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Abstract
Background  Preterm neonates are usually not part of a traditional drug development programme, however they are frequently 
administered medicines. Developing modelling and simulation tools, such as physiologically based pharmacokinetic (PBPK) 
models that incorporate developmental physiology and maturation of drug metabolism, can be used to predict drug exposure 
in this group of patients, and may help to optimize drug dose adjustment.
Objective  The aim of this study was to assess and verify the predictability of a preterm PBPK model using compounds that 
undergo diverse renal and/or hepatic clearance based on the knowledge of their disposition in adults.
Methods  A PBPK model was developed in the Simcyp Simulator V17 to predict the pharmacokinetics (PK) of drugs in 
preterm neonates. Drug parameters for alfentanil, midazolam, caffeine, ibuprofen, gentamicin and vancomycin were collated 
from the literature. Predicted PK parameters and profiles were compared against the observed data.
Results  The preterm PBPK model predicted the PK changes of the six compounds using ontogeny functions for cytochrome 
P450 (CYP) 1A2, CYP2C9 and CYP3A4 after oral and intravenous administrations. For gentamicin and vancomycin, the 
maturation of renal function was able to predict the exposure of these two compounds after intravenous administration. All 
PK parameter predictions were within a twofold error criteria.
Conclusion  While the developed preterm model for the prediction of PK behaviour in preterm patients is not intended to 
replace clinical studies, it can potentially help with deciding on first-time dosing in this population and study design in the 
absence of clinical data.

1  Introduction

Knowledge regarding the safe and effective use of medicines 
in neonates has increased substantially over recent years, as 
evidenced by the increasing number of published studies [1, 
2]. However, despite this, understanding of developmental 
pharmacokinetics (PK) and pharmacodynamics (including 
toxicity) in preterm neonates is still lacking. Consequently, 
many drugs used in the neonatal population. Particularly 
those used in neonatal intensive care units, are unlicensed 

or off-label. Drug regulators have released guidance on the 
investigation of medicinal products in the paediatric popu-
lation [3, 4], however to date this has resulted in few label 
changes in preterm neonates.

The lack of knowledge of clinical pharmacology in this 
age group has led to either use of suboptimal doses or drug 
toxicity [5]. Renal damage in preterm neonates has been 
linked to the administration of some drugs, such as van-
comycin, acyclovir, methotrexate and non-steroidal anti-
inflammatory drugs (NSAIDs) [6]. Early postnatal exposure 
to opioids was found to be associated with a higher risk 
of adverse outcomes in extremely preterm infants [7]. Due 
to immaturity of their blood–brain barrier, preterm patients 
are also more susceptible to kernicterus (entry of bilirubin 
into the brain, causing yellow discoloration of brain tissue, 
seizures and death). Lopinavir/ritonavir oral solution toxic-
ity in preterm subjects was reported in different case studies 
due to the high content of both ethanol and propylene glycol 
in this drug. Accumulation of these compounds led to toxic 
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levels since ethanol inhibits the already limited metabolism 
of propylene glycol in preterm neonates [8, 9]. The presence 
of ‘sensitive windows’ in preterm organ development, where 
chances of toxicity are increased due to direct or indirect 
(breast milk) drug administration, means that care is needed 
in prescribing drugs to both mother and child [10, 11].

The higher volume of extracellular fluid [12] in preterm 
per kilogram of body weight, in comparison with older chil-
dren, shows an increased distribution volume of hydrophilic 
drugs [13]. Conversely, the absence or lower expression of 
metabolizing enzymes in neonates and a lower glomerular 
filtration rate (GFR) contributes to a higher exposure [14]. 
These physiological changes can significantly affect the drug 
kinetics and an appropriate dose adjustment is often needed, 
either dose reduction, less frequent dosing, or a combination 
of both. There is no widely accepted approach for appropri-
ate optimization of the dose in preterm neonates; the widely 
used approach of scaling the dose based solely on body sur-
face area or body weight often leads to inappropriate dose 
administration. Modelling and simulation is required to 
address preterm safety, dosing and pharmaceutical quality 
for neonatal studies that evaluate medicinal products in this 
population [15]. In addition, inclusion of available knowl-
edge on physiological changes that can affect drug PK is an 
important step during drug development [16].

Physiologically based PK (PBPK) models marry the com-
plex interplay of physiological parameters (demographics, 
organ sizes and blood flows, etc.) with drug-related proper-
ties (lipid solubility, enzyme and transporter kinetics, etc.) 
and thus represent a mechanistic approach to quantitatively 
predict the PK of specific drugs in different populations [17]. 
The PBPK approach has been adopted within pharmaceuti-
cal companies [18] and drug regulatory agencies [19, 20]. 

Neonatal preterm and full-term paediatric PBPK models 
additionally account for the rapid development of organs 
and the ontogeny of specific enzymes and transporters that 
determine the age-related PK [21–23].

Progress has been made in the application of PBPK mod-
els to describe drug PK in full-term neonates [22, 24]. This 
approach has been shown to give more accurate dose predic-
tion compared with an empirical approach when there are 
no clinical studies to guide the requirements [25]. PBPK 
models are useful not only in dosage adjustment but also in 
developing drugs to treat preterm-specific conditions (e.g. 
ductus arteriosus, bronchopulmonary dysplasia, necrotizing 
enterocolitis and retinopathy of prematurity). Information on 
the magnitude of anatomical, physiological and biochemical 
changes during the preterm period required to build a pre-
term PBPK model have already been reported [26].

The aim of this work was to assess and verify a preterm 
PBPK model using five different drugs commonly used ther-
apeutically in premature neonates who undergo diverse renal 
and/or hepatic clearance. The substrates selected were caf-
feine (a cytochrome P450 [CYP] 1A2 substrate), midazolam 
and alfentanil (CYP3A4 substrates), gentamicin and van-
comycin (mainly renally cleared) and ibuprofen (CYP2C9 
substrate), as case examples, and to compare predicted PK 
with clinical observations.

2 � Materials and Methods

2.1 � Development of the Preterm Population

Preterm population parameters required for building pre-
term PBPK models have been previously collated, ana-
lysed and integrated [26]. The preterm model was incorpo-
rated into the Simcyp Simulator V17 Release 1, which was 
used for all predictions in the current study. The preterm 
model is integrated with the distribution models currently 
available within the Simulator, whereby the user can pre-
dict or assign volume of distribution for the compound. 
Predicted volume of distribution can be used with either 
the minimal or full PBPK model, where the drug parti-
tion to different body tissues is predicted according to 
Berezhkovskiy [27] or Rodgers and Rowland [28]. In the 
latter, one can account for drug ionization and binding to 
the cellular components.

The minimal PBPK model (mPBPK) is a ‘lumped’ PBPK 
model that has only four compartments, predicting only the 
systemic, portal vein and liver concentrations. The fourth 
compartment is a non-physiological single adjusting com-
partment, which permits adjustment to the drug concentra-
tion profile in the Systemic compartment, where the latter 
represents a lumping of all tissues, excluding the liver and 

Key Points 

Accounting for fast developmental changes in preterm 
physiology facilitates quantitative prediction of pharma-
cokinetics (PK) in this population.

PK mediated by different metabolic and renal pathways 
in the preterm population have been predicted for six 
compounds.

Preterm physiologically based PK (PBPK) models can 
be used to explore different clinical scenarios to rule out 
or emphasize the need for clinical trials and optimize 
their designs. Preterm PBPK models can be used in tox-
icity assessments and as a tool to make preterm clinical 
trials more rational and ethical, as well as to predict the 
drug level and accumulation in different tissues.
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portal vein. The full PBPK distribution model makes use 
of a number of time-based differential equations in order 
to simulate the concentrations in various organ compart-
ments—the blood (plasma), adipose, bone, brain, gut, heart, 
kidney, liver, lung, muscle, pancreas, skin and spleen. Inter-
individual variability is introduced through tissue volume 
predictions using age, sex, weight and height as covariates 
through a Monte Carlo sampling that takes into account cor-
relations between these covariates.

2.2 � Development of the Compound Files

The compound files that are not part of the Simcyp Simula-
tor compound library (alfentanil, gentamicin and vancomy-
cin) were first developed and verified in adults using the 
healthy volunteer population, and then further verified in 
the paediatric population. Prediction of the drug kinetics 
in preterm populations was performed via matched clinical 
settings/designs to the original studies. In all simulations, 
the number of subjects in the corresponding clinical study 
has been used within each trial.

2.3 � Performance Verification of Preterm 
Physiologically Based Pharmacokinetics (PBPK)

The preterm PBPK model predictions were compared 
with different sets of clinical observations available in the 
literature for alfentanil, midazolam, caffeine, ibuprofen, 
gentamicin and vancomycin. Selection of these probes 
was based on the availability of the relevant data, i.e. PK 
parameters and concentration–time profiles, from preterm 
patients and the information regarding their gestational age 
(GA), postnatal age (PNA) and/or postmenstrual age and 
administered doses. The drug kinetics in preterm popula-
tions were predicted using matched trial settings/designs 
to the original studies.

2.3.1 � Alfentanil

Alfentanil undergoes extensive hepatic metabolism mainly 
through CYP3A, and approximately 0.4% of alfentanil is 
excreted unchanged in the urine [29, 30]. In the alfenta-
nil model, in vivo intrinsic clearance (CLint) values were 
reversely translated by back calculation of CLint from 
clinically reported intravenous adult clearance data [31]. 
In vivo CLint values were separated into CYP3A4 and non-
CYP3A4 [included as additional human liver microsomes 
option (HLM)] components. The fraction of alfentanil 
metabolised by CYP3A4 (fmCYP3A4) = 0.93 was calculated 
from in vitro chemical inhibition study data [32], and is in 
line with the fm value derived from the in vivo drug–drug 

interaction (DDI) study [33]. A summary of the in vitro 
and PK parameters for alfentanil are shown in Table 1.

The alfentanil model was verified using clinical data in 
adults. The CYP3A4 ontogeny function is described using 
a linear relationship with postmenstrual age in preterm 
neonates based on the in vitro expression and activity data 
in fetal and neonate liver microsomes [39–41]. To predict 
alfentanil PK in preterm neonates, the Simcyp Simulator 
trial design was set to match the clinical studies [42, 43] as 
described below.

Trial design A Single intravenous infusion of 0.025 mg/kg 
over 5 min; 10 trials of six preterm subjects, 50% female, 
28–34 gestational weeks, PNA was uniformly distributed 
between 0 and 3 days.

Trial design B Continuous intravenous infusion, loading 
dose of 0.008 mg/kg over 10 min, followed by 0.03 mg/kg 
for 6 h, then 0.015 mg/kg for 6 h, and finally 0.075 mg/
kg for 15 h; 10 trials of 13 subjects, 38.5% female, 35–40 
gestational weeks, PNA was uniformly distributed between 
0 and 28 days.

2.3.2 � Midazolam

Midazolam is cleared mainly by CYP3A4- and CYP3A5-
mediated metabolism and a minor contribution from uri-
dine diphosphate glucuronosyltransferase (UGT) 1A4 
(< 5%); < 1% is excreted unchanged in urine.

The default midazolam compound file was selected from 
the Simcyp compound library. The first-order model with 
an absorption rate constant (ka) of 3 h−1 [44] was used to 
describe the absorption of midazolam after oral adminis-
tration. The distribution was described using the mPBPK 
model, with a user input volume of distribution at steady 
state (Vss) of 0.88 L/kg [45]. The hepatic and intestinal 
ontogeny function for CYP3A4 were as described for alfen-
tanil. The CYP3A5 expression levels in the fetal liver sam-
ples showed large variability, partially due to the CYP3A5 
genetic polymorphisms [46]. In the present model, due to the 
overlapping substrate specificities and the predominant fre-
quency of CYP3A5 poor metabolizers in the Caucasian pop-
ulation, the preterm CYP3A5 level was assumed to be either 
at adult levels or to follow the same ontogeny as CYP3A4 in 
the liver and intestine. Both scenarios have been explored.

The UGT1A4 ontogeny function was defined at the 
level of the full-term neonate at birth, i.e. 5% of the adult 
abundances.

To predict midazolam PK in preterm individuals, the 
Simulator trial design was set to match the clinical stud-
ies after intravenous [47] and oral [48] administration, as 
described below.
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Trial design A Single intravenous infusion of 0.1 mg/kg 
over 30 min; 10 trials of 24 preterm neonates, 50% female, 
28–34 weeks of GA, and PNA was uniformly distributed 
between 3 and 11 days.

Trial design B Single oral dose of 0.1 mg/kg; 20 trials of 
15 preterm neonates, 50% female, 28–31 weeks of GA, and 
PNA was uniformly distributed between 3 and 13 days.

2.3.3 � Caffeine

Caffeine is mainly a CYP1A2 substrate. PK studies of caf-
feine in neonates showed that its disposition varies with 
PNA and can differ markedly between premature and term 
neonates [24].

To predict the PK in preterm individuals, the default 
caffeine compound file was selected from the Simcyp 
compound library. The model consisted of first-order oral 
absorption with a ka of 1.48 h−1 [49], and an mPBPK dis-
tribution model with a reported Vss of 0.85 L/kg [49]. The 
default in vitro elimination data using enzyme kinetics, 
mainly CYP1A2 (fm CYP1A2 ~ 98%), was used to predict 
caffeine clearance. The trial design was set to match the clin-
ical studies, and the following trial designs were replicated.

Trial design A A single intravenous dose of 15 mg/kg over a 
period of 5–10 min was administered to 13 preterm patients 
with a PNA of 3 days (range 1–42) and born at an average of 
31 weeks of GA (range 25–34) and with a PNA of 1–8 days 
[50]. The original study reported a profile for a female pre-
term aged 3 days, who was born at 32 weeks of GA. A trial 

simulation of 10 virtual trials with 10 subjects in each trial 
matching the age of this female preterm was used. The infu-
sion duration was set to 5 min in the simulation.

Trial design B 10 mg/kg caffeine on day 1, followed by 
2.5 mg/kg/day for 6 days, administered either orally or by 
intravenous infusion over 15 min to preterm neonates during 
their first 1–25 days after birth at 28 weeks of GA [49]. A 
trial simulation setting of 10 trials of 10 virtual preterm neo-
nates, all male subjects, 28 weeks of GA, and run for 7 days. 
PNA was uniformly distributed between 1 and 25 days.

Trial design C 40 mg/kg caffeine on day 1, followed by 
10 mg/kg/day for 6 days, administered either orally or by 
intravenous infusion over 15 min [49]. The trial simulation 
settings were similar to trial design B, except the loading and 
maintenance doses were updated.

Given the length of trials B and C, the redefining subject 
over time features were selected for trial designs B and C 
to allow the growth of individual physiology alongside the 
simulation progress. An ontogeny profile for CYP1A2 was 
derived for a preterm population of 28–40 weeks’ postmen-
strual age based on a previously reported equation [51]. The 
developed model was used to compare PK parameters for the 
two dosage regimens stated above.

The same designs were used to predict caffeine in pre-
term, but using the full PBPK model after verification of 
the method in the adult population using the Rodgers and 
Rowland method [28], with a Kp scalar of 1.7 in the adult 
model; we kept this setting for preterm prediction.

Table 1   Input parameters for the alfentanil compound file

PBPK physioloically based pharmacokinetics, log P log of the octanol-water partition coefficient for the neutral compound, CLint intrinsic clear-
ance, pKa acid dissociation constant, B/P blood-to-plasma concentration ratio, fu fraction of unbound drug in plasma, Vss volume of distribution 
at steady state, Kp tissue-plasma partition coefficient, CYP cytochrome P450, CLR renal clearance 

Parameter Value Method/references

Molecular weight (g/mol) 416.52 PubChem
log P 2.16 [34]
Compound type Monoprotic base
pKa 6.5 [35]
B/P 0.63 [35–37]
Main plasma binding protein AGP [35, 38]
fu 0.104 Meta-analysis
Distribution model Full PBPK model
Vss (L/kg) 0.37 Simcyp prediction according to the Rodgers and Rowland method [28]
Kp scalar 0.567 Optimized for adult profile to recover the clinically reported Vss value [31]
Enzyme CYP3A4 Total CLint was reverse translated from in vivo systemic clearance [31] 

and assigned to 3A4 and the non-specific pathway according to the 
fm_3A4 value derived from the in vitro study [32]

CLint (CYP3A4) [μL/min/pmol] 0.559
CLint (HLM) [μL/min/mg protein] 5.76
CLR (L/h) 0.07 [29, 30]
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2.3.4 � Ibuprofen

Ibuprofen undergoes elimination in adults mainly via the 
CYP2C9 enzyme, with limited involvement of CYP2C8, 
UGT2B7 and UGT1A9 [52, 53]. An ibuprofen compound 
file has been generated (Table 2). The compound model 
performance was compared against the adult and paediatric 
clinical PK data.

The PK of ibuprofen were predicted in a preterm popu-
lation following intravenous and oral administration as 
described below.

Intravenous To mimic the clinical studies as closely as pos-
sible, a total of 130 virtual subjects (50% female), grouped 
into 10 trials with a mean PNA of 3 days and gestational 
weeks of 28.6 were included in the simulation. Ibuprofen 
was administered on days 1, 2, and 3 by a 15-min intra-
venous infusion of 10, 5 and 5 mg/kg, respectively [57, 
58]. The redefining subject over time feature was selected 
to allow the growth of individuals alongside the simula-
tion progress. The current model does not account for the 
presence of patent ductus arteriosus (PDA) and the mutual 
impact of ibuprofen exposure on the time-dependent PDA 
closure.

Oral Similarly, 10 trials of 13 (50% female) and 20 (40% 
female) preterm neonates of gestational weeks 28.6 and 
30.5, respectively, with a PNA of 0–3 days, have been 
included in the simulation, and 10 mg/kg of ibuprofen was 
administered orally as a single dose in both studies [59, 60]. 
The first-order absorption model for ibuprofen was para-
metrized using the mechanistic permeability approach [61], 
where the adjusted adult value for effective permeability 
was used. The model then predicts the ka value for each 
preterm individual using the individual intestinal physiol-
ogy, i.e. radius and length of the gut segment as described 
earlier [26]. An ontogeny profile for CYP2C9 was used for 
the preterm population of 28–40 weeks’ postmenstrual age 
as previously reported [51].

2.3.5 � Gentamicin

Gentamicin is predominately eliminated by renal excretion 
through glomerular filtration; less than 10% is bound to 
plasma protein. The rapidly changing GFR is expected to 
affect the drug disposition in the preterm population. The 
PBPK model of gentamicin was built and verified using 
clinical data from adults, children and full-term neonates. 
A summary of the in vitro and PK parameters for the gen-
tamicin model are shown in Table 3.

To predict the PK of gentamicin in preterm patients, the 
trial design was set to match the clinical studies [65, 66].

Trial design A Single intravenous infusion of 4 mg/kg over 
5 min; 10 trials of 20 preterm subjects, 50% female, 28–40 
gestational weeks, PNA was uniformly distributed between 
0 and 28 days.

Trial design B Multiple intravenous boluses of 2.5 mg/kg 
every 12 h for 5 days; 10 trials of 18 subjects, 33% female, 
35–40 gestational weeks, PNA was uniformly distributed 
between 0 and 4 days.

Trial design C Multiple intravenous boluses of 4 mg/kg 
every 24 h for 5 days; 10 trials of 18 subjects, 33% female, 
35–40 gestational weeks, PNA was uniformly distributed 
between 0 and 4 days.

For the multiple-dose trials, the redefining subject over 
time feature was selected.

2.3.6 � Vancomycin

Vancomycin also undergoes renal elimination through glo-
merular filtration. The systemic exposure is expected to be 
modified by the maturation of GFR in the preterm popula-
tion. The PBPK model of vancomycin was built and verified 
using clinical data in adults, children and full-term subjects. 
A summary of the in vitro and PK parameters for the vanco-
mycin model are shown in Table 4.

To predict the PK of vancomycin in preterm patients, the 
trial design was set to match the clinical studies [70, 71] as 
described below.

Trial design A Single intravenous infusion of 10 mg/kg over 
30 min, 50% female, 10 trials of seven preterm subjects, 32 
gestational weeks, PNA of 3.3 days.

Trial design B Single intravenous infusion of 15 mg/kg over 
30 min, 50% female, 10 trials of seven preterm subjects, 34 
gestational weeks, PNA of 4.7 days.

Trial design C Multiple intravenous infusions of 12.6 mg/
kg over 30 min every 8 h for 3 days, 50% female, 10 trials 
of 10 preterm subjects, 28–34 gestational weeks, PNA was 
uniformly distributed between 7 and 28 days.

The redefining subject over time feature was selected for 
the multiple-dose designs.

Maturation of vancomycin clearance with age was also 
replicated and compared with reported observations from 
clinical studies [72, 73].

2.4 � Data Analysis

Performance verification of the new compounds in adult and 
older paediatric subjects was carried out to ensure that the 
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compound models adequately describe the observed data 
before applying the physiological changes in the preterm 
population. The adequacy of the compound files was justi-
fied by predicting adult and paediatric data, where available, 
based on the 90th predictive percentiles. The same criterion 

was applied to check the performance of the preterm model, 
i.e. observed concentrations based on the 90th percentile 
predictive interval. Where PK parameters such as area 
under the curve (AUC), maximum concentration (Cmax) and 
systemic clearance were available for the compound, this 

Table 2   Input parameters for 
the ibuprofen compound file

PBPK physioloically based pharmacokinetics, log P log of the octanol-water partition coefficient for the 
neutral compound, pKa acid dissociation constant, fu fraction of unbound drug in plasma, B/P blood-to-
plasma concentration ratio, fugut fraction of drug unbound in the gut, i.e. within the enterocyte, Qgut a com-
posite parameter of gut blood flow and drug permeability through the gut (drug dependent), Peff,man effective 
human jejunum permeability, Vss volume of distribution at steady state, Kp Tissue-plasma partition coef-
ficient, CYP cytochrome P450, CLR renal clearance, Vmax maximum rate of metabolism, Km Michaelis–
Menten constant, ISEF Inter-System Extrapolation Factor, UGT​ uridine diphosphate glucuronosyltransferase

Parameter Value Method/references

Molecular weight (g/mol) 206.3 [54]
log P 3.68 [54]
Compound type Monoprotic acid
pKa 4.5 [54]
B/P 0.55 [54]
Main plasma binding protein Human serum albumin
fu 0.013 [55]
Absorption model First-order
fugut 1 Assumed
Qgut (L/h) 0.8,547,663 Predicted
Peff,man (10−4 cm/s) 0.1 Estimated parameter
Distribution model Full PBPK model
Vss (L/kg) 0.176 Simcyp prediction according to the Rodgers 

and Rowland method [28]
Kp scalar 2.5 Optimized to recover the reported value [56]
Enzyme CYP2C9 [53]
Pathway 2-OH
Vmax (pmol/min/pmol) 16.5
Km (μM) 35.5
ISEF 1.04
Enzyme CYP2C9 [53]
Pathway 3-OH
Vmax (pmol/min/pmol) 29
Km (μM) 42.8
ISEF 1.04
Enzyme CYP2C8 [53]
Pathway 2-OH
Vmax (pmol/min/pmol) 7.4
Km (μM) 285.6
ISEF 0.98
Enzyme UGT2B7 [52]
Pathway Pathway 1
Vmax (pmol/min/mg protein) 371.7
Km (μM) 21.2
Enzyme UGT1A9 [52]
Pathway Pathway 2
Vmax (pmol/min/mg protein) 98.4
Km (μM) 219.4
CLR (L/h) 0
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information was compared with the predicted parameters 
using the twofold boundary criterion. Where the adminis-
tered doses were reported as mean and standard deviation 
(SD), the mean value was used for the simulation, and, if the 
dose range was reported, the median value was used for per-
forming the simulation. If a study reported a narrow range 
of GA and another range for PNA, the PNA range was used, 
with a median value of GA. If the original study grouped 
the preterm subjects according to the different GA and PNA 
ranges, then subpopulations of separate GA and different 
PNA ranges were used within the simulation.

Published preterm studies reported their results for PK 
parameters, such as clearance, in different units, i.e. mL/min/

kg or mL/min, and at different GA or PNA, without indi-
vidual data on covariates. We tried to report the prediction 
in the same way as it is difficult to standardize the results 
across these different compounds.

3 � Results

3.1 � Development of the Compound Files

Performance verification for the compound files that are not 
part of the Simcyp Simulator compound library (alfentanil, 
gentamicin and vancomycin), are given in the electronic 

Table 3   Input parameters for the gentamicin compound file

PBPK physioloically based pharmacokinetics, log P log of the octanol-water partition coefficient for the neutral compound, pKa acid disso-
ciation constant, B/P blood-to-plasma concentration ratio, fu fraction of unbound drug in plasma, Vss volume of distribution at steady state, Kp 
tissue-plasma partition coefficient, CLR renal clearance

Parameter Value Method/reference

Molecular weight (g/mol) 477.6 PubChem
log P − 2.4 Predicted mean from Pubchem, ACD/Labs, EPISuite and ChemAxon
Compound type Monoprotic base
pKa 10.12 ChemAxon
B/P 0.595 [62]
Main plasma binding protein Human serum albumin
fu 0.9 Predicted by the Simcyp Simulator
Distribution model Full PBPK model
Vss (L/kg) 0.31 Simcyp prediction according to the Rodgers and Rowland method [28]
Kp scalar 0.3 Optimized for adult profile to recover the reported value [63]
CLR (L/h) 5.15 [64]

Table 4   Input parameters for 
the vancomycin compound file

PBPK physioloically based pharmacokinetics, log P log of the octanol-water partition coefficient for the 
neutral compound, pKa acid dissociation constant, B/P blood-to-plasma concentration ratio, fu fraction of 
unbound drug in plasma, Vss volume of distribution at steady state, Kp tissue-plasma partition coefficient, 
CLR renal clearance, NDA New Drug Application

Parameter Value Method/reference

Molecular weight (g/mol) 1449.265 PubChem
log P − 3.75 Predicted mean of Pubchem and ChemAxon
Compound type Ampholyte
pKa 2.18, 7.75 FDA NDA review
B/P 0.75 [67]
Main plasma binding protein Human serum albumin
fu 0.672 [68]
Distribution model Full PBPK model
Vss (L/kg) 0.68 Simcyp prediction according to the Rodgers 

and Rowland method [28]
Kp scalar 1.3 Optimized for adult profile to recover the 

reported value [69]
CLR (L/h) 6 [69]
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supplementary material (ESM). They have been verified in 
adults using the healthy volunteer population, and then fur-
ther verified in the paediatric population.

3.2 � Performance Verification of Preterm PBPK

3.2.1 � Alfentanil

The PBPK prediction of observed alfentanil plasma concen-
tration–time profiles in preterm neonates after single and 
multiple dosing are given in Fig. 1a, b. Observed values 
are within the 5th and 95th predicted percentiles. In neo-
nates (from 28 to 40 gestation weeks), the predicted clear-
ance values were in good agreement with the literature data 
(Fig. 1c). Only three observed clearance data fell out of 
the predicted 5th–95th percentiles for the simulated virtual 

preterm populations. Table 5 shows a comparison between 
the predicted and reported PK parameters for alfentanil in 
preterm populations. 

3.2.2 � Midazolam

The PBPK model prediction of observed midazolam mean 
plasma concentration–time data in premature neonates is 
given in Fig. 2a, b (black lines), assuming CYP3A5 has the 
same ontogeny as CYP3A4. Assuming CYP3A5 levels were 
the same as in the adult populations led to a larger vari-
ability of the simulated PK, but had no significant impact 
on the mean PK profile compared with the same ontogeny 
as CYP3A4 (Fig. 2a, b, blue lines). The predicted changes 
in clearance of midazolam in the preterm population over a 
wide range of body weight was also in agreement with the 

Fig. 1   Prediction of alfentanil pharmacokinetics in neonates. a, b 
Predicted alfentanil concentration–time profiles in preterm neo-
nates corresponding to trial designs A and B in the Methods section, 
respectively. The solid line is the predicted mean of the simulated 
population and the dashed lines represent the 5th and 95th percen-
tiles of the total virtual population. Open circles are the observed data 
for the mean (a) and individual (b) alfentanil concentration in plasma 
over time. (c) Predicted versus observed (yellow triangles, individual 
data [43]; red circle, mean value [42]; blue diamonds, mean value 

[74]; square, mean value [75]) clearance (mL/min/kg) values of alfen-
tanil in preterm neonates between 28 and 40 weeks’ GA. The error 
bars represent the standard deviation of the observed data. The pre-
dicted means are given as filled black circles, with the associated pre-
dicted standard deviation. The dashed lines represent the minimum 
and maximum, and the shaded area represents the 5th–95th percen-
tiles, with the solid line representing the median for the predicted val-
ues. GA gestational age
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observed clearance values (Fig. 2c). Table 5 shows a com-
parison between the predicted and reported PK parameters 
for midazolam in preterm populations.

3.2.3 � Caffeine

Simulated profiles for caffeine after single-dose intravenous 
administration are shown in Fig. 3a, after a loading dose fol-
lowed by multiple intravenous doses are shown in Fig. 3b, 
and after a loading dose followed by multiple oral doses 
are shown in Fig. 3c. All simulations are in agreement with 
the observed data. The predicted Ctrough concentrations at 
day 7 were in agreement with the observed data (Fig. 3d). 
All these results demonstrated that the model replicated the 
disposition kinetics adequately. Table 5 shows a comparison 
between the predicted and reported PK parameters for caf-
feine in preterm populations. Results after running the full 
PBPK distribution model are given in the ESM.

3.2.4 � Ibuprofen

Simulated ibuprofen concentration profiles for multiple-
dose intravenous administration (Fig. 4a) and single-dose 
oral administration (Fig. 4b, c) were comparable with the 
clinical observations reported in preterm populations. For 
intravenous ibuprofen [42], the ratios of predicted versus 
observed mean clearance, AUC from time zero to 24 h (AUC​
24) and Cmax, for the first dose before closure of the PDA, 
were 1.9, 1.2 and 1.4, while the ratios for the third dose after 
PDA closure were 1.5, 1.1 and 1.0, respectively. Predicted 
and observed individual half-life and peak plasma concen-
trations of oral ibuprofen in preterm neonates were plot-
ted against their body weight (Fig. 4d). The results suggest 
that the model can also recover the absorption parameters 
reasonably well. Table 5 shows a comparison between the 
predicted and reported PK parameters for ibuprofen in pre-
term populations.

3.2.5 � Gentamicin

The PBPK model prediction of gentamicin plasma concen-
tration–time profiles after single (Fig. 5a) and multiple doses 
(Fig. 5b, c) show good agreement with the observed data. 
In neonates (from 28 to 40 gestation weeks), the predicted 
weight-normalized clearances were in good agreement with 
the reported data in the literature (Fig. 5d). Approximately 
80% of observed clearance data fits within the 5th and 95th 
percentile of the predictions in virtual preterm popula-
tions. Table 5 shows a comparison between the predicted 
and reported PK parameters for gentamicin in preterm 
populations.
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3.2.6 � Vancomycin

The PBPK model predictions of vancomycin plasma con-
centration profiles in the preterm population were in good 
agreement with the observed data after both single (Fig. 6a, 
b) and multiple doses (Fig. 6c). In neonates (from 28 to 40 
gestation weeks’), the predicted weight-normalized clear-
ance (Fig. 6d) was in good agreement with the literature 
data. Approximately 80% of observed clearance data fit 
within the 5th and 95th percentiles of the predictions in the 
virtual preterm populations. Table 5 shows a comparison 
between the predicted and reported PK parameters for van-
comycin in preterm populations.

The predicted PK parameters (AUC, Cmax and clearance) 
were compared with the observed data and are summarized 
in Table 5. The predicted mean/median PK parameters were 
all within twofold of the clinically reported data. Thirty of 

the 34 predictions were within the 0.67- to 1.5-fold range, 
and 21 of the 34 predictions were within the 0.8- to 1.25-fold 
range. In addition, the simulated range and coefficient of 
variation of the PK parameters covered the range of clini-
cally reported data.

4 � Discussion

A preterm PBPK model was successfully developed within 
the Simcyp Simulator to predict PK in the preterm popu-
lation and to account for interindividual variability. The 
model performance was verified for different compounds, 
namely alfentanil, midazolam, caffeine, ibuprofen, gen-
tamicin and vancomycin, administered to preterm sub-
jects at different PNAs and born at different gestational 
weeks. PBPK models combine demographic, genetic, 

Fig. 2   Prediction of midazolam kinetics in the preterm population. a, 
b Predicted midazolam concentration–time profiles in preterm neo-
nates corresponding to trial designs A and B in the Methods section, 
respectively. Different ontogeny functions of CYP3A5 were applied 
in the simulation (black lines, same ontogeny as CYP3A4; blue lines, 
same level as in adults). The solid line is the predicted mean of the 
simulated population and the dashed lines represent the 5th and 
95th percentiles of the total virtual population. Open circles are the 

observed data for the mean midazolam concentration in plasma over 
time. The error bars represent the standard deviation of the observed 
data. c Predicted (grey circle) versus observed individual clearance 
values (black square [47] and blue triangle [76], extracted from [77]; 
red diamond [78]) of midazolam clearance in neonates from 28 to 
40 weeks’ GA and body weight of 1–4 kg. Broken lines represent the 
5th and 95th predictive intervals. CYP cytochrome P450, GA gesta-
tional age
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physiological and pathological information in adults with 
in vitro data on human drug metabolism and transport to 
predict population PK and the extent of metabolic DDIs. 
In the past, such models were used to predict drug kinet-
ics and the associated variability in adult populations, as 
well as in the paediatric population born full-term (> 36 
gestational weeks). By incorporating information on pre-
term developmental physiology and the early ontogeny of 
specific CYPs [24], the models have now been extended 
to preterm babies.

An understanding of drug kinetics in preterm popula-
tions is becoming the focus of different research groups, 
especially in the area of antimicrobial therapy, anaesthesia, 
and treatment of ductus arteriosus and neonatal abstinence 
syndrome [21, 83–86]. Hence, a PBPK model for preterm 
subjects was built [26] and the model performance was 
verified in this work using different compounds cover-
ing different PK features. An advantage of preterm PBPK 
models is that they have the ability to predict the tissue 
concentration, and hence the pharmacodynamic response 

(or toxicity) can be linked to the local operative concentra-
tion in the tissue.

While the predicted PK profiles and the derived PK 
parameters for these different compounds were in good 
agreement with the observed data, there are limitations 
encountered during the verification process. For exam-
ple, the reported doses were provided either as a range 
or average, with variability, and the studied populations 
were under different disease conditions and co-medica-
tions. Simulations were performed without accounting for 
these conditions, for example the alfentanil study involved 
administering multiple doses to respiratory distressed pre-
term subjects, and no account was taken of the effects of 
respiratory distress on drug disposition. Sometimes the 
clinical data were limited and, in the alfentanil case above, 
concentration–time data were only available for the last 
dose.

No data from multiple doses of midazolam could be 
found. The predicted Cmax after a single oral administra-
tion seems over the observed value, however the observed 

Fig. 3   Plasma concentration profiles of caffeine in preterm neonates 
following a a 15 mg/kg single intravenous infusion over 5 min, b an 
intravenous infusion of a loading dose of 10 mg/kg over 15 min fol-
lowed by a 2.5  mg/kg/day maintenance dose, and c an oral loading 
dose of 40  mg/kg followed by a 10  mg/kg/day maintenance dose. 
Solid lines are the predicted mean and dashed lines are the 5th and 
95th percentiles. Observed mean data were from Gorodischer and 

Karplus [50] for a single intravenous dose (red filled circles), and 
individual observed data for multiple intravenous doses (orange filled 
circles) and oral doses (orange filled squares) were from Charles 
et al. [49]. Plot d is the predicted (grey open circle) versus observed 
(orange open circle) individual plasma caffeine concentration [79] 
Ctrough at day 7 following a multiple intravenous dose, against body 
weight
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data for Cmax varied from 21 to 448  ng/mL [48]. For 
multiple-dose caffeine studies, the maximum simulated 
PNA was 30 days, while the reported value was 45 days 
and the reported gestational weeks ranged from 24 to 
29 weeks (mean 27.6; simulated GA was 28 weeks). In 
addition, the original data were not stratified based on 
these ages, but in terms of the dosage regimen. Use of the 
mPBPK distribution model with user-input values lumps 
the organs together, apart from liver, and hence does not 
account for any age-dependency in tissue-to-plasma par-
tition ratio (Kps). However, a scaling element is implicit 
within this model as it is parameterized in litres per kilo-
gram. In contrast, the full PBPK distribution model that 
considers the change in organ volume and composition 
does account for Kps age-dependency. For the ibupro-
fen multiple-dose case, high variability in clearance was 
observed in the clinical studies, which was successfully 
replicated in the simulated scenarios. While comorbidity 

and comedications for these patients are potential con-
tributing factors, the role of CYP2C9 genotype polymor-
phism may also contribute to the observed variability in 
clearance among these individuals, as suggested in the 
literature [58, 60]. The CYP2C protein content was not 
detectable in human liver samples from fetuses during the 
third trimester and was barely detectable in newborns aged 
less than 24 h. Nonetheless, it increases steadily in the first 
week of life [87] and may start to separate clearance of 
these two populations. Dose 3 observed better prediction 
of PK parameters than dose 1, which could be due to the 
fact that about 63–66% of patients have their ductus arte-
riosus closed after ibuprofen treatment. Mean ibuprofen 
apparent volume of distribution was found to be signifi-
cantly lower, and clearance was higher, after the third dose 
compared with the first dose during ductus closure [58]. 
It is highly probable that infants with haemodynamically 
significant PDA may have altered drug disposition. The 

Fig. 4   Prediction of ibuprofen pharmacokinetics in preterm neo-
nates. a After intravenous infusion of 10, 5 and 5 mg/kg over 15 min 
on days 1, 2 and 3, respectively, to subjects with a mean GA of 
28.6 weeks and PNA of 3 days, with observed data (circles with bars 
are mean ± SD [58], and triangles are individual values [57]); b after 
a single oral dose of 10 mg/kg to preterm patients aged 0–3 days, who 
were born at a mean of 28.6 weeks’ GA [59]; and c after a single oral 
dose of 10 mg/kg to preterm patients aged 0–3 days who were born 
at a mean of 30.5 weeks’ GA [60]. Circles are observed concentra-

tions, solid lines are predicted concentrations, and dashed lines rep-
resent the 5th and 95th percentiles of the total virtual population. d 
Ibuprofen predicted versus observed individual oral half-life and 
Cmax against body weight [60]. Grey and red open circles represent 
predicted and observed half-life, respectively; yellow and black open 
triangles represent the predicted and observed Cmax, respectively. GA 
gestational age, PNA postnatal age, SD standard deviation, Cmax max-
imum concentration
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presence of haemodynamically significant PDA may affect 
drug disposition [88] by causing reduced blood flow to 
drug-metabolizing organs (i.e. liver), as well as introduc-
ing fluid overload, as data are available on the influence 
of physiological changes induced by PDA on the PK of 
gentamicin [89, 90], ibuprofen [55, 57], mefenamic acid 
[91] and indomethacin [86]. Others suggested no impact 
of PDA on indomethacin kinetics [92]. It should be noted 
that the high interindividual PK variability that can be 
observed in the preterm population can mask the impact 
of PDA on the drug kinetics [80].

During the course of treatment of PDA with ibuprofen 
or indomethacin, these perfusion changes can result in a 
feedback effect on the clearance and volume of distribution 
of these compounds. If the preterm patient received come-
dication therapy such as antibiotics, then the PK of the 
comedicated drug will be affected by these haemodynamic 
changes during the course of PDA closure. Other feedback 
changes in the system cannot be ruled out. Mechanisms 
such as the inhibition of cyclooxygenase cascade due to 
NSAIDs (i.e. ibuprofen) results in a reduction of renal 
prostaglandins and renal perfusion, i.e. GFR, and, finally, 
reduction of renal clearance of drugs eliminated by the 

Fig. 5   Gentamicin concentration–time profiles. a–c Predicted gen-
tamicin concentration–time profiles in preterm neonates correspond 
to trial designs A, B and C in the Methods section, respectively. The 
solid line is the predicted mean of the simulated population and the 
dashed lines represent the 5th and 95th percentiles of the total virtual 
population. Open circles are the observed individual (a) or mean (b, 
c) data, and the error bars are the standard deviation of the observed 

data. d Predicted median weight normalized clearance (black line) 
versus the observed individual value in 28–40  weeks’ GA in pre-
term subjects (yellow triangle [80], purple square [81] and blue cross 
[82]. The dashed lines represent the minimum and maximum, and the 
shaded area represents the 5th–95th percentile for the predicted val-
ues
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kidney, such as gentamicin and amikacin [93]. It should be 
pointed out that the renal function model incorporated in 
the current preterm PBPK model accounts for GFR matu-
ration, but not the active secretion.

Where the Vss is predicted using the full minimal or full 
PBPK distribution model, the tissue-to-plasma partition 
coefficient (Kp) is calculated based on the tissue composi-
tion, which is age-dependent in this population (see Part I), 
therefore tissue Kp values change as a function of age. The 
Kp scalar was applied to the calculated tissue Kps in order 
to recover the adult clinical reported Vss and ensure the 
compound recovers the adult concentration profile. Com-
pounds that have a Kp scalar applied for the adult model 
retain the same value for preterm prediction. The fraction 
of unbound drugs was predicted in the preterm population 
using the concentration of the binding proteins (albumin 
or acid glycoprotein [AGP]) in preterm according to their 
maturation functions [26].

To date, two other preterm PBPK models have been pub-
lished (Claassen et al. [94] and Fisher et al. [95]), but both 
presented limited application. The paper by Claassen et al. 
shows prediction of acetaminophen and amikacin, while the 
paper by Fisher et al. shows prediction of piperacillin and 
tazobactam. In this study, we have presented the prediction 
of another six compounds in the preterm population.

One advantage of the PBPK approach is that sensitivity 
analysis can be applied on system parameters to investigate 
their impact on the PK parameters and profiles. For exam-
ple, sensitivity analysis can be performed on haemodynamic 
changes caused by PDA, and also to investigate the effect of 
cyclooxygenase on renal function. Moving forward, it will 
be highly beneficial to connect PBPK models to pharmaco-
dynamics and disease progression models to be able to prop-
agate and investigate the impact of physiological changes.

Fig. 6   Prediction of vancomycin pharmacokinetics. a–c Predicted 
vancomycin concentration–time profiles in preterm neonates corre-
sponding to trial designs A, B and C in the Methods section, respec-
tively. The solid line is the predicted mean of the simulated popula-
tion and the dashed lines represent the 5th and 95th percentiles of 
the total virtual population. Open circles are the observed data. d 

Predicted median weight-normalized clearance (black line) versus 
the observed individual value in preterm neonates (green diamonds 
[72], red circles (Serum  Creatinine > 0.7  mg/dL) and blue triangles 
(Serum Creatinine < 0.7 mg/dL) [73]). The dashed lines represent the 
minimum and maximum, and the shaded area represents the 5th–95th 
percentile for the predicted values
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5 � Conclusions

The developed preterm PBPK model was verified using 
six compounds with diverse PK properties, administered 
to preterm subjects at different PNAs and born at differ-
ent gestational weeks. The model successfully described 
observed average and, where available, individual con-
centration–time profiles of these compounds, as well as 
the derived PK parameters. For relatively long trials, the 
time-varying physiology features were used to more realis-
tically simulate interaction between individual physiologi-
cal parameters and compound characteristics. Application 
of an in vitro–in vivo extrapolation approach, in conjunc-
tion with PBPK modelling under a mechanistic systems 
biology approach, can help to predict drug exposure and 
inform the design of clinical studies, as well as allow 
safety and efficacy risk assessment in the preterm patient 
population.
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