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ABSTRACT

Objectives: Neonates are not just little children. They need more finesse in decisions on when to
treat, which antibiotics to use and how to dose these antibiotics.

Methods: Representative compounds of three major classes of antibiotics (beta-lactams,
aminoglycosides, glycopeptides) are discussed in a narrative review to illustrate the recent
progress in the knowledge on PK and its covariates (how to dose).

Results: This knowledge can subsequently be converted to targeted exposure dosing regimens.
This is because it is reasonable to postulate that pharmacodynamics (PD) of antibiotics are similar
in neonates to that in other populations if a similar concentration-time profile and targeted
exposure are attained. However, this approach has its limitations, since the clinical response
may be different in neonates because of maturational differences in innate immunity or toxicity.
These dosing regimens should at least be validated.

Conclusion: Relevant information on the PK of antibiotics and its covariates have been
generated, but the next steps are to validate the dosing regimens suggested, and consider more
sophisticated dosing regimens. This approach should subsequently pave the way to conduct
comparative studies to assess the efficacy and safety of these commonly used drugs in neonates.

Introduction: setting the scene

In a recent analysis of a prospectively collected adminis-
trative database (2005-2010), it was shown that three of
the top five most frequently prescribed drugs in neonatal
intensive care units (NICU) were antibiotics (ampicil-
lin, gentamicin, vancomycin), administered to 68, 67,
and 9% of admitted neonates, respectively. This top five
was further completed by caffeine (16%) and surfactant
(8%) [1]. The extensive use of antibiotics in neonates is
clearly related to the high incidence of suspected serious
infections. Ten to 12% of all newborns are screened at
birth for early-onset sepsis, while only about 3% of these
cases showed evidence for a serious bacterial infection.
In retrospect, >95 % of these neonates were exposed
to antibacterial agents without a clear indication. On
the other hand, late onset sepsis is much more com-
mon (0.8% of all neonates, 7% of admitted newborns, the
majority in cases < 32 weeks gestational age). Coagulase
negative staphylococci are the most common group of
pathogens (54%) [2]. This overtreatment with antibiotics
in the early-onset sepsis group can in part be explained
by population specific outcomes with relevant high
mortality (10-12%), while late onset sepsis is associated

with neurocognitive impairment [2]. Furthermore, the
between unit variability in antibiotic use rate can in
part be explained by the volume of surgical cases, the
incidence of necrotizing enterocolitis or documented
infections, and the level of care [3].

Pathogens to aim for in early-onset sepsis in pre-
term and term neonates are either Gram-negative
organisms, with Escherichia coli as the most common
Gram-negative pathogen isolated, with Haemophilus
influenzae, Citrobacter spp, or Enterobacter spp as less
common isolates. Gram-positive organisms are Group B
Streptococcus, with Streptococcus viridans, Listeria mono-
cytogenes and coagulase-negative Staphylococci as less
common [2]. This explains the choice of antibiotics such
as penicillin or ampicillin, gentamicin, or vancomycin
[1]. Moreover, the prevalence of multi-resistant patho-
gens-related infections in neonates has increased and
dosing regimens applied within a given unit may affect
this prevalence [2]. When comparing two routinely used
empiric antibiotic policies (penicillin G + tobramycin
versus amoxicillin + cefotaxime) for early-onset sepsis, a
18-fold higher risk for colonization with resistant strains
was observed in the amoxicillin-cefotaxime regimen [8].
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Clinical care algorithms using an early-onset sep-
sis risk prediction model reduced the proportion of
newborns undergoing laboratory testing (-66%) and
receiving empirical antibiotic treatment (—48%) with-
out apparent adverse effects [4]. Intriguingly, the latest
NICE (National Institute for health and Care Excellence)
guideline on neonatal early-onset sepsis resulted in
greater consistency in diagnosis and management, but
also in more investigations (repeated C-reactive protein
measurements [CRP], increase in lumbar punctures),
prolonged length of stay and antibiotic exposure [5].
This is likely because clinical evaluation alone is unre-
liable to identify infants in the early stages of neona-
tal infections, while CRP values are time-dependent and
only increase after 12-24 h [6]. Decision-making guided
by procalcitonin was superior to standard care to reduce
the duration of antibiotic administration (52 h instead of
64 h) in neonates with suspected early-onset sepsis [7].
Despite these efforts, the prescription of antibiotics still
remains very common.

The setting as described in the introduction neces-
sitates the use of more finesse in decisions on when to
treat, which antibiotics to use, but also how to dose anti-
biotics in neonates. How new data on PK can improve
dosing regimens of antibiotics (beta-lactam antibiotics,
aminoglycosides, vancomycin) will be the focus of the
current narrative review. This will be preceded by an
introduction on the specific aspects of clinical pharma-
cology in neonates. This is because pharmacokinetics
(PK) and related maturational and non-maturational
covariates are the main drivers of population specific
dosing of antibiotics in neonates [9]. Obviously, the chal-
lenges to assure safe and effective use and evaluation of
antibiotics in neonates are much broader (when, which,
and how) and these challenges have been suggested by
Jacqz-Aigrain et al. These key issues have been summa-
rized and commented in Table 1 [10].

Off label practices and extensive variability in
dosing

The clinical outcome of neonates can be improved with
the use of safe and effective dosing regimens appropri-
ately investigated in this population [11]. At present,
health care professionals involved in neonatal care still
routinely (> 90%) prescribe unlicensed drugs or use
drugs in an off label manner in the neonatal intensive
care setting. This also holds true for antibiotics, and
results in extensive unexplained and irrational var-
iability in dosing practices as has been highlighted
recently. Considerable between unit variability in
antibiotic dosing regimens has been observed in 44
French neonatal units with 444 different regimens
for 41 antibiotics, with a mean number of 9 (SD 8),
but up to 32 different regimens for a given antibiotic
[12]. Similar, the ARPEC (Antibiotic Resistance and
Prescribing in European Children) study illustrated

Table 1. Challenges to ensure safe and effective use and evalu-
ation of antibiotics in neonates [10].

Understand neonatal pharmacology: maturational and non-maturational
factors mainly affect the distribution (body water composition, protein
binding) and clearance (renal maturation, ibuprofen co-administration,
renal impairment)

Understand the specific characteristics of neonatal sepsis: Only 3% of the
suspected infections had evidence for a bacterial infection and >95%
were in retrospect exposed without need. Late onset sepsis is common,
with coagulase negative staphylococci as the most common patho-
gens. Overtreatment can be explained by population-specific outcome
with relevant mortality (10-12%) during early-onset sepsis group and
morbidity related to late onset sepsis

Understand the PD of antibiotics: as the isolation of the pathogen is infre-
quent, the PK-PD relationship is commonly based on the MIC patterns
of wild-type pathogens in epidemiologic studies

Get the dose right: Accurate prediction of the similar exposure of antibiot-
ics can be guided by modeling and simulation. Subsequent prospec-
tive validation to proof that these exposure targets are reached is a
subsequent crucial step

Choose the right empiric treatment and dosage: these decisions should
be driven by the epidemiology of neonatal infections, and adapted to
susceptibility patterns

Promote adapted monitoring: using validated analytical techniques based
on low volume samples, and interpreting results based on valid target
exposure and Bayesian models could allow TDM to be performed at the
time of routine blood tests

Promote drug evaluation in neonates: it is accepted that antibiotics with
proven efficacy in adults and older children do not always need to
be tested extensively in neonates. This is described as bridging and
extrapolation, and is summarized in the EMA Pediatric Study Decision
Tree, and applies to antibiotics

Predict developmental toxicity: randomized controlled trial types of studies
on antibiotics in neonates are too limited in number and size to draw
robust conclusions on developmental toxicity. Large epidemiological
studies and juvenile animal toxicity studies may serve as alternatives

Develop adapted formulations: dosing accuracy relates to the number of
manipulations needed, fluid overload may be an issue, and excipient
toxicity should be considered

that - based on inquiries in 84 pediatric hospitals in
19 European countries — comprehensive antibiotic
guideline recommendations are generally lacking,
with e.g. guidelines in 71% of the hospitals with 20
different antibiotic dosing regimens for neonatal sep-
sis [13]. This variability and lack of ‘compliance’ with
dosing recommendations for neonates (BNFc, British
National Formulary for children) has been confirmed
in a Europe-wide point prevalence study. This is likely
because these recommendations are not always evi-
dence based [14].

Because the treatment aims at the infectious organism
as target (considered similar between patient popula-
tions if similar time-concentration and target concen-
tration profiles are reached) and not the host per se, it
is reasonable to assume similarities in antimicrobial
pharmacodynamics (PD) between populations (concen-
tration-response relation). Three different main PK-PD
patterns have been defined for maximum killing of the
pathogen and these patterns depend on the properties
of the antibiotic. These patterns are either (1) peak drug
concentration > threshold (aminoglycosides), (2) area
under the drug concentration time curve > threshold
(vancomycin), or (3) time during which the drug con-
centration remains > threshold (beta-lactam). All these
thresholds relate to the minimal inhibitory concentra-
tion (MIC) of a given pathogen.



These patterns are not different in neonates, but dos-
ing should be further tailored to their PK characteristics
[15,16]. We refer the readers who are interested on the
development of PK/PD indices for antibiotics and it
use in pediatrics to other papers on this topic since our
intention here is to apply these main PK/PD patterns to
neonatal dosing regimens [15-17]. If we subsequently
assume that neonates are likely less immune-competent,
we can shift target concentrations to further improve
PD driven targets. To increase the bactericidal efficacy
of beta-lactams in neonates, the percentage of free con-
centrations of the antibiotic > 4 times the MIC can be
raised from 50% up to even 100% of the time in neo-
nates [18]. A shift in target concentration is also needed
when meningitis is documented since the target effect
compartment includes the central nervous system, and
dosing should be increased [18]. Using this paradigm,
differences in PK and safety aspects are the primary or
at least first focus to improve antibiotic prescription in
neonates [19].

Clinical pharmacology in neonates: variability
is the core characteristic

Similar to any other population, clinical pharmacol-
ogy in neonates aims to predict drug-specific (side)-
effects based on PK and PD. PK (absorption, distribu-
tion, metabolism, and excretion, ADME) describes the
drug concentration over time (‘what the body does to
the drug’) at a given compartment, like plasma, sub-
cutaneous tissue, or the cerebrospinal fluid in case of
meningitis. PD describes the link between drug con-
centrations and (side)-effects over time (‘what the drug
does to the body’) [20]. All these ADME processes are
subject to maturational as well as non-maturational
changes. Maturational changes relate to age (postna-
tal, gestational, or postmenstrual age) or weight (birth
weight, current weight) while non-maturational covar-
iates relate to disease, environment, treatment inter-
ventions (co-medications, extra-corporeal membrane
oxygenation, renal replacement therapies), or genetics
(pharmacogenetics). This means that the final PK profile
will be driven by maturational changes in physiology, but
are further affected by co-morbidity [like renal failure,
perinatal asphyxia, cardiac failure, sepsis, patent ductus
arteriosus] or treatment modalities. As a consequence,
neonatal dosing regimens for antibiotics are as hetero-
geneous as the neonates (10-fold variability in weight,
23-44 weeks age range) admitted to the NICU [21].
For antibiotics, this variability will be driven by dif-
ferences in elimination, mainly by primary renal (glo-
merular filtration, renal tubular processes) route and in
disposition (body composition, protein binding) [21,22].
Pharmacometric modeling and simulation approaches
permit us to characterize population average, inter-
subject and intra-subject variability of PK parameters
(clearance, volume of distribution). It also permits to
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identify and quantify key factors (‘covariates’) that influ-
ence the PK patterns of antibiotics in neonates [21,22].

The glomerular filtration rate (GFR) in neonates is
mainly based on birth weight and postnatal age with
a 2-4 fold increase in GFR in the first 4 weeks of life.
The GFR is 20-45 ml/min/1.73 m? in the term neo-
nate, with a subsequent progressive increase of 5-10
ml/min/1.73 m? for each week. Median GFR values in
neonates aged 27-31 weeks gestation range from 7.9
to 30.3 on day 7, 10.7 to 33.1 on day 14, 12.5 to 34.9
on day 21, and 15.5 to 37.9 ml/min/1.73 m? on day 28,
respectively [23]. However, renal elimination also covers
renal tubular transport activity (absorption, excretion).
Intriguingly, these processes do not mature simultane-
ously. Besides maturational changes, GFR patterns can
also be affected by disease characteristics, like perinatal
asphyxia or respiratory distress or co-medication (ibu-
profen, indomethacin) [22,24].

When we focus on disposition, this relates to differ-
ences in plasma protein binding capacity and changes in
body composition. The total albumin and plasma protein
concentration display an age-dependent increase from
24-27 and 44-46 g/l between 24-28 weeks, to 30-32 and
50-52 g/l at 36 weeks of age [25]. Competitive binding
of antibiotics (e.g. cefazolin, ceftriaxone) and bilirubin
to albumin is a relevant issue. This is also reflected in
the fact that ceftriaxone is contraindicated for use in
neonates because of the risk of displacement of uncon-
jugated bilirubin and subsequent neurotoxicity [26].
This protein binding capacity does not only influence
drug distribution, but also drug action and elimina-
tion, since it is the unbound drug that will be distrib-
uted, is available for (renal) elimination and will exert
a pharmacological effect. To illustrate this, differences
in plasma protein binding explain the higher clearance
of micafungin in neonates [27], but maturational dif-
ferences in protein binding of vancomycin or cefazolin
may also be covariates of clearance [28,29]. Compared
to term neonates, preterm neonates have an even higher
relative proportion of body water (80%), which gradu-
ally decreases with gestational and postnatal age to reach
a plateau (35-40%) at the end of infancy. This is reflected
in a proportional higher distribution volume (L/kg) for
hydrophilic drugs to distribute in the extra-cellular body
water compartment. These differences in both clearance
and distribution will be of relevance to develop dosing
regimens for beta-lactams, aminoglycosides, or vanco-
mycin tailored for term and preterm neonates to attain
these PK/PD indices [30].

Beta-lactam antibiotics

Beta-lactams are bactericidal by binding to penicil-
lin-binding proteins responsible for peptidoglycan
cross-linking, resulting in subsequent inhibition of bac-
terial wall synthesis. Beta-lactams include penicillins,
cephalosporins, carbapenems, and monobactams. The
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fraction of time during which the free antibiotic concen-
tration remains above the minimum inhibitory concen-
tration (MIC) (% fT > MIC) of the relevant pathogens
[2] is the PK-PD target, and this target can be shifted to
avoid resistance or to adapt for impaired immuno-com-
petence, as in neonates.

Penicillin G clearance increased with increasing birth
weight in a cohort of 20 preterm neonates (<32 weeks) in
early neonatal life (day 1-3), suggesting that 25,000 IU,
q12 h is adequate (time > MIC of at least 50%) in these
cases instead of g8 h or q6 h in older (higher birthweight,
higher postnatal age) newborns [31,32]. Postmenstrual
age and serum creatinine were covariates of ampicillin
clearance [33]. A simplified dosing regimen of 50 mg/
kg, q12 h for GA of < 34 weeks and PNA of < 7 days,
75 mg/kg, q12 h for GA of < 34 weeks and PNA of
8-28 days, and 50 mg/kg, q8 h for GA of > 34 weeks
and PNA of < 28 days achieved the surrogate efficacy
target (time > MIC 100%) in 90% of events [33]. In the
specific subset of neonates undergoing hypothermia
because of hypoxic-ischemic encephalopathy (HIE),
much lower doses (25-50 mg/kg/day, time > MIC of 50
and 100%, respectively) were suggested because of the
associated renal impairment [34]. A similar pattern has
recently been described for amoxicillin [35] Cefazolin
is frequently administered for surgical prophylaxis and
treatment of infections in neonates, but PK observations
are limited and dosing regimens vary [13,14]. A neo-
natal PK model taking into account total and unbound
cefazolin concentrations with saturable plasma protein
binding was identified. Weight and postnatal age were
the most relevant covariates, and a body weight- and
PNA-adapted dosing regimen that resulted in similar
exposure across different weight and age groups was pro-
posed (25-50 mg/kg, q8-12 h, time > MIC 60%) [36].
Cefotaxime is one of the options to treat Gram-negative
bacterial sepsis in neonates while dosing regimens vary
considerably [13,14]. Leroux et al. recently reported on
a population PK study to subsequently improve the dos-
ing regimen, considering PK-PD, pathogens and safety.
Covariate analysis showed that weight, gestational and
postnatal age were relevant on clearance, and resulted in
a dosing regimen of 50 mg/kg, two to four times a day,
to improve dosing in older (postnatal age > 1 week and/
or gestational age > 32 weeks, time > MIC75%) neonates
[37]. Meropenem clearance was also affected by creati-
nine clearance and weight. A Monte Carlo simulation
was performed in (pre)terms, exploring 20-40 mg/kg
doses, g8 h-q12 h intervals and different infusion dura-
tions (0.5 or 4 h). The 8 h interval produced robust target
attainments (time > MIC40%), but when more resist-
ant organisms were to be treated (MIC of 4 to 8 mg/L),
40 mg/kg dose and prolonged infusion was suggested
[38]. This prolonged infusion approach (20 mg/kg
q8 h, 0.5 or 4 h) has recently proven to be more effec-
tive (better survival, faster reduction in inflammation)
in neonates with culture proven Gram-negative sepsis

[39]. Doripenem PK confirmed this general pattern with
higher distribution volume and lower clearance in the
most immature neonates compared to term neonates or
young infants (time > MIC70-99%) [40].

Aminoglycosides

The bactericidal efficacy of aminoglycosides in Gram-
negative infections, combined with its synergism with
beta-lactam antibiotics, limited bacterial resistance and
low costs have resulted in the frequent use of amino-
glycosides as part of antimicrobial pharmacotherapy in
neonates [41]. The ideal dosing regimen would maxi-
mize the C__,because the higher the concentration, the
more extensive and the faster the degree of bacterial kill-
ing. For aminoglycosides, it is best to have a peak/MIC
ratio of at least 8-10. [15]. Animal studies and clinical tri-
als in older children and adults documented that a ‘one
dose per day’ regimen of aminoglycosides is superior to
a multiple doses per day regimen. In neonates, the cur-
rently available evidence is limited to the fact that these
target concentrations (gentamicin) are reached more
often (higher peak, lower trough level) [42]. While the
pharmacodynamic action and bacterial target is obvi-
ously the same in neonates compared to children and
adults, relevant differences exist in PK [9,41]. In essence,
these maturational differences are contradicting, with a
higher distribution volume (so in need for higher mg/kg
doses to reach the Peak/MIC ratio) and lower clearance
(so in need of time intervals even beyond 48 h in the most
immature neonates to reach sufficiently low trough levels)
[9,41]. Non-maturational factors are ibuprofen or indo-
methacin co-administration or HIE with hypothermia.

The suggested targets for gentamicin and tobramycin
are similar (a peak/MIC ratio of at least 8-10). A weight
driven dosing interval (5 mg/kg, q24-48 h) resulted
in target gentamicin concentrations for both peak and
trough levels in the majority of neonates (n = 93/113)
[43], while Fjalstad et al. reported on the outcome using
the same approach (dosing interval q24-48 h) but with
a slightly higher gentamicin dose (6 mg/kg) [44]. Using
a model-based dosing approach, 4.5-5.5 mg/kg with a
dosing interval based on birth weight, postnatal age, and
ibuprofen resulted in improved attainment of target con-
centrations. Similar, but based on a netilmicin population
PK study, the suggested optimal dosing for netilmicin
was 5 mg/kg, q36 h, 5 mg/kg, q24 h, 6 mg/kg, q24 h
and 7 mg/kg, q24 h for neonates < 28, 28-30, 31-33,
and > 33 weeks of postmenstrual age [45]. However,
none of these dosing regimens underwent prospective
validation. In contrast, an amikacin dosing regimen
has been developed and validated, considering current
weight, postnatal age and ibuprofen use. This regimen
(15-20 mg/kg, q20-48 h,+10-12 h when ibuprofen is
co-administered) has been developed based on data
collected during routine care, and has subsequently
undergone prospective validation [46]. Using a similar



methodological approach, it was observed that amikacin
clearance was decreased by 40% in term neonates under-
going cooling for HIE, with the suggestion to increase
the dosing interval from 24 to 36 h in these cases [47].

Vancomycin

Studies in adults documented that the PK/PD index of
favorable clinical outcome is an AUC over a 24 h period
at steady-state divided by the MIC of the suspected path-
ogen (AUC/MIC) of at least 400 in a Staphylococcus
aureus lower respiratory tract infections model [48]. The
subsequent translation to vancomycin dosing guidelines
in neonates is uncertain. This is because PK covariates
(protein binding, renal tubular transport) are still only
partially understood. In addition, there are differences in
pathogens (Staphylococcus epidermidis) and target effect
compartment (blood) compared to the target in adults.
Several dosing schedules have been proposed, based on
age (i.e. postmenstrual and postnatal), body weight or
serum creatinine. Additional factors like ECMO, indo-
methacin or ibuprofen co-administration have also been
suggested [49].

The currently recommended vancomycin dosing
only results in a therapeutic target of AUC/MIC > 400
in a limited number of neonates (25%), and the same
holds true when target trough samples (30-35%) are
considered [50,51]. To further illustrate the extent of the
uncertainty, vancomycin has been dosed below or above
recommendations with extensive variability in daily
dosing (—100% up to + 60%) in the earlier mentioned
European point prevalence study [14]. Vancomycin is
usually administered intermittently, with a target trough
concentration of 10-15 pg/mL, but there is preliminary
experience with continuous administration (after an
initial loading dose) [51]. The clinical utility and safety
of a model-based patient-tailored dose of vancomycin
has been demonstrated in 190 neonates, resulting in a
vancomycin target attainment (15-25 mg/L) rate of 72%
instead of the former 41% [51]. This dosing regimen
was based on a loading dose with a subsequent mainte-
nance dose (determined by birth weight, current weight,
postnatal age, recent serum creatinine value), using an
individual patient calculator. The European Medicines
Agency recently also updated their recommendations.
A loading dose of 15 mg/kg is suggested, with a subse-
quent maintenance doses of 10 mg/kg, q12 h (postnatal
age < 8 days) or q8 h (8-28 days) in neonates, with the
recommendation to use therapeutic drug monitoring
(TDM) [52].

Discussion: How to create progress

Major progress has been made on the knowledge of PK
of antibiotics and its covariates in neonates, as illus-
trated for beta-lactams, aminoglycosides and - to a
much lesser extent - for vancomycin. This information
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has subsequently been converted to dosing recommen-
dations, aiming at similar target exposures as used in
non-neonatal populations.

At best, decisions on dosing regimens should be
driven by high-quality data with focus on efficacy and
safety. These data should pave the way to conduct com-
parative studies to assess the efficacy and safety of these
commonly used drugs in neonates. However, one can
question the need for randomized controlled efficacy
trials in neonates when efficacy is already established in
other populations [17,53]. This concept of extrapolation
is part of the pediatric study decision tree [17]. This is
because the intervention has the pathogen as target (con-
sidered similar between patient populations if similar
time-concentration profiles are reached) and not the
host per se. A bacteriologic response is expected to be
similar to that in other populations so that PK-PD stud-
ies can support antibiotic administration in neonates by
determining the appropriate dose required for targeted
exposure. This should be supported by PK data in the dif-
ferent neonatal subpopulations and covering the relevant
maturational and non-maturational factors to proof that
indeed the target concentration patterns are reached.

However, it is too simple to stop the product develop-
ment and knowledge building at that point. It is reason-
able to at least validate these dosing regimens to confirm
that indeed the target exposure range is attained. At pres-
ent, the number of such validation studies is still limited
[18,43]. Opportunistic sampling strategies, either samples
collected for TDM or scavenged samples may be an effec-
tive strategy, but heterogeneous sampling times may also
introduce systematic errors and affect PK estimates [54].
Second, the target concentration rate may be different
in neonates (innate immune immaturity, maturational
toxicity). Using the beta-lactam examples to illustrate this
uncertainty, the time > MIC applied to develop the dosing
regimens varies between and 40 and 100 % [31-40].

In addition, the very same PK estimates can be used
to develop more advanced dosing regimens (loading
dose, followed by either continuous or prolonged infu-
sion). At present, the shift toward such advanced dos-
ing regimens is limited in neonates. This is in part also
because of difficulties related to venous access, stability,
compatibility with other drugs co-administered and
dosing accuracy [55]. Further improvements in dosing
strategies should also consider the use of a loading dose.
This is because of the higher distribution volume that
may delay attainment of a given minimal concentration,
despite the lower clearance.

In conclusion, relevant information on the PK of anti-
biotics and its covariates have been generated, but the
next steps are to validate the dosing regimens suggested
as well as consider more sophisticated advanced dosing
regimens based on this PK information. This approach
should pave the way to conduct comparative studies to
assess the efficacy and safety of these commonly used
drugs in neonates.
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List of abbreviations

NICU neonatal intensive care unit

PK pharmacokinetics

PD pharmacodynamics

NICE National Institute for health and Care Excellence
CRP C-reactive protein

SD standard deviation

ARPEC antibiotic resistance and prescribing in
European children

BNFc British National Formulary, for children

ADME absorption, distribution, metabolism, excretion
GFR glomerular filtration rate

MIC minimal inhibitory concentration

PNA postnatal age

GA gestational age

HIE hypoxic-ischemic encephalopathy

C,.. Mmaximal concentration

AUC area under the curve

ECMO extracorporeal membrane oxygenation

TDM therapeutic drug monitoring

Acknowledgments

The clinical research activities of Karel Allegaert were facili-
tated by the agency for innovation by Science and Technology
in Flanders (IWT) through the SAFEPEDRUG project
(IWT/SBO 130033).

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Science and Technology in
Flanders (IWT) through the SAFEPEDRUG [grant number
IWT/SBO 130033].

References

[1] Hsieh EM, Hornik CP, Clark RH, et al. Medication
use in the neonatal intensive care unit. Am J Perinatol.
2014;31:811-821.

[2] Russell AB, Sharland M, Heath PT. Improving antibiotic
prescribing in neonatal units: time to act. Arch Dis
Child Fetal Neonatal Ed. 2012;97:F141-F146.

[3] Schulman], Dimand R], Lee HC, et al. Neonatal intensive
care unit antibiotic use. Pediatrics 2015;135:826-833.

[4] Kuzniewicz MW, Puopolo KM, Fisher A, et al. A
quantitative, risk-based approach to the management
of neonatal early-onset sepsis. JAMA Pediatr.
2017;171:365-371.

[5] Mukherjee A, Davidson L, Anguvaa L, et al. NICE
neonatal early onset sepsis guidance: greater consistency,
but more investigations, and greater length of stay. Arch
Dis Child Fetal Neonatal Ed. 2015;100:F248-F249.

[6] Gilfillan M, Bhandari V. Biomarkers for the diagnosis of
neonatal sepsis and necrotizing enterocolitis: Clinical
practice guidelines. Early Hum Dev. 2017;105:25-33.

[7] Stocker M, van Herk W, el Helou S, et al. Procalcitonin-
guided decision making for duration of antibiotic
therapy in neonates with suspected early-onset sepsis:
a multicenter, randomised controlled trial (NeoPIns).
Lancet 2017;390:871-881.

[8] de Man P, Verhoeven BA, Verbrugh HA, et al. An
antibiotic policy to prevent emergence of resistant
bacilli. Lancet. 2000;355:973-978.

[9] Allegaert K, van den Anker J. Neonatal drug therapy:
The first frontier of therapeutics for children. Clin
Pharmacol Ther. 2015;98:288-297.

[10] Jacqz-Aigrain E, Kaguelidou E, van den Anker JN. How
to optimize the evaluation and use of antibiotics in
neonates. Pediatr Clin North Am. 2012;59:1117-1128.

[11] Ward RM, Benjamin D, Barrett JS, et al. Safety, dosing,
and pharmaceutical quality for studies that evaluate
medicinal products (including biological products) in
neonates. Pediatr Res. 2017;81:692-711.

[12] Leroux S, Zhao W, Bétrémieux P, et al. Therapeutic
guidelines for prescribing antibiotics in neonates should
be evidence-based: a French national survey. Arch Dis
Child. 2015;100:394-398.

[13] Spyridis N, Syridou G, Goossens H, et al. Variation
in paediatric hospital antibiotic guidelines in Europe.
Arch Dis Child. 2016;101:72-76.

[14] Metsvaht T, Nellis G, Varendi H, et al. High variability
in the dosing of commonly used antibiotics revealed by
a Europe-wide point prevalence study: implications for
research and dissemination. BMC Pediatr. 2015;15:41.

[15] Nielsen EI, Cars O, Friberg LE. Pharmacokinetic/
Pharmacodynamic (PK/PD) indices of antibiotics
predicted by a semimechanistic PKPD model: a step
toward model-based dose optimization. Antimicrob
Agents Chemother. 2011;55:4619-4630.

[16] Barker CI, Standing JE Turner MA, et al. Antibiotic
dosing in children in Europe: can we grade the evidence
form pharmacokinetic/pharmacodynamic studies -
and when is enough data enough? Curr Opin Infect
Dis. 2012;25:235-242.

[17] Manolis E, Pons G. Proposals for model-based
paediatric medicinal development within the current
European Union regulatory framework. Br ] Clin
Pharmacol. 2009;68:493-501.

[18] Fuchs A, Li G, van den Anker J, et al. Optimising p-
lactam dosingin neonates: areview of pharmacokinetics,
drug exposure and pathogens. Curr Pharm Des.
2017;23:5805-5838.

[19] Jacqz-Aigrain E, Zhao W, Sharland M, et al. Use
of antibacterial agents in the neonate: 50 years of
experience with vancomycin administration. Semin
Fetal Neonatal Med. 2013;18:28-34.

[20] Allegaert K, Verbesselt R, Naulaers G, et al
Developmental pharmacology: neonates are not just
small adults .... Acta Clin Belg. 2008;63:16-24.

[21] Samardzic ], Allegaert K, Wilbaux M, et al. Quantitative
clinical pharmacology practice for optimal use of
antibiotics during the neonatal period. Expert Opin
Drug Metab Toxicol. 2016;12:367-375.

[22] Wilbaux M, Fuchs A, SamardzicJ, et al. Pharmacometric
approaches to personalize use of primarily renally
eliminated antibiotics in preterm and term neonates. J
Clin Pharmacol. 2016;56:909-935.

[23] Vieux R, Hascoet JM, Merdariu D, et al. Glomerular
filtration rate reference values in very preterm infants.
Pediatrics 2010;125:e1186-e1192.

[24] Allegaert K, Cossey V, Langhendries JP, et al. Effects
of co-administration of ibuprofen-lysine on the



[25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

[35]

(36]

(37]

(38]

(39]

pharmacokinetics of amikacin in preterm infants
during the first days of life. Biol Neonate. 2004;86:207-
211.

Zlotkin SH, Casselman CW. Percentile estimates of
reference values for total protein and albumin in sera of
premature infants (less than 37 weeks of gestation). Clin
Chem. 1987;33:411-413.

Martin E, Fanconi S, Kilin P, et al. Ceftriaxone-
bilirubin-albumin interactions in the neonate: An in
vivo study. Eur J Pediatr. 1993;152:530-534.

Yanni SB, Smith PB, Benjamin DK Jr, et al. Higher
clearance of micafungin in neonates compared with
adults: role of age-dependent micafungin serum
binding. Biopharm Drug Dispos. 2011;32:222-232.
Opyaert M, Spriet I, Allegaert K, et al. Factors impacting
unbound vancomycin concentrations in different
patients populations. Antimicrob Agents Chemother.
2015;59:7073-7079.

Smits A, Roberts JA, Vella-Brincat JW, et al. Cefazolin
plasma protein binding in different human populations:
More than cefazolin-albumin interaction. Int J
Antimicrob Agents 2014;43:199-200.

Allegaert K, Mian P, van den Anker ]. Developmental
pharmacokinetics in neonates: maturational changes
and beyond. Curr Pharm Des. 2017;23:5769-5778.
Muller AE, DeJongh J, Bult Y, et al. Pharmacokinetics
of penicillin g in infants with a gestational age of
less than 32 weeks. Antimicrob Agents Chemother.
2007;51:3720-3725.

McCracken GH Jr, Ginsberg C, Chrane DEF et al.
Clinical pharmacology of penicillin in newborn infants.
] Pediatr. 1973;82:692-698.

Tremoulet A, Le J, Poindexter B, et al. Characterization
of the population pharmacokinetics of ampicillin
in neonates using an opportunistic study design.
Antimicrob Agents Chemother. 2014;58:3013-3020.
Cies JJ, Fugarolas KN, Moore WS 2nd, et al. Population
pharmacokinetics and pharmacodynamic target
attainment of ampicillin in neonates with hypoxemic-
ischemic encephalopathy in the setting of controlled
hypothermia. Pharmacotherapy 2017;37:456-463.
Pacifici GM, Allegaert K. Clinical pharmacokinetics of
amoxicillin in neonates. ] Chemother. 2017;29:57-59.
De Cock RE Smits A, Allegaert K, et al. Population
pharmacokinetic modelling of total and unbound
cefazolin plasma concentrations as a guide for dosing in
preterm and term neonates. ] Antimicrob Chemother.
2014;69:1330-1338.

Leroux S, Roué JM, Gouyon JB, et al. A population and
developmental pharmacokinetic analysis to evaluate
and optimize cefotaxime dosing regimen in neonates
and young infants. Antimicrob Agents Chemother.
2016;60:6626-6634.

van den Anker JN, Pokorna P, Kinzig-Schippers M,
et al. Meropenem pharmacokinetics in the newborn.
Antimicrob Agents Chemother. 2009;53:3871-3879.
Shabaan AE, Nour I, Elsayed Eldegla H, et al
Conventional versus prolonged infusion of meropenem
in neonates with Gram-negative late-onset sepsis:
a randomized controlled trial. Pediatr Infect Dis J.
2017;36:358-363.

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

ACTA CLINICA BELGICA 7

Cirillo I, Vaccaro N, Castaneda-Ruiz B, et al. Open-label
study to evaluate the single-dose pharmacokinetics,
safety, and tolerability of doripenem in infants less
than 12 weeks in chronological age. Antimicrob Agents
Chemother. 2015;59:4742-4749.

van den Anker JN, Allegaert K. Pharmacokinetics of
aminoglycosides in the newborn. Curr Pharm Des.
2012;18:3114-3118.

Rao SC, Srinivasjois R, Moon K. One dose per day
compared to multiple doses per day of gentamicin for
treatment of suspected or proven sepsis in neonates.
Cochrane Database Syst Rev. 2016;12:CD005091.

Low YS, Tan SL, Wan AS. Extended-interval gentamicin
dosing in achieving therapeutic concentrations
in Malaysian neonates. ] Pediatr Pharmacol Ther.
2015;20:119-127.

Fjalstad JW, Laukli E, van den Anker JN, et al. High-
dose gentamicin in newborn infants: is it safe ? Eur J
Pediatr. 2014;173:489-495.

Sherwin CM, Broadbent RS, Medlicott NJ, et al.
Individualising netilmicin dosing in neonates. Eur J
Clin Pharmacol. 2008;64:1201-1208.

Smits A, Kulo A, van den Anker J, et al. The amikacin
research program: a stepwise approach to validate
dosing regimens in neonates. Expert Opin Drug Metab
Toxicol. 2017;13:157-166.

Cristea S, Smits A, Kulo A, et al. Amikacin
pharmacokinetics to optimize dosing in neonates
with perinatal asphyxia treated with hypothermia.
Antimicrob Agents Chemother. 2017;61(12):e01282-
17.

Moise-Broder PA, Forrest A, Birmingham MC, et
al. Pharmacodynamics of vancomycin and Other
antimicrobials in patients with staphylococcus AUREUS
lower respiratory tract infections. Clin Pharmacokinet.
2004;43:925-942.

Jacqz-Aigrain E, Leroux S, Zhao W, et al. How to
use vancomycin optimally in neonates: remaining
questions. Expert Rev Clin Pharmacol. 2015;8:635-648.
Padari H, Oselin K, Tasa T, et al. Coagulase negative
staphylococcal sepsis in neonates: do we need to adapt
vancomycin dose or target ? BMC Pediatr. 2016;8:206.
Leroux S, Jacqz-Aigrain E, Biran V, et al. Clinical
utility and safety of a model-based patient-tailored
dose of vancomycin in neonates. Antimicrob Agents
Chemother. 2016;60:2039-2042.

European Medicines Agency. [cited 2017 Nov 23].
Available  from:  http://www.ema.europa.eu/docs/
en_GB/document_library/Referrals_document/
Vancomycin_31/WC500238582.pdf

Kaguelidou E Turner MA, Choonara I, et al
Randomized controlled trials of antibiotics for neonatal
infections: a systematic review. Br J Clin Pharmacol.
2013;76:21-29.

Standing JF, Anderson BJ, Holford NH, et al. Comment
on pharmacokinetic studies in neonates: the utility of
an opportunistic sampling design. Clin Pharmacokinet.
2015;54:1287-1288.

Sherwin CM, Medlicott NJ, Reith DM, et al. Intravenous
drug delivery in neonates: lessons learnt. Arch Dis
Child. 2014;99:590-594.


http://www.ema.europa.eu/docs/en_GB/document_library/Referrals_document/Vancomycin_31/WC500238582.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Referrals_document/Vancomycin_31/WC500238582.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Referrals_document/Vancomycin_31/WC500238582.pdf

	Abstract
	Introduction: setting the scene
	Off label practices and extensive variability in dosing
	Clinical pharmacology in neonates: variability is the core characteristic
	Beta-lactam antibiotics
	Aminoglycosides
	Vancomycin
	Discussion: How to create progress
	Acknowledgments
	Disclosure statement
	Funding
	References



