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Abstract

Introduction Modeling and simulation approaches are

increasingly being utilized in pediatric drug development.

Physiologically based pharmacokinetic (PBPK) modeling

offers an enhanced ability to predict age-related changes in

pharmacokinetics in the pediatric population.

Methods In the current study, adult PBPK models were

developed for the renally excreted drugs linezolid and

emtricitabine. PBPK models were then utilized to predict

pharmacokinetics in pediatric patients for various age

groups from the oldest to the youngest patients in a step-

wise approach.

Results Pharmacokinetic predictions for these two drugs in

the pediatric population, including infants and neonates,

were within a twofold range of clinical observations. Based

on this study, linezolid and emtricitabine pediatric PBPK

models incorporating the ontogeny in renal maturation

describe the pharmacokinetic differences between adult

and pediatric populations, even though the contribution of

renal clearance to the total clearance of two drugs was very

different (30 % for linezolid vs. 86 % for emtricitabine).

Conclusion These results suggest that PBPK modeling

may provide one option to help predict the pharmacoki-

netics of renally excreted drugs in neonates and infants.

Key Points

Physiologically based pharmacokinetic (PBPK)

models were developed for linezolid and

emtricitabine to predict the pharmacokinetics of

these drugs in adult and pediatric populations,

including infants and neonates, and the predictions

were within a twofold range of clinical observations.

Linezolid and emtricitabine pediatric PBPK models

incorporating the ontogeny of renal maturation

reasonably describe the pharmacokinetic differences

between adult and pediatric populations, which

suggests that PBPK modeling may provide one

option for predicting the pharmacokinetics of renally

excreted drugs in neonates and infants.

1 Introduction

The Food and Drug Administration Safety and Innovation

Act (FDASIA) specifically mandates and provides incen-

tives to conduct appropriate studies in neonates [1].

As clinical pharmacology studies are pivotal for dose

selection in pediatric drug development, neonatal phar-

macokinetics and dose-ranging studies are very
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challenging [2]. Considerable inter- and intra-patient vari-

ability in pharmacokinetics occurs in this age group

because of the rapid growth and maturation in neonates.

Within the neonatal population there is a 1 log size dif-

ference in weight (0.5–5 kg), which is analogous to the 1

log size spectrum (5–50 kg) in childhood. The first month

of human life is characterized by a dynamic biological

system where growth, maturation, and extensive variability

are key issues [3]. Other difficulties inherent in neonatal

trials include (a) ethical and practical constraints; (b) low

study consent rates from the parents of vulnerable infants;

(c) limited blood volume available to conduct pharma-

cokinetic studies; (d) lack of availability of sensitive drug

concentration assays from very-small-volume specimens

(e.g., dried blood spots); and (e) a lack of robust clinical

endpoints [4].

The prediction of pediatric drug dosing has tradition-

ally been scaled from adult doses using allometric scaling

related to body weight, height, or age. However, due to

rapid changes in the drug disposition processes, simple

allometric approaches to dosing in infants and neonates

are questionable and have poor prediction performance

[5].

One approach to the difficulties in developing medicinal

products for infants and neonates would be to use physi-

ologically based pharmacokinetic (PBPK) modeling to

develop effective dosing regimens [6]. In March 2012, the

U.S. Food and Drug Administration (FDA) held a Clinical

Pharmacology Advisory Committee meeting to discuss

how to improve pediatric drug development through the

use of modeling and simulation (M&S) [7]. The experts on

the advisory committee unanimously recommended that

M&S methods should be considered in all pediatric drug

development programs for optimizing pediatric trial

designs including dose selection. The traditional population

pharmacokinetic modeling approach has limitations in

extrapolating the prediction outside the age range studied

[8]. With consideration of the physiological differences

between adults and pediatric patients, several publications

have demonstrated the advantage of using PBPK models in

the prediction and simulation of drug exposure in different

age groups within the pediatric population [9–12].

The application of PBPK in predicting drug exposure for

the neonatal population has not been evaluated extensively.

Recently, there has been an expanded use of M&S in drug

development along with an increasing acceptance of M&S

in pediatric drug development. A body of physiological,

biological, and pharmacological data has subsequently

become available to inform neonatal modeling related to

the maturation of renal function [13, 14].

The goal of this study initially was to evaluate PBPK

modeling for predicting the pharmacokinetics of candi-

date drugs in neonates, with a focus on renal maturation.

After consideration, linezolid and emtricitabine were

selected for the following reasons: (1) renal elimination

is involved without significant hepatic metabolism,

allowing a focus on the ontogeny of renal function

uncomplicated by hepatic maturation; and (2) sufficient

pharmacokinetic data were publically available from

neonates, infants, children, and adults for the purpose of

model evaluation. PBPK modeling of the two drugs with

different extents of renal elimination could also be

helpful to evaluate the sensitivity of PBPKs for the

prediction of the effect of renal maturation in relation to

neonatal drug clearance.

After a prior survey of neonatal drug development

programs [2], linezolid was chosen as one of the drugs to

assess with PBPKs. Although non-renal clearance accounts

for approximately 65 % of the total clearance of linezolid,

30 % of the linezolid dose appears in the urine as parent

compound. Linezolid is therefore considered to be sub-

stantially renally eliminated [15]. Linezolid is not a rec-

ognized substrate for any renal transporters, although renal

reabsorption contributes overall to its renal clearance

(CLR). Linezolid is only minimally metabolized by cyto-

chrome P450 (CYP) 3A4 in vivo [16].

Emtricitabine was selected as an additional candidate.

Approximately 86 % of the emtricitabine dose is excreted

in urine. The CLR of emtricitabine involves active tubular

secretion, but the involvement of a specific renal trans-

porter has not been demonstrated [17, 18]. Therefore,

linezolid and emtricitabine have elimination pathways that

include renal elimination and alternate clearance pathways

that do not involve recognized drug transporters and CYP

enzymes.

However, both linezolid and emtricitabine have clear-

ance pathways that have not been fully elucidated.

Emtricitabine is minimally transformed (13 %), including

oxidation of the thiol moiety (9 %) and conjugation with

glucuronic acid (4 %) [19]. However, the specific enzymes

contributing to the biotransformation of emtricitabine have

not been reported. Sixty-five percent of linezolid is cleared

by a non-renal route through two pathways that form the

oxidative metabolites. An in vitro study demonstrated that

this is a non-enzymatic process but that the oxidants con-

tributing to this non-enzymatic process are still unknown

[20].

Since the metabolism of linezolid and emtricitabine are

not fully elucidated, the effect of the maturation process on

these pathways is unknown. This uncertainty can be

reduced through PBPK modeling if maturation of renal

elimination pathways alone can predict drug clearance in

neonates. Therefore, the objective of this study was to

determine whether a PBPK model could reasonably predict

neonatal and infant drug clearance and dosing for linezolid

and emtricitabine.
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2 Methods

2.1 Drug Selection

The candidate drugs were selected based on the following

criteria: abundant publically available pharmacokinetic

data from different age groups of pediatric patients

including infants and neonates; and primary renal elimi-

nation or a relatively simple mechanism of non-renal

elimination (e.g., no involvement of drug transporters or

CYPs).

2.2 Workflow

The strategy for the development of the linezolid and

emtricitabine pediatric PBPK model followed the workflow

described previously [21–23]. An adult model was initially

developed and optimized by using the concentration–time

profile after intravenous infusion administration (linezolid:

intravenous 250 mg, single oral 600 mg tablet; emtric-

itabine: intravenous 200 mg, single oral solution 200 mg)

in comparison with the observed data [24, 25]. The PBPK

models were then further calibrated and validated by sim-

ulating the concentration–time profiles after different doses

or formulations (linezolid: intravenous 500 mg; emtric-

itabine: single oral dose of 200 mg in capsule formulation)

and compared with the prior clinical observations [24, 25].

The final adult model was then extended to children by

switching to a pediatric population, which takes into con-

sideration age-dependent anatomical and physiological

parameters as well as the ontogeny of drug clearance

pathways. This model was used to predict the pediatric

linezolid and emtricitabine exposure across different age

groups, including infants and neonates, following intra-

venous administration [24, 25]. The observed area under

the plasma concentration–time curve (AUC) and maximum

concentration (Cmax) values for each subject were deter-

mined by non-compartmental analysis (NCA), with the

assumption that Cmax was the concentration at the end of

the infusion.

PBPK models were developed by using the population-

based PBPK software Simcyp� (Simcyp Ltd, a Certara

company, Sheffield, UK; version 14.1).

2.3 Development of the Adult Linezolid

Physiologically Based Pharmacokinetic (PBPK)

Model

Linezolid drug-dependent parameters are listed in Table 1.

Drug absorption was predicted by the advanced distribu-

tion, absorption, and metabolism (ADAM) model using

Peff.man (human jejunum permeability) estimated from the

Gastroplus� ADMET predictor (Simulation Plus., Inc.,

Lancaster, CA, USA) based on the structure of the drug and

parameters shown in Table 1. Drug distribution of linezolid

was described by a lumped minimal PBPK (mPBPK)

model in Simcyp� with a volume of distribution at steady

state (Vss) of 0.65 L/kg as reported previously [24, 26].

Since linezolid is extensively absorbed after oral dosing

and the absolute bioavailability is approximately 100 %,

the simulation of the linezolid 600 mg oral tablet was

chosen as a solution (full absorption) in the formulation

that was selected in the Simcyp� simulator. Sixty-five

percent of linezolid is eliminated through a non-renal

pathway, which was estimated with the whole-liver meta-

bolic clearance model in Simcyp� since a detailed mech-

anism for liver metabolism is not known [16]. The intrinsic

hepatic clearance was determined by the same retrograde

method in Simcyp� as described above. Based on the

linezolid drug label, the average total clearance after

intravenous administration is approximately 8.76 L/h. The

CLR after tubular reabsorption was reported to be in the

range of 1.8–3.0 L/h [24]. With a CLR of 1.8 L/h, the

predicted exposure change in AUC between renal impair-

ment in an adult population (creatinine clearance\30 mL/

min) and a healthy adult population was 1.3 L/h (95 %

confidence interval [CI] 1.2–1.5), which was close to the

clinical observation of 1.2 L/h (95 % CI 1.0–1.3) [24, 27]

(Electronic Supplementary Material Fig. 1). If a CLR of

3.0 L/h was used in our model, it would significantly

overpredict the ratio of the mean predicted AUC to the

mean observed AUC (AUCR) (1.5; 95 % CI 1.3–1.7).

Therefore, a CLR of 1.8 L/h was selected. The estimated

liver intrinsic clearance (Hep CLint) using the retrograde

method in Simcyp� was estimated to be 0.996 lL/min/mg

protein. A non-enzymatic pathway plays a major role in

non-renal clearance of linezolid, but the detailed mecha-

nism is not clear [16]. Factors such as tissue volume, organ

maturation, and blood flow have been considered in Sim-

cyp� to contribute to the pharmacokinetic difference

between pediatric and adult populations [14]. Since the

major metabolism of linezolid is contributed by a non-

enzymatic pathway, we assume there is no ontogeny

associated with this pathway during the pediatric PBPK

model development.

2.4 Development of the Adult Emtricitabine PBPK

Model

The drug-dependent parameters of the emtricitabine PBPK

model are listed in Table 1. The absorption of emtric-

itabine was predicted by the ADAM model using the

Peff.man value from Xia et al. [28]. For the simulation of the

emtricitabine 200 mg oral solution, ‘‘solution’’ was selec-

ted in the Formulation tab in the Simcyp� simulator. For

the simulation of the emtricitabine 200 mg oral capsule,
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‘‘immediate release’’ (IR) in solid formulation was selected

in the Simcyp� simulator, and the intrinsic aqueous solu-

bility was entered as 112 mg/mL [25]. The tissue distri-

bution of emtricitabine was best described by a multi-

compartmental full PBPK distribution model in Simcyp�

by optimizing Log Pvo:w (the logarithm of the olive oil:-

buffer distribution coefficient at pH 7.4) to 1.08 against the

observed Vss, with method 2 published by Rodgers et al.

[29–31] as the prediction model in Simcyp�. The majority

(*86 %) of emtricitabine is renally eliminated. The CLR

was assumed to be 14.9 L/h with a total clearance of

17.52 L/h [25]. With this CLR, the predicted exposure

change for the AUC between a renal impairment adult

population (creatine clearance \30 mL/min) and the

healthy adult population was 2.2 L/h (95 % CI 2.2–2.3),

which is close to the clinical observation of 2.8 L/h (95 %

CI 2.3–3.7) [25] (Electronic Supplementary Material

Fig. 1). Emtricitabine is minimally transformed (13 %)

[19], and therefore the whole-organ metabolic clearance

model was used to estimate the non-renal elimination of

emtricitabine since the detailed enzyme pathway involved

in liver metabolism is not clear. Using the retrograde tool

in Simcyp�, which scales intravenous clearance or oral

clearance values back to intrinsic clearance values corre-

sponding to the in vitro system (i.e., any enzyme involved)

[32], the estimated Hep CLint was determined to be

0.247 lL/min/mg protein. The biotransformation of

emtricitabine includes oxidation of the thiol moiety (9 %)

and conjugation with glucuronic acid (4 %) [19]. Since it is

not clear which enzyme contributes to the biotransforma-

tion of emtricitabine, we assumed that the hepatic clear-

ance pathway was associated with rapid maturational

changes during our PBPK model development.

2.5 Development of Pediatric PBPK Models

The pediatric PBPK models were developed using the

population-based PBPK software Simcyp�. Renal function

in pediatric patients was calculated as the glomerular fil-

tration rate (GFR) up to 20 years of age, which is in turn

based on body surface area (BSA) [14] as in Eq. (1):

GFR mL=minð Þ ¼ �6:61604� BSA2
� �

þ 99:054� BSAð Þ � 17:74 ð1Þ

Renal function in the pediatric populations was

expressed as the pediatric GFR relative to the standard

adult value of 120 mL/min. This relative value was then

subsequently used to calculate the CLR of each compound

from the average value in adults. The GFR in adults

([20 years) is estimated using the Cockcroft–Gault

equation [33].

In addition to the renal maturation [13, 34, 35] routine in

Simcyp�, physiologic parameters such as organ size and

cardiac output, liver blood flow, and age-related plasma

protein binding also accounted for the difference between

the pediatric and adult populations [14].

Real-time growth and maturation of individuals through

time courses of drug exposure may need to be considered

Table 1 Drug-dependent parameters for the physiologically based pharmacokinetic models

Parameters Linezolid Emtricitabine

Molecular weight (g/mol) 337.35a 247.24a

logP 0.232 [26] -0.43 [25]

pKa 1.7 [24, 25] 2.65 [24, 25]

B/P 0.603 [24, 25] 1 [24, 25]

fu 0.69 [24, 25] 0.94 [24, 25]

Absorption model

Peff.man (10
-4 cm/s)

ADAM

5.54b
ADAM

2.0 [28]

Distribution model Minimal PBPK model:

Vss: 0.65 L/kg [24, 26]

Full PBPK model:

Log Pvo:w: 1.08
c

Elimination model Whole-organ metabolic clearance:

Hep CLint: 0.9959 lL/min/mg proteind

CLR: 1.8 L/h [24, 25]

Whole-organ metabolic clearance:

Hep CLint: 0.247 lL/min/mg proteind

CLR: 14.9 L/h [24, 25]

ADAM advanced distribution, absorption, and metabolism, CLR renal clearance, fu fraction of unbound drug in plasma, Hep CLint estimated liver

intrinsic clearance, Log Pvo:w the logarithm of the olive oil:buffer distribution coefficient at pH 7.4, PBPK physiologically based pharma-

cokinetic, Peff.man human jejunum permeability, pKa acid dissociation constant, Vss volume of distribution at steady state, B/P blood to plasma

partition ratio
a Source: CheMBL database from European Molecular Biology Laboratory
b Estimated by Gastroplus�

c Optimized against observed Vss

d Retrograde method in Simcyp�
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during neonatal studies, especially if they are prolonged.

Time-varying physiology, which introduces age progres-

sion into a pediatric model, was considered during simu-

lation whenever applicable (e.g., simulation of

emtricitabine in a pediatric population 1–90 days old with

a 6-day trial period; Fig. 5) by redefining individual sub-

jects over the trial period in the Simcyp� simulator [36].

2.6 Simulation of Drug Pharmacokinetics

in Pediatric Patients

The performance of the PBPKmodel was determined by the

AUCR. A ratio within a twofold range (0.5–2.0 9 mean)

was considered to be a satisfactory prediction [37]. The CI of

the ratio of the two means was calculated based on an

equation developed by Fieller [38]. Virtual population sim-

ulations used ten trials with 50 subjects in each trial (500

subjects in total) for each age group by matching the

demographic data to the actual clinical study data (e.g., age,

female/male ratio, etc.). The cutoff for each age band, as

shown in the figure legends in ‘‘Results’’ section, was based

on the available observed data for each drug.

The previously described PBPK models based on adult

data were used to simulate pediatric concentration–time

profiles. The pediatric models of each drug were first ver-

ified by simulating pharmacokinetics in the older age

groups, which were then compared to the clinical obser-

vations before continuing to predict pharmacokinetics in

younger children or neonates. Briefly, we used a pediatric

linezolid model to predict pharmacokinetics in the pediatric

population aged 13–17 years old, and evaluated the per-

formance by visually checking and calculating the AUCR

and the ratio of Cmax. We only continued our simulation in

the younger age groups of 7–12 years old, 3–6 years old,

1–2 years old, 0.25–1 years old, and 1–28 days old if the

prediction performance met our criteria. As stated previ-

ously, the acceptance criteria were that the observed con-

centration–time profiles need to be within the 90 % CI of

the simulated concentration–time profiles, and the AUCR

must be within a twofold range. Similarly, the emtric-

itabine pediatric PBPK model was used to predict the

pharmacokinetics in the age group of 13–17 years old. If

the AUCR and ratio of Cmax were within twofold, we then

continued to predict the AUCR and the ratio of Cmax in the

younger age groups of 7–12 years old, 2–6 years old,

0.2–2 years old, 43–90 days old, 22–42 days old, and

1–21 days old. During this stepwise verification process

[21], the PBPK model was refined if the prediction in any

older age groups did not meet our performance criteria, and

then the whole stepwise verification process was repeated

again starting in adult groups followed by the pediatric age

groups. Both the emtricitabine and linezolid pediatric

PBPK models were able to be extended from the adult

model through the stepwise verification process without

any refinement.

2.7 Evaluation of the Impact of Different Ontogeny

Profiles of Whole-Liver Metabolic Clearance

Pathways in Linezolid and Emtricitabine

Pediatric PBPK Models

The detailed mechanism for the hepatic metabolism of

linezolid and emtricitabine is not clear, and therefore the

hepatic clearance of linezolid and emtricitabine were both

defined by whole-liver intrinsic clearance in the respective

PBPK model in Simcyp� as described earlier. Due to the

uncertainty in maturation of this hepatic clearance path-

way, the predicted impact of different ontogeny profiles on

the hepatic clearance pathway and pharmacokinetics in

neonates was evaluated by manually selecting ontogeny to

no ontogeny, slow ontogeny, medium ontogeny, and fast

ontogeny in the Simcyp� simulator. The default settings in

Simcyp� for each different ontogeny profile were used.

3 Results

3.1 Simulations from the Adult Linezolid

and Emtricitabine PBPK Models

The adult linezolid PBPK model could reasonably describe

the concentration–time profiles of linezolid after the

intravenous infusion of 250 or 500 mg, and a single oral

dose of 600 mg compared to the observed data (Fig. 1).

The mean ratio of observed versus predicted (95 % CI) for

the Cmax were 1.08 (0.80–1.40) for the 250 mg intravenous

dose, 1.00 (0.80–1.04) for the 500 mg intravenous dose,

and 1.61 (1.10–2.35) for the 600 mg oral administration.

These mean ratios were within the desired twofold range

except for the upper bound of the oral 600 mg dose.

Similarly, the mean ratio of observed versus predicted

AUC was also within a twofold range. The mean ratios of

observed versus predicted (95 % CI) for the AUC were

1.37 (1.11–1.55) for the 250 mg intravenous dose, 1.38

(1.15–1.62) for the 500 mg intravenous dose, and 1.61

(1.10–2.35) for the oral 600 mg dose. Furthermore, the

clinical observations were within the 5–95 % of the mean

simulated linezolid concentration–time profiles (Fig. 1).

As shown in Fig. 2, the clinically observed emtricitabine

AUC was within the 5–95 % of the mean simulated con-

centration–time profiles. The mean ratios of observed

versus predicted (95 % CI) for the Cmax were 1.07

(1.02–1.12) for the 200 mg intravenous dose, 0.86

(0.74–1.00) for the 200 mg oral solution dose, and 1.33

(1.17–1.53) for the 200 mg oral capsule dose. The mean

ratios of observed versus predicted (95 % CI) for the AUC

PBPKs for Linezolid and Emtricitabine in Neonates and Infants 387



were 1.01 (0.98–1.04) for the 200 mg intravenous dose,

0.78 (0.75–0.81) for the 200 mg oral solution dose, and

1.00 (0.97–1.03) for the 200 mg oral capsule dose.

3.2 Predicting Pediatric Pharmacokinetics by Age

Groups

The validated PBPK models were extended to corre-

sponding pediatric models by switching the adult popula-

tion to the built-in Simcyp� pediatric population, which

takes into consideration the difference in anatomical and

physiological processes and parameters, and the ontogeny

of the metabolizing enzymes or transporters between the

adult and pediatric populations. Since we already had

pharmacokinetic data for emtricitabine and linezolid in

various age groups of the pediatric population, we were

able to evaluate the pediatric PBPK models using the

stepwise approach as described in the Sect. 2. Both the

linezolid and emtricitabine models went through this

stepwise verification process without any model refine-

ment. The simulated concentration–time profiles for line-

zolid and emtricitabine in different age groups that are

shown in Figs. 3 and 5 were conducted by changing the age

range of the pediatric population in the simulator.

For linezolid, as shown in Fig. 3, the simulated phar-

macokinetic profiles in the pediatric age groups, including

Fig. 1 Simulated linezolid concentration–time profiles after intra-

venous administration of a 250 mg, b 500 mg, or c a single oral

administration of 600 mg. In a and b the solid squares denote mean

values from the clinical studies; the error bars represents inter-

individual difference (standard deviation) of the studied population in

the clinical trial if available; in c the solid squares denote mean

observed values from the clinical studies [24]. The thick line

represents the mean value of the simulated concentration, while the

upper and lower thin dashed lines represent 95 and 5 % of the mean

simulated plasma concentration. The y-axis represents the drug

concentration (lg/mL). i.v. intravenous

Fig. 2 Simulated versus observed plasma concentration–time profiles

of a emtricitabine after intravenous infusion of 200 mg (the solid

squares denote mean observed values from the clinical studies [25],

the thick line represents the mean value of the simulated concentra-

tion, while the upper and lower thin dashed lines represent 95 and

5 % of the simulated mean plasma concentration), b emtricitabine

after single oral administration of 200 mg oral solution (the solid

squares denote mean observed values from the clinical studies [25],

the thick line represents the mean values of the simulated

concentration, while the upper and lower thin dashed lines represent

95 and 5 % of the simulated mean plasma concentration, respectively)

and c emtricitabine after single oral administration of a 200 mg oral

capsule (the solid squares denote mean observed values from the

clinical studies [25], the thick line represents the mean values of the

simulated concentration, while the upper and lower thin dashed lines

represent 95 and 5 % of the simulated mean plasma concentration,

respectively). The y-axis represents the drug concentration (lg/mL)
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children 13–17, 7–12, 3–6, and 1–2 years old, were con-

sistent with the observed data [24] (Electronic Supple-

mentary Material Table 1). The mean ratio of the observed

to predicted value for AUC and Cmax was within the

twofold range (Fig. 4). When using this pediatric model to

predict the linezolid exposure in infants (0.25–1 years old),

the prediction slightly under-estimated the clearance, but

the observation was still within 5–95 % of the mean sim-

ulated concentration–time profiles. The mean ratio of the

AUC or Cmax observed versus predicted values was within

the twofold range. For the simulation of linezolid phar-

macokinetics in the neonatal population (age group

1–28 days in Fig. 3), most of the observed neonates were

within 5–95 % of the mean simulated plasma concentra-

tion. The mean ratios of Cmax and AUC with 95 % CIs

were within a twofold range (Fig. 4).

For the simulation of emtricitabine in the age groups of

22–42 and 43–90 days of age, the clinically observed indi-

vidual data were generally within 5–95 % of the mean

simulated plasma concentration. In the age group of

1–21 days of age, the simulated pharmacokinetic profiles

were consistent with the majority of the individual observed

data, with some outliers at earlier sampling points (Fig. 5)

[25] (Electronic Supplementary Material Table 2). The

mean ratios of the emtricitabine Cmax and AUC with 95 %

CIs were within the twofold range for all age groups (Fig. 6).

3.3 Evaluation of the Impact of Different Ontogeny

Profiles of Uncertain Metabolic Pathways

in Linezolid and Emtricitabine

Although linezolid and emtricitabine have relatively simple

metabolism and elimination pathways, both drugs have

unidentified metabolism or elimination mechanisms. Sixty-

five percent of linezolid is cleared via a non-renal route

through an unidentified non-enzymatic pathway. No onto-

geny was assumed with this non-enzymatic pathway in

whole-liver drug clearance. The predicted data using this

Fig. 3 Simulated concentration–time profiles after intravenous

administration of linezolid 10 mg/kg in different age groups of

pediatric patients. The validated linezolid physiologically based

pharmacokinetic model was applied to predict pediatric pharmacoki-

netics by switching to the built-in pediatric population in Simcyp�.

The simulated versus observed plasma concentration–time profiles of

an intravenous infusion of linezolid 10 mg/kg in different pediatric

age groups according to the age grouping in the actual clinical trials

[24] (Electronic Supplementary Material Table 1) (a 13–17 years old

[12 subjects], b 7–12 years old [15 subjects], c 3–6 years old [14

subjects], d 1–2 years old [12 subjects], e 3–12 months old [ten

subjects], and f 1–28 days old neonates [29 subjects]) were then

conducted by changing the respective age range in the pediatric

population. The solid squares denote mean observed values from the

clinical studies [24]; the error bars represent the inter-individual

difference of the studied population (standard deviation) in the

clinical trial if available. The thick lines represent the mean values of

the simulated concentration, while the upper and lower thin dashed

lines represent 95 and 5 % of the mean simulated plasma concen-

tration, respectively. The y-axis represents the drug concentration (lg/
mL). i.v. intravenous
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approach were consistent with clinical observations in the

various pediatric age groups. We also evaluated the impact

of different types of ontogeny profiles (fast and slow) on

predicted AUCR within neonates, which should be the

population mostly affected by the different ontogeny pro-

files. With any ontogeny, this pathway would under-esti-

mate the clearance and the predicted AUCR (Fig. 7a).

Another possibility is that the ontogeny associated with this

pathway is so rapid that the clearance reaches the adult

level immediately after the birth.

Approximately 86 % of the emtricitabine dose is

excreted in urine, and emtricitabine is minimally trans-

formed (13 %). However, it is not clear which specific

enzymes contribute to the biotransformation of emtric-

itabine. During model development, we assumed that the

non-renal clearance of emtricitabine was contributed by

whole-liver clearance with rapid ontogeny. Our predictions

in the pediatric age groups were generally consistent with

clinical observations. In the established PBPK model, we

further evaluated the impact of ontogeny in this pathway on

model prediction. Although changing the ontogeny profile

for this pathway in Simcyp� to slow or no ontogeny

slightly changed the predicted AUCR for neonates, the

predicted AUCR is still within the twofold range (Fig. 7b),

as expected by the relative minor contribution of this

pathway to the overall clearance of emtricitabine.

Fig. 4 Comparison between the

linezolid observed and predicted

value of the ratio of the area

under the plasma concentration–

time curve (left) and the ratio of

the maximum concentration

(right). Results are presented as

mean ratios (red solid circles) in

each age group with the 95 %

confidence interval (horizontal

lines). The y-axis represents the

age groups of pediatric patients

as grouped in actual clinical

studies. AUC area under the

plasma concentration–time

curve, Cmax maximum

concentration

Fig. 5 The validated emtricitabine physiologically based pharma-

cokinetic model was applied to predict pediatric pharmacokinetics by

switching to the built-in pediatric population in Simcyp�. The

simulated versus observed plasma concentration–time profiles after

administration of emtricitabine oral solution 3 mg/kg in different

pediatric age groups according to the age grouping in the actual

clinical trials [25] (Electronic Supplementary Material Table 2)

(a 43–90 days old [12 subjects], b 22–42 days old [10 subjects],

and c 1–21 days old [18 subjects]) were then conducted by changing

the age range in the pediatric population of the software. The solid

squares represent the observed concentration of emtricitabine in

individuals in the actual clinical trial [25]. The thick line represents

the mean values of the simulated concentration, while the upper and

lower thin dashed lines represent 95 and 5 % of the mean simulated

plasma concentration, respectively. The y-axis represents the drug

concentration (lg/mL)
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4 Discussion

Our study provides two cases to illustrate that PBPK

modeling can serve as an alternative approach for predic-

tions of pediatric drug clearance for all age groups when

the drug clearance is related to renal function maturation.

Both emtricitabine and linezolid are relatively rapidly

and extensively absorbed following oral administration.

The mean observed absolute bioavailability of the emtric-

itabine oral solution was 75 %, while the absolute

bioavailability for linezolid was approximately 100 %.

Linezolid is not known to be a substrate of any renal

transporters, although renal reabsorption may affect its

CLR. Linezolid has previously been found to be only

minimally metabolized by CYP3A4 in vivo [16]. There-

fore, renal transporters and CYP3A4 enzyme kinetics are

not considered in the current linezolid PBPK model. The

CLR of emtricitabine involves active tubular secretion, but

it is still not clear which specific transporter is involved

[17, 18]. Therefore, renal transporters are not considered in

Fig. 6 Comparison between the

emtricitabine observed and

predicted value of the ratio of

the area under the plasma

concentration–time curve (left),

and the ratio of the maximum

concentration (right). Results

are presented as mean ratios

(red solid circles) in each age

group with the 95 % confidence

interval (horizontal lines). The

y-axis represents the age groups

of pediatric patients as grouped

in actual clinical studies. AUC

area under the plasma

concentration–time curve, Cmax

maximum concentration

Fig. 7 a Predicted AUCR obtained with the linezolid pediatric

physiologically based pharmacokinetic model after intravenous

infusion of 10 mg/kg in neonates (1–28 days) under three different

ontogeny profiles for the whole-liver clearance pathway (error bars

represent 95 % CIs of predicated AUCR). b Predicted AUCR

obtained with the emtricitabine pediatric physiologically based

pharmacokinetic model after oral administration of 3 mg/kg oral

solution in neonates (1–21 days) under three different ontogeny

profiles for the whole-liver clearance pathway (error bars represent

95 % CIs of predicated AUCR). For both a and b the three different

ontogeny profiles (no ontogeny, fast ontogeny, and slow ontogeny)

are the profiles built in the Simcyp� simulator. The predicted AUC

after simulation was compared with clinical observations shown in

Electronic Supplementary Material Table 1 (a) and Electronic

Supplementary Material Table 2 (b), and the 95 % CI of the AUCR

was calculated in a similar manner as is described in the Sect. 2. AUC

area under the plasma concentration–time curve, AUCR ratio of the

mean predicted AUC to the mean observed AUC, CI confidence

interval
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the current emtricitabine PBPK model. Since hepatic

enzyme metabolism played a minimal role with both drugs,

the ontogeny in both PBPK models is mainly focused on

the renal pathway.

As pediatric pharmacokinetic data for both drugs are

available, we are able to confirm that the pediatric PBPK

model developed is appropriate as it was validated through

a stepwise verification process by simulating pharmacoki-

netics in older pediatric age groups first [21]. Both pedi-

atric models simulated pharmacokinetics in different age

groups down to neonates without any model refinement.

The AUCR and Cmax ratio are within a twofold range, and

the simulated concentration–time profiles are close to

clinical observations.

Our results suggest that a pediatric PBPK model incor-

porating renal maturation, along with our assumptions on

ontogeny of the metabolism and elimination pathways of

both drugs, can sufficiently describe pharmacokinetic dif-

ferences of primarily renally excreted drugs between

pediatric and adult populations. The relatively good pre-

diction of pharmacokinetics in neonates with our current

models may not apply to pharmacokinetic prediction of

other drugs in neonates or infants, especially if they

involve complex elimination pathways in addition to renal

elimination. However, linezolid and emtricitabine were

selected as candidates for PBPK models not only because

both of them are renally eliminated, but also because they

have relatively simple elimination pathways with no

transporters and no CYP enzymes involved. Therefore,

these models allow an evaluation of the performance of

these PBPK models in neonates with a focus on renal

maturation. If future model drugs have complex metabolic

pathways in addition to renal elimination, then we may

have confidence in the renal maturation pathway based on

our current study, and only focus on the ontogeny of other

pathways in neonates when building a more complex

model.

These two cases suggest that PBPKs are a viable option

to provide useful information for pharmacokinetic predic-

tion or dose selection in neonates. The impact of different

ontogeny profiles on model prediction was evaluated to

verify our assumptions (Electronic Supplementary Material

Figs. 1, 2). These practices suggest that PBPK modeling

provides a convenient platform on which to evaluate dif-

ferent scenarios in ontogeny when uncertainties exist. This

is particularly important for model prediction for neonates

because of the rapid physiological development in this

pediatric population. Even when ontologic data for a

pathway are available from in vitro data or from a pre-

diction based on in vivo data, it may still be necessary to

evaluate different ontogeny profiles in PBPK models due to

the possible gaps in in vitro–in vivo extrapolation or the

effect of a disease state on maturation of a pathway.

There are several limitations to our study. First, renal

function maturation predicted in Simcyp� using Eq. (1) is

not completely validated for neonates with low birth

weight, especially preterm neonates. Once the BSA drops

below 0.18 m2, Eq. (1) generates negative GFR values.

Also, the current Simcyp� simulator does not consider the

physiology and maturation process for preterm neonates.

Therefore, the simulations of linezolid and emtricitabine in

the neonatal population are only for full-term neonates.

Better characterization of the physiology and ontogeny in

preterm and extreme preterm neonates is needed in order to

predict the drug clearance in this critically ill pediatric

population. Second, our study focused on the maturation of

renal function in pediatric patients with normal renal

function for their developmental stage. Renal impairment

produced by disease or drug toxicity in pediatric patients

warrants further investigation [39, 40]. Another limitation

is that the possible involvement of transporters in the renal

reabsorption of linezolid and active tubular secretion of

emtricitabine are not considered in the current models. The

involved renal transporters might have a different ontogeny

profile than renal maturation. The maturation of a renal

transporter for the reabsorption of linezolid might con-

tribute to the faster clearance observed in neonates

(1–28 days) shown in Fig. 3. The simulation of emtric-

itabine in neonates in comparison to clinical observations

(Fig. 5) may suggest that the ontogeny profile of a renal

transporter involved in the active secretion of emtricitabine

might have a similar ontogenic profile to GFR maturation.

Therefore, the possible contribution of transporter onto-

geny to renal maturation cannot be excluded by this work.

Finally, we focused only on ontogeny studies of elimina-

tion pathways, but the impact of ontogeny on drug

absorption in infants is discussed elsewhere [41].

5 Conclusions

In summary, our linezolid and emtricitabine PBPK models

could describe the pharmacokinetics of these drugs in the

adult population. When adult models were extended to the

pediatric population, the mean ratios of the observed to the

predicted Cmax and AUC with a 95 % CI per age group

were within a twofold range of error. Our two case studies

suggest that PBPK models incorporating renal maturation

ontogeny may provide a viable option for predicting the

pharmacokinetics of renally eliminated drugs in the pedi-

atric patient populations including neonates. For com-

pounds primarily excreted renally and having a relative

simple elimination pathway with no transporter or CYPs

involved, PBPK modeling may provide an alternative

approach for predicting neonatal and pediatric pharma-

cokinetics based on adult data.
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