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Abstract Three decades after its introduction, pharma-

cokinetic population approaches have become a reference

method for drug modelling, particularly in paediatrics. The

main practical limitation in this specific population is the

collected blood volume. Pharmacokinetic population

approaches using sparse sampling may resolve this issue.

The pharmacokinetics of many drugs have been studied

during the last 25 years using such methods. This review

summarizes all of the published studies concerning popu-

lation pharmacokinetic approaches in paediatric subjects

from neonate to 2 years old. A literature search was

conducted using the PubMed database, from 1985 to

December 2010, using the following terms: pharmacokinetic(s),

population, paediatric/pediatric and neonate(s). Articles

were excluded if they were not pertinent according to our

criteria. References of all relevant articles were also eval-

uated. Ninety-eight studies were included in this review.

The following information was extracted from the articles:

drug name, therapeutic class, population size, age of

patients, number of samples per patient, covariates used for

clearance and volume of distribution estimates, software

used for modelling and validation methods. An increasing

rate of publications over the years was observed; 44 dif-

ferent drugs were studied using a pharmacokinetic popu-

lation approach. Antibacterials were the most studied class

of drugs, including a large number of studies devoted to

vancomycin and gentamicin. It must be underlined that few

studies have been performed on anticonvulsant drugs and

anaesthetics used in clinical daily practice conditions.

1 Introduction

Medications used in newborns are rarely evaluated; drug

labelling commonly includes disclaimers that safety and

effectiveness have not been established in newborns [1, 2].

Most paediatric practices, particularly in inpatient subjects,

involve ‘off-label’ use of medications [3–5]. Indeed, two

thirds of drugs prescribed to inpatient newborns are unli-

censed or off-label. This proportion reaches 90 % in

intensive care units.

It is well-known that drug kinetics in children are very

different to those in adults as far as drug absorption, dis-

tribution, metabolism and elimination are concerned.

Indeed, growth and development are two features of chil-

dren that are not observed in adults. The first few years of

life are characterized by growth and maturation of enzy-

matic processes [6]. Concerning absorption, gastric pH is

increased in neonates, infants and young children and

reaches adult pH values at around 2 years of age. Gastro-

intestinal motility is decreased in neonates and reaches

adult levels in infants. After absorption, drugs are distrib-

uted to various body compartments according to their

physicochemical properties. In neonates and infants, total

body water is increased, which contributes to an increase in

the volume of distribution for hydrophilic drugs. For

metabolism, enzymatic activity of metabolic enzymes,

such as the cytochrome P450 (CYP) or uridine diphosphate

glucuronosyltransferase (UGT) families, depends on

genetic, physiological and environmental factors. For

example, expression of CYP1A2 at birth is negligible,

reaching 50 % of adult expression by 0.9 years of age,

activity of CYP2C9 is close to 20 % of adult values at birth

and reaches 50 % by 1 month of age, CYP2C19 activity is

approximately 30 % of adult activity at birth and adult

levels are achieved by 1 year of age, and activity of UGTs
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is deficient at birth and reaches adult levels at 2–4 years of

age [6]. Concerning elimination and renal clearance, the

glomerular filtration rate (GFR) increases steadily to

50–75 % of adult function by 6 months and tubular

secretion lags behind maturation of glomerular filtration by

7 months to 1 year. Renal function fully matures by around

1 year of age. Also, drug dynamics, including desired and

undesired side effects, may be very different in newborns

as the amplitude and the nature of the response may be

different to that in adults. The contribution of pharmaco-

dynamic variability due to distribution from the blood to

the site of action will depend largely on changes in target

tissue perfusion. Receptor sensitivity and efficacy may also

vary. The observed response may not be explained by a

direct consequence of drug receptor binding but rather

through intermediate physiological mechanisms. Disease

states may also be different in newborns, compared with

infants or adults, some of which are only observed in

newborns. In addition, neonates and young infants may

suffer from permanent effects resulting from stimulus

applied at a sensitive point in development [7].

For all of these reasons, the pharmacokinetic differences

between newborns and adults justify specific pharmacokinetic

studies in newborns. After introduction of the non-linear

mixed-effects modelling methodology to clinical pharma-

cology, the population pharmacokinetic approaches

became a reference technique in the newborn population.

This method allows pharmacokinetic studies with sparse

data (rich pharmacokinetic data might be difficult or

impossible to obtain in the paediatric population).

Population modelling is a relatively new pharmacolog-

ical tool, the development of which has largely been

stimulated by the need for accurate pharmacokinetic

models of numerous drugs. Non-linear mixed-effects

modelling, a commonly used population-based modelling

approach, estimates intra- and inter-individual variability

and allows simulations of drug delivery regimens. In

addition, covariates such as bodyweight, age and disease

state may be taken into account in the same pharmacoki-

netic modelling analysis.

This paper provides an overview of the current literature

on population pharmacokinetic studies in paediatrics from

neonates to 2 years old.

2 Search Strategy and Selection Criteria

2.1 Inclusion Criteria

Articles were included if they met the following criteria:

• Populations: neonates to 2 years old

• Treatment: all drugs, all routes of administration

• Pharmacokinetic analysis: modelling by population

approach.

2.2 Exclusion Criteria

Articles were excluded if they met the following criteria:

• Populations: subjects of more than 2 years old

• Papers not written in English.

2.3 Data Extraction

A literature search of original articles was conducted using

the PubMed database, from 1985 to December 2010, using

the following keywords: [population AND pharmacoki-

netics AND neonate(s)] OR (population AND pharmaco-

kinetics AND paediatric (pediatric)). Then, based on the

abstract, articles were selected according to our inclusion

criteria, i.e. articles describing a population pharmacoki-

netic model of one or several drugs in neonates to 2 years

old. A study was considered to be a population study if a

mixed-effects model fitted the data, whatever the popula-

tion size.

The following information was extracted from the arti-

cles: drug name, therapeutic class, population size, age of

patients, number of samples per patient, software used for

modelling, evaluation methods, covariates used for clear-

ance and volume of distribution estimates, study design

(retrospective study with therapeutic drug monitoring data,

prospective study or prospective study with optimal sam-

pling) and conclusion of the study (estimation of pharma-

cokinetic parameters or dosing recommendations).

Following Brendel et al. [8] and Tod et al. [9], the

evaluation methods were divided into three categories

according to increasing order of quality: basic internal

methods (goodness-of-fit plots), advanced internal methods

(bootstrap, cross-validation, Monte-Carlo simulations, etc.)

and external model evaluation.

A total of 106 citations were produced after the search

was performed, eight of which were excluded in relation to

our exclusion criteria. The 98 remaining articles were then

analysed [10–104].

3 Study Characteristics

The 98 studies analysed described a pharmacokinetic

population model in a newborn population and were pub-

lished between 1985 and 2010 (Table 1). Studied popula-

tions consisted of paediatrics from neonates to 2 years old.

Drugs were administered by intravenous, oral and rectal

routes.
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Table 1 Characteristics of studies included in the review

Therapeutic

class

Drug Number

of

patients

Mean

PNA

(days)

Number

of

samples

Software Evaluation

method

Co-variables

used for

clearance

estimation

Co-variables

used for

volume

estimation

Reference

Anaesthetic Levobupivacaine 22 60 5 NONMEM� Basic WT WT [64]

Midazolam 187 5 2.8 NONMEM� External WT WT [22]

Midazolam 10 Preterm NS NONMEM� NS NS NS [27]

Midazolam 60 4.5 4 NONMEM� Advanced internal WT WT [35]

Midazolam 20 3.8 NS WinNonMix� Advanced internal NS NS [53]

Midazolam 20 1 5 NONMEM� Advanced internal WT, Tecmo WT [97]

Morphine 184 365 5 NONMEM� Basic WT, PNA WT, PNA [58]

Propofol 25 8 NS NONMEM� Advanced internal PMA NS [76]

Ropivacaine 30 180 7 P-PHARM� Basic PNA None [43]

Ropivacaine 35 66 3 NONMEM� Basic PNA None [59]

Analgesic Paracetamol 50 270.2 5 NONMEM� Advanced internal WT, PMA WT [84]

Paracetamol 48 30 NS NONMEM� Basic WT, PCA WT [60]

Anti-

asthmatic

Theophylline 108 91 NS NONMEM� Basic WT, PNA WT [13]

Theophylline 35 40 NS NONMEM� Basic WT, PNA, PCA,

GA

WT, PNA [15]

Theophylline 82 210 4 NONMEM� Advanced internal WT, PNA WT [24]

Theophylline 105 1.1 NS NONMEM� Basic WT WT [36]

Theophylline 107 25.3 NS NONMEM� Basic WT, PCA WT [65]

Antibacterial Amikacin 53 3.1 2 NONMEM� Basic WT WT [32]

Amikacin 42 10 3 NONMEM� Advanced internal NS NS [41]

Amikacin 131 1 NS NPEM2� NS GA, WT WT, GA [44]

Amikacin 80 210 4 NONMEM� Advanced internal WT, PMA WT [91]

Amoxicillin 40 210 NS NONMEM� Basic WT None [28]

Amoxicillin 150 1 2 MW\PHARM� NS GA, PNA, WT WT [69]

Arbekacin 41 210 NS NONMEM� Advanced internal WT, SCr, PCA WT [61]

Cefepime 55 14.5 3 NONMEM� Advanced internal SCr PCA [66]

Cefepime 41 21.8 3 NONMEM� Advanced internal BSA, CLCR BSA [85]

Ceftizoxime 50 5 8 NONMEM� Basic WT WT [19]

Flucloxacillin 55 20 NS MW\PHARM� Basic NS NS [70]

Gentamicin 113 1–46 2 NONMEM� Advanced internal WT, PCA, Apgar WT [12]

Gentamicin 97 15 2 Multi2� NS GA, PNA, WT WT [17]

Gentamicin 150 \7 3 NONMEM� NS WT WT [18]

Gentamicin 469 NS 2 NONMEM� NS WT, GA, SCr WT [20]

Gentamicin 34 Preterm 2 NPEM� Basic NS NS [37]

Gentamicin 177 5 4.1 MW\PHARM� NS NS NS [50]

Gentamicin 79 4.2 NS NONMEM� Basic WT, GA WT [54]

Gentamicin 139 8 2 ADAPT II Advanced internal GA, WT None [55]

Gentamicin 113 4.6 2 WinNonMix� Basic WT, PNA WT [62]

Gentamicin 200 5.5 2 NONMEM� External WT, CLCR, PNA WT [71]

Gentamicin 61 20 6 NONMEM� External WT, GA, PNA WT, GA [92]

Meropenem 37 40 2 NONMEM� Advanced internal SCr, PCA WT [86]

Meropenem 38 210 10 NPAG Advanced internal CLCR, WT CLCR [93]

Netilmicin 74 245 3 NONMEM� External WT, PNA, GA WT [16]

Panipenem 23 210 6 NONMEM� Advanced internal WT, PCA WT [45]

Panipenem 23 210 NS NONMEM� Advanced internal WT, PCA WT [61]

Penicillin G 20 210 8 NONMEM� Basic NS NS [77]

Tobramycin 470 NS 2 NONMEM� NS NS NS [29]

Tobramycin 140 245 2 NONMEM� External WT WT [46]
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Table 1 continued

Therapeutic

class

Drug Number

of

patients

Mean

PNA

(days)

Number

of

samples

Software Evaluation

method

Co-variables

used for

clearance

estimation

Co-variables

used for

volume

estimation

Reference

Tobramycin 470 NS NS NONMEM� External NS NS [51]

Vancomycin 11 3.8 6 NS Basic PCA WT [11]

Vancomycin 23 33.9 2 NS Basic PCA WT [21]

Vancomycin 192 14.5 NS NONMEM� Basic WT WT [23]

Vancomycin 49 2.3 NS NONMEM� Basic PNA, WT WT [33]

Vancomycin 60 18.2 NS NS Basic WT WT [34]

Vancomycin 59 133 NS NONMEM� Basic WT, SCr WT [38]

Vancomycin 108 196 NS NONMEM� Basic WT WT [42]

Vancomycin 374 365 NS NONMEM� External WT, SCr, PNA, GA WT [47]

Vancomycin 19 210 NS NONMEM� Advanced internal WT, SCr, PCA WT [61]

Vancomycin 214 12 NS NONMEM� Basic WT, PMA WT [78]

Vancomycin 70 210 4 NONMEM� External PMA, WT, AMX WT, SPI [98]

Vancomycin 116 15 NS NONMEM� Advanced internal WT, PMA, GA WT [99]

Anticonvulsant Phenobarbital 59 210 NS NONMEM� External WT WT, Apgar [10]

Phenobarbital 35 20.8 2 NONMEM� Basic WT, PNA WT [67]

Phenytoin 83 11 2 NONMEM� Advanced internal WT, PNA WT [72]

Antifungal Amphotericin B 28 210 5 NONMEM� Basic WT WT [68]

Fluconazole 55 16.1 6 NONMEM� Advanced internal WT, GA, PNA WT [87]

Micafungin 47 NS NS BIG

NPAG�
Advanced internal NS NS [100]

Antiviral Aciclovir 79 365 3 NONMEM� Basic GFR, BSA, SCr WT [48]

Famciclovir 18 180 NS NONMEM� Basic WT WT [101]

Ganciclovir 27 NS NS NONMEM� Basic CLCR WT [25]

Ganciclovir 24 30 NS NONMEM� Basic WT None [79]

Cardiovascular Clonidine 36 13 2 NONMEM� Advanced internal WT, PNA WT [102]

Digoxin 172 86.4 2 NONMEM� External PNA, SCr NS [49]

Digoxin 71 18.4 NS NONMEM� Basic WT, GA NS [80]

Milrinone 235 216 2 NONMEM� Basic WT, PNA WT [63]

Milrinone 16 4.8 7 NONMEM� Basic NS NS [73]

Milrinone 29 210 4 NONMEM� Advanced internal WT WT [81]

Digestive

system

Cisapride 49 54.7 2 NONMEM� Basic WT None [39]

Cisapride 91 50 2 NONMEM� Basic WT None [52]

Domperidone 32 25.2 2 NONMEM� Basic NS NS [89]

Pantoprazole 40 \300 4 NONMEM� Advanced internal NS NS [103]

Antiretroviral Emtricitabine 38 5 NS NONMEM� Basic NS NS [95]

Nevirapine 38 1 2 NONMEM� Advanced internal NS NS [104]

Tenofovir 38 5 NS NONMEM� Advanced internal NS NS [96]

Zidovudine 83 19.3 4 NONMEM� Basic NS WT [40]

NSAID Ibuprofen 132 1 NS NONMEM� Advanced internal NS NS [56]

Ibuprofen 66 4 3 NONMEM� Advanced internal PNA None [82]

Ibuprofen 108 4 2 NONMEM� Advanced internal NS NS [83]

Indometacin 83 5.7 1.13 NONMEM� NS WT, PNA WT, PNA [14]

Indometacin 35 40 5 NONMEM� Advanced internal WT, PNA WT, PNA [57]

Indometacin 90 12 NS NONMEM� Advanced internal WT WT [75]

Ketorolac 12 105 3 NONMEM� Basic WT WT [90]
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4 Data Synthesis

There was an increasing rate of publications over the years,

reaching about 40 in the most recent period between 2005

and 2010. Regarding the software involved in model

building, NONMEM� was used in 83 % of the studies.

Advanced validation and external validation methods of

the population model were carried out in 37 and 11 % of

articles, respectively. The number of studies classified by

therapeutic class shows that antibacterial and anaesthetic

classes were the most frequently evaluated. A more

detailed analysis for the antibacterial class shows that 14

different drugs were studied, with most studies concerning

gentamicin (aminoglycoside) and vancomycin (glycopep-

tide) (Fig. 1). Most studies were conducted with a popu-

lation of between 25 and 100 patients. The studies were

realized with a median post-natal age (PNA) ranging from

the first day of life to 1 month (Fig. 2). The number of

samples per patient, which was not often reported, did not

exceed five samples per patient. Concerning the study

design, 39 studies were performed using data from thera-

peutic drug monitoring, 57 were prospective studies and

only two were prospective studies using the optimization

of sampling (Fig. 3). Summarizing the conclusions of

these studies, 50 consisted only of an estimation of

pharmacokinetic parameters of the studied drug and the

remaining 48 concluded with dosing recommendations

(Fig. 4). However, none of these dosing recommendations

were followed by a new study devoted to their clinical

evaluation.

Concerning clearance and volume of distribution mod-

elling, three covariates were frequently used to estimate the

clearance while two were used for volume of distribution.

Indeed, bodyweight was the most used covariate to esti-

mate clearance or volume of distribution. To estimate

clearance among the 67 studies using bodyweight, 65

studies directly used bodyweight, including 19 allometric

functions, while two studies use body surface area (BSA).

To estimate the volume of distribution among the 64

studies using bodyweight, 63 studies directly used body-

weight, including 18 allometric functions, and one study

used BSA.

Table 1 continued

Therapeutic

class

Drug Number

of

patients

Mean

PNA

(days)

Number

of

samples

Software Evaluation

method

Co-variables

used for

clearance

estimation

Co-variables

used for

volume

estimation

Reference

Others Allopurinol 24 NS 3 NONMEM� Advanced internal NS NS [73]

Caffeine 60 23 NS NONMEM� Advanced internal WT, PNA None [26]

Caffeine 75 23 1.93 NONMEM� Basic WT, PNA, GA WT [30]

Caffeine 89 NS 4.8 NONMEM� External WT, PNA WT, PNA [31]

Caffeine 110 12 4 NONMEM� Advanced internal WT, PNA WT [88]

Sildenafil 36 1.4 [6 NONMEM� Advanced internal WT, PNA WT [94]

AMX administration of amoxicillin, BSA body surface area, CLCR creatinine clearance, GA gestational age, GFR glomerular filtration rate, NS not stated,

PCA post-conceptional age, PMA post-menstrual age, PNA post-natal age, SCr serum creatinine, SPI administration of spironolactone, Tecmo extracor-

poreal membrane oxygenation time, WT bodyweight

Glycopeptide
27 %

Carbapenem
9 %

Fluoroquinolone
2 %

Cephalosporin
7 % Penicillin

12 %

Aminoglycoside
43 %

Fig. 1 Detailed analysis of antibacterial therapeutic class
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Population PK Analysis during the First 2 Years of Life 791



The second covariate used was age; 59 studies included

this covariate in the equation of the clearance and eight

studies included it in the equation for the volume of dis-

tribution. Age was variously expressed as post-concep-

tional age (PCA) or post-menstrual age (PMA), PNA and

gestational age (GA). For the estimation of clearance, 29

studies used the PNA, 17 studies used the PCA or PMA,

and 13 studies used the GA. As for clearance, PNA was

mainly used to estimate the volume of distribution, with

five studies using the PNA, two studies using GA and one

study using PCA. The other covariate frequently used was

renal function. To estimate clearance, this covariate was

expressed using three parameters: creatinine clearance

(CLCR), serum creatinine (SCr or Cr) or GFR. Thirteen

studies used this covariate: nine studies the SCr, four

studies the CLCR and one study GFR (one study used GFR

and SCr [acyclovir]).

5 Discussion

This survey confirmed that population pharmacokinetic

studies in paediatrics are increasing. Indeed, we observed

an increasing rate of publications over the years, reaching

about eight per year in the most recent period between

2008 and 2010. We also note that the number of studies

doubles every 5 years. This can be explained by the fact

that such studies can be realized with sparse data, reducing

the invasiveness, and making neonates a population of

choice for this type of study. The increasing number of

studies is also in parallel with population pharmacokinetic

software development. Several programs have been created

over the past 20 years but NONMEM� software is the

most used. Created in the 1980s by L. Sheiner and S. Beal,

it was the first software that allowed this type of analysis

and is considered to be the gold standard in the field of

pharmacokinetic modelling. Whatever the software used, a

robust evaluation of the pharmacokinetic model defined is

required. This review describes the methods as proposed by

Brendel et al. [8]. Only 10 % of the described models were

evaluated by an external evaluation. Concerning study

design, the number of patients per study was between 25

and 100 with 3–5 blood samples per patient. The conditions

of the studies could not be clearly evaluated because some

aspects of the study design were not described in sufficient

detail. However, the majority of the studies were pro-

spective (60 %), while 40 % were retrospective studies

with data from therapeutic drug monitoring. It must be

noted that only 2 % of the prospective studies used the

‘optimal sampling’. Among the 58 % of prospective stud-

ies remaining, in 28 % the number of samples per child

was not referenced and 44 % were achieved with less than

five samples per child; this confirms that the volume of

blood collected in this population is a limiting factor

despite the emergence of new assay techniques such as

mass spectrometry. These new techniques make it possible

to work with micro-volumes and therefore are indicated in

the paediatric population, even if they are not yet available

for all drugs. This information therefore explains why a

majority of the studies were conducted with a limited

number of samples per patient whether they were retro-

spective or prospective studies. Concerning the conclusions

of the studies, 51 % conclude with an estimate of phar-

macokinetic parameters and 49 % conclude on dosing

recommendations. When looking specifically at studies

recommending new dosages, it appears that none of these

studies have made a clinical evaluation of a new proposed

dosing. The growing interest for this type of pharmacoki-

netic study in this population shows the necessity to better

describe the pharmacokinetics of drugs administered to

infants. However, these studies only propose a simple

pharmacokinetic parameter estimation, which is not
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actually used in clinical practice conditions by physicians.

Dosing recommendations seem to be much easier to use

clinically, the only constraint being that the non-clinical

evaluation remains an obstacle for clinicians. A collabo-

ration between pharmacologists and clinicians should be

implemented when modelling data in order to clinically

evaluate dosing data proposed by this modelling.

Pharmacokinetic modelling identifies a number of

covariates, thus explaining some of the pharmacokinetic

variability. This review identified the significant covariates,

i.e. the use of these covariates improves prediction of the

time–concentration profile in the individual infant. Body-

weight, age and renal function are the three major covari-

ates in neonates and young infants. Bodyweight is the most

common covariate used to determine dose in a paediatric

population. The change in bodyweight with age is signifi-

cant up to 1 year: bodyweight increases approximately

three- to fourfold from birth to 1 year [105]. Allometric

size modelling is used with increasing frequency in pae-

diatric pharmacokinetic population analyses. It is now

widely recognised that there is a non-linear relationship

between bodyweight and drug elimination capacity. It is

possible to show that the log of the basal metabolic rate

plotted against the log of the bodyweight produces a

straight line with a slope of 0.75. These allometric ‘1/4

power’ models can be applied to pharmacokinetic param-

eter estimates in infants, e.g. clearance (0.75) and volume

of distribution (1) [106]. The use of these coefficients is

supported by fractal geometric concepts and observations

from diverse areas in biology [107]. Allometric scaling also

allows the direct comparison of paediatric estimates with

adults when a bodyweight standard of 70 kg is used.

Nevertheless, bodyweight is insufficient to predict clear-

ance in neonates and infants from adult estimates. By

choosing bodyweight as the primary covariate and by using

this exponent of 0.75, secondary covariates can be inves-

tigated within a given dataset describing time–concentra-

tion profiles in a population.

Age is the second covariate most used. Indeed, the first

few years of life are a time of growth and maturation of

enzymatic processes. This maturation factor cannot be

explained by allometry. The addition of a model describing

maturation is required. The sigmoid hyperbolic or Hill

model has been found to be useful for describing this

maturation process but this model is seldom used [108].

Maturation of clearance begins before birth, suggesting that

covariates such as PMA or GA would be a better predictor

of drug elimination than PNA. Indeed, the impact of

ontogeny on the expression and functional activity of the

major drug-metabolizing enzymes may be important.

However, this review shows that in daily practice the PNA

covariate is more often used. This can be explained by the

fact that PMA and GA are more difficult to retrieve,

particularly with regard to retrospective studies but also

when the study involves older children. Whatever the

definition of age (PCA or PMA, GA or PNA), this factor

largely contributes to the variability of drugs given to

neonates and young infants, but the impact will depend on

the speed of maturation and the subpopulation studied.

The third covariate is renal function, which is often

estimated by SCr, CLCR or GFR. With this covariate,

especially regarding CLCR, we might expect to reflect the

influences of size, maturation and organ function. Impaired

renal function alters the ability of this organ to clear drugs

from the body. For example, GFR is reduced in neonates

and matures over the first few years of life [109]. But this

covariate is of interest only if the studied drug is excreted

renally as is the case in 13 studies including this covariate.

Therefore, bodyweight and age are the baseline covariates

among neonates and infants that can significantly reduce

inter-individual variability.

Among the covariates used to estimate the pharmaco-

kinetic parameters some relationships seem unusual, e.g.

the relationship between the clearance of midazolam and

time after cannulation, between the clearance of vanco-

mycin and the concomitant administration of amoxicillin,

and between the clearance of gentamicin and the Apgar

score [12, 97, 98]. Regarding the study of midazolam [97],

the authors explain a collinearity between the PNA, PMA

and extracorporeal membrane oxygenation (ECMO) time

(Tecmo) because most patients are placed on ECMO in a

short timeframe and because only neonates with a GA of at

least 34 weeks are eligible. Therefore, the authors selected

an appropriate combination of temporal covariates based

on the best improvement in the goodness of fit and statis-

tical significance at the 95 % confidence level. For the

study on vancomycin [98], the authors propose as an

explanation a possible inhibition of tubular reabsorption of

vancomycin caused by amoxicillin. This hypothesis can

therefore explain the increased clearance of vancomycin

in patients receiving amoxicillin. For the last unusual

relationship between the clearance of gentamicin and the

Apgar score, the authors provide no information to explain

this relationship [12]. Concerning the volume of distribu-

tion, the relationship between the volume of distribution of

meropenem and CLCR, between the volume of distribution

of vancomycin and the concomitant administration of spi-

ronolactone, and between the volume of distribution of

phenobarbital and the Apgar score are unexpected [10, 93,

98]. Regarding the study on meropenem, the authors

explain this relationship simply by the fact that changes in

body water and the development of renal function influ-

ences the distribution of meropenem [93]. For the study of

vancomycin, the authors postulate that spironolactone

could decrease vancomycin volume of distribution as

a consequence of changes in the total body water [98].
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As for the final unusual relationship cited, the explanation

is not detailed; the authors associate an increased distri-

bution of phenobarbital in patients with asphyxia [10].

These unusual relationships between pharmacokinetic

parameters and covariates recall the importance of testing

clinically relevant covariates in order to decrease the risk of

false positives. The objective of including a covariate in a

model is not only for decreasing inter-individual variability

but also for explaining it. This is essential before deciding if a

drug adjustment based on this covariate is required.

The studied therapeutic classes represent a panel of

drugs most frequently administered in paediatrics: anti-

bacterials, anaesthetics, NSAIDs, cardiovascular drugs,

anti-asthmatics, antiretrovirals, antivirals, anticonvulsants,

antifungals, analgesics, drugs affecting gastrointestinal

function, caffeine and allopurinol. Even though 44 differ-

ent drugs were studied in neonates, numerous other drugs

remain to be investigated.

Antibacterials were the most studied drug class, repre-

senting 44 % of the studies. The two types of infections

affecting neonates are maternal–fetal infections or post-

natal infections such as nosocomial infections: in both

cases, treatment is usually a bi- or tri-therapy consisting of

an aminoglycoside, b-lactam and penicillin. Indeed, the

potential severity of the infection requires a quick, effec-

tive initiation of antibacterial treatment. The initial choice

of antibacterials depends on several criteria including

pharmacokinetic characteristics. The two most studied

antibacterials were vancomycin and gentamicin, repre-

senting more than 50 % of the published studies. It can be

noted that only two studies were conducted on amoxicillin

while no study was performed on cefotaxime. This is

surprising since these two drugs are extensively used in

paediatric units and are part of the WHO Model List of

Essential Medicines for Children [110]. Thus, a priority for

future pharmacokinetic studies on antibacterials should be

the study of cefotaxime and/or amoxicillin.

The second most studied therapeutic class, i.e. 10 % of

realized studies, was anaesthetics. Again, anaesthetics are

commonly used in intensive care units, especially for their

analgesic and sedative properties. Appropriate sedation

reduces stress and avoids complications during surgical

interventions such as mechanical ventilation. Midazolam is

a widely used benzodiazepine in intensive care units that

represents more than 50 % of listed studies. Other mole-

cules such as fentanyl and sufentanil are frequently used in

intensive care units. Despite important haemodynamic

(hypotension) and breathing (apnoea) risks, no population

pharmacokinetic study has been realized for these two

drugs [111]. Clinicians should adapt treatments for neo-

nates by referring to the available studies conducted in

adults, despite the well-known differences between these

two populations.

Anticonvulsant drugs are also commonly used in pae-

diatric units but only three studies have been conducted.

The main indication for use of these drugs is the treatment

of neonatal seizures but they can also be used in premature

newborns to prevent intraventricular haemorrhage [112].

Indeed, the risk of seizures is highest in the neonatal per-

iod. In this population, a broad range of systemic and CNS

disorders can increase the risk of seizures. Most neonatal

seizures can lead to long-term neurological consequences.

The main difficulty of this therapeutic class is due to their

pharmacokinetic properties: as an example, phenobarbital

is metabolized by CYP, which is not maturated in

newborns; phenytoin pharmacokinetics are known to be

non-linear with a narrow therapeutic index [113, 114]. This

clearly indicates that future investigations in neonates

should particularly target these two drugs.

6 Conclusion

The present review clearly demonstrates that 30 years after

their introduction, population pharmacokinetic approaches

have become a reference method for drug evaluation in

neonatology. The applications of paediatric pharmacoki-

netic population modelling have greatly expanded in the

past decade.

Population pharmacokinetic modelling offers many

advantages for neonates. Indeed, one study can be achieved

with different doses, times of sampling, numbers of sam-

ples and occasions. Moreover, these studies are conducted

under ‘daily life’ conditions. Also, such methods allow for

exploration of the available co-factors (physiological or

pathological) in order to explain the inter-individual

variabilities. Such studies can be performed with a

reduced number of samples, limiting the invasiveness of

the study, which is a major benefit to this population. The

only disadvantage of this approach is the need for a sig-

nificant number of patients, a disadvantage that can be

easily countered with the development of biological col-

lections or with the realization of multicentre studies.

Neonates have benefitted and will continue to benefit from

this approach.
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et al. Ropivacaine in neonates and infants: a population phar-

macokinetic evaluation following single caudal block. Paediatr

Anaesth. 2004;14(9):724–32.

60. Allegaert K, Anderson BJ, Naulaers G, de Hoon J, Verbesselt R,

Debeer A, et al. Intravenous paracetamol (propacetamol) phar-

macokinetics in term and preterm neonates. Eur J Clin Phar-

macol. 2004;60(3):191–7.

61. Kimura T, Sunakawa K, Matsuura N, Kubo H, Shimada S, Yago

K. Population pharmacokinetics of arbekacin, vancomycin, and

panipenem in neonates. Antimicrob Agents Chemother. 2004;

48(4):1159–67.

62. Lanao JM, Calvo MV, Mesa JA, Martı́n-Suárez A, Carbajosa
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