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7.1 Exploring renal clearance in children

Differences in size and physiological development between adults and children are known to influence 
several aspects of drug disposition. This thesis focuses on the disposition of renally excreted drugs, 
which, among others, relates to changes in kidney size, number of glomeruli and of proximal tubule 
cells and transporter expression. As introduced in chapter 1, this thesis explores how the changes in size 
and physiology throughout the pediatric age-range influence the contribution of glomerular filtration 
(GF) and active tubular secretion (ATS) to renal clearance (CLR) using both population pharmacokinetic 
(popPK) and physiologically-based pharmacokinetic (PBPK) approaches. The extent to which these 
developmental changes impact CLR and, subsequently, drug dosing, was explored in pediatric populations 
either for existing drugs using clinical data or for hypothetical drugs with an array of different properties 
excreted by either GF or both GF and ATS to meet the following research objectives:

1. Further development of population pharmacokinetic models by characterizing the maturation in CLR 
for antibiotics (i.e. amikacin, vancomycin) mainly excreted by GF in (pre)term neonates and quantify 
the influence of disease and co-therapy on CLR. These models are subsequently used to propose 
dosing recommendations for the antibiotics administrated to these special populations (section II).

2. Establish a general scaling method for CLR from adults to children for drugs eliminated by GF and 
systematically investigate how maturation of plasma protein concentrations influence the unbound 
fraction of drugs, and subsequently, scaling of pediatric CLR and drug doses (section III).

3. Use a pediatric PBPK-based model for CLR to systematically investigate the influence of transporter 
ontogeny on the contribution of ATS to CLR and illustrate how a combined population PBPK approach 
could be used to derive in vivo ontogeny functions for renal transporters involved in ATS (section IV).

7.2 Population PK modelling to guide dosing of renally excreted drugs in preterm 
neonates

To meet our first objective, in section II (chapters 2 and 3) PK data were used to build covariate models 
that explain inter-individual variability and capture changes in PK parameters related to development, 
co-therapy, and disease status. 

In chapter 2, amikacin PK was studied in neonates with perinatal asphyxia treated with therapeutic 
hypothermia (TH). Perinatal asphyxia is expected to have an impact on amikacin PK. Therefore, we 
quantified the differences in amikacin PK between neonates with and without perinatal asphyxia using 
popPK modelling, to propose suitable dosing recommendations. To this end, PK data for amikacin 
collected retrospectively from routine therapeutic drug monitoring of neonates with perinatal asphyxia 
during TH was combined with a previously published amikacin PK dataset in (pre)term neonates without 
other co-therapy to assess the impact of perinatal asphyxia with TH on amikacin PK. Subsequently, model 
simulations were performed to establish amikacin exposures in neonates with perinatal asphyxia during 
TH after dosing according to the current guidelines and according to proposed model-derived dosing 
guidelines. Peak and trough plasma concentrations were used as a measure of efficacy and safety. Peak 
levels within 24-35 mg/L and trough levels strictly under 5 mg/L were aimed for to ensure a safe and 
effective treatment. Amikacin clearance was found to be decreased by 40% in neonates with perinatal 
asphyxia with TH, with no changes in volume of distribution. Simulations showed that, increasing the 
dosing interval with 12 hours results in a decrease in percentage of neonates reaching toxic trough 
levels (> 5 mg/L) from 40‒76% to 14–25%, while still reaching target peak concentrations, as compared 
to current dosing regimens. The range in percentage represents the maximum percentage of patients 
reaching toxic levels obtained with different dosing regimen and for different weight groups. 

In chapter 3 dose adjustments were proposed for vancomycin when administrated together with either 
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ibuprofen or indomethacin. Both are used to induce patent ductus arteriosus (PDA) closure in (pre)term 
neonates. Previously, a popPK model for vancomycin co-administrated with ibuprofen was developed 
for (pre)term neonates (suspected) of sepsis and PDA. In that analysis, co-administration of ibuprofen 
for PDA was found to reduce vancomycin clearance by 16%. PK data of vancomycin administered 
with indomethacin was collected and added to the existing modelling dataset. In the current analysis, 
co-administration of indomethacin was found to decrease vancomycin clearance by 55%. The updated 
vancomycin popPK model was used to revise and propose dose adjustments that yield effective 
vancomycin exposure (i.e. AUC0-24h between 300-550 mg·h/L) in preterm neonates with PDA treated 
with ibuprofen or indomethacin. Model simulations showed that, as compared to a dosing regimen 
for vancomycin in neonates without co-administration of ibuprofen or indomethacin, a 20% and 60% 
decrease of the loading and maintenance dose of vancomycin, respectively, is required when aiming for 
optimized exposure in the neonatal population with PDA treated with either ibuprofen or indomethacin, 
respectively.

Both amikacin and vancomycin are eliminated mainly by GF. Previously, a covariate model for amikacin 
has been used to describe the maturation of CLR in neonates for other antibiotics mainly cleared by GF 
(i.e. gentamycin, tobramycin) [1]. Therefore, it is likely that the CLR of other drugs cleared by GF could be 
impaired by perinatal asphyxia during TH or co-administration of NSAIDs.

7.2.1 Key messages
• Population PK models can be used to describe the maturation of CLR resulting from all changes in 

underlying physiological processes.

• Based on CLR and the combined effect of disease and/or co-therapy on CLR, dose adjustments were 
derived for (pre)term neonates with perinatal asphyxia during TH or PDA treated with NSAIDs either 
by extending the dosing interval or reducing the dose, respectively.

7.3 PBPK-based dosing of GFR cleared drugs in children

In literature, the maturation of GFR throughout the entire pediatric age-range has been characterized by 
different functions. However, it has not been established yet which GFR maturation function predicts CLR 
most accurately throughout the whole pediatric age-range. Therefore, in section III (chapter 4), different 
published GFR maturation functions were compared to measured levels of GFR markers (i.e. inulin and 
mannitol). For drugs eliminated by GF, CLR is not only determined by GFR but also by unbound fraction 
of the drug in plasma. Therefore, the accuracy of pediatric CLR scaling using the best GFR maturation 
function was assessed and compared to PBPK CLR predictions for hypothetical drugs binding to varying 
extends to serum albumin or α-acid glycoprotein. Additionally, the accuracy of empiric bodyweight-
based scaling methods was also assessed. 

The published GFR maturation functions yielded comparable maturation profiles, with the function of 
Salem et al. [2] leading to the most accurate predictions across all ages. This function was used for PBPK-
based predictions of pediatric PBPK CLR values and it was directly used for simplified GFR-based scaling. 
This GFR-based scaling was found to systematically yield reasonably accurate (percentage prediction 
error ≤ 50%) pediatric CLR values for all drugs cleared by this route, except in neonates for some drugs 
highly bound to AGP. Since the difference between pediatric PBPK CLR values and CLR obtained with GFR-
based scaling is directly related to the maturation of fu, these results also imply that after the neonatal 
period, the maturational changes in plasma protein concentrations have a minimal impact on CLR scaling 
of GF excreted drugs. This means that a reliable measure of unbound drug fraction obtained in adults is 
enough to perform GFR-based scaling from adults to children for CLR and dose. GFR-based scaling was 
overall more accurate than linear or 0.75 allometric bodyweight-based scaling.
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As proposed in chapter 3, Table 3.2, CLR predictions could be used to inform dosing for drugs eliminated 
by GF for typical pediatric patients of different ages as a percentage of the established adult dose. 
Nonetheless, these pediatric dose approximations should be carefully validated. Moreover, the 
limitations of the scaling method used to derive pediatric CLR and the afferent dose should be well 
understood and clearly stated.

7.3.1 Key messages
• The most accurate maturation function for GFR throughout the whole pediatric age-range is 

quantified by Salem et al.[2]. 

• Knowing unbound drug fractions in adults is sufficient to use the GFR maturation function to scale 
CLR and dose from adults to children for drugs that are mainly cleared through GF.

7.4 Ontogeny of renal transporters and its impact on renal clearance in children

In addition to GF, other processes such as ATS, renal metabolism, and reabsorption, may also contribute 
to CLR. In section IV (chapter 5) we focused on ATS, as this process remains understudied across the 
pediatric age-range. It has been reported before that the expression of renal transporters changes in 
children due to development [3]. Therefore, we systematically analyzed the influence of transporter 
ontogeny in children on the relative contribution of GF and ATS to CLR for drugs with different properties. 
To do so, a PBPK-based model developed to obtain adult CLR was extrapolated to the pediatric population 
by including maturation functions for the system-specific parameters. This model was used to predict 
GF and ATS for hypothetical drugs with a range of drug-specific properties, including transporter-
mediated intrinsic clearance (CLint,T) values, that are substrates for renal secretion transporters with 
different ontogeny patterns. The impact of transporter ontogeny on ATS and total CLR was assessed 
using a % prediction difference calculated between the predicted CLR in the presence and absence of 
transporter ontogeny. Transporter ontogeny was included as either a hypothetical fraction of adult 
activity or as a fraction of adult activity derived from reported pediatric expression profiles as measured 
for a few transporters (i.e. OAT1, OAT3, OCT2, Pgp) in pediatric kidney samples. Our analysis showed 
that the contribution of ATS to CLR ranges between 41% and 90% in children, depending on fu and CLint,T 
values. Predictions of CLR are inaccurate for the majority of drugs that undergo ATS in the absence of 
transporter ontogeny, regardless of the pediatric age, if the real ontogeny of renal transporters is <0.2 
of adult values. Ignoring ontogeny patterns for secretion transporters results in CLR predictions that are 
not systematically accurate for all hypothetical drugs (% prediction discrepancy > 50% for some drugs) 
in children younger than 2 years.

Recently, Cheung et al. [3] published ontogeny functions for 8 renal transporters following direct 
measurements of protein expression specific for each transporter. According to this report, BCRP, 
MATE1, MATE2-K, and GLUT2 have expression levels similar to the adult throughout the studied pediatric 
age-range, whereas, the ontogeny of OAT1, OAT3, OCT2 and Pgp increases with increasing age [3]. As 
the ontogeny profiles of individual transporters are different, the contribution of these transporters to 
the ATS of a drug changes differently with age as well. OAT1 and OAT3 have a slow rate of ontogeny, 
reaching adult levels around 2 years of age, whereas expression of OCT2 and Pgp is fully developed after 
3 and 6 months, respectively [3]. Disregarding ontogeny of transporters leads to over-predictions of CLR 
in young patients. If these predictions were used as the basis for pediatric dose adjustments, they could 
lead to over exposure to drugs and to an increase in risk of toxic events.

Drugs that lead to high % prediction discrepancy could potentially be used as sensitive in vivo probes 
to derive transporter ontogeny and complement research similar to what has been performed by 
Cheung et al.. Following the proposed framework in chapter 5, the best probe drugs should have a CLint,T 
of 5-50 μL/min/mg protein and medium to high fraction unbound in adults (fu = 0.55 – 0.95). Drugs for 
which GF is the main elimination pathway or drugs with a high enough CLint,T to have their elimination 
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limited by renal blood flow, will have a limited use in characterizing ontogeny profiles.

The ontogeny of different renal transporters has been quantified based on specific protein expression 
levels measured in a limited number of kidney samples. However, it remains unknown whether the 
ontogeny of protein levels reflects the ontogeny of in vivo transporter activity. Hence, in section IV, 
chapter 6, a combined population and physiologically-based PK modelling approach (popPBPK) was 
proposed to derive the transporters ontogeny in vivo. To obtain the ontogeny function for OAT3, PK data 
on two probe drugs administrated simultaneously - clavulanic acid, which is mainly cleared by GF, and 
amoxicillin, which is mainly cleared by a combination of GF and ATS by OAT3 - were used to differentiate 
between clearance through GF and OAT3-mediated ATS. First, individual post-hoc values for pediatric 
CLR values for clavulanic acid and amoxicillin were obtained with a previously published popPK model 
developed for those data and these were used as dependent variables for the popPBPK approach. Then, 
CLR was re-parameterized according to PBPK principles, using known maturation profiles for all system-
specific parameters, while only leaving the OAT3-mediated intrinsic clearance (CLint,OAT3,in vivo) and its 
ontogeny profile to be estimated. The estimated ontogeny function for OAT3 was included in a pediatric 
PBPK-based model for CLR and used to scale CLR of other OAT3 substrates (i.e. cefazolin, piperacillin). 
In vivo CLint,OAT3 for these drugs in adults, was obtained following in vitro–in vivo extrapolation and 
adjusted by comparing adult PBPK CLR predictions to literature values. Subsequently, pediatric PBPK CLR 
values were compared to typical CLR estimates, as obtained with published popPK models for each drug. 
As described by a sigmoidal Emax function based on PNA in weeks, CLint,OAT3,in vivo reached half of adult 
levels around 7 months of age. Estimating the in vivo ontogeny of OAT3 lead to similar results to those 
measured by Cheung et al. [3] as protein expression levels. The ontogeny of OAT3 between 1 month and 
15 years was characterized, with a minimal quantified ontogeny of 0.1 of the adult value at 1 month and 
reaching adult values at 15 years. Adding the OAT3 ontogeny to the PBPK-based model yielded accurate 
CLR predictions for cefazolin and piperacillin (%RMSPE of 21% and 12%). 

With this popPBPK approach, CLint,OAT3,in vivo for amoxicillin in adults was estimated at 4.4 µl/min/mg protein 
which is in line with the published value of 4.3 µl/min/mg protein [5]. Judging by the CLint,OAT3 value and 
fu of 0.826, amoxicillin has the potential of quantifying OAT3 ontogeny in a popPBPK approach because 
according to chapter 5 the best probe drugs should have a CLint,T of 5-50 μL/min/mg protein and medium 
to high fraction unbound in adults (fu = 0.55 – 0.95). Here, since amoxicillin was given together with 
clavulanic acid, we were able to disentangle the two routes that contribute to CLR (i.e. GF and ATS) 
and quantify the ontogeny of OAT3 activity for a broad pediatric age-range between 1 month and 15 
years. With this methodology the ontogeny of renal transporters can be derived in vivo, also for other 
transporter substrates for which data that allows the differentiation between GF and ATS is available. In 
addition, this methodology does not require direct kidney samples to quantify transporter ontogeny of 
remaining transporters.

7.4.1 Key messages
• Realistic combinations of fu and CLint,T values lead to contributions of ATS to CLR between 41% and 

90% in children.

• If ontogeny of renal transporters is <0.2 of adult values, predictions of CLR in the absence of 
transporter ontogeny are inaccurate for the majority of drugs, regardless of the pediatric age.

• The in vivo ontogeny of OAT3, estimated using population PBPK modelling on amoxicillin data in 
children, reaches half of adult levels of activity around 7 months of age.

• PBPK-based predictions based on this in vivo OAT3 ontogeny function were accurate for other OAT3 
substrates such as cefazolin and piperacillin throughout the pediatric age-range. 

• The proposed popPBPK approach could be used to derive in vivo transporter ontogeny of other 
renal transporters. 
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7.5 Perspectives

Based on the models and approaches developed in this thesis we have explored how these could be 
used to answer additional clinically relevant research questions. We focus on three specific topics in this 
perspectives section:
 
1. How predictive are trough concentrations as surrogates for vancomycin exposure, considering the 

correlation between vancomycin trough concentrations and exposure (i.e. AUC24h) for different 
pediatric age groups and dosing regimens.

2. How well do empirical scaling methods based on bodyweight and GFR-based function perform for 
scaling CLR of drugs that are not only cleared through GF (as described in chapter 5), but are also 
actively secreted by renal transporters. 

3. How to estimate with the use of a combined population PK and PBPK approach parameters with 
high impact that are difficult to measure in children.

7.5.1 How predictive are vancomycin trough samples as a surrogate for exposure across age?

In chapters 2 and 3, we show how peak and trough levels (amikacin) or only trough levels (vancomycin) 
collected in clinical practice for therapeutic drug monitoring (TDM) are used as to ensure a safe and 
effective exposure to these antibiotics during treatment for (suspected) septicemia. In the case of 
vancomycin, trough levels are surrogates for AUC24h which is the most predictive index for safe and/or 
effective exposures. However, the correlation between vancomycin trough levels and AUC24h is assumed 
to remain constant across dosing regimens and all ages. In this analysis, this assumption is challenged 
by assessing how the correlation between trough levels and vancomycin exposure at 24 h (i.e. AUC24h) 
changes for different pediatric patients treated with vancomycin following dosing guidelines that include 
different dosing frequencies and/or a loading dose. 

The model presented in chapter 3 is suitable for such an analysis and was used to simulate typical 
vancomycin PK profiles for 6 representative pediatric individuals: neonates of 14 days and gestational 
ages of 24, 34 and 40 weeks, and children of 6 months, 4 and 12 years of age following treatment with a 
recently validated dosing regimen [7] (Table 7.1). The relationships between the simulated vancomycin 
trough concentrations and corresponding AUC24h were compared between dosing  regimens with and 
without a loading dose (see Table 7.1) and for regimens with different dosing frequencies (i.e. for the 
dosing regimen in Table 7.1 the number of doses per day of the maintenance dose was changed to 4, 
3 and 2, corresponding to dosing intervals of 6h, 8h and 12h, respectively). These relationships were 
compared at the end of the first day of treatment and at steady-state (after 7 days of treatment). 
Table 7.1 Vancomycin dosing regimen for neonates and children aiming for a target AUC24h of 300 - 500 mg·h/liter

Clinical characteristics Vancomycin Dosing [7]

PNA (days) BW (g) CW (kg) Loading Dose Maintenance Dose*

0-7

≤700

16 mg/kg

15 mg/kg/day in 3 doses

700-1000 21 mg/kg/day in 3 doses

1000-1500 27 mg/kg/day in 3 doses

1500-2500 30 mg/kg/day in 4 doses

8-14

≤700

20 mg/kg

21 mg/kg/day in 3 doses

700-1000 27 mg/kg/day in 3 doses

1000-1500 36 mg/kg/day in 3 doses

1500-2500 40 mg/kg/day in 4 doses
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Clinical characteristics Vancomycin Dosing [7]

PNA (days) BW (g) CW (kg) Loading Dose Maintenance Dose*

14-28

≤700

23 mg/kg

24 mg/kg/day in 3 doses

700-1000 42 mg/kg/day in 3 doses

1000-1500 45 mg/kg/day in 3 doses

1500-2500 52 mg/kg/day in 4 doses

21-28

≤700

26 mg/kg

24 mg/kg/day in 3 doses

700-1000 42 mg/kg/day in 3 doses

1000-1500 45 mg/kg/day in 3 doses

1500-2500 52 mg/kg/day in 4 doses

>28

< 2.5 18 mg/kg 32 mg/kg/day in 4 doses

2.5-5 24 mg/kg 40 mg/kg/day in 4 doses

5-10 27 mg/kg 52 mg/kg/day in 4 doses

> 10 30 mg/kg 60 mg/kg/day in 4 doses
*the maintenance dose was adapted for dosing frequencies in 2, 3, 4 doses in a day for frequencies of 12h, 8h, 6h, respectively

In addition, to assess the influence of inter-individual variability (IIV) in CLR on the trough concentrations 
and corresponding AUC24h, we performed stochastic simulations for the representative individuals 
treated with the vancomycin dosing regimen of Table 7.1 (more details on stochastic simulations see 
chapter 3) [7]. Briefly, for each representative individual we performed 1000 stochastic simulations with 
the model taking into account the IIV in CLR. The simulated vancomycin concentration-time profiles were 
used to calculate the AUC24h. The results are summarized for each representative individual for AUC24h 
target intervals between 350-550 mg·h/L as well as for the commonly used > 400 mg·h/L (with a toxic 
level of 700 mg·h/L) [8] in Table 7.2.
 
Finally, to assess the influence of variability in demographic characteristics within the pediatric population 
on CLR, Monte Carlo simulations were performed for the entire pediatric age-range using demographic 
characteristics from patients included in a previous study [9]. The probability of target attainment between 
350-550 mg·h/L was calculated for each age-group (i.e. neonates, infants, children, adolescents). Briefly, 
a virtual pediatric population was created by resampling with replacement 1000 patients demographics 
from a previous study [9]. The model with IIV on CLR was used to simulate vancomycin concentration-
time profiles which served as basis to calculate the 24 h exposure (i.e. AUC0-24h).

Representative 
individuals

Vancomycin 
AUC0-24h % within 
300 – 550 mg·h/L

Vancomycin trough 
(mg/L) corresponding 
to AUC0-24h within 
300 – 550 mg·h/L
(median [min-max])

Vancomycin AUC0-24h
% within 
400 – 700 mg·h/L

Vancomycin trough 
(mg/L) correspond-
ing to AUC0-24h within 
400 – 700 mg·h/L
(median [min-max])

1 GA=24 weeks
PNA=14 days

87% 11.2 [6.9 – 17.2] 55% 13.2 [10.7 - 23.3]

2 GA=34 weeks
PNA=14 days

84% 12.4 [7.3 – 18.1] 68% 14.2 [11.0 - 25.9]

3 GA=40 weeks
PNA=14 days

78% 12.1 [6.6 – 17.7] 60% 14.4 [10.8 - 23.9]

4 PNA=6 months 70% 11.2 [6.1 – 16.5] 67% 14.3 [10.0 - 23.7]

5 PNA=4 years 62.5% 10.3 [5.6 – 15.5] 66% 13.8 [9.31 - 22.5]

6 PNA=12 years 65% 10.8 [5.6 – 15.6] 65% 13.2 [9.19 - 21.2]

Table 7.2 - Results of stochastic simulations upon dosing according to table 1 (with loading dose) to understand the impact of inter-individual 
variability in CL on the 24h exposure and corresponding trough concentration at the end of day 1.
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Figure 7.1 shows the relationship between vancomycin trough and corresponding AUC24h at the end of 
the first day of treatment  following the dosing regimen in (Table 7.1) with or without administrating 
a loading dose. Trough levels are comparable between regimens with and without a loading dose, i.e. 
they vary between 11 – 12.5 mg/L and 8 – 11.3, respectively, with the lowest level attributed to the 
smallest preterm individual. Nonetheless, the corresponding AUC24h is systematically higher for the 
regimen with a loading dose (AUC24h > 400 mg·h/L for all representative individuals). Once steady-state 
is reached, there is no difference in the two exposure measures between the regimens with and without 
a loading dose. Regarding safety and efficacy, Figure 7.1 shows that all patients reach AUC24h within the 
300 – 550 mg·h/L in the first 24 h of vancomycin treatment except for the smallest preterm neonate (i.e. 
GA of 24 weeks) that did not receive a loading dose. Therefore, the efficacy of vancomycin treatment in 
preterm neonates could be improved by using the dosing regimen with a loading dose, particularly for 
small preterm neonates.
 
Figure 7.1 shows that following the vancomycin dosing in Table 7.1, trough levels between 8 and 13 mg/L 
correspond to effective AUC24h levels in the representative individuals. By decreasing dosing frequency 
of the regimen without a loading dose, in Figure 7.2 we show that trough levels also decrease, while 
yielding similar AUC24h for all typical pediatric individuals after the first day of vancomycin treatment. 
In this example the daily dose remains unchanged while dosing frequencies change to every 6h, 8h 
and 12h. At the end of the first day of treatment, while corresponding to similar AUC24h, trough levels 
decrease from 9-11.3 mg/L to 7.5-8 mg/L by decreasing the dosing frequency from every 6 h (4 times 

Figure 7.1 - AUC24h vs. trough concentrations of vancomycin in the first day of dosing (left panel) and at steady-state (right panel) upon 
dosages according to Table 7.1. Different colors correspond to different ages. Symbols distinguish between the dosing regimen with (circles) 
and without (triangles) a loading dose (Table 7.1). Horizontal interrupted lines show the desired exposure thresholds, i.e. between 300 – 
550 mg·h/L with black dashed lines, and 400 mg·h/L with a red dotted line. The vertical red dotted line marks the 15 mg/L trough concentration 
as previously suggested to correlate with an AUC24hof >400 mg·h/L in adults.

Figure 7.2 - AUC24h vs. trough concentrations of 
vancomycin on the first day of dosing upon dosages 
according to Table 7.1 (without a loading dose) for 
different dosing frequencies represented by different 
symbols: squares for every 12 h, circles for every 8 h and 
triangles for every 6 hours. Different colors correspond 
to different ages. Horizontal interrupted lines show the 
desired exposure thresholds. i.e. between 300 – 550 
mg·h/L with black dashed lines, and 400 mg·h/L with a 
red dotted line. The vertical red dotted line marks the 
15 mg/L trough concentration as previously suggested to 
correlate with an AUC24h of >400 mg·h/L in adults. 
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daily) to every 12 h (2 times daily). Regarding safety and efficacy of treatment, all patients achieve AUC24h 
within 300 – 550 mg·h/L in the first 24 h except the smallest preterm neonate that does not reach 
effective AUC24h levels (Figure 7.2, results given for dosing regimen without a loading dose). 

After including IIV on CLR for the same representative individuals, the trough concentrations and 
corresponding AUC24h resulting after treatment with the dosing regimen with loading dose (Table 7.5.1.1) 
were explored and compared to literature values. In literature, vancomycin trough levels of at least 
15 mg/L [8] for adults and between 7-11 mg/L [10] for neonates were reported to be associated with 
an exposure above 400 mg·h/L. The results in Table 7.5.1.2 following stochastic simulations with the 
model developed in chapter 3 show that, when aiming for an exposure between 400 and 700 mg·h/L, 
the median trough concentrations for both neonates and children is between 13.2 and 14.4 mg/L, which 
is higher than the interval recommended for neonates and closer to the recommended trough value 
for adults. Even when aiming for a lower AUC24h (i.e. 300 - 550 mg·h/L), representative neonates have a 
median trough concentration above 11 mg/L (between 11.2 – 12.1 mg/L). Moreover, the unexplained 
IIV on CLR alone leads to very broad intervals for trough levels that correspond to an effective AUC24h for 
each representative individual.

In addition to the IIV in CLR, Monte Carlo simulations include also the variability coming from the 
distribution of patient demographics for different age groups. Figure 7.3 illustrates the probability of 
attaining an AUC24h within 300 – 550 mg·h/L based on the trough levels in the end of day 1 of vancomycin 
treatment following the dosing regimen in Table 7.1 with a loading dose for 4 different age groups. In 
clinical practice, the trough concentration guides dose adjustments while aiming for a certain target 
AUC24h. The figure shows that for all age groups, when trough levels are between 7.5 and 12.5 mg/L, 
the probability of reaching the target exposure is above 0.8. For all age groups, the probability of 
target attainment decreases when trough levels are above 15 mg/L (< 0.75 for all age-groups except 
neonates) because the probability of reaching AUC24h values above 550 mg·h/L increases. This indicates 
an increased risk of adverse events. On a population level, neonates appear to have a high chance of 
reaching the target exposure for a broader range of trough levels (5 – 15 mg/L), as compared to the 
other age groups. Even though the range of possible trough levels that would results in an effective 
AUC24h is broader, this does not imply that effective levels will always be achieved at the individual level. 
With increasing age, the trough levels indicating an effective exposure become narrower (7.5 - 12.5 mg/L 
for adolescents). This could be explained by the decrease in IIV for CLR in older children as compared to 
neonates. As compared to literature values, the trough levels obtained for neonates are similar to the 
published 7-11 mg/L, however, levels obtained for adolescents are below the reported value in adults 
of 15 mg/L.

As shown by the results of the stochastic and Monte Carlo simulations, a large range of trough 
concentrations corresponds to an effective AUC24h. Therefore, in order to know whether a measured 
trough concentration indeed corresponds to the target AUC24h, TDM samples should be obtained and 
analyzed with Bayesian software in order to obtain individual PK parameters and AUC24h. To ensure safe 
and effective treatment despite the high inter-individual variability, TDM samples could be taken earlier 
(e.g. samples after the first dose) instead of the last trough of the first day of treatment. Furthermore, 
with the new data the Bayesian model can be refined over time. By individualizing therapy both bacterial 
resistance and risk for adverse events could potentially be reduced.

To summarize, vancomycin trough concentrations corresponding to effective exposure change with age 
and with dosing regimens (i.e. with and without loading dose or with different dosing frequencies). This 
aspect should be taken into account when performing TDM on trough levels to guide dosing. Correlating 
a trough level with an effective AUC24h is challenging as it is difficult to establish cut-off values that would 
always correlate with a successful outcome. However, when dosing using the guidelines in Table 7.1 
with loading dose a probability above 0.8 of reaching an effective AUC24h between 300 – 550 mg·h/L 
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corresponds to a trough range between 7.5 and 12.5 mg/L. 

7.5.2 How can we scale CLR of drugs eliminated by GF and ATS?

In section III, chapter 4, we showed that CLR of drugs exclusively eliminated by GF can be scaled 
accurately by using a GFR based function throughout the whole pediatric age range, except in neonates 
for drugs highly bound to AGP. Here, we use a similar pediatric PBPK framework as in chapter 4 to 
determine whether scaling based on a GFR maturation function can be used for drugs eliminated by GF 
and ATS. For comparative purposes, the accuracy of this GFR-based scaling was evaluated together with 
linear bodyweight-based scaling and bodyweight-based allometric scaling with a fixed exponent of 0.75, 
two commonly used empirical pediatric CLR scaling methods. Age-appropriate body surface area (BSA), 
height, and weight values were derived from the NHANES database [10] and used for pediatric PBPK CLR 
predictions with ages ranging from term newborn to 15 years.

Since information about the ontogeny profiles of transporters is scarce in literature, different hypothetical 
ontogeny fractions and hypothetical drugs with different properties were used here to obtain the 
PBPK-based CLR predictions, as described in detail in section IV, chapter 5. Briefly, pediatric PBPK CLR 
predictions for 3800 hypothetical drugs which differ in type of binding plasma protein, fraction unbound, 
blood to plasma ratio, and transporter-mediated intrinsic clearance. Ontogeny levels were explored as 
relative ontogeny fractions to adult levels that remained constant throughout the pediatric age with the 
following values: 0.05, 0.2, 0.5, 0.7 and 1. 

[1]
where CLGF and CLATS represent the clearance by GF and ATS, respectively and fu is the fraction unbound, 
GFR is the glomerular filtration rate, QR is renal blood flow, BP is the blood to plasma ratio of the drug, 
and CLint,sec is the intrinsic secretion clearance of the active transporters.

[2]
CLint,sec was obtained as the product of transporter-mediated intrinsic clearance (CLint,T), transporter 

Figure 7.3 - Results of a Monte Carlo simulation for which the vancomycin dosing with loading dose was administrated according to Table 7.1. 
The circles show the probability of AUC24h target attainment (between 300 – 550 mg·h/L) for each vancomycin trough concentration interval 
in different age groups on the first day of treatment. The 90% confidence interval of the probabilities is shown by the dotted line. The size of 
the circles is correlated to the number of individuals in each trough interval on the x-axis  for which the probability is calculated. 



Summary, conclusion, and perspectives  |  147

7

ontogeny levels (ontT), the number of proximal tubule cells per gram kidney (PTCPGK), and kidney weight 
(KW), as shown in equation [2].

The pediatric CLR obtained using equations 1-2 were compared to scaled CLR values by GFR function 
(equation [3]), and the two empirical bodyweight-based relations (i.e. linear and allometric equations 
[5][6]). The ‘true’ adult CLR predictions required for equations 3-5 were obtained with equations [1] and 
[2] by using the adult values for system-specific parameters as input.

[3]

[4]

[5]
The criteria for accurate scaling was consistent between the previous analysis (section II, chapter 4) and 
the current analysis. By calculating a percentage prediction error (%PE- equation [6]) relative to PBPK CLR 
predictions, the scaled CLR values were considered accurate when %PE was within the range of ±30%, 
inaccurate when %PE outside the range of ±50% and reasonably accurate in-between (i.e.-50% - -30% - 
30% - 50%).

[6]
Figure 7.4 summarizes the performance of GFR-based scaling for CLR as proposed in chapter 4 of section 
II of drugs eliminated by both GF and ATS and provides general guidance for applying GFR-based scaling 
throughout the pediatric age-range. GFR-based scaling leads to accurate CLR values down to 5 years of age 
and reasonably accurate CLR values down to 1 year of age when transporter ontogeny is mature (> 0.7 of 
the adult values) and for drugs with fu in adults higher than 0.15. Down to 1 year of age and at ontogeny 
levels of 0.7 GFR-based scaling performs similarly to linear scaling (Appendix, Figure S7.1). However, 
scaling by GFR maturation has a worse performance than linear and allometric scaling (Appendix, Figures 
S7.1. and S7.2) when ontogeny is as low as 0.5 of adult values, with no more than 20 - 48% of drugs 
leading to accurate CLR scaling down to 1 year of age. These drugs have in general low to medium CLint,T 
(8-100 µL/min/g kidney). For drugs with a lower fu in adults, the percent of inaccurately scaled drugs is 
higher. For children younger than 3 months and ontogeny of 0.5 of adult values, GFR-based scaling leads 
to accurate predictions in all typical individuals with the exception of newborns. In newborns GFR-based 
scaling led to inaccurate predictions for 13% and 17% of drugs bound to HSA and AGP, respectively. 
Similar results are obtained for linear scaling (Appendix, Figure S7.1). When transporter ontogeny is 
≤ 0.2, for newborns up to 1-month GFR-based scaling leads to accurate CLR values for 8-46% of drugs, 
which is more than either linear (2 – 28%) or allometric scaling (0%). However, these are drugs mainly 
eliminated by GF. For drugs for which ontogeny of transporters plays a major role, GFR-based scaling 
becomes highly inaccurate for all ages. This is the case for allometric and linear scaling as well.

In the appendix, Figures S7.1. and S7.2 summarize the performance of linear and allometric scaling for 
drugs cleared by GF and ATS in a similar manner as presented in Figure 7.1. This work was added to the 
results published by our group for scaling clearance of drugs undergoing hepatic elimination [11,12]. 
It has to be noted that these three scaling methods are mostly useful for scaling CLR when no PK data 
is available for the pediatric population for the drug of interest. As shown here and previously by our 
group [11,12], drug clearance through different routes has to be scaled differently, depending on the 
pathway(s) involved.

To summarize, CLR of drugs eliminated by GF and ATS can be reasonably accurately scaled using the GFR 
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maturation function of Salem et al. down to 1 year of age when transporter ontogeny is > 0.7 of the adult 
levels for drugs with a fu in adults > 0.15. For children younger than 1 year, GFR-based scaling can be 
applied if transporter ontogeny is > 0.5 and fu in adults > 0.15. By using the guidelines presented in Figure 
7.1 (reasonably) accurate initial estimates can be obtained for pediatric CLR. These guidelines could be 
extended further with renal metabolism and reabsorption.

7.5.3. How to use popPBPK to derive parameters with high impact but difficult to measure?

In section III, chapter 4 we proposed a general dosing table for drugs eliminated exclusively by GF 
(Table 7.2) in which the dose was expressed as a percentage of the adult dose and resulted from scaling 
by a GFR maturation function [2]. Developing this dosing guideline was possible because all the impactful 
parameters and their maturation profiles involved in predicting CLR of drugs eliminated by GF have been 
extensively researched throughout the pediatric age-range. Nonetheless, in addition to GF there could 
be other processes involved in CLR such as active renal tubular transport which remains understudied, 
especially in the pediatric population. To be able to predict this component of CLR more information on 
the ontogeny of renal transporters throughout the pediatric age range is needed. This kind of information 
is based on protein expression levels measured in renal tissue from children.

Table 7.2 - Pediatric doses presented as % of adult dose for drugs eliminated through GFR with varying fu values. The ‘true’ doses predicted 
based on ‘true’ pediatric CL values are dependent on fu whereas the scaled doses derived from CL values scaled with the three different 
scaling methods (i.e. GFR scaling, linear scaling and allometric scaling) are not.

Demographic Characteristics of 
Typical Individuals

'True' dose (% of adult dose) obtained based 
on 'true' CL

Scaled dose (% of adult dose) 
obtained using three CL scaling 

methods

Age Weight 
(kg)

GFR 
(ml/min)

Drugs binding to HSA Drugs binding to AGP GFR 
scaling

Linear 
scaling 

Allo-
metric 
scalingfu=0.1 fu=0.9 fu=0.1 fu=0.9

1 Day 3.4 4.3 5% 4.1 % 10.1 % 4.2 % 4 % 5.2% 11 %

1 Month 4.3 6.2 6.6 % 5.8 % 8.3 % 5.9 % 5.7 % 6.5 % 13 %

3 Months 5.8 10.7 11.1 % 10 % 12.7 % 10.1 % 9.9 % 8.6 % 16 %

6 Months 7.5 17.6 17.9 % 16.4 % 19.6 % 16.5 % 16.2 % 11.4 % 20 %

9 Months 8.9 23.2 23.5 % 21.6 % 25.1 % 21.8 % 21.4 % 13.4 % 22 %

1 Year 9.9 27.4 27.5 % 25.5 % 29.1 % 25.6 % 25.3 % 14.9 % 24 %

2 Years 12.3 35.9 35.4 % 33.3 % 36.5 % 33.4 % 33.1 % 18.6 % 28 %

5 Years 18.2 47.7 46 % 44.2 % 46.6 % 44.3 % 44 % 27.4 % 38 %

10 Years 32.5 68.9 65.4 % 63.8 % 65.6 % 63.8 % 63.6 % 48.9 % 58 %

15 Years 54.2 95.3 89.7 % 88.1 % 89.7 % 88.1 % 87.9 % 81.6 % 86 %

Adult 66.5 108.4 100 % 100 % 100 % 100 % 100 % 100 % 100 %

In section IV, chapter 6 we show that a combined population PK and PBPK approach can be used to derive 
values for parameters that cannot be measured in vivo by leveraging the knowledge included in PBPK 
models on underlying physiological processes and information that can be derived from concentration-
time profiles in patients with a population approach. By applying this methodology on informative 
clinical data, we were able to derive the renal OAT3 transporter ontogeny in vivo. The clinical data used 
for this case-study included both a descriptor of GF - clavulanic acid – and a descriptor of GF and ATS 
through OAT3- amoxicillin – obtained after the administration of both drugs simultaneously, in the same 
formulation, to each patient. Having PK data of both drugs administrated to the same patient facilitated 
the separation between GF and ATS for each individual and allowed the estimation of ontogeny for the 
OAT3. The resulting ontogeny function for OAT3 was included in the pediatric PBPK-based model for CLR 
(equations [1] and [2]) for two new OAT3 substrates that lead to accurate predictions of CLR throughout 
the entire pediatric age-range (% root mean square prediction error of 21% and 12% for cefazoline and 
piperacillin).
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Even though having clinical data that includes probe drugs for both GF and ATS in the same individual 
is desirable, the combined population PK and PBPK approach can also be applied for only one probe 
drug for a specific renal transporter. In section IV, chapter 5 we propose basic selection guidelines for 
drugs with relevant properties to serve as in vivo probes for quantifying the ontogeny of transporters 
underlying ATS. From the results in chapter 5 we concluded that the best probe drugs should have a 
CLint,T of 5-50 µL/min/mg protein and medium to high fraction unbound in adults (fu,adults = 0.55 – 0.95). 
Drugs for which GF is the main elimination pathway or drugs with extremely high CLint,T that cause renal 
blood flow to be limiting for elimination, will have a limited use in characterizing ontogeny profiles of 
renal transporters. 

Quantifying the individual transporters would be of great value, as it would improve the PBPK predictions 
of drugs for which ATS plays an important role, especially when ontogeny is immature (<0.2 of the adult 
value) or for children younger than 2 years. The combined population PK and PBPK approach could 
be used with existing clinical data on other substrates of renal transporters to characterize the in vivo 
ontogeny of the remaining renal transporters. In addition, more studies as the one presented in chapter 6, 
including specific drug probes for more than one underlying transporters would provide information 
about the IIV of CLR through ATS. These results would complement and confirm existing findings, such 
as the in vitro results of Cheung et al. [3]. Once ontogeny of individual transporters becomes available, 
generalized dosing tables such as the one presented in chapter 3 could be developed not only for drugs 
substrates specific for one transporter pathway but also for combinations of transporters working in 
tandem.

This type of research should not be limited to active transport only. In addition, renal reabsorption 
and metabolism together with their dependencies on physiological properties like pH at the tubule 
side, ionization, enzyme abundance, affinity, and maturation, could be explored in a similar manner in 
subsequent analyses.

7.6 Conclusions

Predicting PK in children, especially in children under the age of 5 years who are still developing, remains 
challenging. Throughout this thesis we used different modeling and simulation techniques to guide 
pediatric dosing when clinical data is available (population PK models) or in the absence of such data 
(PBPK methods). Population PK methods (i.e. covariate analyses) were used to characterize the changes 
in CLR as a function of developmental changes. Obtained population PK models could be used to guide 
dose adjustments in vulnerable pediatric sub-populations to ensure a safe and effective treatment from 
the start of therapy. When PK data is scarce or unavailable, pediatric CLR can be obtained using the 
information already included in PBPK models and used to derive pediatric doses. Furthermore, performing 
sensitivity analyses on established PBPK models for CLR allowed the study of active tubular secretion and 
how this process is influenced by underlying physiological development (e.g. ontogeny of renal secretion 
transporters) for a broad array of drugs with different properties. Finally, the information included in the 
PBPK model for CLR was further extended by integration with relevant clinical data (popPBPK). With this 
approach poorly characterized parameters and/or ontogeny/maturation functions were derived from 
data collected in vivo. The results presented in this thesis can serve as a basis for similar explorations to 
disentangle the remaining relevant processes involved in CLR and translate relevant findings into guides 
for safe and effective pediatric dosing.
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