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Each year, infections caused around the 25% of neonatal deaths. Early empirical

treatments help to reduce this mortality, although optimized dosing regimens

are still lacking. The aims were to develop and validate a gentamicin

physiologically-based pharmacokinetic (PBPK) model and then potentially

explore dosing regimens in neonates using pharmacokinetic and

pharmacodynamic criteria. The PBPK model developed consisted of 2 flow-

limited tissues: kidney and other tissues. It has been implemented on a new tool

called PhysPK, which allows structure reusability and evolution as predictive

engine in Model-Informed Precision Dosing (MIPD). Retrospective

pharmacokinetic information based on serum levels data from 47 neonates

with gestational age between 32 and 39 weeks and younger than one-week

postnatal age were used for model validation. The minimal PBPK model

developed adequately described the gentamicin serum concentration-time

profile with an average fold error nearly 1. Extended interval gentamicin

dosing regimens (6 mg/kg q36h and 6mg/kg q48h for term and preterm

neonates, respectively) showed efficacy higher than 99% with toxicity lower

than 10% through Monte Carlo simulation evaluations. The gentamicin minimal

PBPK model developed in PhysPK from literature information, and validated in

preterm and term neonates, presents adequate predictive performance and

could be useful for MIPD strategies in neonates.

KEYWORDS

PBPK, gentamicin, neonates, PhysPK software, dosing evaluation, TDM

OPEN ACCESS

EDITED BY

Victor Mangas Sanjuan,
University of Valencia, Spain

REVIEWED BY

Fan Yang,
Henan University of Science and
Technology, China
Belen Perez Solans,
University of California, San Francisco,
United States

*CORRESPONDENCE

Jonás Samuel Pérez-Blanco,
jsperez@usal.es
José M. Lanao,
jmlanao@usal.es

†These authors have contributed equally
to this work and share last authorship

SPECIALTY SECTION

This article was submitted to
Translational Pharmacology,
a section of the journal
Frontiers in Pharmacology

RECEIVED 24 June 2022
ACCEPTED 12 September 2022
PUBLISHED 28 September 2022

CITATION

Zazo H, Lagarejos E, Prado-Velasco M,
Sánchez-Herrero S, Serna J,
Rueda-Ferreiro A, Martín-Suárez A,
Calvo MV, Pérez-Blanco JS and
Lanao JM (2022), Physiologically-based
pharmacokinetic modelling and dosing
evaluation of gentamicin in neonates
using PhysPK.
Front. Pharmacol. 13:977372.
doi: 10.3389/fphar.2022.977372

COPYRIGHT

© 2022 Zazo, Lagarejos, Prado-Velasco,
Sánchez-Herrero, Serna, Rueda-
Ferreiro, Martín-Suárez, Calvo, Pérez-
Blanco and Lanao. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 28 September 2022
DOI 10.3389/fphar.2022.977372

https://www.frontiersin.org/articles/10.3389/fphar.2022.977372/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.977372/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.977372/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.977372/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.977372&domain=pdf&date_stamp=2022-09-28
mailto:jsperez@usal.es
mailto:jmlanao@usal.es
https://doi.org/10.3389/fphar.2022.977372
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.977372


1 Introduction

Neonatal population is defined as newborns with less than

1 month of life or postnatal age (PNA). Despite of neonatal

mortality has been effectively reduced through early

interventions, globally 2.4 million of neonates died in 2019.

The 75% of neonatal mortality occurred during the first week

of life and around of the 25% of these deaths, both in resource-

rich and resource-poor settings, is caused by infections like

sepsis, pneumonia or meningitis (Chan et al., 2013; Author

Anonymous, 2020). However, there are few information about

the appropriate dosing regimens use in the clinical practice for

neonates (Lanao et al., 2004). Different physiological maturation,

related to the gestational age (GA), and rapid developmental

changes of physiological factors affect drug pharmacokinetics

(PK), thereby being a hindrance to reaching optimal drug

concentrations (Food and Drug Administration (FDA) USD

of H and HS, 2020).

Administration of aminoglycosides is recommended for

newborns at risk of early-onset sepsis, when it is manifested

within 72 h after birth. The empirical therapy recommended is

gentamicin, alone or in combination with β-lactam antibiotics,

due to the high susceptibility of both gram-positive and gram-

negative pathogens (National institute for health and care

excellence (NICE), 2021). Gentamicin exhibits a

concentration-dependent bactericidal effect and requires high

peak concentrations (Cmax) to exhibit post-antibiotic effect at

drug levels below the minimum inhibitory concentration (MIC).

Moreover, high trough concentrations (Cmin) are associated with

potential toxicity. Therefore, interactions between

pharmacokinetic and pharmacodynamic (PK/PD) parameters

should be taken into account for evaluating clinical

therapeutic outcomes. PK/PD indexes such as the ratio of

Cmax/MIC, the area under the drug concentration–time curve

to the MIC (AUC24/MIC) or the percentage of time of the dosage

interval the drug concentration remains above the MIC (T>MIC),

are considered the best descriptors of clinical efficacy of

antibiotics. For aminoglycosides, the most suitable indices are

the ratio Cmax/MIC and the T>MIC (Wicha et al., 2021). In fact,

treatment selection is diverging from standard dosing concepts

toward the used of PK/PD indexes of each antibiotic for optimal

dosing regimen selection, in order to avoid suboptimal drug

concentrations which also favour resistance development

(Abdul-Aziz et al., 2020). Extended and conventional

gentamicin intervals are defined as once-daily or twice-daily

in adults, respectively. However, in paediatrics larger dose

intervals are suggested due to the lower drug elimination

shown in this population (Lanao et al., 2004).

Clinical studies in newborns are rarely performed due to

ethical concerns. In fact, the use of in silico methods, such as the

Physiologically-based pharmacokinetic (PBPK) modelling

approach, is recommended for drug development and clinical

prescriptions for paediatric populations, in order to reduce the

number of child patients in clinical trials (EMA, 2018). PBPK

modelling provides the ability to combine maturation and

physiological age-related parameters and it has been shown

that the predictive performance of a PBPK model is superior

to that of empirical/traditional compartmental models (Jones

et al., 2006; Jones et al., 2011). Thus, PBPK modelling can be

useful for investigating clinical efficacy and safety of current adult

treatments in paediatric populations, with this assessment being

more accurate than a simple extrapolation based on body weight

(Lin et al., 2018). Moreover, model-informed precision dosing

(MIPD) is recommended for drugs like gentamicin where

adequate exposure is critical, cannot be controlled by easy-to-

measure clinical parameters and present large PK variability and

a narrow therapeutic index (Wicha et al., 2021). Thus, PBPK

models could also be helpful for dosage regimen decision-making

in this population.

The aims of this work were to develop a minimal PBPK

model of gentamicin in neonates to evaluate potential efficacy

and toxicity of the current conventional and extended interval

gentamicin dosage regimens in neonates, in order to support

MIPD strategies based on PK/PD criteria. This work differs from

the previous ones (Abduljalil et al., 2020; Neeli et al., 2021) in

several aspects, both in relation to the population study (preterm

and term neonates), the methodology and novel PBPKmodelling

and simulation (M&S) software used (PhysPK), and the used of

PK/PD indexes in order to be more comprehensive for clinicians.

2 Materials and methods

2.1 Physiologically based pharmacokinetic
model development

2.1.1 Model development
The PBPK model development was based on gentamicin

properties such as quickly extracellular water distribution,

minimal binding to plasma proteins and low intracellular

penetration. Moreover, taking into account that the kidney is a

pivotal organ related to gentamicin elimination, a minimal PBPK

model was adopted including two flow-limited compartments:

kidney and rest of tissues. Both tissues were connected by the

circulating blood system and heart chamber, and defined by tissue

volume, blood flow and partition coefficient. Since gentamicin

undergoes glomerular filtration and tubular reabsorption, this last

process has been included in the mathematical description of the

kidney compartment by a 21% correction of the initial drug filtered

by the kidney (Contrepois et al., 1985).

2.1.2 Model equations
The minimal PBPK model was defined by simulation

component relationships and mathematical equations of the

mechanism. The following sections define the mathematical

equations for each component.
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In the PhysPKmodel, the heart is not modelled as a tissue but

as the source of cardiac output (CO). That is, it does not address

ADME processes but only the cardiac flow pumping through a

well-stirred chamber, governed by Eq. 1:

Vhp
dCh

dt
� (QhpCb) − (QhpCh) (1)

where Vh is the heart chamber volume, Ch is the drug

concentration in the heart, Cb is the blood serum drug

concentration, and Qh is the heart flow rate (for which CO

value has been used). The equation describes the mechanistic

effect of the blood mix with the inertia (Ch tends to Cb with a

delay) related to the volume Vh.

Kidney tissue was considered as a flow-limited tissue and

gentamicin tissue concentration is derived from blood

concentration according to flow limited tissue (FLT)

assumption, which is provided by Eq. 2:

Vkp
dCk

dt
� (QkpCb) − (Qkp

Ck

Pk
) − (Qep

Ck

Pk
) (2)

where Vk is the kidney volume, Ck is the drug concentration in

the kidney, Cb is the blood serum drug concentration, Qk is the

kidney flow rate, Pk is the partition coefficient of this tissue and

Qe is the elimination flow rate.

Linear behaviour was assumed in order to model kidney

elimination of the drug through the kidney. Tubular reabsorption

has been considered in GFR adjustment while tubular secretion is

negligible in the case of gentamicin, so GFR x TBW is expressed

in mL/min, considering that 21% of the drug has tubular

reabsorption (Eq. 3):

Qe � TBWpGFRp0.79 (3)

where Qe is the elimination flow rate, GFR is the glomerular

filtration rate parameter expressed in mL/min/kg and TBW is the

total body weight.

Rest tissue includes the remaining body tissues not explicitly

considered. It is defined as a flow-limited tissue and gentamicin

tissue concentration is provided by Eq. 4:

Vrp
dCr

dt
� (QrpCb) − (Qrp

Cr

Pr
) (4)

where Vr is the volume of the rest tissues (all except heart and

kidney), Cb is the blood serum drug concentration, Cr is the drug

concentration in this compartment, Qr is the blood flow rate for

this compartment and Pr is the partition coefficient of this

compartment.

Serum is defined by the blood system, however, gentamicin

binding to plasmatic proteins or cells has not been considered

relevant since it was less than 10% (Burton, 2006). Thus, the cells

compartment has not been considered in the model development

and serum concentration is governed by Eq. 5:

Vdp
dCb

dt
� GpP(t) + (QhpCh) +∑Qi

Ci

Pi
− (QhpCb) (5)

where Vd is the volume distribution, Cb is the blood serum drug

concentration, Ch is the drug concentration in the heart, G is the

dose of gentamicin administered, P(t) is a unitary pulse

waveform with period T (equivalent to interval

administration) and pulse width of 30 min and Ci, Qi, Pi are

the drug concentration, flow rate and partition coefficient for

each compartmental tissue (kidney and rest), respectively.

2.1.3 Model parameters
General physiological parameters such as organ volumes,

blood flow rates and partition coefficient were already

implemented in the software (Table 1). Partition coefficient of

gentamicin in kidney was considered as an approach from

previous studies (Thibault et al., 1994). Physiological

parameters selected based on previous knowledge in preterm

and term neonates, and used during the model-building process

were: total body weight (TBW), cardiac output (CO), glomerular

filtration rate (GFR), gentamicin volume of distribution (Vd) and

kidney flow rate (Qk) (Table 2) (Izquierdo et al., 1992; Jackson

et al., 1999; Hayton, 2000; Ali et al., 2012; Encinas et al., 2013;

Sulemanji and Vakili, 2013). Monte Carlo simulation

methodology was used to take into account the variability of

these meaningful physiological parameters. It was assumed that

they follow a log-normal distribution, and have coefficients of

variation (CV) of 20% for TBW and Qk, 24% for CO and 40% for

GFR (Bouillon-Pichault et al., 2011; Wilhelm-Bals et al., 2020).

2.1.4 Model validation
Gentamicin minimal PBPK model-based predictions of

concentrations by Monte Carlo Simulation were compared to

retrospective gentamicin serum concentrations measured in

neonates treated at the University Hospital in Salamanca

(Spain). Predictions of drug clearance were compared to the

clearance values estimated by Maximum a Posteriori (MAP)

Bayesian forecasting routinely performed in the TDM (defined as

CL observed). For the prediction performance of the model, the

prediction error (PE; Eq. 6) and mean prediction error (MPE;

Eq.7) were calculated.

TABLE 1 General physiological parameters values implemented in the
gentamicin minimal PBPK model.

Kidney Rest of tissues

Organ volumes (ml) 0.03 0.87

Blood flow rates (ml/min/kg) 9.35 217

Partition coefficient 10.0 1.00
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PE (%) � PRED − OBS
OBS

× 100 (6)

MPE � 1
n
∑PE (7)

The overall predictability of this model was evaluated in

terms of bias and precision using the conventional metrics of

average-fold error (AFE; Eq. 8) and absolute average-fold error

(AAFE; Eq. 9), respectively.

AFE � 10
1
n∑ log (PRED

OBS )
(8)

AAFE � 10
1
n∑|log (PRED

OBS )|
(9)

If the model predictions reached the criteria of the AFE and

AAFE between 0.5 and 2-fold, its predictive performance would

be considered to be satisfactory (Puttrevu et al., 2020; Corral

Alaejos et al., 2022).

Visual predicted check (VPC) was carried out to evaluate

PBPK model performance based on simulations. Observed

concentrations were dose-normalized and expressed as the

standard dose considered in the Monte Carlo simulations for

each group (6 mg/kg q48h for preterm neonates and 6 mg/kg

q36h for term neonates). A total of 1,000 virtual patients of each

subpopulation were considered to calculate prediction intervals

(PI) of 90% and 50%. If observed concentrations were distributed

within the 90% PI, the model prediction capability was deemed to

be adequate (Rubinstein and Kroese, 2016). Finally, the VPC

plots were generated in R version 4.0.2 software from the output

of the simulations performed in PhysPK.

2.2 Software

Gentamicin minimal PBPK model was developed using the

commercially available PhysPK v.2.4.1 platform as part of

EcosimPro 6.2.0® (www.physpk.com). This software is based

on first-principles modelling of complex systems with

continuous and discrete time equations; which use the Multi-

Object-Oriented Modelling (MOOM) paradigm. EcosimPro

language is designed to model systems formulated through

differential-algebraic equations (DAE) and discrete events, by

means of a non-algorithmic code (acausal simulation language).

Any EcosimPro model is converted to algorithmic code (C++)

through the EcosimPro platform previously being executed.

PhysPK is a PBPK M&S software built by means of the

EcosimPro language. Simulation component parameters and

mechanism variables are defined in the International System

of Units (SI), although the user parameter values can be defined

with other units and converted to SI with internal functions of

PhysPK (Martí et al., 2014).

The gentamicin PBPK model has been created through two

categories of mathematical equations. The first one is defined by

the physical processes that occur inside each simulation

component. These processes are liberation, absorption,

distribution, metabolism and excretion (LADME) and other

mechanisms for the cardiac output source and drug

administrator. Mathematical equations in a simulation

component describe these processes through differential -

algebraic equations (DAE) to give mass conservation,

metabolism, absorption, distribution, excretion, and others

(inertial pumping or drug rate infusion) for each chemical

compound inside all the spatial regions that pertain to the

component (Roa and Prado, 2006). The second category refers

to the equations that describe the relationships among the

simulation components in the PBPK model. The last

equations define the blood convection through the vascular

system in our PBPK model. They are generated by PhysPK

according to the blood connections. Once a PhysPK model is

created, it may be used to predict the evolution of the system

starting from the initial conditions for a particular context

through a simulation experiment.

A second important issue is that the model’s equations are

represented by means of a non-algorithmic mathematical

formulation. That is, the model is defined in a balanced and

complete way (number of variables to solve are equal to number

of equations), but it must be previously converted to a flat and

algorithmic code in order to be executed in the simulation

experiment. The algorithmic code defines the order in which

variables are computed and which equations are used to solve

them. This methodology for DAE systems is more fully described

in the Wiley Encyclopedia of Biomedical Engineering (Roa and

Prado, 2006).

EcosimPro also supports Montecarlo simulations, generating

a range of possible outcomes considering the a priori likelihood

TABLE 2 Physiological parameters values implemented in the gentamicin minimal PBPK model.

Physiological parameter Preterm population [mean ±
SD]

Term
population [mean ± SD]

Total body weight (kg) 1.73 ± 0.35 3.56 ± 0.72

Cardiac output (ml/min/kg) 172 ± 50.6 172 ± 50.6

Glomerular filtration rate (ml/min/kg) 1.31 ± 0.53 1.72 ± 0.70

Gentamicin volume of distribution (L/kg) 0.52 ± 0.16 0.46 ± 0.14

SD, standard deviation.
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of different variables or scenarios. Moreover, the successive

productions of random numbers will also be the same using a

seed. The random numbers generated, for this PBPKmodel, have

log-normal probability density function.

2.3 Clinical data

The study was carried out using data from 47 newborn

patients admitted between 1999 and 2003 in the Neonatology

Unit of the University Hospital in Salamanca (Spain). These data

were obtained as part of routine therapeutic drug monitoring

(TDM) of aminoglycoside therapy in paediatric patients

suspected of suffering from infection due to Gram-negative

microorganisms, regardless of whether this had been

confirmed in the antibiogram. This data has also been used by

our group in a previous publication (Lanao et al., 2004). Patients

selected are characterized to be less than one-week of PNA and

with GA between 32 and 39 weeks. These patients were

subsequently divided into two subgroups due to their different

physiological maturation: preterm neonates with GA between

32 and 37 weeks, and term neonates with GA over 37 weeks.

Their concentration-time data were used for the model

validation.

2.3.1 Gentamicin dosing and sampling schedule
Gentamicin was administered in the form of an intravenous

(IV) infusion during 0.5 h, with an initial dose of 6 mg/kg and an

administration interval of 36 h or 48 h. Blood serum samples

were collected at 2 and 24 h from the start of drug infusion

(Lanao et al., 2004).

Serum gentamicin levels were measured by fluorescence

polarization immunoassay AXYM (Abbott Laboratories,

Chicago, IL, United States) The method was successfully

verified for the calibration range of 0.3–10 mg/L. Additional

details of the analytical method are provided in a previous

publication (Lanao et al., 2004).

2.4 Clearance estimation

In order to check the functionality of the software and the

suitability of GFR values selected from literature for the PBPK

model developed, this parameter was also estimated using the

PhysPK parameter estimation module.

This module allows for the estimation of population

parameters of non-linear physiological models. The iterative

two-stage (ITS) method was applied to estimate an initial

condition of population parameters for each individual

subject, without taking into account the population knowledge

(Davidian, 2010). After that, the population parameters were

estimated using a first-order conditional estimation (FOCE)

method, starting with values obtained in ITS.

2.5 Gentamicin standard dosage
evaluation based on PK/PD criteria

Based on PK/PD criteria, conventional and extended interval

dosage regimens were evaluated for each subpopulation. For

preterm neonates the dosage regimens evaluated were 4 mg/kg/

day (q24h) as a conventional regimen, and 6 mg/kg/day (q48h)

as an extended interval regimen; while for term neonates the

dosages selected were 4 mg/kg/day (q24h) and 6 mg/kg/day

(q36), respectively (Lanao et al., 2004). The PTA of different

PK/PD indexes were selected for treatment efficacy and toxicity

criteria evaluation.

Cmax/MIC ratio over 8–10 folds, keeping Cmax lower than

25 mg/L, are necessary to achieve post-antibiotic effect

warranting an adequate safety profile related to the

maximum drug exposure. Moreover, Cmin lower than 2 mg/

L has been suggested to minimize the potential toxic effects of

gentamicin, because it is associated with lower accumulation

in both the renal tubule and inner ear (Vučićević et al., 2014).

Therefore, the target PK/PD criteria for toxicity were

established at Cmin ≥2 mg/L and Cmax ≥25 mg/L.

Regarding efficacy criteria, Cmax/MIC ≥8 and T>MIC

(expressed as percentage of the dosing interval) equal to or

higher than 60% were selected for both dosage regimens (Zazo

et al., 2013). Based on the fact that gentamicin is the treatment

recommend against pathogens with MIC values between

0.5 and 2 (O’Connor et al., 2021), MIC value of 1 mg/L was

selected for PK/PD criteria calculations. For aminoglycosides,

the treatment response was defined as effective when the

PTA ≥90% for efficacy PK/PD criteria, and for safety when

PTA ≤10% for toxicity criterion (He et al., 2022).

FIGURE 1
Schematic diagram of the minimal PBPK model developed in
PhysPK. Black solid circles are Boolean components for activation/
deactivation of processes (i.e., dose administration); pink and blue
solid circles, are recording components of the system
(i.e., drug concentration in a specific region of the system such as
plasma, tissue, etc.,). Organ with an E inside means that it has
elimination. The purple T next to the syringe means that the
administration has a rate and it can be multiple.
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3 Results

The schematic diagram of the minimal PBPK model developed

in the interface of PhysPK is shown in Figure 1. It included the two

tissues modelled, kidney and rest of tissues, and the heart as the

source of CO. The relationships among simulation components are

given by the multilevel modelling schematic.

A total of 91 serum samples from 47 subjects, were used for

the minimal PBPK model development. Demographic

characteristics of patients evaluated are shown in Table 3.

Most of gentamicin observed concentrations (80.6% and

100% for the C2h and C24h, respectively for preterm neonates,

and 87.5% and 100% for the C2h and C24h, respectively for term

neonates) were within the 90% PI. Therefore, it can be assured

that the minimal PBPK model developed for gentamicin in

neonates adequately describes the drug concentration-time

profile observed, as well as its PK variability, in both the

preterm and term neonate populations studied (Figure 2).

Table 4 shows the mean of observed and predicted

concentration and clearance values, as well as the bias and

precision evaluation for the validation of the model-predictive

performance. Both, AFE and AAFE values for all the predictions

were between 0.5 and 2. In fact, all AFE values are nearly 1 which

is indicative of a lack of significant bias associated with model

predictions.

The GFR values obtained by optimization with the PhysPk

software were (mean ± SD) 1.176 ± 0.037 ml/min/kg and 1.324 ±

0.054 ml/min/kg for preterm and term neonates, respectively.

TABLE 3 Demographic baseline characteristics of neonates’ patients evaluated.

Parameter Preterm (GA ≤37 weeks) [mean ±
SD (min-max)]

Term (GA >37 weeks) [mean ±
SD (min-max)]

Number of patients 31 16

Gestational age (GA) (weeks) 33.7±1.56 (32-37) 38.9± 0.25 (38-39)

Postnatal age (PNA) (days) 3.03±1.02 (2-7) 2.94±0.85 (2-5)

Total body weight (kg) 1.96 ± 0.41 (1.16–3.00) 3.09 ± 0.23 (2.29–3.62)

Dose (mg/kg) 5.74 ± 0.80 (4.01–6.88) 6.64 ± 0.22 (6.99–6.21)

Serum concentration at 2 h 17.7 ± 4.28 (5.06–24.1) 13.8 ± 3.08 (8.17–20.1)

Since drug administration (mg/L)

Serum concentration at 24 h 2.92 ± 0.79 (1.84–5.50) 1.41 ± 0.41 (0.86–2.32)

Since drug administration (mg/L)

SD, standard deviation.

FIGURE 2
Visual Predicted Check (VPC) in preterm (left) and term (right) neonates. Dotted lines represent, from the bottom to the upper panel, the 10th,
25th, 75th, and 90th percentiles of the gentamicin concentrations simulated vs. time. Shaded areas represent, from outside to inside, the 90% and
50% prediction intervals. Solid lines represent the median gentamicin simulated concentration-time profile. Open blue circles represent the
observed gentamicin concentrations dose-normalized.
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Figure 3 shows that the PTA to reach a Cmax/MIC was

adequate with the extended interval regimen (6 mg/kg q48h

and 6 mg/kg q36h for preterm and term, respectively) while

PTA reached with the conventional regimen (4 mg/kg q24h)

was insufficient to achieve proper treatment efficacy, for any

MIC value considered (0–2 mg/L). In fact, the extended

interval regimens can be assumed to be effective

(PTA≥90%) up to MIC values nearly 2 mg/L (1.7 mg/L for

preterm and 1.6 mg/L for term neonates), while conventional

regimens can be considered effective until MIC values close to

0.6 mg/L (0.55 mg/L for preterm and 0.65 mg/L for term

neonates).

Table 5 show the PTA to reach the efficacy and toxicity

criteria (Cmax/MIC ≥8 and T>MIC ≥60% for efficacy and

Cmin ≥2 mg/L and Cmax ≥25 mg/L for toxicity) for each

gentamicin regimen considered in each specific population.

According to the PTA of PK/PD indexes studied, both

regimens presented PTA <10% for the toxicity criteria.

4 Discussion

M&S techniques in biomedicine have experienced great

advances and impact in drug development and evaluation in

recent decades. Consequently, specialized M&S software is now

necessary in the pharma, clinical and biomedical engineering

industries. Neonates are one of the most vulnerable populations

and also require more ethical considerations, so studies designed

with M&S methodologies have been highlighted as a useful

methodology in drug development, especially for dose

selection decision-making.

The software used in this work, PhysPK, is a novel PBPK

platform which has already been successfully applied in MIPD of

paediatric patients (Prado-Velasco et al., 2020). It is a robust and

potent M&S tool allowing easy and efficient implementation of

simulations, execution (such as parameter estimation) and

dosage optimization algorithms based on PK/PD criteria

(efficacy and/or toxicity), which supports the implementation

TABLE 4 Mean values and precision and bias errors of gentamicin minimal PBPK model developed.

Preterm Term

C 2 h
(mg/L)

C 24 h
(mg/L)

CL (L/h) C 2 h
(mg/L)

C 24 h
(mg/L)

CL (L/h)

Mean value observed 17.7 2.92 0.09 13.8 1.41 0.19

Mean value predicted 17.4 2.62 0.11 15.4 0.89 0.23

Mpe (%) 8.08 −5.04 26.5 16.3 −28.8 27.7

Afe 1.02 0.92 1.24 1.14 0.68 1.26

Aafe 1.22 1.23 1.26 1.20 1.47 1.29

C, concentration; CL, clearance; MPE, mean prediction error; AFE, average-fold error; AAFE, absolute average-fold error.

FIGURE 3
Probability of target attainment (PTA) to reach the Cmax/MIC ≥8 ratio for each gentamicin dosage regimen: conventional (4 mg/kg q24h) and
extended interval regimen (6 mg/kg q48h and 6 mg/kg q36h for preterm and term, respectively).
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of MIDP strategies in the clinical routine. PhysPK provides a

highly intuitive graphics environment that facilitates the PBPK

model development process based on object-oriented schematics

(Rodrigues Matos et al., 2013). It is based on different multi-flexi

libraries which let components’ development and reusability

(i.e., tissues, membranes, etc.,) increasing model complexity

and overcoming the useful of other PBPK tools, like Simcyp,

GastroPlus or PK-SIM (Reig-Lopez et al., 2020). The PhysPK

modeling approach let also to customized PBPK models, like

MATLAB/Berkeley Madonna, but without mathematical

causality requirements like others software, as NONMEM or

Winnonlin (Prado-Velasco, 2016) (Table 6). Moreover, models

and calculations can be encapsulated and encrypted in a

standalone application (deck), for example Shiny applications.

Then, user can only input any data from external well-known

applications like Excel, Matlab, C++, etc., and visualize the

outputs in real time.

This work is focused on a neonatal population with less than

1 week of life. This is a critical period of life for newborns where

the highest infection mortality rate has been observed (Author

Anonymous, 2020). Therefore, patients have been classified

based on gestational age (GA), in two important subgroups:

1) Preterm neonates with GA ≤37 weeks and 2) Term neonates

with GA >37 weeks. The main differences between these two

groups are whole blood volume, physiological maturation, and

total body water. Moreover, rapid developmental changes of

physiological factors in newborns affect drug PK, so different

parameters’ values have been used for each subpopulation. Thus,

a gentamicin PBPK model was developed and validated in term

and preterm neonates. Subsequently, the model was used to

evaluate the efficacy and safety, based on PK/PD criteria, of

current gentamicin dosages recommended for these population.

Extended interval aminoglycoside regimens are

recommended, rather than conventional multiple daily dose

regimens, because they allow achievement of higher Cmax and

lower Cmin, improving therapeutic efficacy and safety (Wicha

et al., 2021). These reasons, along with pharmacoeconomic

justification, are all sufficient grounds to select extended

interval dosing as the gold-standard regimens for gentamicin

in adults (Abdul-Aziz et al., 2020). In neonate populations, their

use has been suggested by various authors, even the British

Medical Association, despite this regimen being off-label

(Lanao et al., 2004; National institute for health and care

excellence (NICE), 2021; Rao et al., 2011; El-Chaar et al.,

2016). However, some guidelines still recommend a once-daily

dosage regimen for term neonates instead of extended-interval

such as in other populations like preterm ones (ANMF -

Australasian Neonatal Medicines Formulary, 2022; Comité de

TABLE 5 Probability of target attainment (PTA) for efficacy and toxicity criteria (%) (MIC = 1 mg/L).

PK/PD criterion Preterm Term

Conventional Reg. (q24h) Extended interval (q48h) Conventional Reg. (q24h) Extended interval (q36h)

Efficacy

Cmax/MIC ≥8 10.8 99.9 32.3 99.8

T>MIC ≥60% 87.9 70.7 61.2 54.9

Toxicity

Cmin ≥2 mg/L 5.0 5.9 0.4 1.8

Cmax ≥25 mg/L 0.0 6.9 0.0 6.5

Cmin, trough concentrations; Cmax, peak concentrations; MIC, minimum inhibitory concentration; PK/PD, pharmacokinetic-pharmacodynamic; T>MIC, percentage of time of the interval

the drug concentration remains above the MIC.

TABLE 6 Comparison of PhysPK and commonly used PBPK software programs.

PhysPK Simcyp GastroPlus NONMEM WinNonlin PK-Sim/MOBI

Company Empresarios Agrupados
Internacional

Certara
United States Inc.

Simulations
Plus Inc.

ICON plc Certara
United States Inc.

Bayer Technology
Services

User friendly software Yes Yes Yes Yes Yes Yes

Model creation and edition Yes No No Yes Yes Yes

Population estimation/
validation module

Yes Yes Yes Yes Noa Noa

Execution out-of-the-box Yes No No No No No

aEstimation/validation module by optimization.
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Medicamentos de la Asociación Española de Pediatríaá, 2022). In

fact, according to Neeli et al. 60% of term neonates in intensive

care units treated with a once-daily dosage regimen presented

potentially toxic concentrations but only around a quarter of

them were changed to an extended-interval dosage regimen

(Neeli et al., 2021). In order to be a more comprehensive

study that encourages clinicians to extended-interval regimen

for neonates, specially term ones, this research has been focused

on both kinds of neonates, preterm and term, unlike other

gentamicin PBPK models published which focus just on

preterm populations (Abduljalil et al., 2020; Idkaidek et al., 2020).

The PBPK model development follows a top-down modelling

approach. Gentamicin is a hydrophilic drug (logP = –3.1) that

mostly distributes in extracellular fluid, eliminating the need for the

full PBPK model [16]. It also has low intracellular penetration so it

was assumed that the drug distributes instantly in the whole volume

of the tissue from the incoming blood flow and a flow-limitedmodel

was selected. The kidney is a pivotal organ related to gentamicin

elimination. Indeed, 90% of the drug is renally excreted, and it is also

directly related to gentamicin nephrotoxicity (Johnson et al., 2006).

Thus, due to their PK and toxicity interest, this tissue was the only

one included in the minimal PBPK model.

Renal function matures slowly and depends on GA and PNA,

as indicated by diuresis, GFR and renal tubular activity

(Vučićević et al., 2014). In order to take into account kidney

maturation, the studied population has been divided into two

subgroups, preterm and term neonates, with different mean GFR

values selected for each subgroup based on the available

information in the scientific literature. Moreover, 21% of

gentamicin that is renally excreted undergoes tubular

reabsorption (Contrepois et al., 1985) and this was also

reflected in the minimal PBPK model proposed. This is an

important point of difference vs. other studies which used

adult GFR values (Gastine et al., 2022) or reflected the

absence of tubular reabsorption as a limitation (Abduljalil

et al., 2020; Neeli et al., 2021).

Based on the critical relevance of the GFR values observed

during the model-building stage, this parameter was also optimized

using the PhysPKparameter estimationmodule both in preterm and

term neonates. The GFR values obtained by optimization through

the PhysPK software (1.176 ± 0.037 ml/min/kg and 1.324 ±

0.054 ml/min/kg for preterm and term, respectively) were well in

agreement with those implemented in the PBPK model from the

literature [1.21 ml/min/kg and 1.59 ml/min/kg for preterm and

term, respectively (Izquierdo et al., 1992; Sulemanji and Vakili,

2013)]. In this way, both the selected values and the functionality of

the software has been verified.

In order to evaluate the appropriateness of the model-based

predictions, bias and precision metrics (AFE and AAFE) were

calculated with results between 0.5 and 2 in all of the cases

(Table 4). For concentrations at 2 h after start of drug

administration, the AFE value near 1 indicates a lack of bias

associated with model predictions. Despite of there are some

values under the 10th percentile and an outlier in preterm

population. Although, for concentrations at 24 h the MPE

results indicate that in the term population, what are lightly

underestimated (Table 4). Simulation-based diagnostics

(Figure 3) showed an adequate model prediction-capability of

the gentamicin minimal PBPK model in term and preterm

neonates. The large PK variability of the neonatal population

observed in these patients was in agreement with previous studies

(Nielsen et al., 2009; Bijleveld et al., 2017). This gentamicin PK

variability was also properly captured by the gentamicin minimal

PBPK model-based simulations.

PBPK models are useful both for predicting drug

concentrations and PK parameters which are difficult to

measure properly, such as the drug clearance in neonates. The

measurement of creatinine levels in neonates is not precise

because of the reflection of maternal creatinine levels and the

uncertainty about creatinine renal tubular handling. So, it makes

the use of serum creatinine levels unreliable and therefore the use

of the Schwarz Bedside equation is not recommended in patients

younger than 1 year old (Sulemanji and Vakili, 2013; Go et al.,

2018). According to the bias and precision results (Table 4), CL

values predicted with this gentamicin minimal PBPK model are

suitable.

Because the therapy usually starts empirically, the causative

pathogen and then its MIC value are commonly unknown at this

clinical stage, so MIC distributions from EUCAST reference

laboratories are typically used. The highest MIC breakpoint

for gentamicin is 2 mg/L. In such case that the pathogen

isolated presents a higher value, administration of a

concomitant antibiotic or a change to another treatment

would be advisable (Burton, 2006). Therefore, no MIC higher

than 2 mg/L was considered when evaluating Cmax/MIC efficacy

criterion (Figure 3) and a reference MIC of 1 mg/L has been

selected for PTA calculation as the most likely within the

standard MIC observed in the clinic for pathogens treated

with gentamicin.

The conventional dosing regimen recommended by the AEP-

SEIP has been compared with the extended interval dosage

regimen recommended by the University Hospital in

Salamanca. Figure 3 showed that both gentamicin dosage

regimens appear to be potentially effective and safe, according

to the PK/PD indexes considered. Peak serum concentrations of

gentamicin with the conventional regimen (4 mg/kg q24h for

both populations) were not sufficiently high enough to achieve

Cmax/MIC ratio over 8 necessary to achieve post-antibiotic effect,

in most cases (Figure 3). Moreover, it could bring on bacterial

resistance development despite eliciting a therapeutic response.

In contrast, extended interval gentamicin dosing regimens

(6 mg/kg q48h and 6 mg/kg q36h for preterm and term

neonates, respectively) showed adequate efficacy (PTA higher

than 90%) with acceptable safety (PTA for toxicity criteria ≤7%
in all cases) through Monte Carlo simulation evaluations

(Table 5). Indeed, extended interval regimens reached the
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main efficacy criteria (Cmax/MIC ≥8) up to MIC values of

1.55 mg/L and 1.65 mg/L for preterm and term neonates,

respectively (Figure 3). These results are in line with the

current clinical decisions of combining gentamicin with an

alternative antibiotic or even changing the drug selected to

treat a Gram-negative infection caused by pathogens with

MIC higher than 2 mg/L (O’Connor et al., 2021). However,

the conventional dosing regimen only reaches Cmax/

MIC ≥8 against pathogens with MICs lower than 0.5 mg/L

(Figure 3).

Findings in our study are consistent with other published

studies like Gastine et al. (2022) whose results show that the

conventional regimen would be insufficient to cover most

common Gram-negative Enterobacterales (MIC ≤2 mg/L)

responsible for many neonatal sepsis, with this regimen being

efficacious in only less than one-quarter of neonates treated.

Apart from the important usefulness and potential

applications of the gentamicin minimal PBPK model

presented in this work, some limitations must be

acknowledged such as: 1) The model has been validate with a

small sample size, just 2 concentration-time points and

retrospective data which might limit precise assessments and

additional evaluations of the model; 2) No correlations between

the physiological variables simulated were considered in the

Monte Carlo simulations (Franchetti and Nolin, 2020).

However, the impact of these correlations is not expected to

be relevant as most of the parameters were expressed per kg of

TBW and specific values observed in the literature were

considered for preterm and term neonates.

Finally, gentamicin treatment is limited mainly by its

potential toxicity. Thus, this minimal PBPK model will serve

as a starting point for future investigations regarding the

gentamicin concentrations reached in the kidneys. After a

refinement of the minimal PBPK model presented, it will be

able to evaluate the potential toxicity of gentamicin dosages

proposed in neonates and optimize these dosages based on

PK/PD criteria. Moreover, the model presented can be applied

to different aminoglycosides in similar populations after model

refinement. Similarly, additional information could be valuable

for extending the PBPK model applications such as physiological

changes in intensive care neonate patients (i.e., fluid shift due to

capillary leak and renal dysfunction), kidney and ear

accumulation (related to the most-likely drug side effects), or

bacteria growth models (considering potential drug resistance)

among others.

5 Conclusion

In summary, the gentamicin minimal PBPK model

developed in the PhysPK platform adequately described

preterm and term neonates’ gentamicin PK behaviour.

According to the PK/PD criteria, extended interval dosage

regimens reached the efficacy criterion with a reduced

probability of presenting toxicity even against pathogens with

a minimum inhibitory concentration near 2 mg/L. The minimal

gentamicin PBPK model presented in this work has shown an

adequate model predictive performance with acceptable

precision and lack of significant bias. Thus, it could be useful

for MIPD strategies in neonates based on PK/PD criteria.
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