higher dose reductions were obtained in adults (33-61% 

dose reductions in children compared to 60-85% in adults). Simcyp results complied 

with this assumption, as the interaction magnitude increased with increasing pediatric 

age, and the highest Rss value was obtained in young adults (18-25 years). It should 

also be noted here, that the magnitude of the simulated interaction is strikingly high, 

with Rss values ranging from 14.9 to 36.6 and from 12.2 to 19.7 following oral and 

intravenous administration of Csa, respectively. The highest CsA dose reduction 

reported in experimental settings was 85%, suggesting that at the most, a 2-fold increase 

in CsA exposure was reached (First et al 1991).  
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Table 14. Summary of available studies where a dose reduction of cyclosporine A 

(CsA) was obtained by concomitant administration of ketoconazole (KTZ).  N = 

number of subjects.  

Age of 

subjects 

(N) 

CsA starting dose  KTZ dose  Average CsA 

dose 

reduction  

Reference  

ADULTS 

Mean 43 yrs 

(N=17) 

4.0 mg/kg/day  200 mg/day  60%  Carbajal et al 

2004  

Mean 46 yrs 

(N=9)  

Not reported 200 mg/day  83% Dominiguez et al 

2003  

mean 32 yrs 

(N=51)  

174 mg/day  50-100 

mg/day 

77% after 1 

month; 65% 

after 10 years  

El-Agroudy et al 

2004 

Mean 35 yrs 

(N=36) 

5.9 mg/kg/day  200 mg/day  85% First et al 1991 

Not 

reported 

(N=9) 

2.64 mg/kg twice 

daily  

200 mg/day  78%  Foradori et al 

1998 

Mean 46 yrs 

(N=23)  

Not reported  200 mg/day  62% after 7 

days; 80% 

after 12 

months 

Keogh et al 1995 

Mean 32 yrs 

(N=51) 

Not reported  50-100 

mg/day  

73%  Sobh et al 2001 

ADULTS AND CHILDREN 

Mean 15 yrs 

(N=125 

children + 

28 adults)  

<6 years: 5-6 

mg/kg/day in 2 doses 

>6 years: 4-5 

mg/kg/day in 3 doses  

50 mg/day  37% after 1 

month; 47% 

after 1 year 

El-Husseini et al 

2004a 

CHILDREN 

Mean 6 yrs 

(N=137)  

<6 years: 5-6 

mg/kg/day in 2 doses  

>6 years: 4-5 

mg/kg/day in 3 doses 

50 mg/day  36% after 1 

month; 45% 

after 1 year 

El-Husseini et al 

2004b 

Mean 6 yrs 

(N=88)  

<6 years: 5-6 

mg/kg/day in 2 doses  

>6 years: 4-5 

mg/kg/day in 3 doses 

50 mg/day  46% El-Husseini et al 

2004c 

Mean 5.5 

yrs (N=31)  

<6 years: 5-6 

mg/kg/day in 2 doses  

>6 years: 4-5 

mg/kg/day in 3 doses 

50 mg/day  48% El-Husseini et al 

2005 

Mean 0.5 

yrs (N=78)  

<6 years: 5-6 

mg/kg/day in 2 doses  

>6 years: 4-5 

mg/kg/day in 3 doses 

50 mg/kg 40% after 1 

month; 46% 

after 1 year  

El-Husseini et al 

2006 

Median 9.5 

yrs (N=10)  

5-6 mg/kg/day in 2 

doses  

1.5 mg/kg/ 

day  

61%  Iyengar et al 2013  



61 
 

Several studies have reported that from a fairly young age, CsA CL decreases as the 

child gets older (Cooney et al 1997; del Mar Fernández de Gatta et al 2002; Choi et al 

2006; Jin et al 2008). However, actual CL values reported by different investigators are 

highly variable, reflecting the considerable interindividual variability in CsA 

pharmacokinetics. In a study performed on children aged 8 months to 15.6 years, Choi 

et al (2006) reported highest CL values (8.0 ml/min/kg) in children <20 kg of body 

weight, and lowest values (5.3 ml/min/kg) in children >40 kg of body weight, with 

those of intermediate weight (20-40 kg) exhibiting intermediate CL values (6.9 

ml/min/kg). Although ages of the children in the different weight groups were not 

disclosed, it can be reasonably assumed that the youngest participants were at the lowest 

and the oldest participants were at the highest end of the weight spectrum. Another 

study found that CsA CL decreased after the age of 9 years from 21.7 to 6.7 ml/min/kg 

(Jin et al 2008). Simcyp results agree relatively well with this finding, as CL normalized 

to BW peaked at the age of 10-12 years. The actual simulated CL values, though, tend 

to be lower compared to those reported in the literature, despite substantial variations 

between-study variation in the in vivo CL values. Figure 2 depicts the distribution of 

simulated and experimental CL and CLpo values.  

 

Irtan et al (2007) found that CLpo of cyclosporine A increases with age in children aged 

1.5 to 20.7 years (mean age 9.7 years), with the average 9.7-year-old child exhibiting 

CLpo of 10.1 ml/min/kg. The Simcyp simulation results were similar, as the CLpo 

increased up to the age of 16-18 years. The values of CLpo yielded by Simcyp in the 

age category 8-10 years was 9.15 ml/min/kg, which is very close to the value reported 

by Irtan et al (2007). On the other hand, combining all available experimental pediatric 

oral clearance data, CLpo seems to rather decrease than increase with age, as can be 

seen in Figure 14 (page 62). Irtan et al (2007) had 98 subjects, while the number of 

subjects in the other available studies that reported CLpo ranged from 5 to 10 (del Mar 

Fernández de Gatta 2002; Irtan et al 2007). Considering the substantial interindividual 

variability that CsA pharmacokinetics exhibits, it may well be that the work by Irtan et 

al (2007) is the most generalizable. If this is the case, Simcyp predicts pediatric in vivo 

CLpo remarkably well.  
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Figure 14. Simulated and experimental systemic plasma clearance (CL) and oral 

clearance (CLpo) of cyclosporine A normalized to body weight (ml/min/kg) at different 

ages. In vivo data from Cooney et al 1997, del Mar Fernández de Gatta et al 2002, Choi 

et al 2006, Irtan et al 2007, and Jin et al 2008.  

 

In retrospect, the approach to the simulations in this work could have been better 

optimized. The in vivo pediatric interaction reports did not determine any PK 

parameters, but did report CsA dosage reductions required to maintain unchanged CsA 

AUC or blood trough concentrations during concomitant KTZ administration (First et al 

1991; Foradori et al 1998; Keogh et al 1995; Sobh et al 2001; Dominiguez et al 2003; 

Carbajal et al 2004; El-Agroudy et al 2004; El-Husseini et al 2004a; El-Husseini et al 

2004b; El-Husseini et al 2004c;  El-Husseini et al 2005; El-Husseini et al 2006; Iyengar 

et al 2013). Most studies assessed CsA exposure from blood trough concentrations. 

Simcyp does not report trough concentrations, but it does report AUC. Assuming that 

changes in AUC directly correlates with changes in blood trough concentration, the 

available studies could have been replicated and the simulation results validated by 

examining whether or not CsA AUC remained unchanged when CsA dosage was 

reduced by the same factor as in the study.  
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All in all, Simcyp seems to model the general age-related trends in the maturation of 

CYP3A4-mediated cyclosporine A clearance well. However, the simulated CL values 

were systematically lower compared to experimental values. As there was only 

qualitative and not quantitative data available on the CsA-KTZ interaction in children, 

the simulation outcome could not be directly compared to in vivo interactions. From the 

indirect data that was available, Simcyp seems to again predict the general age-related 

trend in the interaction well, but the reported magnitude of the interaction is strikingly 

high, and not in line with reported experimental data. Assessing Simcyp performance in 

simulating pediatric DDIs is challenging due to the considerable lack of high quality 

data on DDIs in children, with very few pediatric studies measuring and reporting PK 

parameter values in interaction studies (Salem et al 2013). Ideally, Simcyp results 

would always be tested against actual in vivo findings, but as such quantitative in vivo 

data tends to not be available for pediatric drug-drug interactions, altrenative 

approaches are required. Until more and better experimental data is available, Simcyp 

could be first tested on its performance in predicting general pharmacokinetics of drugs 

whose PK has been extensively studied in children. Well documented adult DDIs of 

those drugs could then be simulated, and simulation results compared against adult in 

vivo information. Assuming both simulation scenarios were successful, the assumption 

can be made that simulations of the DDI in children might be representative of in vivo.  

 

9.2 In vitro – in vivo extrapolation of pediatric clearance  

 

9.2.1 Model performance in predicting maturation of clearance in childhood  

 

In vitro – in vivo extrapolation of metabolic clearance has been widely performed for 

adults, but no extrapolations performed for children were found in literature. Therefore, 

a method for adjusting the established well-stirred and parallel tube modeling equations 

for pediatric subjects was developed in this work. To assess the success of the newly 

developed method in modeling the maturation of CL across the age range used in this 

work, the data was organized into five age groups. Results from the best performing 

version of both calculation methods, i.e. disregarding all binding considerations for both 

the WS and the PT models, was then studied. In all age groups, hepatocyte data 
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underpredicted and microsome data overpredicted clearance. The extrapolations 

performed best at the older end of the spectrum, as measured by the percentage of 

extrapolations falling within 2-fold the reported in vivo CL values. Improving 

performance with increasing pediatric age is to be expected as the most maturational 

changes occur in infancy and early childhood (Alcorn and McNamara 2003; Kearns et 

al 2003; Anderson and Lynn 2009). Success rate in predictions from microsome data 

generally increased after the age of 1 year, while for hepatocyte data, success rate 

increased after the age of 3 years. Hepatocyte data included more predictions for the 

CYP1A2 substrates, caffeine and theophylline, which might partly explain this finding, 

as CYP1A2 is one of the last CYP isoforms to develop and reach full expression 

(Sonnier and Cresteil 1998; Johnson et al 2006). However, in the youngest age group 

(<1year) extrapolations from hepatocyte data performed significantly better than 

microsomal extrapolations, suggesting that hepatocytes are the more appropriate matrix 

when predicting clearance in infants.  

 

CAF clearance, which was extrapolated only for children aged up to 6 months, was 

considerably underpredicted (see Appendix 4). As 67% of all caffeine extrapolations in 

adults were successful, the failed infant extrapolations can most likely be assigned to 

the significant renal excretion in infants, which was not accounted for in these 

predictions (Aldridge et al 1979). It is also possible the discrepancy is in part due to the 

equation for CYP1A2 maturation performing poorly in this age group. However, the 

maturation function seems to perform well at least in children past the age of 1 year, as 

the extrapolations for another CYP1A2 substrate, theophylline, carried out for children 

aged 1.25-12 years, were highly successful. The developers of the CYP maturation 

equations reported highly successful predictions of CL in simulated individuals aged 0-

18 years: using PBPK modeling, Johnson et al (2006) reported that 89% of the 

predictions were within 2-fold of in vivo values. Their success rate, then, was higher 

than that attained in this work for any of the calculation methods in either of the in vitro 

matrices. This might be an indication that PBPK modeling is more suitable for pediatric 

CL predictions than IVIVE, although it should be noted that, unlike in this work, 

Johnson et al (2006) included an estimation of interindividual variation in their 

predictions. Considerations of variability, which seems to be higher in children 
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compared to adults, in in silico methods have been advocated as a means to improve 

modeling performance (Hattis et al 2003; Rostami-Hodjegan and Tucker 2007). Also, 

constructing a PBPK model that accounts for maturational changes in infancy and 

childhood is much more laborious compared to IVIVE. Considering the overall success 

rate of the two calculation methods that performed best, namely WS and PT without any 

binding considerations, IVIVE is a viable option for early estimation of pediatric CL in 

drug development.  

 

The in vitro metabolism studies were performed on microsomes and hepatocytes 

extracted from adults, thus expressing adult levels of enzymes and transporters. 

Although mathematic models of the ontogeny of metabolizing enzymes is included in 

the extrapolations, it is possible there are clearance patterns present in infant livers that 

adult samples do not model. For example, THE is metabolized to CAF in young infants 

(<4 months old), but not in adults (Bonati et al 1981). In this work, all THE predictions 

were performed for children older than 1 year of age, in whom caffeine formation does 

not occur. It is possible, however, that for other drugs similar, uncharacterized neonatal 

or infant metabolism profiles are present in vivo, but no in vitro when using hepatocytes 

or microsomes from adults. Also, adults usually do not exhibit the predominant fetal 

CYP3A isoform, CYP3A7, which is present and active in neonates and possibly young 

infants (Lacroix et al 1997; Tateishi et al 1997; Stevens et al 2003). Conversely, 

CYP3A4, the predominant adult CYP3A isoform, is expressed only in low levels in 

neonatal liver. Still, in most cases the success of adult CL calculations was predictive of 

the success in at least 50% of the pediatric calculations for a given drug with any given 

extrapolation method. The success or failure of adult predictions could, therefore, be 

considered indicative of the reliability of pediatric predictions, even if there is no 

pediatric in vivo data available, as is often the case.  

 

9.2.2 The effect of incubation matrix   

 

Microsomes, which contain only CYP and UGT enzymes, are the most common matrix 

in in vitro clearance studies (Nagilla et al 2006; Riley et al 2005; Chiba et al 2009). The 

less often utilized intact hepatocytes, be they fresh or cryopreserved, contain the full 
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array of metabolic enzymes, along with transporters and enzyme cofactors (Li et al 

1999; Lau et al 2002; Riley et al 2005; Lu et al 2006; Stringer et al 2008; Chiba et al 

2009). With many such in vivo-like properties, hepatocytes are considered the most 

relevant and versatile in vitro system for metabolic studies, and they have a tendency of 

giving more accurate extrapolation results when compared to microsomes (Ito and 

Houston 2004; Riley et al 2005; Lu et al 2006; Hallifax et al 2010). Both matrices tend 

to underpredict in vivo CL, with hepatocytes yielding lower predicted CL adults values 

than microsomes, especially for drugs of high clearance rates (>100 ml/min/kg) (Lu et 

al 2006; Stringer et al 2008; Hallifax et al 2010; Sohlenius-Sternbeck et al 2010). 

Results for children in this work are similar: most results were systematically 

underpredicted, with the level of underpredictions greater in hepatocyte than microsome 

data, (although none of the drugs included in this study fell into the category of high 

CL). Hepatocyte extrapolations were more successful than microsome extrapolations, 

possibly reflecting the aforementioned in vivo-like properties. In this respect, it seems, 

the two matrices behave the same way when extrapolations are performed for adults or 

for children. Lower extrapolated CL values from hepatocytes compared to microsomes 

might be due to cellular uptake being the rate-limiting step, as has been shown for MDZ 

(Lu et al 2006). As there is no cell membrane for the drug to cross in microsomes, it is 

more readily available for metabolism.  

 

9.2.3 The effect of calculation method  

 

Very little difference has been reported in the accuracy of extrapolations between the 

well-stirred and the parallel tube models when performing predictions in rats or adult 

human populations (Ito and Houston 2004; Hallifax et al 2010). Similar results were 

observed in this work for predictions in pediatric populations, with the PT model 

performing marginally better than the WS model in most cases.  

 

The necessity of including binding considerations to CL extrapolations is controversial 

(Obach 1999; Riley et al 2005; Mohutsky et al 2006; Stringer et al 2008; Chiba et al 

2009; Sohlenius-Sternbeck et al 2010). In this work, hepatocyte data performed best 

when all binding was disregarded, while for microsome data, there was very little 
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difference between including neither and including both binding terms. Poorest results 

were obtained by incorporating only fu(bl), regardless of the in vitro matrix or 

extrapolation model, which is in line with earlier IVIVE reports (Obach 1999; Chiba et 

al 2009). These findings would suggest that binding in the in vitro incubation is 

comparable to binding in vivo in case of microsomes, but not hepatocytes. Based on 

these results, IVIVE of CL for pediatric subjects should be performed without any 

binding considerations, as including fu(bl) and/or fu(inc) complicates the model with 

very modest, if any, improvement in success rate.  

 

Several theories of drug characteristics that predict whether or not consideration of free 

fractions improve extrapolation results have been reported: 1) acidic, but not basic or 

neutral compounds, benefit from binding considerations; 2) highly bound (>95%) drugs, 

but not drugs with low plasma protein binding (<90%), require inclusion of binding 

terms, and 3) incorporating free fraction corrections is beneficial for drugs with the ratio 

of fu(inc) to fu(bl) >10, but can be disregarded for drugs with a ratio between 1 and 10 

(Obach 1999; Riley et al 2005; Mohutsky et al 2006). In this work, only OME 

benefitted from including fu(bl) and fu(inc) in the calculations. OME is a highly bound, 

neutral drug with a fu(inc) to fu(bl) ratio >10. Other highly bound drugs, DLF, MDZ, 

and PPF, did not benefit from binding considerations. Predictions for the only acidic 

drug in this data set, DLF, were not improved by the inclusion of binding terms. The 

only drug with a fu(inc) to fu(bl) ratio between 1 and 10 was THE, which did not 

benefit from binding corrections, as could be expected in the light of theory no. 3 

presented above. On the other hand, MDZ and PPF had a ratio of >10 and yet best 

predictions for them were obtained without any binding considerations. All in all, the 

results in this work do not confirm any of the theories regarding binding considerations 

presented above in case of pediatric extrapolations. However, the number of drugs in 

this study is very small, restricting any conclusions to be made outside this data set. 

Also, in this work, the results were not consistent between the adult and the pediatric 

extrapolations: in the adult predictions, results for CAF and DLF were improved when 

corrections for binding were included (see Appendix 3), while in the pediatric 

predictions, only OME benefitted from the inclusion of the binding terms. This might be 

an indication of altered binding in the pediatric population, which has been well 
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established for some drugs, although the small number of drugs in this work does not 

allow any definitive conclusions to be made (Krasner et al 1973; Wallace 1976; Kurz et 

al 1977a; Kanakoudi et al 1995).  

 

9.2.4 Other sources of variability and suggestions for future  

 

Where ever quantitative data on maturation was available in the literature, it was 

incorporated in this work. This was the case for most of the parameters used in the 

calculations; however, some parameter estimates still require further experimental 

investigation and validation. For example, as no information on the possible 

developmental changes in liver density or hepatocellularity was available, adult values 

were used. For liver perfusion, an equation for crude approximations was developed. 

Other sources of variability in the present results include interlaboratory variation in the 

in vitro CLint values, and the quality and nature of the available in vivo pediatric data. 

In this work, the between-laboratory fold difference varied from 2.5 up to 59. Variation 

in this in vitro data set was considerable, although even higher fold differences (up to 

several hundreds) has been reported in literature (Riley et al 2005; Nagilla et al 2006). 

Likely reasons for interlaboratory variability include incubation conditions (e.g. 

coincubating hepatocytes with serum, drug concentration, and incubation time), 

methods for calculating CLintin vitro, quality of liver samples, and interdonor differences. 

The available in vivo clearance values were determined mostly in children that were not 

healthy. This is an ethically preferable approach in pediatric clinical studies, however, 

pharmacokinetic data from ill subjects may not be representative of healthy ones, as the 

condition itself, concomitant medications, and other medical interventions may alter PK 

processes. For example, critical illness and mechanical ventilation lower MDZ 

clearance, and fever and extracorporeal oxygenation may decrease THE clearance 

(Yamaguchi et al 2000; Mulla et al 2003b; Peeters et al 2006; Ince et al 2012; Vet et al 

2012). Number of subjects in pediatric studies also tends to be small, further 

jeopardizing generalizability, especially since interindividual variability is greater in 

children compared to adults (Hattis et al 2003). Several of the pediatric in vivo studies 

used in this work had <10 participants, even as few as two or three participants (see 

Appendix 1). Finally, in pediatric studies subjects of varying ages are often lumped 
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together and only one value for each PK parameter is reported. For example, one of the 

studies used in this work combined subjects ranging from 2 days to 17 years, reporting 

only one CL value (Vet et al 2012). The resultant average value might not represent all 

ages, and the maturation of the parameter value is lost.  

 

Further studies are needed to validate the method presented here, preferably using in 

vitro data produced under constant, standardized conditions, to eliminate the variability 

introduced by multiple in vitro data sources. In this work, it was assumed that each drug 

is cleared by metabolism via a single CYP450 isoform. In the future, pediatric IVIVE 

for drugs cleared by multiple CYP450 isoforms could also be investigated. Based on the 

results described here, it can be reasonably assumed that knowing the relative 

contribution of each involved CYP450 isoform, extrapolations can be successfully 

performed for drugs cleared by multiple CYPs. Drugs metabolized via entirely other 

enzymes, such as GSTs or SULTs, could also be studied in hepatocytes, and, provided 

quantitative information on the maturation of the enzyme isoforms involved in the 

metabolism process is available, pediatric IVIVE for such drugs could be investigated.  

 

All in all, predictions from hepatocyte data without any binding terms yielded the most 

successful results, with very little difference between the two modeling methods. Also, 

it should be noted, that the difference between the two matrices in this work was very 

small, with the exception of infants younger than 1 year. This pediatric extrapolation 

method could be used in the drug discovery process as a part of estimating a suitable 

pediatric starting dose for drugs mainly cleared by metabolism via one CYP450 

isoform. Ideal timing for pediatric IVIVE would be after adult PK studies have been 

performed, before initiating pediatric clinical studies. The outcome in adult IVIVE 

(success or failure) could then be used as an indicator of the reliability of pediatric 

extrapolations. Hepatocytes should be favored as the in vitro matrix over microsomes if 

extrapolations are to be performed for infants younger than 1 year. In older children 

both matrices are suitable. As there was very little difference in the overall performance 

of the WS and PT models, either one can be used. A general principle, though, is to use 

the simplest model that adequately predicts in vivo situation, and therefore the simpler 
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and more often utilized WS model is recommended over the PT model. No binding 

considerations should be included, as they did not significantly improve the outcome. 

 

 

10 CONCLUSIONS  

 

In this work, the ability of Simcyp to predict the general age-related trends in the 

maturation of a CYP3A4 substrate clearance, and a metabolic interaction occurring via 

said enzyme were mainly in line with available experimental data. However, the values 

of the simulated clearance terms and magnitude of the simulated interaction were 

significantly under- and overpredicted, respectively. Further investigation is required to 

fully validate the performance of Simcyp in predicting pediatric pharmacokinetics and 

drug-drug interactions. The paucity of high quality pediatric PK data, especially in case 

of drug-drug interactions, poses a substantial challenge for such validation work, but 

could be overcome by a combination of basic PK simulations in children together with 

simulations of well-characterized interactions in adults.  

 

The method developed here for IVIVE of pediatric CL values yielded successful 

predictions in most cases, with hepatocytes performing slightly better than microsomes. 

The difference, however, was not considerable enough to justify the rejection of 

microsome data altogether in future extrapolations, although it is recommended that 

hepatocyte data is used for children <1 year. The well-stirred model without any 

binding considerations is recommended for pediatric extrapolations of CL, regardless of 

the in vitro matrix used or the properties of the drug in question. If possible, 

extrapolations should be performed and validated for adults first, as the success in adult 

extrapolations more often than not correlates with the success in pediatric 

extrapolations. Therefore, in drug development, the method developed in this work 

would be most useful after adult PK studies have been performed, before the first 

pediatric clinical studies, as an aid in estimating pediatric PK and deciding the dosage 

regimen in children.  
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APPENDIX 1.  

 

Summary of in vivo pediatric data used in this work. CAF = caffeine; DLF = diclofenac; 

MDZ = midazolam; OME = omeprazole; PPF = propafenone; THE = theophylline; CL 

= clearance; N = number of subjects.  

 

Drug Reference 

Age reported in the 

study  

Age used in 

this work 

(years) 

In vivo 

plasma CL 

(ml/min/kg) 

CAF Aranda et al 1979  

1-2½ months (N=5)  0.15 0.53 

3-4½ months (N=3)  0.31 1.74 

5-6 months (N=2)  0.46 5.53 

DLF 
Korpela and 

Olkkola 1990  
4-7 years (N=10) 5.5 7.70 

MDZ 

Burtin et al 1994  0-10 days (N = 187) 0.014 1.17 

de Wildt et al 

2003 

2 days – 17 years 

(N=24)  
8.5 5.00 

Hughes et al 1996 

(abstract) 

1 - <12 mo (N=16) 0.54 3.10 

1-2 yrs (N=12)  1.5 2.30 

3-13 yrs (N=10)  8.0 13.00 

Muchochi et al 

2008  

7-39 months; median 

27 months (N = 13) 
2.3 14.40 

Mulla et al 2003a 
0.5-18 days; mean 3.8 

days (N = 20)  
0.010 1.40 

a et al 1989 3-10 years 6.5 9.11 

Peeters et al 2006  

3.2-24.7 months; 

median 11.1 months  

(N = 24) 

0.93 16.70 

Reed 2001 

6 months – <2yrs (N=5)  1.3 11.33 

2 – <12 yrs (N=14) 7.0 10.00 

12 – <16 yrs (N=2)  14.0 9.33 

Salonen et al 1987  

mean of all dosing 

groups: 6.0 years 

(N=27) 

6.0 7.82 

Tolia et al 1991 6-18 years (N=20)  12.0 10.00 

Vet et al 2012 
2 days - 17 years 

(N=21) 
8.5 4.67 

 



 

Appendix 1 continued  

OME 

Andersson et al 

2000  
≤10 days (N=3)  0.014 2.67 

Faure et al 2001 
4.5-27 months; mean 

14.1 (N=9) 
1.2 8.83 

Jacqz-Aigrain et al 

1994 (abstract) 
0.3-19 years (N=13) 9.7 3.83 

Solana et al 2014 
1-84 months; median 7 

months (N=40)  
0.58 10.86 

PPF Ito et al 1998  
3 days - 7.5 years; mean 

1.2 years (N = 8) 
1.2 20.33 

THE 

Arnold et al 1981  7-12 years (N = 8) 9.5 1.31 

Botha et al 1993  

1-5 years  3.0 1.58 

5-9 years  7.0 1.36 

9-16 years  

(N of all age groups, i.e. 

1-16 yrs: 109) 

12.5 0.73 

El Desoky et al 

1997  

 2-12 years; mean 6.4 

years (N=15) 
6.4 1.30 

Ellis et al 1976  
6.08-16.75 years; mean 

10.7 years (N = 30) 
10.7 1.33 

Grygiel et al 1983 

(abstract) 

3.5-12 years; mean 6.3 

years (N = 5) 
6.3 1.60 

Igarashi and 

Iwakawa 2009  

½ – <2 years  1.3 0.89 

2 – <4 years  3.0 0.89 

4 – <9 years (N of all 

age groups: 96) 
6.5 0.98 

Loughnan et al 

1976  
1-4 years (N = 10) 2.5 1.67 

Mayo 2001   
1-9 years; mean 6.4 

years (N=31) 
6.4 0.90 

Yamaguchi et al 

2000 

1-15 yrs (N=52) 8.0 1.70 
(1)

 

1-15 yrs (N=52) 8.0 1.45 
(2)

 

Yano et al 1993 

(abstact) 
8.7 ±4.7 years (N = 66) 8.7 0.98 

(1) After 24 hours.  
(2) After 72 hours.  

  



 

APPENDIX 2.  

 

Statistics of extrapolations by age groups from hepatocyte and microsome data using 

the well-stirred and parallel tube models without any binding considerations. WS = 

well-stirred; PT = parallel tube; aafe = arithmetic average of fold errors; afe = average 

fold error; RMSE = root mean squared error.  

Age (years) 

Number of 

extrapolations  

Hepatocyte, 

WS 

Hepatocyte, 

PT 

Microsome, 

WS 

Microsome, 

PT 

Hep Mic aafe 

<1  20 20 -2.29 -2.19 1.34 2.26 

1 – <3  15 19 -0.62 -0.38 0.63 1.10 

3 – <7  20 18 -0.87 -0.57 0.06 2.14 

7 – <9  20 20 -0.51 -0.35 2.12 2.40 

 9–14  13 13 -1.04 -0.54 0.91 1.06 

 afe 

<1  20 20 2.21 2.09 2.73 3.18 

1 – <3  15 19 1.51 1.33 1.47 1.73 

3 – <7  20 18 1.15 1.03 1.88 2.76 

7 – <9  20 20 1.40 1.26 1.94 2.20 

 9–14  13 13 1.50 1.37 1.69 1.91 

 RMSE 

<1  20 20 8.52 8.16 15.86 19.75 

1 – <3  15 19 9.37 8.65 10.78 13.24 

3 – <7  20 18 5.37 6.25 12.66 16.24 

7 – <9  20 20 6.00 5.95 13.03 16.36 

 9–14  13 13 4.97 4.06 7.97 11.11 

 

 
 

  



 

APPENDIX 3.  

 

The outcome of corresponding adult and pediatric extrapolations. Color coding in the 

tables is as follows: For adult extrapolations, a green background denotes a successful 

prediction, and a red background denotes a failed prediction. For pediatric 

extrapolations, a green background means that at least 50% of the predictions were 

successful, a yellow background means that >0 – <50% of the predictions were 

successful, and a red background means that all predictions failed. The percentage of 

successful extrapolations in children is also reported. Pink background denotes 

extrapolations performed from hepatocyte data, and blue background denotes 

extrapolations performed from microsome data. hep = hepatocyte; mic = microsome; 

WS = well-stirred; PT = parallel tube; fu(bl) = unbound fraction in blood; fu(inc) = 

unbound fraction in incubation; CLintin vitro =  intrinsic clearance in in vitro incubation.  

 

 

CAFFEINE  

Source of  

CLintin vitro 

 Well-Stirred Parallel Tube 

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  
 

Lau et al 2002  Adult       

Child 0% 0% 0% 0% 0% 0% 
 

Riley et al 2005 hep Adult       

Child  0% 0% 0% 0% 0% 0% 

 

 

 

DICLOFENAC  

Source of  

CLintin vitro 

 Well-Stirred Parallel Tube 

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  
 

Mohutsky et al 2006 Adult       

Child 0% 0% 100% 0% 0% 100% 
 

Obach 1999 Adult       

Child 0% 0% 0% 0% 0% 0% 
 

Riley et al 2005 hep Adult       

Child  100% 0% 0% 100% 0% 0% 
 

Riley et al 2005 mic  Adult       

Child  0% 0% 0% 0% 0% 0% 
 

Sohlenius-Sternbeck 

et al 2010 hep 

Adult       

Child  100% 0% 100% 100% 0% 100% 
 

Sohlenius-Sternbeck 

et al 2010 mic  

Adult       

Child  0% 0% 0% 0% 0% 0% 

 

  



 

 

Appendix 3 continued.  

 

MIDAZOLAM  

Source of  

CLintin vitro 

 Well-Stirred Parallel Tube 

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  
 

Lau et al 2002 Adult       

Child 67% 0% 0% 80% 0% 0% 
 

Mohutsky et al 2006 Adult       

Child 53% 80% 80% 47% 73% 73% 
 

Obach 1999 Adult       

Child 60% 33% 47% 47% 53% 67% 
 

Riley et al 2005 hep Adult       

Child  53% 0% 0% 60% 0% 0% 
 

Riley et al 2005 mic  Adult       

Child  60% 7% 27% 53% 7% 27% 
 

Sohlenius-Sternbeck 

et al 2010 hep 

Adult       

Child  87% 0% 100% 73% 0% 100% 
 

Sohlenius-Sternbeck 

et al 2010 mic  

Adult       

Child  53% 27% 67% 47% 27% 60% 

 

 

 

OMEPRAZOLE  

Source of  

CLintin vitro 

 Well-Stirred Parallel Tube 

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  
 

Riley et al 2005 mic  Adult       

Child  50% 25% 25% 50% 25% 25% 
 

Sohlenius-Sternbeck 

et al 2010 hep 

Adult       

Child  25% 0% 100% 25% 0% 100% 
 

Sohlenius-Sternbeck 

et al 2010 mic  

Adult       

Child  75% 0% 0% 100% 0% 0% 

 

 

 

  



 

 

Appendix 3 continued.  

 

PROPAFENONE  

Source of  

CLintin vitro 

 Well-Stirred Parallel Tube 

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  
 

Obach 1999 Adult       

Child 100% 0% 0% 100% 0% 100% 
 

Riley et al 2005 mic  Adult       

Child  100% 0% 0% 100% 0% 0% 
 

Sohlenius-Sternbeck 

et al 2010 hep 

Adult       

Child  100% 0% 100% 100% 0% 100% 
 

Sohlenius-Sternbeck 

et al 2010 mic  

Adult       

Child  100% 0% 0% 100% 0% 0% 

 

 

 

 

THEOPHYLLINE  

Source of 

CLintin vitro 

 Well-Stirred Parallel Tube 

No 

binding 

fu(bl) 

only 

fu(bl) 

and 

fu(inc) 

No 

binding 

fu(bl) 

only 

fu(bl) 

and 

fu(inc) 

Lau et al 2002 Adult       

Child 100% 80% 93% 100% 80% 93% 
 

Riley et al 2005 hep Adult       

Child 33% 7% 7% 33% 7% 7% 
 

Sohlenius-Sternbeck 

et al 2010 mic 

Adult       

Child 73% 100% 100% 73% 100% 100% 

 

 

 

  



 

APPENDIX 4.  

 

Extrapolation results for each drug calculated with three versions of both the well-

stirred and the parallel tube models: 1) with no binding considerations, 2) with 

correction only for fu(bl), and 3) with correction for both fu(bl) and fu(inc). Statistical 

parameters are: aafe = arithmetic average of fold errors; afe = average fold error, and 

RMSE = root mean squared error. Percent of predictions falling within 2-, 5-, and 10-

fold of the observed in vivo clearance values are also reported. fu(bl) = unbound fraction 

in blood; fu(inc) = unbound fraction in incubation.  

 Well stirred Parallel Tube 

No 

binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  No binding  

fu(bl) 

only  

fu(bl) 

and 

fu(inc)  

CAFFEINE  

aafe -7.17 -11.17 -10.68 -7.14 -11.14 -10.65 

afe 5.86 9.12 8.72 5.83 9.10 8.70 

RMSE 2.97 3.11 3.09 2.97 3.10 3.09 

% within 

2-fold 0% 0% 0% 0% 0% 0% 

% within 

5-fold 33% 33% 33% 33% 33% 33% 

% within 

10-fold 83% 50% 67% 83% 67% 67% 

DICLOFENAC  

aafe 1.64 -11.28 -4.61 1.96 -11.09 -4.47 

afe 3.43 4.63 3.60 10.36 3.18 2.42 

RMSE 16.18 11.99 11.10 20.63 11.92 10.96 

% within 

2-fold 25% 0% 33% 33% 0% 33% 

% within 

5-fold 100% 33% 67% 100% 33% 67% 

% within 

10-fold 100% 67% 67% 100% 100% 100% 

MIDAZOLAM   

aafe 1.58 -17.05 -7.11 2.07 -16.55 -6.66 

afe 1.42 7.69 4.69 1.65 7.02 4.22 

RMSE 12.34 14.17 13.37 14.84 14.05 13.40 

% within 

2-fold 63% 20% 42% 60% 22% 44% 

% within 

5-fold 93% 31% 59% 91% 34% 59% 

% within 

10-fold 98% 52% 72% 98% 53% 73% 

 

 

  



 

Appendix 4 continued.  

 Well stirred Parallel Tube 

No binding  fu(bl) only  
fu(bl) and 
fu(inc)  No binding  fu(bl) only  

fu(bl) and 
fu(inc)  

OMEPRAZOLE  

aafe -0.10 -17.37 -6.63 0.17 -17.22 -6.53 

afe 1.23 10.94 9.73 1.08 10.72 9.51 

RMSE 8.35 10.77 10.66 10.01 8.42 10.62 

% within 
2-fold 33% 17% 50% 33% 17% 50% 

% within 
5-fold 100% 50% 83% 100% 50% 83% 

% within 
10-fold 100% 67% 100% 100% 67% 100% 

PROPAFENONE   

aafe 0.29 -6.49 -2.66 0.49 -6.02 -2.32 

afe 1.26 6.28 4.09 1.01 5.80 3.60 

RMSE 6.16 24.31 21.54 1.43 23.91 20.50 

% within 
2-fold 100% 0% 25% 100% 0% 50% 

% within 
5-fold 100% 0% 100% 100% 25% 100% 

% within 
10-fold 100% 100% 100% 100% 100% 100% 

THEOPHYLLINE  

aafe -0.43 -1.89 -1.81 -0.40 -1.92 -1.83 

afe 1.19 1.61 1.54 1.17 1.59 1.52 

RMSE 0.83 0.80 0.79 0.86 0.80 0.80 

% within 
2-fold 67% 43% 50% 67% 43% 50% 

% within 
5-fold 100% 100% 100% 100% 100% 100% 

% within 
10-fold 100% 100% 100% 100% 100% 100% 

 

 

 

 


