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Abstract
Background  Developmental physiology can alter pharmacotherapy in preterm populations. Because of ethical and clinical 
constraints in studying this vulnerable age group, physiologically based pharmacokinetic models offer a viable alternative 
approach to predicting drug pharmacokinetics and pharmacodynamics in this population. However, such models require 
comprehensive information on the changes of anatomical, physiological and biochemical variables, where such data are not 
available in a single source.
Objective  The objective of this study was to integrate the relevant physiological parameters required to build a physiologi-
cally based pharmacokinetic model for the preterm population.
Methods  Published information on developmental preterm physiology and some drug-metabolising enzymes were collated 
and analysed. Equations were generated to describe the changes in parameter values during growth.
Results  Data on organ size show different growth patterns that were quantified as functions of bodyweight to retain physi-
ological variability and correlation. Protein binding data were quantified as functions of age as the body weight was not 
reported in the original articles. Ontogeny functions were derived for cytochrome P450 1A2, 3A4 and 2C9. Tissue composi-
tion values and how they change with age are limited.
Conclusions  Despite the limitations identified in the availability of some tissue composition values, the data presented in 
this article provide an integrated resource of system parameters needed for building a preterm physiologically based phar-
macokinetic model.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s4026​2-019-00825​-6) contains 
supplementary material, which is available to authorized users.
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Key Points 

Physiological data on the preterm population were col-
lected and integrated from different publications.

Mathematical description of this information during 
development is important for building preterm physi-
ologically based pharmacokinetic models.

Gaps in available preterm physiological data required for 
building an age-varying physiologically based pharma-
cokinetic model have been identified for future research 
in this area.

1  Introduction

The World Health Organization defines preterm as all births 
before 37 weeks of gestational age (GA) and can be subcat-
egorised to extremely preterm (< 28 weeks of GA), very 
preterm (28–32 weeks of GA), and moderate-to-late preterm 
(32–37 weeks of GA) [1]. Worldwide, there are an estimated 
15 million babies born preterm every year [2], of which, 
approximately 1 million die because of complications [2]. 
Preterm infants are exposed to various sources of injury, 
both in utero and after birth, at a time when their organ sys-
tems are at a critical stage of development, thus potentially 
causing permanent changes to their function throughout life. 
Many survivors face a lifetime of disability, including learn-
ing disabilities, visual and hearing problems and/or chronic 
diseases, such as cerebrovascular disorders, pulmonary 
hypertension and diabetes mellitus later in life [3]. Women 
who themselves were born preterm are at an increased risk 
of delivering their neonates prematurely [4].

Remarkable progress has been made in the clinical man-
agement of disease in preterm patients leading to an increase 
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in the survival rate. However, understanding the mutual 
impact of drugs and the developing physiology in this popu-
lation is poorly understood, which in turn may translate into 
sub-optimal pharmacotherapy. Determining the right dose 
for a preterm subject is critically important. However, one 
of the challenges is that significant physiological ‘develop-
mental’ processes occur during the neonatal period that can 
affect the drug kinetics or result in unpredictable exposures 
and/or responses to doses that are shown to be safe and effi-
cacious in adults or older children. Another challenge is that 
many diseases in the preterm infant are unique, such as pat-
ent ductus arteriosus, or they may present unique manifesta-
tions, such as apnea of prematurity, owing to the anatomical 
and functional immaturity of various organs. These issues 
preclude extrapolation of dose and efficacy from adult or 
even older paediatric patients and require novel methods of 
outcome assessment, especially in infants [5, 6].

The higher extracellular fluid [7] in preterm infants com-
pared with older children is expected to increase the dis-
tribution volume of hydrophilic drugs [8]. Conversely, the 
absence or lower expression of drug-metabolising enzymes 
and lower glomerular function contribute to lower clear-
ance [9]. The situation is made more complex by lower 
concentrations of drug-binding plasma proteins compared 
with concentrations in older neonates [10], which can result 
in non-linear protein binding [11]. The underlying clinical 
conditions and the involvement of uptake and/or efflux trans-
porters add another layer of complexity.

Currently, there is no widely accepted approach for 
the optimisation of dose in preterm neonates and whilst 
comprehensive clinical studies are desirable, undertaking 
these in preterm subjects is constrained by cost and ethical/
clinical restrictions including patient recruitment and the 
limitations on blood sampling. Nevertheless, significant 
progress has been made in the field of paediatric phar-
macokinetics using modelling and simulation, particularly 
the use of population pharmacokinetic and physiologically 
based pharmacokinetic (PBPK) models [12]. The PBPK 
models when combined with in vitro-in vivo extrapolation 
techniques provide a unique capability to integrate prior 
knowledge of anatomical, physiological and biochemical 
characteristics of the body together with physicochemi-
cal properties of the drug to describe various phenomena 
involved in the complex pharmacokinetic processes. The 
developed models can be used to test different scenarios 
and extrapolation beyond the observed data once the 
models and relevant parameters are qualified and veri-
fied. The PBPK approach offers a feasible alternative to 
empirical dosage selection where there are no clinical stud-
ies to guide the requirements [13] and has been adopted 
within pharmaceutical companies [14] and drug regulatory 
agencies [15, 16]. While the preterm PBPK model is not 
intended to replace clinical studies, it can facilitate making 

decisions regarding first-time dosing and study design in 
this population.

The availability of the PBPK modelling approach can facili-
tate this study design process and help to explore different sce-
narios that can affect drug kinetics, such as a change in physi-
ological parameters in a specific clinical condition (e.g. ductus 
arteriosus), presence of variants in metabolising enzymes or 
transporters, impact of co-medications, optimal sampling and 
dosing suggestions. Nonetheless, these models require compre-
hensive information on the magnitude of anatomical, physio-
logical and biochemical changes during the preterm period and 
a reasonable knowledge of the drug disposition using in vitro 
information derived from human materials.

The objectives of this work are: (1) to collect data for 
physiological parameters that are required for building a 
preterm PBPK model; and (2) to incorporate system param-
eters as a function of individual age or/and weight within the 
Simcyp® Simulator to create a PBPK model that is capable 
of modelling altered pharmacokinetics in a preterm popu-
lation. Performance of the developed PBPK-pharmacody-
namic model will be explored in Part II: Applications of 
the Model to Predict Drugs Pharmacokinetics in Preterm 
Population [17].

2 � Materials and Methods

2.1 � Development of the Preterm Population

2.1.1 � Data Sources

Demographic data on the height and weight of preterm 
infants born between 28 and 36 gestational weeks were 
obtained from the UK growth charts for the preterm popula-
tion [18]. Tissue volume and composition were taken from 
our recently published meta-analysis [19] from 28 gestational 
weeks. Additional data on cardiac output, haematocrit, blood 
volume and binding proteins were collected from published 
clinical studies using, but not restricted to, MEDLINE. For 
each parameter, a separate search was conducted, using the 
keyword ‘preterm or premature’ plus the parameter of inter-
est, for example ‘blood volume’ (see the Electronic Supple-
mentary Material [ESM] for a full list of search terms). Arti-
cle titles and abstracts were screened to maintain the focus of 
the search. A manual search of reference lists from relevant 
articles complemented the data collection process. No time 
period constraints were applied to the searches performed.

2.1.2 � Inclusion Criteria

Data inclusion criteria were as follows: (1) individuals 
between 28 and 44 weeks of postmenstrual age (PMA) 
but within their first month of postnatal age (PNA); PMA 
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is calculated as the sum of GA and PNA, where PNA is 
the age after birth, at birth (PNA = 0) PMA equals GA. (2) 
Where possible, data from extreme premature neonates 
(GA < 28 weeks) were not included. (3) In the case of mixed-
population studies, the extreme preterm individuals should 
not comprise more than 30% of the overall preterm sample 
size under study. (4) When preterm data were not available, 
foetal data were included. (5) Caucasian data; where Cau-
casian data for a specific parameter were not available, data 
from non-Caucasian populations were used.

2.1.3 � Combining and Analysing Data from Different 
Studies

Whilst the majority of the data have been combined and 
analysed in our previous work [19], the same approach was 
followed to handle the additional data for blood volume, 
haematocrit, binding protein and cardiac output.

2.1.4 � Data Analysis

Before data analysis, when a parameter was reported in dif-
ferent units, these units were converted to a standard unit 
of measurement. When the age was reported as a range, the 
midpoint of the interval in weeks was used. Data analysis 
was performed using Microsoft Excel 2013 (Microsoft Cor-
poration, Microsoft Office Professional Plus 2013, https​://
produ​cts.offic​e.com).

Meta-analyses of organ volume data and gross composi-
tion have been published earlier as a function of an individ-
ual’s body weight, where longitudinal changes in systems 
parameters were tested using a number of commonly used 
growth equations, the optimal function was selected based 
on Akaike information criteria [19, 20]. Growth models 
for parameters such as plasma-binding proteins and drug-
metabolising enzyme ontogeny were based on the shape of 
the data. For example, data that show a sigmoidal pattern 
suggests linear, power or exponential functions are not a 
likely option. For certain parameters, existing published 
equations were modified and used, e.g. for BSA, Meban’s 
equation [21] and for GFR, Rhodin’s equation [22], without 
any model discriminations. Some equations, for example, 
organ volume functions, were derived for the foetus that 
covered a wider range [19]; however, these functions are 
valid for the preterm population between 28 and 48 weeks 
PMA.

Preterm data on the height for male and female indi-
viduals were described as a function of PMA, while the 
preterm weight data were described as a function of both 
height and PMA with interaction terms to ensure that 
correlated demographic parameters are generated for 
each individual. Where original data on a parameter, 
such as haematocrit or protein binding, reported age as 

the only independent variable, growth functions of these 
parameters were derived based on this information. For 
deriving the parameter equation, the PMA was used as 
the independent variable, but this is only if the effect 
of birth on the parameter growth is minimal. However, 
if the parameter takes a significantly different growth 
rate, then PMA can no longer be used alone and another 
covariate should be added, which in this case was either 
PNA or GA.

If the preterm data were sparse or unavailable after the 
37th postmenstrual week, then full-term neonatal data at 
birth were used. However, if the preterm data were robust, 
then these were used regardless of what the full-term neo-
natal values were at birth.

2.2 � Time‑Varying Physiology

Age progression in the preterm population is associated 
with developmental changes over time, which is expected 
to affect the pharmacokinetic processes. Changes in pre-
term individual anatomical and physiological (system) 
parameters during virtual simulations are very relevant to 
this population when simulating long-term infusions or 
multiple doses over a few days, where the system param-
eters are changing rapidly over a relatively short time, i.e. 
on a daily basis or within a week. Paediatric PBPK models 
are inherently suited for this task as the whole physiology 
can be updated during the time course of a simulation. To 
ensure that the covariates are growing while the simula-
tion is progressing, a time-dependent updating scheme is 
required for covariates. Details of this approach have been 
previously published and applied to full-term newborn 
subjects [23], these features were also incorporated for the 
preterm population.

3 � Results

3.1 � Population Parameters

3.1.1 � Demographics

3.1.1.1  Age Distribution  The preterm PBPK model was 
developed for preterm individuals with a PMA between 
28 and 40 weeks at birth until they reach their 44th week 
PMA (i.e. 0.538 and 0.850 year). The assumption here is 
that after 44 weeks PMA, the system parameters for preterm 
neonates behave like those of 1-month full-term neonates, 
i.e. the impact of prematurity is diminishing. Apart from 
body weight, longitudinal preterm studies for organ weight 
and blood flow showing differences from full term are not 
available.

https://products.office.com
https://products.office.com
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3.1.1.2  Height  The following equations were derived based 
on UK growth charts for both male and female individu-
als [18] to describe the subject height per sex for a preterm 
population (Fig. 1):

where PMA is the post-menstrual age in years.

3.1.1.3  Body Weight  Preterm data on total body weight 
at different PMAs were obtained from UK growth charts 
for both male and female individuals [18]. The following 
equations were derived based on these datasets to describe 
weight per sex based on height and PMA for the preterm 
population (Fig. 2):

where PMA is the postmenstrual age in years and HT is the 
individual height in centimetres, predicted using the given 
equations above.

Because the individual height and PMA for male and 
female individuals were used to describe the body weight, no 
residual random variability was required to describe inter-
individual variability in the latter (i.e., the random uncorre-
lated variability for both sexes weight is zero). Determining 
weight based on height ensures a correlated Monte-Carlo 
approach with realistic weight per body height [24].

3.1.1.4  Body Surface Area  The BSA was calculated based 
on a modified version of Meban’s equation [21], which 
was based on weight in grams (hence the coefficient was 
updated) and height. Here, the predicted height and weight 
were used to calculate the BSA as below:

where WT is the predicted individual body weight in kg and 
HT is the predicted individual body height in centimetres. 
The equation is the same for both male and female preterm 
populations. Performance of this equation was checked 
against observed data [21, 25, 26] and presented in Fig. 3 
(the Haycock equation was used to generate BSA data for 
comparison).

3.1.2 � Body Gross Composition

Preterm physiological body composition, including total 
water, extra- and intracellular water, fat and fat-free mass 
determine the drug volume of distribution in preterm 
populations.

Male height (cm) = −43.205 × PMA2 + 111.84 × PMA − 9.4871,

Female height (cm) = −50.927 × PMA2 + 121.53 × PMA − 13.304,

Maleweight (kg) = PMA × (0.0373 × HT)2.36,

Femaleweight (kg) = PMA × (0.0375 × HT)2.31,

BSA (m2) = 0.0315 ×WT0.562 × HT0.320,

3.1.2.1  Body Water  A previous meta-analysis of the col-
lected data indicated that the total body water increases from 
0.358 ± 0.054 to 0.863 ± 0.151, 1.530 ± 0.240, 2.215 ± 0.265 
and 2.588 ± 0.241 L at 23, 27, 32, 37 and 40 PMA (in weeks), 
respectively. The intracellular water (percentage of body 
weight) increases from 22.8 ± 3.4 to 24.8 ± 3.7, 26.7 ± 4.0, 
28.7 ± 4.3 and 29.9 ± 4.5% at 23, 27, 32, 37 and 40 PMA (in 
weeks), respectively. In contrast, the extracellular water (per-
centage of body weight) decreases from 61.7 ± 3.7 to 57.2 ± 4.5, 
51.6 ± 5.4, 45.6 ± 6.1 and 41.9 ± 6.2% at 23, 27, 32, 37 and 40 
gestational weeks, respectively. The corresponding average 
body weights at these ages are 0.42, 1.1, 2, 3 and 3.6 kg, respec-
tively [20]. The following equations were derived to describe 
the changes in total, intracellular and extracellular water during 
growth for both male and female subjects:

Total bodywater (L) = 0.862 ×WT − 0.04 ×WT2,

Intracellular water (L) = 10 ×WT × (0.015 + 0.018 × PMA),

Fig. 1   Preterm height (cm) as a function of PMA (years) for male 
(top) and female (bottom) subjects. Black filled circles are observa-
tions from UK growth charts [18], dashed black lines represent the 
0.4% and 99.6% percentiles for the observed data. Coloured open cir-
cles represent physiologically based pharmacokinetic model predic-
tions using the sex-based height equations. A variability [coefficient 
of variation (CV%)] of 6% for both sexes was required to recover 
observed inter-individual variability in body height between 0.4 and 
99.6% percentiles
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where WT is the neonatal body weight in kilograms and 
PMA is the postmenstrual age in years. Performance of these 
equations together with observed values [27–31] are given 
in Fig. 4. The propagated variability from total body weight 
seems sufficient to recover the observed inter-individual var-
iability for total and extracellular water in preterm neonates. 
Intracellular water is expected to be less variable. However, 
the magnitude of variability in this parameter is unknown in 
the preterm population.

3.1.2.2  Body Fat and Fat‑Free Mass  A previous meta-analy-
sis of the collected data on body fat and fat-free mass indi-
cated that the total body fat-free mass (mean ± standard devi-
ation) increases from 0.42 ± 0.06 to 1.01 ± 0.18, 1.81 ± 0.29, 
2.66 ± 0.34 and 3.15 ± 0.32 kg at 23, 27, 32, 37 and 40 PMA 
(in weeks), respectively. The corresponding total body 
weights are 0.42, 1.1, 2.0, 3.0 and 3.6 kg, respectively. The 
total body fat mass (mean ± standard deviation) increases 
from 0.008 ± 0.003 to 0.04 ± 0.02, 0.14 ± 0.05, 0.32 ± 0.10 
and 0.50 ± 0.11 kg at 23, 27, 32, 37 and 40 PMA (in weeks), 
respectively. The corresponding total body weights are 0.42, 
1.0, 2, 3.0 and 3.6 kg, respectively [20]. The following equa-
tions determine the fat mass and fat-free mass for both male 
and female subjects:

where WT is the neonatal body weight in kilograms. The 
performances of these equations together with observations 
[29, 30, 32–39] are given in Fig. 5. The propagated vari-
ability from total body weight seems sufficient to recover the 
observed inter-individual variability for fat mass and fat-free 
mass in preterm neonates.

3.2 � Haematocrit

Preterm haematocrit is described using the following derived 
equation based on published data [40–43] presented in 
Fig. 6. The equation is applied to both male and female pre-
term subjects:

where GA and PNA are the individual gestational age and 
postnatal age in weeks, respectively. To recover the observed 
variability, a residual random effect of 15% (average coef-
ficient of variation [%CV] from the meta-analysis) across 
preterm age was applied.

Extracellular water (L) = total body water − intracellular water,

Fatmass, FM (kg) = (0.185 ×WT)1.9,

Fat-freemass, FFM (kg) = WT − FM,

Hct (%) = 28.59 + 0.592 × GA − 3.982 × PNA,

Fig. 2   Preterm body weight (kg) as a function of postmenstrual age 
(PMA, years) for male (top) and female (bottom) subjects. Black 
filled circles are observations from UK growth charts [18], dashed 
black lines represent the 0.4% and 99.6% percentiles for the observed 
data. Coloured open circles represent physiologically based pharma-
cokinetic (PBPK) model predictions using the sex-based weight equa-
tions. Propagated variability from individual height was sufficient to 
recover observed inter-individual variability in body weight between 
the 0.4 and 99.6 percentiles. No additional variability was required 
for weight equations to match the observed data

Fig. 3   Predicted body surface area (BSA, m2) in the preterm popu-
lation (coloured open circles). Observations from different clinical 
resources are given as black filled circles (Meban [21]), black filled 
triangles (Chemotherapy Standardisation Group [26]) and black filled 
squares (Haycock et al. [25])
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3.3 � Blood, Plasma and Red Blood Cell Volumes

The preterm blood volume was the average value for 
reported blood volume of 85 [44], 83 [45], 79.1 [46] and 
84.7 [47] mL/kg of body weight, yielding a mean blood vol-
ume value of 83 mL/kg. Hence, the following equation was 
applied to both male and female preterm subjects: 

where WT is the total body weight in kilograms.
The plasma volume in male and female preterm subjects 

was calculated from blood volume and haematocrit accord-
ing to the following function:

where 0.91 is the body/venous haematocrit ratio [48].
Red blood cells volume can be calculated as the differ-

ence between blood and plasma volumes in both sexes using 
the following equation:

3.4 � Protein Binding

Changes in the unbound fraction (fu) of drugs in the plasma 
of preterm subjects (fuPreterm) were estimated using the fol-
lowing equation [49]:

Blood volume (L) = 0.083 ×WT,

Plasma volume (L) = (1 − Haematocrit × 0.91) × Blood volume,

RBCs volume (L) = Blood volume − Plasma volume.

fuPreterm =
1

1 +
(1−fuAdult)×PPreterm

fuAdult×P�����

,

Fig. 4   Body water (% body weight) during growth. Black filled cir-
cles are observations (see text) and coloured open circles are predic-
tions for preterm neonates

Fig. 5   Neonatal body fat and fat-free mass during growth. Black 
filled circles are observations (see text) and error bars represent the 
standard deviation; the coloured open circles are predictions for pre-
term neonates
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where P is the plasma protein concentration (serum albu-
min or alpha 1 acid-glycoprotein) and fuAdult is the average 
unbound fraction of drug in healthy adults. Note that the P 
unit can be either g/L or µM as these units cancel out in the 
equation.

3.4.1 � Human Serum Albumin

A meta-analysis of published data on plasma albumin 
levels [51–54] suggested that the average value increased 
from 29.52 g/L at 28 weeks of PMA (i.e. 0.538 years) to 
31.69, 34.34, 35.51, 36.44 and 36.95 g/L at 31, 36, 39, 42 
and 44 weeks of PMA, respectively. Dividing the PMA by 
52 weeks to give a value in years and fitting the meta-ana-
lysed data (Fig. 7) suggested that the preterm albumin can be 
described by the following function (for both sexes):

where PMA is the postmenstrual age in years. A CV of 10% 
was added to the predicted values to cover the observed 
inter-individual variability in this parameter.

3.4.2 � Alpha 1 Acid‑Glycoprotein

A meta-analysis of published data on preterm alpha 1 acid-
glycoprotein plasma levels [19, 51, 56–57] suggested that 
the average value increased from 0.01 g/L at about 25 weeks 
of PMA to 0.03, 0.12, 0.32, 0.43 and 0.58 g/L at 29, 35, 
40, 42 and 44 weeks of PMA, respectively. Dividing the 
PMA by 52 weeks and fitting the meta-analysed data (Fig. 8) 
suggested that the preterm alpha 1 acid-glycoprotein can be 
described by the following function (for both sexes):

PlasmaAlbumin (g∕L ) =
41.3 × PMA2.70

0.3832.70 + PMA2.70
,

Alpha-1 acid glycoprotein(g∕L) = 0.0013 × e(7.12×PMA),

where PMA is the postmenstrual age in years. A CV of 13% 
was added to the predicted values to cover the observed 
inter-individual variability in this parameter.

3.5 � Tissue Volumes

Tissue volume parameters are required for the PBPK model 
to allow prediction of drug distribution to different tissues 
and hence prediction of individual tissue exposure over time. 
Information on tissue volumes for the preterm population 
were derived based on published meta-analyses [19] across a 
wide GA range. Data applied to the preterm have been given 
in the ESM. The following equations determine the tissue 
volumes based on the total body weight (WT), in kilograms, 
for both male and female preterm subjects:

Adipose volume (L) = (0.2586 ×WT)1.91

Heart volume (L) =
(0.0047 ×WT)0.91

1.04

Fig. 6   Preterm haematocrit (%) 
during development. Coloured 
filled circles are observa-
tions and error bars represent 
the standard deviation (SD). 
Dashed lines represent upper 
and lower SDs predicted using 
an additional 15% coefficient of 
variation (%CV)

Fig. 7   Preterm serum albumin level comparing the predicted and 
observed values. Coloured open circles are the predictions and black 
filled circles are the observations with error bars representing the 
standard deviation
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The propagated variability from total body weight seems 
sufficient to recover the observed inter-individual variabil-
ity for each tissue (see figures in the ESM). Developmental 

Brain volume (L) =
(0.116 ×WT)0.915

1.04

Liver volume (L) =
(0.0036 ×WT)0.925

1.08

(both)Kidneys volume (L) =
(0.0054 ×WT)0.88

1.035

Pancreas volume (L) =
(0.0009 ×WT)0.91

1.045

Muscle volume (L) =
(0.251 ×WT)1.46

1.04

Skin volume (L) =
(0.1005 ×WT)1.2

1.1

(Both) Lungs volume (L) =
(0.0077 ×WT)0.762

1.05

SpleenMass (kg) =
(0.0068 ×WT)1.18

1.06

Bone volume (L) =
(0.0294 ×WT)

1.65

Gastrointestinal tract volume (L)

= (0.0024 + 0.0109 ×WT + 0.0048 ×WT
2)∕1.04.

changes of organ volumes for a representative male preterm 
subject are shown in Fig. 9.

3.6 � Tissue Composition

Information on tissue composition provide key parameters 
determining the drug partition into different tissues. Models 
are available to predict the partition ratio between each tis-
sue and plasma based on the tissue compositions [58–60]. 
Collected data on percentages of lipids and water in prema-
ture tissues required for the PBPK distribution model are 
given in Table 1. Because of the lack of some information, 
the following assumptions were made: 

(a)	 The acidic phospholipids (mg/g of tissue) and tissue-
to-plasma ratios for binding proteins (albumin and 
lipoprotein) in the preterm infant are similar to the 
adult.

(b)	 For each tissue, the fractional volumes (as percentages) 
of extracellular and intracellular water, neutral lipids 
and neutral phospholipids in the preterm infant are the 
same as those percentages in the full-term paediatric 
individuals at birth (40 GA).

Because these tissue composition values are relative to 
the tissue size, which is age dependent, the absolute values 
for tissue composition are age dependent.

3.7 � Cardiac Output and Blood Flow

3.7.1 � Cardiac Output

Data on cardiac output in preterm subjects between 27 
and 40 GA (both male and female) were collated from the 
literature [70–87] (see the ESM). These studies reported 
the results after normalising per kilogram of body weight 
without explaining the percentage of variability from this 
covariate. In the case of patients with patent ductus arterio-
sus, the average value of both left and right ventricle output 
was used. These data can be described using the following 
function:

where WT is the preterm total weight in kilograms. No 
additional variability was added to the predicted values as 
the physiological variability coming from body weight was 
adequate to meet the observed variability. A comparison 
between the predicted and observed cardiac output is shown 
in Fig. 10.

Cardiac output (L∕h) = 12 ×WT,

Fig. 8   Preterm alpha-1 acid-glycoprotein level comparing the pre-
dicted and observed values. Coloured open circles are the predictions 
and black filled circles are the observations with error bars represent-
ing the standard deviation
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3.7.2 � Tissue Blood Flow

Because of limited information regarding the individual 
tissue blood flows in preterm neonates, the same percent-
ages of cardiac output for full-term neonates was assumed. 

The absolute blood flow to each tissue is PMA dependent 
because the preterm cardiac output varies with this param-
eter. The tissue blood flows for male and female individuals 
are given in Table 2.

Fig. 9   Tissue sizes for a representative preterm male subject during development from 28 to 44 postmenstrual weeks. Predictions of individual 
tissue size vs. observations are given in the Electronic Supplementary Material

Table 1   Preterm tissue 
composition

PMA postmenstrual age, RBC red blood cell

Organ % of Tissue mass

Water References Total lipids References

Adipose 59.7 [61] 34.7 [61]
Bone 72.368 − 0.2032 × PMA [62] and full term 0.0062 × PMA − 0.0578 [62] and full term
Brain 86.767 + 0.3861 × PMA 

− 0.0081 × PMA2
[63, 64] and full term 1.9896 + 0.036 × PMA [63] and full term

Gut 79.493 Full term 2.500 Full term
Heart 88.137 − 0.0901 × PMA [61, 65, 66] 1.6071 + 0.0136 × PMA [61, 65, 66]
Kidney 94.654 − 0.2699 × PMA [66] and full term 2.73 Full term
Liver 85.315 − 0.1477 × PMA [66, 67] and full term 2.4 [61]
Lung 86.117 Full term 3.1 Full term
Muscles 98.229 − 0.4004 × PMA [61, 63, 68, 69] 2 [61]
Pancreas 78.4 Adult 5.03 Adult
Plasma 96.0 Full term 0.393 Full term
RBC 66.6 Full term 0.46 Full term
Skin 84.38 Full term Adult Adult
Spleen 83.8 [61] 1.5 [61]
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3.8 � Renal Function

Glomerular filtration rate (GFR) in preterm subjects has 
been extensively reviewed in the past, a function based on 
the individual’s PMA, and body weight has been published 
[22]. The preterm GFR function within the Simcyp Simula-
tor to describe drug filtration renal clearance was a modifica-
tion of Rhodin et al.’s equation [22]:

where PMA is the postmenstrual age in years, and WT is 
the total body weight in kilograms for a preterm subject. 

GFR
(

mL

min

)

= 121 ×

(

PMA3.4

0.9233.4 + PMA3.4

)

×
(

WT

70

)0.75

,

The preterm GFR was found to be affected by the process 
of birth for preterm subjects [88] and because of collinearity 
in the weight and GA for preterm subjects, it can equally be 
described by PMA and GA. However, the inter-individual 
variability in the latter case is too narrow to describe the 
clinical observed variability in preterm GFR, whilst by using 
body weight and PMA, sufficient physiological variability is 
generated to attain the observed variability.

3.9 � Metabolism

3.9.1 � Development of ‘First‑Pass’ Gut Metabolism

The gut metabolism of cytochrome P450 (CYP) substrates 
in the small bowel was assumed to be dependent on gut 
surface area and the abundance of CYPs. Intestinal length 
and diameter were both related linearly to BSA [12]. First 
duodenal length was calculated based on clinical measure-
ments and by mapping age with BSA [89, 90]. Similarly, 
the jejuno-ileal length was calculated based on BSA using 
published measurements [90, 91]. The following equations 
were derived: 

Total intestinal length was calculated as the sum of val-
ues from these equations. A fixed assumed CV of 20% was 
added to the jejuno–ileal length to achieve the observed vari-
ability in the intestinal length.

For the intestinal diameter, the duodenal diameter was 
calculated based on published measurements in the duodenal 

Duodenal length (m) = 0.139 × BSA0.569,

Jejuno-ileal length (m) = 7.05 × BSA0.633.

Fig. 10   Comparison of the predicted and observed cardiac outputs in 
the preterm population. The blue filled circles are the observed data 
and the error bars represent the standard deviation. The predicted val-
ues are shown using brown open circles. Note the observed data here 
were corrected to the mean bodyweight reported in the original publi-
cations as individual data were not available

Table 2   Tissue blood flow in 
preterm populations

a Pancreas, spleen and gut (stomach and oesophagus plus small intestine plus large intestine) are part of the 
liver portal vein blood flow

Tissue Blood flow (% of cardiac) output References

Male Female

Adipose 5 5 Assuming full-term paediatric value
Lung 100 100 Assuming full-term paediatric value
Skin 5 5 Assuming full-term paediatric value
Kidneys 16 16 [83]
Brain 10 10 [79]
Muscle 6.03 6.03 Assuming full-term paediatric value
Bone 5 5 Assuming full-term paediatric value
Stomach and oesophagus 1 1 Assuming full-term paediatric value
Small intestine 10 11 Assuming full-term paediatric value
Large intestine 4 5 Assuming full-term paediatric value
Spleen 2 3 Assuming full-term paediatric value
Pancreas 1 1 Assuming full-term paediatric value
Liver (artery + portala) 25.5 (6.5 + 19.0) 28 (6.5 + 21.5) Assuming full term paediatric value
Heart 4 5 Assuming full term paediatric value
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at four different sites at each gestational week between 22 
and 40 weeks. The average of these four site measurements 
at each GA was used [89] and related to individual BSA 
generated using the BSA equation given earlier. 

The jejunual and ileal diameters were calculated as a pro-
portion of the diameter of the duodenum (0.9 and 0.8 for the 
jejunum and ileum, respectively). A fixed assumed CV of 
20% was added to achieve the observed intestinal diameter 
variability. Age-related changes in duodenal, jejunal and 
ileal surface areas were calculated from the corresponding 
lengths and diameters incorporating the calculated variabil-
ity. The model assumes that both the stomach and colon do 
not contribute to the drug absorption, but they do contribute 
to the drug distribution and they are part of the gastrointes-
tinal organ in the distribution model.

Limited data exist on the intestinal expression of metabo-
lising enzymes in preterm neonates. Cytochrome P450 3A4 
expression was practically absent with no activity in 11 
foetal duodenal samples (9–15 GA) and was expressed at 
around 40% of adult levels in six full-term neonates aged 
2–4 weeks [92]. Another study only detected CYP3A protein 
in 50% of samples for individuals aged 1–6 months with no 
correlation between CYP3A4 protein and messenger RNA 
[93]. The CYP3A4 and CYP3A5 messenger RNA levels 
were in the same order of magnitude. Cytochrome P450 
3A7 messenger RNA expression was much lower and only 
detected in 64% of the duodenal samples and did not vary 
with age, suggesting that the contribution of this enzyme to 
enterocytic metabolism is very limited [93].

In conclusion, the intestinal metabolism due to CYP 
enzymes in preterm subjects is expected to be very low 
owing to lower enzyme expression per volume of entero-
cytes and a smaller gut size compared to adults. Therefore, 
intestinal metabolism was not taken into account in the 
current model; however, it can be incorporated if ontogeny 
functions for intestinal enzymes are known.

3.9.2 � Hepatic Metabolism

Preterm hepatic metabolism is calculated similarly to that of 
a full-term paediatric subject [12], where the enzyme mat-
uration function (i.e. ontogeny) is multiplied by the adult 
value for each enzyme abundance distribution:

where the adult variability around the mean abundance 
value for enzyme i is applied to the enzyme abundance in 
preterm. Clearance is then scaled according to the method 
described elsewhere [94]. A similar approach is applied to 

Duodenal diameter (m) = 0.021 × BSA0.651.

Enzyme iAbundancepreterm =Enzyme iAbundanceadult

× Ontogeny Function,

the transporter models allowing investigation of transporter 
effects on the pharmacokinetics and pharmacodynamics in 
the preterm population.

3.9.3 � Ontogeny

Information on hepatic CYP ontogeny functions in preterm 
subjects was obtained from the literature and discussed 
under the relevant enzyme below. Limited studies inves-
tigated the changes in CYP-metabolising enzymes in pre-
term subjects. Among CYPs, there were only data show-
ing a developmental pattern for CYP1A2, CYP2C9 and 
CYP3A4 with PMA (Fig. 11). No clear trend of ontogeny 
for CYP3A7, CYP2D6 and CYP2C19 was found.

3.9.3.1  CYP3A4  Cytochrome P450 3A4 ontogeny function 
(Fig. 11) is described as a linear function of PMA based on 
the in vitro expression and activity data in foetal and neona-
tal liver microsomes [95–97]: 

where PMA is in years.

3.9.3.2  CYP1A2  Ontogeny profiles (Fig. 11) based on func-
tional activity have been derived for the hepatic CYP1A2 
using deconvoluted in vivo clearance data [98]. This ontog-
eny function was modified for the preterm population of 
28–44  weeks (0.54–0.855  year) PMA is described as a 
power function: 

where PMA is in years.

3.9.3.3  CYP2C9  The ontogeny function (Fig.  11) for the 
hepatic CYP2C9 was derived based on abundance val-
ues obtained using western blotting for individuals aged 
between 28 and 44 weeks of their PMA (0.54–0.855 year) 
[99]. The derived function is given below: 

CYP3A4 (Fraction of adult) = 0.003 + 0.1331 × PMA,

CYP1A2 (Fraction of adult) = 0.81 × PMA5.2,

Fig. 11   Ontogeny profiles for cytochrome P450 (CYP) 1A2, 2C9 and 
3A4 in the preterm population
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where PMA is in years.

3.9.3.4  CYP3A7  The hepatic CYP3A7 is known to be over-
expressed in the foetus and its level decreases with GA, but 
there is no consensus on its activity [95] and/or the expres-
sion [96, 97] measurements. In one study, the CYP3A7 
activity relative to adult was about nine-fold higher in 26 
foetuses < 30 weeks of GA and decreased to six fold of adult 
in eight foetuses over 30 weeks of GA. Within 24 h of birth 
in two preterm neonates, born at 30 ± 3.5 weeks of GA, the 
activity was 12-fold of adult with a peak of 15.7-fold of adult 
in ten preterm children (32.4 ± 4.5  weeks of GA) during 
their first week of life. The activity then fell to 6.7-fold in 
eight preterm neonates (34.2 ± 5.4 weeks of GA) during their 
first 8–28 days of life [95]. In a later study, the expression of 
CYP3A7 was approximately 27-fold of adult in the foetuses 
between 13 and 24 weeks of GA and declined to 17-fold of 
adult at the aged of 31–41 weeks of GA. A further decrease 
to 8.7-fold of adult was reported after birth within 3 months 
[96]. These results are in better agreement with another study 
showing that between 27 and 40 weeks of GA the expression 
is about 17-fold higher than adults and decreases to about 
12-fold of adult during the first 0–29 days of life [97].

3.9.3.5  CYP2D6  The hepatic CYP2D6 protein expression 
was found to be about 2% of the adult level for extensive 
metaboliser phenotypes within 24 h after birth from preterm 
samples born at 29 weeks of GA, this level increased to 14% 
within 1–7 days after birth (33.8 weeks of GA) and further 
increased to 28% within 7–28 days after birth at 31.5 weeks 
of GA [100]. In the same study, the reported activity was 
about 2% of adult within 24 hours in the preterm group and 
increased to 9% during the first 1–7 days and 25% of adult 
within the first 7–28 days of birth [100]. In contrast, another 
study found large inter-individual variability in the liver 
samples with an average activity of 26% and 28% of adult 
during 26–40 weeks of GA and 0–7 days after birth with 
no relationship with the individuals’ genotype. This activity 
level increased to 47% after 7  days and remained around 
this level till 18 years of age [101]. This is unexpected as 
the reported median activity for the > 7 days to 18 years age 
group was 0.033 nmol/min/mg of protein, which is consid-
erably lower than the activity determined for a pooled adult 
human liver microsomal sample (0.168  nmol/min/mg). 
Nevertheless, the original study found a correlation between 
CYP2D6 activity and protein in individual tissue.

3.9.3.6  CYP2C19  The protein expression of hepatic 
CYP2C19 (and activity data using mephenytoin) suggested 
that CYP2C19 expression (15% of adult at birth) did not 
change during the second and third trimesters and even 

CYP2C9 (Fraction of adult) = 1.74 × PMA4.32,
1 month after birth, there was high inter-individual variabil-
ity [99].

4 � Discussion

Physiological parameters required to build preterm PBPK 
population models have been collated and equations derived 
to describe their change (mean and the associated variabil-
ity) during development. Equations were integrated within 
a PBPK model and verified for their inter-individual vari-
ability within physiological ranges down to 28 GW.

The preterm model was built using UK growth charts and 
thus represents a Caucasian population. The integrated pre-
term PBPK model was built with flexibility to incorporate 
information from other ethnic groups if needed, i.e. growth 
chart or other physiological information from a Japanese 
preterm population.

Available information on organ volumes required for 
building a PBPK model for the preterm population in age- 
and/or weight-dependent functions has been collected from 
different sources and quantified in the current work. Preterm 
ontogeny functions have been developed for three major 
hepatic enzymes, namely, CYP3A4, CYP1A2 and CYP2C9. 
However, for other enzymes such as CYP3A7, CYP2D6 and 
CYP2C19, the available information did not show a defini-
tive change with PMA. The PBPK model framework allows 
the incorporation of specific ontogeny functions to explore 
various ontogeny patterns necessary to recover clinical data. 
The development of ‘in vivo’ ontogeny profiles may allow 
better prediction of observed data within such models [98].

The age-dependent function of drug-binding protein in 
plasma was also included in the population database. The 
lower protein-binding level in the preterm population com-
pared with older neonates can affect the disposition of drugs 
[10]. Cardiac output is another parameter with high vari-
ability owing to the fact that this population has different 
underlying conditions (pulmonary distress, ductus arterio-
sus, infections).

Recent efforts have been made to build a PBPK model 
for the preterm population. Claassen et al. published a pre-
term PBPK model without providing information on growth 
functions for all organs and their inter-individual variability, 
nor how changes to binding proteins and haematocrit were 
accounted for. Interestingly, the blood flow for major organs 
such as muscle, fat and bone were not shown; however, the 
flow to different gut segments was presented, while the only 
considered route of administration in the model was intra-
venous [102]. The model performance was verified using 
amikacin and acetaminophen. More recently, Yang et al. 
published a PBPK model for term and preterm neonates and 
infants that was built in R for seven tissues, namely liver, fat, 
brain, muscle kidney, blood and the rest of the body as well 
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as the GFR maturation [103]. This paper did not consider 
the gut or lung, which is important in the preterm PBPK 
model, nor did it mention physiological parameters affecting 
absorption or ontogeny of enzymes involved in metabolism. 
In contrast to Claassen et al.’s model, Yang et al.’s model 
provided detailed methodology including model equations 
for physiological parameters and the associated variability; 
however, performance of the model in the prediction of pre-
term pharmacokinetics was lacking

A major drawback of the available data is the lack of 
longitudinal investigation of system parameters and the high 
variability in the available cross-sectional studies in this spe-
cial population. Anatomical and physiological parameter 
equations have been added to the Simcyp Simulator with 
the ability to modify the equations parameters and struc-
tures of the equations if required using the same approach as 
already mentioned for CYPs. Thus, fixed parameters based 
on full-term neonatal values, such as fractions of blood flow 
to some organs and tissue composition, can be modified in 
the light of any new data as they become available on for 
instance PMA-, PNA- or GW-related changes or changes in 
specific disease states.

The developed stochastic preterm PBPK model aims to 
predict pharmacokinetics in preterm subjects. The model 
also allows the incorporation of the growth of physiological 
parameters during simulations. Allowing these covariates, 
i.e. physiological parameters to grow while simulation pro-
gresses to reflect the realistic and dynamic nature of drug 
disposition is a feature that has been shown to be relevant to 
full-term neonates [23].

Because of the diversity of pathophysiological conditions 
and developmental changes, pharmacokinetic investigation 
in a preterm population is challenging. Current modelling 
tools that support data analysis for the preterm population 
are to a large extent limited to a traditional pharmacokinetic 
analysis with a clear shift towards population pharmacoki-
netics to make use of sparse data normally collected for this 
population. The PBPK approach allows extrapolation and 
exploring ‘what if’ scenarios provided the drug’s absorption, 
distribution, metabolism, and excretion is well characterised 
and information on physiological changes that could affect 
the absorption, distribution, metabolism, and excretion of 
the drug are considered [104]. Another advantage of the 
PBPK model is the use of sensitivity analysis to explore 
‘what if’ scenarios, for example, the effect of haemody-
namic changes due to ductus arteriosus on drug kinetics or 
the effect of the suppression of drug-metabolising enzymes 
in respiratory distressed preterm subjects on drug clear-
ance. The preterm population model is flexible and allows 
the changing of physiological parameters to mimic different 
disease conditions.

While the drug parameters can be investigated experi-
mentally, the systems parameters are multidimensional with 

time-varying changes to plasma protein binding, cardiac out-
put, drug metabolism and renal function occurring simul-
taneously, and all affecting drug absorption, distribution, 
elimination and excretion. The PBPK modelling approach 
provides an efficient methodology for incorporating such 
prior information within a Bayesian framework. For example, 
once developmental changes in organ size and compositions 
have been incorporated into the PBPK model, the possible 
accumulation of drug in a specific tissue can be predicted. 
Understanding changes in tissue drug concentrations is a 
key point in exploring the possibility of permanent adverse 
effects due to toxicity in a specific tissue. Thus, population 
PBPK models can help in different risk assessment appli-
cations, including screening chemicals for further testing, 
reverse dosimetry or estimating data-derived extrapolation 
factors [105].

5 � Conclusions

Integrated system parameters for building a stochastic preterm 
PBPK model were compiled and incorporated within the Sim-
cyp Simulator population library. These population data aim 
to mechanistically predict pharmacokinetics in the preterm 
population and to account for inter-individual variability at 
different PMA, GA or PNA when coupled with the in vitro-in 
vivo extrapolation approach. This approach will facilitate the 
investigation of drug exposure and any associated toxicity in 
different body organs and age-varying drug–drug interactions, 
and to inform the design of clinical studies in the preterm 
patient population. Future developments should expand the 
model to the very preterm populations.
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