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Abstract: Children show important developmental and maturational changes, which may contrib-
ute greatly to pharmacokinetic (PK) variability observed in pediatric patients. These PK alterations
are further enhanced by disease-related, non-maturational factors. Specific to the intensive care set-
ting, such factors include critical illness, inflammatory status, augmented renal clearance (ARC), as
well as therapeutic interventions (e.g., extracorporeal organ support systems or whole-body hypo-
thermia [WBHY]). This narrative review illustrates the relevance of both maturational and non-mat-
urational changes in absorption, distribution, metabolism, and excretion (ADME) applied to antibi-
otics. It hereby provides a focused assessment of the available literature on the impact of critical
illness—in general, and in specific subpopulations (ARC, extracorporeal organ support systems,
WBH) —on PK and potential underexposure in children and neonates. Overall, literature discussing
antibiotic PK alterations in pediatric intensive care is scarce. Most studies describe antibiotics com-
monly monitored in clinical practice such as vancomycin and aminoglycosides. Because of the large
PK variability, therapeutic drug monitoring, further extended to other antibiotics, and integration
of model-informed precision dosing in clinical practice are suggested to optimise antibiotic dose
and exposure in each newborn, infant, or child during intensive care.

Keywords: pediatric; antibiotic; critical illness; pharmacokinetics; augmented renal clearance;
extracorporeal membrane oxygenation; continuous renal replacement therapy; cardiopulmonary
bypass; whole body hypothermia; therapeutic drug monitoring

1. Introduction

Antibiotics are commonly used in hospitalised children [1-3]. A one-day point-prev-
alence study reported antibiotic use in approximately 40% of all hospitalised children in
European and non-European hospitals [1]. Another retrospective cohort study of 40 US
children’s hospitals found that 60% of all children received at least one antibiotic during
their hospital stay, representing up to 601 antibiotic days per 1000 patient days [2]. The
highest rates of antibiotics use have been reported in critically ill children and patients
admitted to the hemato-oncology ward [1]. Up to 57-79% of all patients received antibi-
otics during their stay at the pediatric intensive care unit (PICU) [4]. Of the five drugs
most commonly administered to neonates admitted in a neonatal ICU (NICU), three are
antibiotics (ampicillin, gentamicin, and vancomycin) [5].
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The decision on the timing of prescription (when), the choice of the antibiotic(s)
(what), and appropriate dosing (how much) to achieve sufficient exposure are crucial de-
terminants for successful antibiotic therapy [6]. Pharmacokinetics (PK) and its variability
mainly relates to the "how much’ question. It is commonly accepted that adequate expo-
sure above a critical target or within a given range is required for successful (effective and
safe) antibiotic therapy [7]. Hence, knowledge of the processes that lead to drug exposure
after its administration is essential to select the most appropriate dosing regimen. These
processes consist of absorption, distribution, metabolism, and excretion to characterise the
pharmacokinetics of a drug. In the setting of pediatric or neonatal intensive care and crit-
ical illness, these processes are modulated by both maturational (age, weight) as well as
non-maturational (disease, therapeutic interventions) covariates.

Children show important developmental or maturational changes, which may con-
tribute greatly to PK variability observed in pediatric patients [8,9]. Standard weight-
based dosing regimens have been shown to lead to suboptimal exposure in certain pedi-
atric patient populations [10,11], so that organ function should be taken into account to
optimise pediatric drug dosing, also when the focus is on antibiotics [12,13]. These PK
alterations are further enhanced by disease-related or non-maturational factors. Specific
to the intensive care setting, such factors include critical illness, inflammatory status, aug-
mented renal clearance (ARC), as well as therapeutic interventions (e.g., extracorporeal
organ support systems or whole-body hypothermia [WBH]) (Figure 1) [14].

Pharmacokinetics of antibiotics in pediatric and neonatal intensive care
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Figure 1. [llustration of developmental and critical-illness related pharmacokinetic alterations in children and neonates.

Most drugs—also antibiotics—have been developed in and for adults, with subse-
quent extrapolation of dosing regimens to children. Pediatric antibiotic trials are seldom
performed due to ethical, practical, and economic considerations [8]. This is evidenced by
a recent report of Thaden et al., who reviewed all pediatric trials registered in clinicaltri-
als.gov between October 2007 and September 2017 [15]. Less than 1% of all pediatric trials
(122/17,495) were industry or US government-funded trials investigating systemic anti-
bacterial or antifungal drugs. Consequently, off-label (dose, indication, formulation) pre-
scription is very common, be it that recommendations on how health care professionals
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can handle this setting have recently been published [16,17]. It has been suggested that
certain pediatric patient populations may benefit from individualised dosing to increase
target attainment, while minimizing the risk of unnecessary toxicity, using model-in-
formed precision dosing (MIPD) concepts in these populations [11,18].

The aim of this narrative review is to illustrate the relevance of maturational changes
in absorption, distribution, metabolism, and excretion (ADME) applied to antibiotics, and
to perform a focused assessment of the available literature on the impact of critical ill-
ness—in general, and in specific subpopulations (ARC, extracorporeal organ support sys-
tems, WBH)—on PK and potential underexposure in children and neonates. Such infor-
mation on the relevant PK covariates is crucial to implement precision medicine for anti-
biotics in NICU and PICU populations. We, therefore, conducted a PubMed search to
identify all relevant English-language articles and abstracts reporting antibiotic PK data
in critically ill children and neonates from inception until July 2021. Two authors per-
formed the literature review (M.G. and K.A.).

2. Developmental Pharmacokinetics, Applied to Antibiotics

Developmental pharmacology describes the impact of maturation on drug disposi-
tion (PK) and drug effects (pharmacodynamics [PD]) throughout the pediatric age range
(0-18 y) [19]. There is regulatory guidance to support pediatric drug development within
a generic framework, also applicable to antibiotics [20]. This framework is based on 3 pil-
lars, related to: (i) disease progression similarity between adults and children; (ii) the sim-
ilarity in response to intervention between both, and (iii) the availability of relevant and
valid PD markers (biomarkers, outcome variables). Applying this framework to antibiot-
ics, regulatory bodies currently consider it to be reasonable to assume similarity on anti-
microbial PD between patient populations (concentration-response) because the treat-
ment is aimed at the infectious organism, not the host (adult or child) [19,20]. Conse-
quently, differences in PK and safety are the primary focus to optimise drug development
programs and antibiotic utilization in neonates and children.

A recent ‘throughout-life’ PK modelling effort on vancomycin hereby illustrated that
the current dosing recommendations (Food and Drug Administration label) commonly
resulted in underexposure, with the highest probability in children and adolescents (70%),
except in newborns, while the label remains very descriptive on dosing in preterm neo-
nates [21,22].

Absorption: the impact of gastrointestinal variability on oral drug absorption and the
relevance of developmental changes (gastric pH, gastric emptying, gastric fluid composi-
tion, intestinal and colonic transit time, first-pass metabolism, pancreatic function) has
recently been reviewed [23]. A systematic review recently reflected on these changes and
assessed the available evidence on the switch from parenteral to oral antibiotics in neo-
nates. Based on 31 studies and compared to parenteral administration, oral antibiotics
generally reached maximum concentration later and had a lower bioavailability. How-
ever, in the majority of studies, adequate serum levels were reached, so that early switch
could be beneficial when considering health economics and the burden to the patient and
family [24].

Distribution: throughout infancy, the extracellular and total body water proportions
are higher, and this results in higher volumes of distribution (Vd) and lower (peak) con-
centrations for water-soluble antibiotics (e.g., aminoglycosides, vancomycin, beta-lac-
tams) when administered on an mg/kg basis. Table 1 summarises maturational changes
in body water composition, while Figure 2A illustrates the impact of the body water com-
position on the Vd (L/kg) for a water-soluble antibiotic (amikacin) [25-28]. These patterns
can be further affected by disease-related aspects, similar to those observed in adults, as,
e.g., Lingvall et al. described that the Vd of gentamicin was significantly higher (+14%) in
septic compared to non-septic neonates [29]. Table 1 also summarises the maturational
trends in plasma protein composition, as this determines the drug-binding capacity and
free concentrations, as illustrated for, e.g., cefazolin or vancomycin [30-32]. Competitive
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binding of co-administered drugs or endogenous substances (indirect bilirubin) may oc-
cur and explains the contraindication for ceftriaxone in neonates [33].

Table 1. Maturational changes in physiologic variables relevant to the distribution of antibiotics [25-27].

Total Body Wa-  Extracellular Wa- Intracellular Wa-  Plasma Albumin Plasma Total

Age ter/Weight % ter/Weight % ter/Weight % g/L Protein d/L
Preterm, 2 kg 82 44 34 26 40
Term, at birth 78 40 32 28 43

7-30 days 74 32 43 29 53
1-3 months 73 30 42 29 54
3-6 months 70 30 42 29 54
6-12 months 60 27 35 29 54

1-3 year 58-63 27-21 38-34 31 59

>3-6 year 62 21 46 31 62

>6-18 year 61-57 22-18 43-42 32 59
Adult 59 19 40 40 63

Elimination: the main route of elimination of most antibiotics is by renal excretion,
determined by both glomerular filtration rate (GFR) and renal tubular activities (secretion,
reabsorption) so that pharmacometric approaches to personalise the use of primarily re-
nally eliminated antibiotics in a pediatric and neonatal ICU setting should focus on renal
models and renal (patho)physiology [13]. A maturational human renal function with a
sigmoid hyperbolic model has been described so that half of the adult value is reached at
48 weeks postmenstrual age to be at 90% of this value at the end of infancy, even when an
allometric coefficient (kg®”%) was used [34]. When based on body weight, the steep increase
in clearance (CL) in infancy is even more pronounced. Figure 2B illustrates this matura-
tional pattern in CL (L/kg/h), based on a published amikacin dataset [28]. Along the same
line, and based on datasets of gentamicin, tobramycin, and/or vancomycin, semi-physio-
logical functions for GFR maturation throughout human life have been constructed
[21,35]. When scaling of CL was based on these GFR maturational models, maturational
changes in plasma protein concentration only marginally affected renal clearance, except
for drugs highly bound to alpha-1-acid glycoprotein [36]. In contrast, the contribution of
active tubular secretion to overall renal clearance can range—depending on drug-specific
PK properties—between 41 and 90%, so that ontogeny of tubular secretion cannot be ig-
nored, not even in infants [37].

Such semi-physiological functions are relevant to truly assess the impact of non-mat-
urational factors. Besides aspects related to the critical illness that will be discussed below,
this also includes co-administration of nephrotoxic drugs, like non-steroidal anti-inflam-
matory drugs (ibuprofen, indomethacin), commonly administered to induce closure of a
patent ductus arteriosus. Using the impact of those drugs on aminoglycoside or vanco-
mycin CL, the transient reduction in GFR during ibuprofen or indomethacin administra-
tion is —20 and —40%, respectively, in the newborn [38,39].
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Figure 2. Illustration of maturational changes of (A) volume of distribution (Vd, L/kg) and (B) clearance (CL, L/kg/h) with
the trend lines, based on amikacin pharmacokinetic data in 155 patients (body weight 1.35-33 kg) in the first 85 months of

life [28].

3. Critical Illness Related Pharmacokinetic Alterations in Children and Infants

Pathophysiological changes and resulting PK alterations have been demonstrated for
many antibiotics in critically ill children. Nevertheless, pediatric PK data remain relatively
scarce and are lagging behind the plethora of PK studies reporting antibiotic PK in criti-
cally ill adults. Increased Vd is frequently observed due to fluid resuscitation and inflam-
mation-induced capillary leak, further enhanced by hypoalbuminemia. Alterations in an-
tibiotic CL have also been reported repeatedly in pediatric antibiotic studies, and have
been related to both extremes of renal function (i.e., acute kidney injury necessitating renal
replacement therapy [RRT] and ARC) [40,41]. Despite the similarity to patterns in criti-
cally ill adults, still, important differences in PK alterations have been reported in pediat-
ric patients, as their phenotypic PK findings are the result of merged maturational (age-
or weight-related) and non-maturational factors, like critical illness.

Higher Vd (L/kg) have been reported for most beta-lactam antibiotics in pediatric
patients with severe bacterial infections compared with adult ICU patients. However, it
should be noted that there is still large variability in PK between and within the different
pediatric studies [40,41]. Bodyweight and age-related covariates are the most frequently
retained predictors of interindividual PK variability on Vd and CL in pediatric ICU stud-
ies. Whereas renal function is the most frequently identified covariate for PK alterations
in adult ICU studies, it is less frequently identified in pediatric ICU studies. This suggests
that markers for renal function (which are mostly based on serum creatinine [SCr]) are
less performant in predicting changes in the CL of antibiotics in pediatric vs. adult ICU
patients. This is probably at least partly due to age-related changes in renal function. This
maturational variability to a certain extent blurs non-maturational effects, which is a phe-
nomenon that is most pronounced in early neonatal life and infancy [13,14]. Although
renal function (GFR and tubular secretion) is lower in neonates and young infants, weight-
corrected (per kg) GFR values are much higher (up to 70%) in young children (2-5 years),
compared to adults [42].

Despite >50 published antibiotic PK studies in critically ill pediatric patients, PK data
remain scarce and for most antibiotics, PK knowledge is based on only a few studies with
small sample sizes [40,41]. For some commonly used antibiotics, there are even no PK data
available in critically ill children (e.g., ceftazidime). Overall, PK studies show that the at-
tainment of predefined PK/PD targets is suboptimal with standard dosing of many anti-
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biotics in critically ill children [40,41,43]. Therefore, several studies suggest dose optimi-
zation strategies for these patients. Interestingly, the same PK/PD targets are commonly
aimed for in pediatric and adult critically ill patients [11,41,44]. Table 2 presents an over-
view of the three categories of PK/PD targets commonly used and the antibiotic classes
falling into each category [11,44,45]. Next to the classic advice to increase the dose or dos-
ing frequency, extended or continuous infusion strategies are regularly suggested to in-
crease the probability of target attainment (PTA) with beta-lactam therapy in critically ill
children. This strategy has been extrapolated from adult critically ill patients, however,
until now, there is no conclusive evidence of its clinical benefit. Interestingly, a subgroup
analysis of critically ill children included in a recent retrospective chart analysis revealed
a potential mortality benefit (2.1% vs. 19.6%) of extended vs. intermittent beta-lactam in-
fusion [43]. Additionally, therapeutic drug monitoring (TDM) is regularly suggested to
overcome suboptimal exposure in critically ill children, also for beta-lactams. TDM is an
interesting strategy for dose optimization considering the high inter-individual PK varia-
bility observed in these patients. Cies et al. found a relatively low mortality rate of 4.3-
12.2% in pediatric ICU patients undergoing routine beta-lactam TDM and dose adjust-
ments according to predefined PK/PD targets [46]. Compared to mortality rates of 25% or
higher observed in septic pediatric patients [47-49], this study suggests a mortality benefit
from beta-lactam TDM in these patients. Notwithstanding, confounding from baseline
differences in patient characteristics cannot be excluded.

Table 2. Categories of antibiotics according to their pattern of antibacterial activity and their associated pharmacoki-
netic/pharmacodynamic (PK/PD) target.

Category Based on the In Vitro Pat-

tern of Antibacterial Activity Antibiotic Class PK/PD Target for Efficacy

Time-dependent with minimal-to-no

persistent effect Beta-lactams, Lincosamides % fT>mic

Glycopeptides, Oxazolidinones, Mac-
rolides, Tetracyclines, Glycylcyclines,
Polymyxins

AUCo24/MIC
% fT>mic (erythromycin, linezolid)

Time-dependent with moderate-to-
persistent effect

Aminoglycosides, Fluoroquinolones,
Lipopeptides, Metronidazole, Ke-
tolides

% fT>mic: percentage of time during which the free concentration exceeds the minimum inhibitory concentration; AUCo-
2¢/MIC: ratio of the area under the curve over 24 h to the minimum inhibitory concentration; Cmax/MIC: ratio of the peak
concentration to the minimum inhibitory concentration.

AUCo-24/MIC
Cmax/ MIC

Concentration-dependent with moder-
ate-to-persistent effect

It should be noted that most PK studies report antibiotics that are subjected to routine
TDM in clinical practice (e.g., vancomycin and aminoglycosides). Table 3 summarises all
antibiotic PK studies performed in critically ill children. Studies performed only in neo-
nates (or adults) were excluded from the general summary presented in Table 3, as these
fell out of the scope of the current summary.

Table 3. Summary of all antibiotic PK studies performed in critically ill children.

Antibiotic Number of Study Aspects Age E;;:;;Zelght Results and Clinical Implications

Studies

Contflicting results with regard to association
between Cmin and acute kidney injury
0-18y [54,55,57,62]

4 prospective studies (n
=168) [50-53]

Vancomycin 19 :&ig;;fi??;%?gi 0.68-108 kg  Eight studies reported CL and Vd. Mean Vd
63] 0.44-1.04 L/kg. Mean CL 0.072-0.19 L/kg/h

[51-53,56,64,65,67,68]
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5 retrospective popPK
studies (n = 704) [64—68]

Eight studies reported measured, simulated
or estimated AUCs [50-52,56,62,66—68]
Only two studies used continuous dosing
[50,66]

Substantial percentage of target non-attain-
ment with standard dosing regimens (up to
92%, mostly subtherapeutic but also supra-
therapeutic concentrations) [50-52,54—
56,59,64,66—68]

Dosing of 60 mg/kg/day q8h advised if no re-
nal impairment [61,67]

One study advised lower doses for neonates
(30 mg/kg/day), infants (35-40 mg/kg/day)
and children (45 mg/kg/day) [59]
Another study in neonates and infants <2m
advised 14-18 mg/kg q8-12 h [68]

Teicoplanin

2 prospective cohort
studies (n = 33) [69,70]
1 RCT (n=20) [71]

1 prospective popPK
study with dosing sim-
ulations (n = 42) [72]

7d-15.6y
3.74-56 kg

Three studies found that higher than stand-
ard dosing is needed to achieve Target attain-
ment [70-72]

One study found lower target attainment in
older children (>1 y) compared to younger in-
fants (<1 y) due to larger Vd and higher CL
[71]

Routine TDM of unbound concentrations was
recommended due to highly variable un-
bound concentrations [72]

Gentamicin

1 retrospective TDM
study (n = 140) [73]

1 prospective popPK
study with dosing sim-
ulations (n = 36) [74]

2 studies investigating
application of a Bayes-
ian forecasting program
(n=117) [75,76]

0d-15y

Body weight not

reported

Higher initial doses and/or extended dosing
interval in neonates and (young) infants
[74,75]

Two studies found age and weight to be sig-
nificant predictors for Vd and/or CL [73,74]
One study also found serum creatinine to be a
significant predictor for the elimination con-
stant (k) [73]

Amikacin

1 RCT (n=60) [77]
2 prospective popPK
studies (n = 106) [78,79]

6m-17y
8-90 kg

Higher doses per kg needed for neonates and
infants (<1 y) due to higher Vd and CL [77]
Higher Vd and CL in burn patients [79]

Netilmicin

1 prospective study (n =
9) [80]

1m-155y
3.4-70kg

Mainly neonates
Once daily 6 mg/kg is sufficient

Piperacillin/tazo-
bactam

4 popPK studies with
dosing simulations (1 =
139) [81-84]

1 prospective study (n =
14) [46]

0.1-18y
2.7-53 kg

High median eGFRschwartz in all studies (lowest
median eGFRscwartz 142 mL/min/1.73 m?) [83]
Median Vd: 0.24-0.444 L/kg (highest in neo-
nates); Median CL: 0.19-0.299 L/kg/h [81-84]
Insufficient target attainment with standard
dosing. Extended infusion over >1 h needed

for >90% probability of target attainment
[46,81-84]

Cefotaxime

2 prospective studies (n
= 39) [85,86]

Neonates had longer elimination half-life [87]
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1 prospective popPK
study with dosing sim-
ulations (n = 49) [87]

Continuous infusion needed for optimal tar-
get attainment and/or less susceptible micro-
organisms [85,87]

Vd and CL higher in children with mechani-
cal ventilation vs. children without mechani-

Cefuroxime 1 1sl:t>11j1((;sp(e;tlvlelc):(igg]rt 5 ;1 Ln __1445}1: cal ventilation and controls
y 5B 8 The elimination half-life is longer in critically
ill children vs. controls
Vd and CL comparable to non-critically ill
children aged 1-6 y
Prospective popPK Vd and CL hlghelj than n.on?crltlc.ally ill chil-
. . L dren with cystic fibrosis
Ceftriaxone 1 study with dosing sim- 0.1-16.7y e e
. 100 mg/kg q24h sufficient for most critically
ulations (n = 45) [89] i .
ill children and neonates
50 mg/kg q12h if eGFRschwartz > 80
mL/min/1.73 m? or increased MIC 0.5 mg/L
Normal renal function: 35 mg/kg q8h appro-
Ceftolozane/tazo . 819 m priate for multldrug-r§51stent Pseudomonas ae-
1 1 case series (n = 3) [90] TUgINosa
bactam 5.8-11 kg . .
Acute kidney injury: reduced dose 10 mg/kg
q8h appropriate
Higher median CL and Vd than reported in
Coftaroline 1 1 prospective study (n = 1-13y the package insert (non-critically ill children)
7) [91] 12.6-40.1 kg Higher dosing and shorter dosing interval
than package insert needed (15 mg/kg q6h)
Higher amoxicillin CL than critically ill
adults, comparable amoxicillin Vd and clavu-
1 prospective study (n = lanic acid CL and Vd [92,93]
15) [92] 25 mg/kg q4h as bolus or 1h infusion, de-
.. 1 prospective popPK pending on renal function, needed for opti-
Amoxicil- . X . .
lin/clavulanic 3 study with dosing sim- 1d-15y mal target attainment [93]
. ulations (n = 50) [93] 1.7-65 kg Meta-modelling study (in neonates and
acid . . . .
1 meta-analytical mod- young infants (<60 d) [94]: Sepsis is associated
elling study (n = 44) with lower amoxicillin concentrations and
[94] longer elimination half-life. Fixed dosing regi-
men: 125 mg and 250 mg q12h depending on
body weight <4 kg or >4 kg
1 retrospective popPK
study (n=9) [95]
1 case report (1 =1) [96]
1 prospective popPK CL is slightly lower [99], within [97], or
study with dosing sim- higher [95,96,98] than the CL range observed
Meropenem 5 ulations (n.= 23) [97] 0.03-15.6 y  in non-critically ill children, fiependmg on the
1 retrospective popPK 2.7-59 kg study population
study with dosing sim- Increased dosing and extended infusion
ulations (n = 26) [98] needed [95-99]
1 prospective study in
children with sepsis (1
=15) [99]
1 i = L 1 -critically ill
Imipenem 1 prospective study (n 9d-12y Vd and CL comparable to non-critically i

19) [100]

children




Antibiotics 2021, 10, 1182

9 of 39

Body weight not At least 100 mg/kg/day to avoid subtherapeu-
reported tic concentrations

1 case report (n=1) CL double than reported in the package insert

Aztreonam [101] 16y 2g q6h over 4h infusion achieved 40% fTovic
Recommended age-differentiated dosing regi-
1 prospective popPK mens lead to adequate attainment of the tar-
. . . L 0.1-153y get AUC/MIC (>80) for sensitive pathogens
Linezolid stud}f with dosing sim- 4.2-70 kg Dose increase needed if MIC >1 mg/L
ulations (n = 63) [102] Dose reduction needed if liver impairment
(aspartate aminotransferase)
No difference in CL and Vd between children
aged <1 y and older.
_ 20 mg/kg/day sufficient to cover pathogens
Ciprofloxacin 1 Prosp;)tlv;zos;udy (n= :;n;;.?ky 8 ‘iith};n MIC up to 0.8 mgI;L 8
) [103] Il 30 mg/kg/day in 3 doses needed in patients
with normal renal function infected by patho-
gens with an MIC > 0.8 mg/L
Higher Vd and CL in sepsis patients vs. the
patient without sepsis [104]
1 popPK study (1 = 4) CL in sepsis patients is double the CL in non-
pop 1os y o 14 critically ill children [104]
Daptomycin 2 case I‘e[pOIJ[S (n=2) 17:45 ig Children with sepsis showed suboptimal
[105,106] AUC values, even with increased dosing. This

was even more pronounced in the burn pa-
tient. Increased dosing and TDM is recom-
mended [104].

AUC: area under the curve; CL: clearance; Cmin: trough concentration; eGFRschwartz: estimated glomerular filtration rate
according to the Schwartz equation; fT>mic: time during which the free concentration exceeds the minimum inhibitory
concentration; MIC: minimum inhibitory concentration; popPK: population pharmacokinetic; RCT: randomised con-
trolled trial; TDM: therapeutic drug monitoring; Vd: distribution volume.

Vancomycin is by far the most frequently reported antibiotic in critically ill children,
with studies covering its PK over the whole pediatric age range in more than 1000 criti-
cally ill children [50-68]. Teicoplanin, another antibiotic belonging to the same antibiotic
class as vancomycin, has been described in four studies [69-72]. Three of these four studies
reported insufficient target attainment with standard dosing regimens [70-72]. Further-
more, the most recent study reported highly variable unbound teicoplanin concentrations,
highlighting the need for TDM of unbound teicoplanin [72].

Aminoglycosides are also commonly monitored in clinical practice, which is reflected
by several studies describing the PK of gentamicin [73-76] and amikacin [77-79]. For gen-
tamicin, higher initial doses and longer dosing intervals have been suggested for neonates
and (young) infants in two studies to compensate for an (age-related) increase in Vd and
decrease in CL, respectively [74,75]. Similar findings have been reported for amikacin
[77,79].

Beta-lactam PK studies in critically ill children show diverse results and are mostly
limited to a few studies or cases reports for a specific beta-lactam antibiotic [46,81-101]. In
general, studies found suboptimal exposure with standard beta-lactam dosing regimens,
due to an increased beta-lactam CL rate. Several studies recommended increased dosing
and/or prolonged infusion to achieve target attainment [81-84,87,91,93,95,97-99,101].

Finally, we also found a few PK studies describing linezolid [102], ciprofloxacin [103],
and daptomycin [104-106] PK in critically ill children (Table 3).
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4. Subpopulations of Critically Il Children and Neonates at Increased Risk of Phar-
macokinetic Alterations

4.1. Augmented Renal Clearance

Although body weight and age-related covariates are most consistently identified in
antibiotic PK studies in children, renal function is also frequently retained as a significant
predictor of antibiotic exposure and target attainment. While decreased renal function is
generally taken into account in drug dosing guidelines, increased renal function was
rarely considered until recently. ARC, referring to the enhanced renal elimination of so-
lutes (e.g., drugs), has only been identified as a major predictor of altered drug CL over
the past decade [107]. The vast majority of studies were performed in adult ICU patients.
However, a recent study confirmed that ARC is also highly prevalent in critically ill chil-
dren aged 1 month to 15 years old (67% of patients showed ARC at least once during a 4-
day study period) [108]. Importantly, it has been recommended to use age-related thresh-
old values to detect ARC in children, as reference values for GFR evolve at the beginning
of life to reach a plateau at 2 years of age [108]. These threshold values range from 70
mL/min/1.73 m? at 1 month of postnatal age to 150 mL/min/1.73 m? for all children aged 2
years and older [109].

Similar to previous findings in adults, there is an increasing number of studies
demonstrating subtherapeutic exposure to antibiotics with predominant renal clearance
in pediatric patients with ARC. The majority of these studies have been performed in crit-
ically ill children, and consistently reveal increased antibiotic CL associated with in-
creased renal function, mostly measured by means of the estimated GFRsawartz or the SCr
concentration [110]. An overview of all studies investigating antibiotic PK in critically ill
children and neonates with ARC is provided in Table 4.

Most antibiotic PK studies in ARC patients have been performed with beta-lactams
[81-84,87,91,93,95,97,98]. Considering their time-dependent antimicrobial activity, beta-
lactams are probably most susceptible to suboptimal PK/PD target attainment due to
ARC. As mentioned above, dose optimisation strategies suggested by most authors con-
sisted of extended or continuous infusion to achieve target attainment.

Several studies have also reported subtherapeutic vancomycin exposure in critically
ill children with ARC [52,56,64,111-115]. Increased loading or initial doses have been rec-
ommended to achieve early therapeutic exposure. Two studies identified patients with
febrile neutropenia and/or hemato-oncologic diseases as being at increased risk of ARC
and subtherapeutic exposure [56,112]. A recent study based on a pooled population PK
and with a focus on dosing optimisation of vancomycin in young infants, children, and
adolescents (0.4-14.9 years) further illustrated and quantified the relevance of ARC [115].
The authors hereby concluded that in the pediatric ARC setting, the current recommended
vancomycin dose of 60 mg/kg/day was associated with a high risk of underdosing. To
reach the target AUC/MIC of 400-700 in these pediatric patients, the vancomycin dose
should be increased to 75 mg/kg/day (+25%) for infants and children between 1 month
and 12 years of age, and to 70 mg/kg/day (+18%) for adolescents between 12 and 18 years
of age.

Interestingly, even for concentration-dependent antibiotics like gentamicin, ARC has
been shown to contribute to subtherapeutic exposure. A recent study demonstrated de-
creased exposure (AUCo24) and target attainment for gentamicin in critically ill children
with ARC vs. those without ARC [76]. As the bactericidal activity has been reported to
correlate well with the AUC of gentamicin in preterm neonates, the authors recommend
measuring the AUC of gentamicin in critically ill children with ARC. Another study found
that increased amikacin doses are needed in burns patients with sepsis due to increased
CL and Vd [116].

Even though many antibiotics show predominant renal elimination, renal function
was only identified as a significant predictor in a limited proportion of the existing PK
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studies in pediatric patients. Most PK studies have been performed in critically ill chil-
dren. It might be that the currently applied covariates to monitor renal function (SCr as
such, or SCr-based estimated GFR or creatinine clearance) are suboptimal markers of renal
function in this population [41,108]. SCr is dependent on several demographic and dis-
ease-related factors, which lead to rapidly changing concentrations, especially in critically
ill patients who are, per definition unstable. Moreover, SCr reflects the creatinine produc-
tion and excretion over the past 24 h [41]. Consequently, its value will always be lagging
behind in patients with rapidly changing renal function. Therefore, special emphasis has
been laid on the need for a non-invasive covariate that allows reliable and continuous
monitoring of the fluctuating renal function in critically ill children [110]. Until now, we
are not aware of any paper on ARC in (pre)term neonates, perhaps because this subpop-
ulation already displays a very steep maturational increase in GFR and renal clearance
(reflected in Figure 2B), so that it is easier to observe a delay in this pattern, like, e.g., in
the event of ibuprofen or indomethacin co-exposure or during WBH [38,39].

4.2. Extracorporeal Organ Support Systems
4.2.1. Extracorporeal Membrane Oxygenation

Extracorporeal membrane oxygenation (ECMO) is a life-saving technique used as a
bridge-to-recovery for pediatric and adult patients with severe respiratory and/or cardiac
failure [117]. ECMO has been identified both as a cause and consequence of bacterial in-
fections [118]. The infection rate is 9-14% in pediatric patients supported with ECMO.
Unsurprisingly, antibiotic use is high in ECMO patients [117]. It has been suggested that
ECMO may lead to additional PK alterations during antibiotic therapy in critically ill pa-
tients [117-119].

The potential impact of ECMO on antibiotic PK can be related to the direct interaction
of the antibiotic with the ECMO circuit (e.g., adsorption to the tubing or oxygenator) [117-
119]. Ex vivo experiments revealed that drugs with a higher degree of lipophilicity and
drugs with high plasma protein binding are most at risk of sequestration within the
ECMO circuit [118,120]. Additionally, when used in patients, ECMO can also increase the
Vd of the antibiotic with or without altering its CL. Clinical studies reporting antibiotic
PK during ECMO have been performed mostly in neonates, although data in older chil-
dren and adults are increasingly being reported over the last decade [117-119]. Neverthe-
less, data are scarce, and it remains difficult to translate the scarce data to recommenda-
tions for clinical practice.

An increase in Vd is observed for most hydrophilic antibiotics during ECMO in chil-
dren. The impact of ECMO on Vd is inversely related to age. Due to the smaller amount
of circulating blood volume, ECMO-induced hemodilution will have a larger impact in
younger children than in older children or adults. Additionally, neonates and infants have
a proportionally higher body water composition, which further enhances the impact of
ECMO on the Vd of hydrophilic antibiotics [117,119].

As presented in Table 5, most clinical data during ECMO has been collected for van-
comycin [121-126] and gentamicin [127-132], as these are often subjected to routine TDM
in clinical practice.

Recent neonatal studies showed conflicting data concerning the impact of ECMO on
vancomycin CL [121,122]. Nevertheless, variability in CL was consistently associated with
renal function. Hence, current dosing based on age and renal function seems reasonable
for vancomycin therapy in pediatric patients supported with ECMO, with close follow-
up of plasma concentrations by TDM. For teicoplanin, there are no clinical data in pediat-
ric patients, but extrapolation from adult data suggests a need for higher dosing during
neonatal ECMO due to hemodilution and higher plasma protein binding [133].

For gentamicin, a hydrophilic drug with a low Vd, a few studies reported an in-
creased Vd in neonates due to ECMO, which is a logical consequence of more pronounced
hemodilution in younger children [128,131]. On the other hand, decreased CL was also
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observed in several studies, which seemed to be related to decreased renal function in
ECMO patients [127,128,130-132]. Hence close follow-up of kidney function and TDM
should be considered in these patients to guide further dosing.

Increased Vd was also observed during ECMO for cefotaxime [134], cefepime [135],
and piperacillin [136] in neonates and infants, while CL was unchanged, decreased, or
could not be compared for cefotaxime, cefepime, and piperacillin, respectively. For mero-
penem, several studies did not demonstrate any significant changes in CL due to ECMO
[97,98,137,138]. Two case reports reported altered meropenem CL during ECMO, how-
ever, this was probably related to concomitant RRT in both patients [139,140]. For ticarcil-
lin, decreased CL was reported in two adolescents supported with ECMO [141].

Finally, one popPK study in 63 critically ill children did not find a significant differ-
ence in linezolid PK in two patients supported with ECMO as compared to the other (non-
ECMO) patients [102].

Overall, the effect of ECMO on antibiotic PK in children appears to be limited.
Changes in CL can mostly be related to renal function. Furthermore, increased Vd is
mainly observed in neonates due to a proportionally higher hemodilution effect of the
priming volume associated with ECMO.

4.2.2. Cardiopulmonary Bypass

A few studies describe the PK of the most commonly used antibiotics during cardio-
pulmonary bypass (CPB). CPB is a technique very similar to ECMO, though only applied
for a short period of time, typically the duration of cardiac surgery. Hence, PK alterations
similar to those encountered with ECMO may be relevant. Table 6 presents an overview
of all antibiotic PK studies performed in children and neonates supported with CPB.

A significant effect from CPB on cefazolin [142] and cefuroxime [143] PK has been
reported in popPK studies. These studies have suggested optimised dosing regimens to
achieve sufficient PTA in pediatric patients undergoing cardiac surgery with CPB. An-
other study showed increased Vd and decreased CL of gentamicin during and after CPB
use with cardiac surgery [144].

4.2.3. Continuous Renal Replacement Therapy

Approximately 25% of the children admitted to the ICU will develop acute kidney
injury, and 4-6% will need RRT [145,146]. Currently, most ICUs apply RRT as continuous
veno-venous hemofiltration with (CVVHDEF) or without (CVVH) dialysis [146]. It has
been suggested that continuous RRT (CRRT) may also contribute to additional antibiotic
PK variability in critically ill patients. Currently, a priori dose reductions based on drug
dosing guidelines or labels are often performed in CRRT patients [147,148]. However, it
has been reported that this strategy leads to inappropriate exposure in many of these pa-
tients. Therefore, a more “patient-centered approach’ should be considered [148]. A recent
observational multinational study showed highly variable antibiotic concentrations in
adult critically ill patients receiving RRT. A substantial proportion of patients (>25%) did
not achieve optimal exposure according to predefined PK/PD targets for meropenem, pip-
eracillin/tazobactam, and vancomycin. In accordance with other smaller studies in adults
and children, this study recommended TDM in critically ill patients receiving CRRT due
to the large PK variability measured in these patients [147]. Interestingly, beta-lactam
TDM in adult CRRT patients has been shown to lead to improved target attainment [149].

It should be noted that the vast majority of PK studies investigating CRRT were per-
formed in adults. Accordingly, none of the previously published reviews describing PK
alterations and antibiotic dosing in CRRT patients provided recommendations for antibi-
otic therapy in children or neonates receiving CRRT. As a result, recommendations con-
cerning antibiotic dosing in children during CRRT are largely extrapolated from adult
studies. It is generally assumed that hydrophilic antibiotics with small molecular weight,
and low plasma protein binding are most susceptible to CRRT induced PK alterations
[138,148].
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The effect of CRRT on antibiotic PK has only been investigated in a few pediatric
studies with relatively small sample sizes, as shown in the overview of antibiotic PK stud-
ies during CRRT in Table 7. Only one study included more than 15 children receiving
CRRT [150]. This recent popPK study demonstrated that vancomycin dosing based on fat-
free mass was most appropriate in children supported with CVVHDEF. Nevertheless, the
most optimal dosing regimen of 15 mg/kg/dose still led to target attainment in only ap-
proximately 80% of all patients, due to the high variability in vancomycin PK during
CRRT. The second study reporting vancomycin PK during CRRT, a case series, showed
that the addition of vancomycin to the CRRT solution resulted in adequate plateau con-
centrations in 10/11 patients [151].

Most pediatric PK studies during CRRT have been performed with meropenem
[97,98,137,138]. Three of the four studies investigating meropenem PK during CRRT in-
cluded PICU patients, of which a subset received CRRT [97,98,137]. Two of these studies
demonstrated a significant effect of CRRT on meropenem PK (i.e., CL or Vd) [97,98]. Rapp
et al. showed that continuous infusion of meropenem was needed to achieve sufficient
PTA during CRRT [97]. In the study of Saito et al., the central Vd increased by 66% in
patients on CRRT [98]. In contrast, Wang et al. did not observe any significant PK altera-
tions in patients receiving CRRT [137]. This might have been due to the fact that only 6/27
patients received CRRT, and that the sieving coefficient was much lower than previously
reported for meropenem (0.26 vs. 0.95-1). Tan et al. performed the only meropenem PK
study solely including children receiving CRRT [138]. They found that standard dosing
regimens of meropenem lead to suboptimal target attainment. The authors recommended
a longer infusion duration to reach sufficient PTA during CRRT. This study observed a
mean sieving coefficient of 0.96, which is consistent with previous meropenem studies in
adult patients. As the sieving coefficient approaches 1, this means that meropenem is
quasi freely filtered during CRRT (which was applied as CVVH or CVVHDF in this
study). While two studies did not find a significant influence of the effluent flow rate on
meropenem CL in the subset of patients receiving CRRT [98,137], Tan et al. observed a
significant association between the ultrafiltration and dialysate flow rate and meropenem
CL [138]. This is consistent with an ex vivo study that showed increased CL of meropenem
and piperacillin with increasing CRRT clearance rates in pediatric CRRT circuits [152].
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Table 4. Overview of all antibiotic PK studies performed in critically ill children and infants with augmented renal clearance.

Median (Range) or

Age and
Reference Antibiotic Study Aspects . 8 Mean = SD eGFR Results and Clinical Implications
Weight Range .
(mL/min/1.73 m?)
, ) Standard dosing regimen 40-60 mg/kg/day in 4 doses in-
. Prospective study in 1m-16y )
Giachetto et ) . ) ) fused over 1h leads to subtherapeutic exposure.
Vancomycin mixed PICU patients Body weight Not reported . . .
al. 2011 [52] . Dosing recommendation: loading dose of 18-24 mg/kg
with normal SCr (n=22)  not reported i ) i .
needed in patients with fluid overload.
Prospective popPK
Silva et al. v ) study in hemato-onco- 2m-13y 136 +44.8 Standard dosing regimen 40-60 mg/kg/day leads to sub-
ancomycin
2012 [56] Y logic PICU patients (n = 5-62 kg (mL/min) therapeutic exposure
31)
G . Prospective study in Standard dosing regimen 40-45 mg/kg/day in 3—4 doses
omez e
burns patients with sep- 1-11y 221 (162-506) leads to subtherapeutic exposure
al. 2013 Vancomycin
(111] sis and normal renal 12-45 kg (mL/min) Dosing recommendation: 90-100 mg/kg/day as initial dose
function (n =13) in burns patients with sepsis and normal renal function
. Standard dosing regimen 40-60 mg/kg/day in 2—4 doses in-
Retrospective popPK . . .
L fused over 1h leads to subtherapeutic exposure in patients
o study in mixed PICU ) ) )
Hirai et al. ) . ) 1-14.7 y with febrile neutropenia
Vancomycin patients with eGFR > 90 160 (90-323) ) ) o .
2016 [112] ) 44-625kg Dosing recommendation: 60 mg/kg/day as initial dose in
mL/min/1.73 m? (n = . . ) : )
109) patients with febrile neutropenia (which were found to be
at risk of ARC).
Avedissi Retrospective popPK Standard dosing regimen 40-60 mg/kg/day in 3 doses leads
vedissian
study in mixed PICU 3.2-14 y (IQR) to subtherapeutic exposure.
etal. 2017 Vancomycin Not reported
[64] patients with normal 15-50 kg (IQR) Vancomycin CL was approx. 50 mL/min/1.73 m? higher in

SCr (n = 250)

children with ARC vs. those without ARC.
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Patients older than 7.9 years were more likely to experience
ARC.

Retrospective PK study 37-13.6 Standard dosing regimen IQR 37-51 mg/kg/day in 3—4
Lee et al in mixed PICU patients ' (IQR.) Y doses leads to subtherapeutic exposure in 75% of the pa-
ee et al.
Vancomycin with eGFR >50 130 (91-163) (IQR) tients.
2017 [113] 15-38.7 kg
mL/min/1.73 m2 (n = (IQR) An eGEFR cutoff of 110.5 mL/min/1.73 m? is predictive of
101) subtherapeutic exposure.
Retrospective popPK
study with dosing sim- . . .
O . . Standard dosing regimen leads to subtherapeutic exposure.
ulations in patients with . . .
i i Dosing recommendation: 50-75 mg/kg/day to achieve
Lvetal. . hematologic malig- 22-179y 258 (mean) (133-
Vancomycin AUC/MIC = 400.
2020 [114] nancy and eGFR > 130 11-72 kg 1284) . . .
) Higher dosage (per kg) needed with decreasing body
mL/min/1.73 m2 (n = 53, .
. weight.
of which 15 PICU pa-
tients)
PopPK study with dos- The currently recommended dosing regimen of 60
ing simulations in in- mg/kg/day leads to high risk of underdosing.
He et al. _ . 0.4-149y o
2021 [115] Vancomycin fants, children and ado- 662 k 199 (160-332) Increased dosing is needed to reach the target AUC/MIC of
lescents with ARC (n = 8 400-700: 75 mg/kg/day for infants and children (1 m-12y),
113) 70 mg/kg/day for adolescents (12-18 y).
Prospective popPK Burns patients show markedly increased amikacin CL (and
study with dosing sim- Vd) compared to patients without burns.
Yu et al. 2-10y (IQR)
Amikacin ulations in burns pa- Not reported Standard dosing regimens lead to subtherpaeutic exposure.
2015 [116] 13-49 kg (IQR)

tients with sepsis (1 =
70)

Dosing recommendation: Increased doses (>25 mg/kg) are
needed to achieve Cmax/MIC > 8.
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3.6 +4.6 (mean

Standard dosing regimens lead to lower AUC and subther-

_ Retrospective popPK . . . .
Sridharan et o L ) + SD) apeutic exposure in patients with ARC.
Gentamicin study in critically ill 145 + 87 . ) .
al. 2020 [76] hildren (1 = 73) 14.7 £16.5 Dosing recommendation: Monitor not only trough concen-
children (n =
(mean + SD) trations but also AUC in patients with ARC.
Prospective popPK Standard dosing regimen 75-100 mg/kg q6h leads to sub-
Cies et al. . . study with dosing sim- 9m-9y therapeutic exposure in ARC patients
Piperacillin/tazobactam . o Not reported . . . .
2014 [84] ulations in mixed PICU 8.5-30 kg Dosing recommendation: 400 mg/kg/day in 4 dose infused
patients (n = 13) over 3h or in continuous infusion to achieve 50% fT>mic.
Prospective popPK
Nichols et study with dosing sim- 1-9 Standard dosing regimens lead to subtherapeutic exposure
ichols e -
Piperacillin/tazobactam  ulations in mixed PICU Y 105 (86-189) Dosing recommendation: 80-100 mg/kg q8h infused over 4
al. 2016 [81] ) ' 9.5-30.1 kg .
patients with eGFR > 60 h to achieve 50% fT>mic.
mL/min/1.73 m2 (n = 12)
Standard dosing regimen 75 mg/kg q6h infused over 5-30
Prospective popPK NA (many SCr con- min leads to subtherapeutic exposure in ARC patients.
De Cock et i . study with dosing sim- 2m-15y centrations below Dosing recommendation: 75 mg/kg q4h infused over 2h or
Piperacillin/tazobactam ) o o » )
al. 2017 [82] ulations in mixed PICU 3.4-45 kg the limit of quantifi- 100 mg/kg q4h over 1h or loading dose of 75 mg/kg fol-
patients (n = 47) cation) lowed by continuous infusion of 300 mg/kg/day to achieve
60% fT>mic.
Prospective popPK Standard dosing regimens lead to subtherapeutic exposure
Beranger et study with dosing sim- 0.1-18 Dosing recommendation: 400 mg/kg/day as extended or
8 Piperacillin/tazobactam Y ) 8 y 142 (26-675) i 8 . L . g. geay .
al. 2019 [83] ulations in PICU pa- 2.7-50 kg continuous infusion in patients with ARC to achieve 50%
tients (n = 50) fT>mic or 100% fT>wmic.
Prospective popPK NA (many SCr con- Standard dosing regimens 25-35 mg/kg q6h infused over
De Cock et Amoxicillin/clavulanic study with dosing sim- 1m-15y centrations below 5-30 min lead to subtherapeutic exposure.
al. 2015 [93] acid ulations in mixed PICU 4.07-65 kg the limit of quantifi- Dosing recommendation: 25 mg/kg q4h infused over 1h for

patients (n = 50)

cation)

ARC patients.
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Retrospective popPK

study with dosing sim-

Standard dosing regimen 20-40 mg/kg q8h infused over 30

min leads to subtherapeutic exposure in ARC patients.

Cies et al. ulations in mixed PICU 19y Dosing recommendation: 20-40 mg/kg q6-8h infused over
Meropenem ) ) ) 168 (104-224) ) ) ) )
2017 [95] patients with sepsis and 7.5-40 kg 3—4 h or continuous infusion to achieve 40% fT>mic.
eGFR >50 mL/min/1.73 120-160 mg/kg/day as continuous infusion to achieve 80%
m?(n=9) fIsmic.
Prospective popPK . . .
i . . Standard dosing regimens lead to subtherapeutic exposure
Rapp et al. study with dosing sim- 1.4 m-187.2m i . . . .
Meropenem L 151 (19-440) Dosing advice: 60-120 mg/kg/day as continuous infusion to
2020 [97] ulations in PICU pa- 3.8-59 kg
achieve 50% fT>mic or 100% fT>mic.
tients (n = 40)
Retrospective popPK . . .
) i o Standard dosing regimens lead to subtherapeutic exposure
Saito et al. study with dosing sim- 0.03-14.6y ] ] ) )
Meropenem R 38.2 (1.4-183.8) Dosing advice: 40-80 mg/kg q8h infused over 3h to achieve
2021 [98] ulations in mixed PICU 2.7-409 kg
) 100% fT>mic.
patients (n = 34)
Prospective popPK Standard dosing regimen 25-75 mg/kg q6h infused over 30
Beranger et ) study with dosing sim- 6d-19y min leads to subtherapeutic exposure
Cefotaxime ) o 171 (40-304) . . . )
al. 2018 [87] ulations in mixed PICU 2.5-68 kg Dosing recommendation: 100 mg/kg/day as continuous in-
patients (n =49) fusion.
Retrospective popPK . . .
. . . Standard dosing regimen leads to subtherapeutic exposure
Cies et al. . study in PICU patients 1-13y . .
Ceftaroline . Not reported in ARC patients
2018 [91] with eGFR >60 12.6-40.1 kg

mL/min/1.73 m2 (n =7)

Dosing recommendation: 15 mg/kg q6h.

AUC: area under the curve; ARC: augmented renal clearance; CL: clearance; Cmax: peak concentration; eGFR: estimated glomerular filtration rate; fT>mic: time during which the free
concentration exceeds the minimum inhibitory concentration; IQR: interquartile range; MIC: minimum inhibitory concentration; NA: not available; PICU: pediatric intensive care unit;
popPK: population pharmacokinetic; SCr: serum creatinine; SD: standard deviation; Vd: distribution volume.
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Table 5. Overview of all antibiotic PK studies performed in critically ill children and neonates supported with extracorporeal membrane oxygenation.

Reference Antibiotic Study Aspects {Age and Results and Clinical Implications
Weight Range
Age and body
weight not re-
ported for Standard dosing vancomycin 40-60 mg/kg/day in 4 doses.
Zylberstajn et al. Vancomycin Retrospective popPK study in ~ whole popula- ~ ECMO patients without acute kidney injury or RRT had similar Vd and
2018 [126] children <15 y (n = 40) tion (IQR var- lower CL lower than non-ECMO critically ill pediatric patients.
ied between 1 Initial dosing must be adjusted according to renal function.
m-100 m and
2.9-23 kg)

Larger Vd and lower CL in ECMO vs. non-ECMO patients.

Amaker et al. Prospective study in neonates 11 h-152h

v . Neonates without renal impairment should receive 20 mg/kg q24h.
ancomycin
1996 [125] Y (n=12) 2.7-39kg Estimated creatinine clearance is strongly associated with vancomycin
CL, and can be used to guide vancomycin dosing.
12.7d+5.1 Prolonged elimination but no statistically significant difference in CL and
Buck et al. 1998 ) Retrospective study in neo- (mean + SD) Vd compared to controls.
Vancomycin o )
[124] nates (n =15 + 15 controls) 3.1kg+0.6 Dosing interval should be extended beyond 6-8 h in neonates undergo-
(mean + SD) ing ECMO.
Retrospective popPK study More rapid CL compared to previous studies with older ECMO systems.
Cies et al. 2017 v ) with dosing simulations in ne- 0-28d More aggressive initial dosing regimen compared to older studies. A dos-
ancomycin
[121] Y onates with eGFR =10 22-4kg ing interval g8-12h or continuous infusion is needed to achieve trough
mlL/min/1.73 m2 (n = 12) concentrations >10 mg/L.
Retrospective popPK study 0.07-6.7y
SCr is associated with vancomycin CL.
Moffett et al. ) with dosing simulations in (IQR) . .
Vancomycin . . Infants and children showed lower target attainment, and had lower SCr
2018 [123] children <19 years without 3.7-219 kg

concentrations.
RRT (n=93) (IQR)
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25-30 mg/kg q12-24h had the greatest likelihood of achieving targt
AUC/MIC values. Higher doses might be needed for patients with nor-
mal renal function. Likewise, increased dosing intervals might be neces-

sary for patients with increased SCr concentrations.

8+7.9 (mean £

Increased elimination half-life and decreased CL in the ECMO patients
compared to the controls. Vd was unchanged.

CL was associated with SCr. However ECMO remained significantly as-

An et al. 2019 . Prospective study in neonates SD) . . o . i
Vancomycin sociated with CL after adjusting for SCr. It is unclear if analyses were
[122] (n =25 + 25 controls) 3.1+0.4 (mean )
SD) also adjusted for RRT.
+
Dosing adjustments and TDM are required in neonates undergoing
ECMO.
Post-natal age Similar Vd to non-ECMO neonates.
. . not reported Longer elimination half-life compared to non-ECMO neonates. SCr was
Southgate et al. o Prospective study in neonates ] ) o }
1989 [127] Gentamicin (n=10) (‘soon after strongly associated with the elimination half-life.
n =
birth’) A dose of 2.5 mg/kg is a reasonable starting point. The dosing interval
2.7-4.8 kg varied between 8-30 h and needs to be determined by TDM.
Prospective popPK study in ) .
. 2-8d Increased Vd in ECMO vs. non-ECMO patients.
Cohen et al. L neonates (n = 18, of which 12 ) ]
Gentamicin . Body weight CL was decreased by 25% due to a decrease in eGFR.
1990 [128] were their own control after . . o )
. ] i not reported A 25% increase in dose and longer dosing intervals should be considered.
ECMO discontinuation)
. . Age not re- o .
Munzenberger . Retrospective study in neo- No major impact of ECMO on gentamicin Vd and CL when compared to
Gentamicin ported ) L .
et al. 1991 [129] nates (n =15) 05 6.6k previous studies in neonates not supported with ECMO.
5-6.6 kg
Post-natal age Similar Vd and prolonged elimination half-life in ECMO patients com-
Bhatt-Mehta et . Retrospective study in neo- not reported pared to previously reported Vd in non-ECMO neonates.
Gentamicin

al. 1992 [130]

nates (n =29)

3.35+0.71kg

(mean £ SD)

No significant differences in Vd and CL between different types of

ECMO (veno-arterial vs. veno-venous) and oxygenator.
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A dosing regimen of 2.5 mg/kg q18h is recommended for neonates un-
dergoing ECMO. TDM should be used to individualise the dosing inter-

val.
Prospective popPK study in ) ) ) ) ) )
. Post-natal age Decrease in Vd and increase in CL after discontinuation of ECMO.
Dodge et al. o neonates (n =11, of which 6 ) ) o
Gentamicin . not reported Increase in loading dose (>2.5 mg/kg) and prolonged dosing interval be-
1994 [131] were their own control after )
. i i 2.7-5.1kg yond 8-12h is needed.
ECMO discontinuation)

Fat-free mass should be used to guide gentamicin dosing.
SCr is predictive of gentamicin CL, and should be used to adjust dosing.

. 0.12-0.82m  Dosing regimens for neonates and infants undergoing ECMO are not sig-
Retrospective popPK study . ) . .
Moffett et al. (IQR) nificantly different from those in non-ECMO patients.

Gentamicin with dosing simulations in ) ) ] )
2018 [132] 24-38kg A dosing regimen of 4-5 mg/kg q24h is acceptable for neonates and in-

children <19y (n =37)
(IQR) fants.

Older children may need longer dosing intervals to compensate for in-

creased trough concentrations.

i 8d-7m Trough concentrations of 150 mg/L were not attained.
. Retrospective popPK study . . i
Cies et al. 2011 . . . . . Body weight A dosing regimen of 50 mg/kg q2h, 100 mg/kg q4h or 200 mg/kg qbg
Piperacillin/tazobactam with dosing simulations (1 = ) ] o )
[136] 6 not reported would be needed to obtain a piperacillin trough concentration of 150
mg/L.

) CL of ticarcillin and clavulanic acid were comparable in the two patients
) Prospective study (n = 3, of L . . o .
Lindsay et al. . . . . . 6-6.5y receiving ECMO and the third patient not receiving ECMO (all patients
Ticarcillin/clavulanic acid which 2 patients were on
1996 [141] ECMO) 22.1-27.6 kg received CRRT).
CL is decreased compared to historical controls.

g Meropenem 40 mg/kg bolus followed by continuous infusion of 200
m
Cies et al. 2014 Case report in a pediatric car- . mg/kg/day resulted in attainment of 40% fT>mic in serum and lungs, and
Meropenem . s . . Body weight . . . . N .
[153] diac critically ill patient (n = 1) was associated with successful clinical outcome in a patient infected with

not reported . .
P. aeruginosa with a MIC of 0.5 mg/L.
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Case report in a pediatric pa-

Significantly reduced CL compared with other case reports.

Alqaqaa et al. . . . 4y . . . . . . .
2016 [140] Meropenem tient with septic shock sup- Supratherapeutic concentrations were obtained with continuous infusion
ported with ECMO and CRRT of 10 mg/kg/h (following an intermittent dosing of 40 mg/kg q8h).
CL is larger than in a previous case report with ECMO but without
CRRT.
) Case report in a full-term neo- ) . .
Cies et al. 2016 . . 10d Meropenem 40 mg/kg bolus followed by continuous infusion of 240
Meropenem nate with concomitant ECMO ) . i .
[139] d CCRT (n-1) 2.8 kg mg/kg/day resulted in attainment of 40% fT>mic in serum, and was associ-
an n=
ated with microbiological eradication in a patient infected with P. aeru-
ginosa with a MIC of 0.25 mg/L.
Prospective popPK study
Rapp et al. 2020 with dosing simulations in 14 m-187.2 m o
Meropenem : ECMO had no significant effect on meropenem Vd and CL.
[97] PICU patients (n = 40, of 3.8-59 kg
which 8 received ECMO)
Retrospective popPK study
Saito et al. 2021 with dosing simulations in 0.03-14.6y o
Meropenem i ) ECMO had no significant effect on meropenem Vd and CL.
[98] mixed PICU patients (n = 34, 2.7-409 kg
of which 3 received ECMO)
Prospective popPK study
Tan et al. 2021 with dosing simulations in 0.1-189y o
Meropenem ] o ECMO had no significant effect on meropenem Vd and CL.
[138] children receiving CRRT (n = 2.6-56.3 kg
9, of which 4 received ECMO)
Propspective study in chil- 0.5-5.2 y (IQR) . o .
Wang et al. 2021 . . ECMO did not significantly alter meropenem Vd and CL, hence dosing
Meropenem dren with sepsis (1 =27, of 6.5-21.5 kg . . . . .
[137] . . adjustments might not be needed in patients supported with ECMO.
which 6 received ECMO) (IQR)
Prospective popPK stud
Ahsman et al. i Pop Y 1-199d
Cefotaxime with dosing simulations (1 = Larger Vd and comparable CL compared to non-ECMO patients.
2010 [134] 2-6.2kg

37)
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The standard dosing regimen (50 mg/kg q12h for PNA <1 week; 50
mg/kg q8g for PNA 1-4 weeks; 37.5 mg/kg q6h for PNA >4 weeks) pro-

vides sufficient exposure (50% fT>mic) in infants receiving ECMO.

. CL was reduced and Vd increased compared to non-ECMO children.
Zuppa et al. . Prospective popPK study (n = 1.4-222m o .
Cefepime The central Vd decreased with increasing age of the ECMO oxygenator.
2019 [135] 17) 3.3-10 kg . _
Only 14/19 doses studied achieved 70% fT>mic.
Prospective popPK study
Yang et al. 2021 with dosing simulations (n = 0.1-153y
Linezolid ECMO had no significant effect on linezolid Vd and CL.
[102] 63, of which 2 received 4.2-70 kg

ECMO)

AUC: area under the curve; (C)RRT: (continuous) renal replacement therapy; CL: clearance; ECMO: extracorporeal membrane oxygenation; eGFR: estimated glomerular filtration rate;
fT>mic: time during which the free concentration exceeds the minimum inhibitory concentration; IQR: interquartile range; MIC: minimum inhibitory concentration; PICU: pediatric
intensive care unit; PNA: postnatal age; popPK: population pharmacokinetic; SCr: serum creatinine; SD: standard deviation; TDM: therapeutic drug monitoring; Vd: distribution volume.

Table 6. Overview of all antibiotic PK studies performed in critically ill children and neonates supported with cardiopulmonary bypass.

- Age and Weight .. L.
Reference Antibiotic Study Aspects Range Results and Clinical Implications
Increase in Vd during CPB for cefazolin and gentamicin. Vd returned to baseline for cefazolin.
Vd increased further after surgery for gentamicin.
The elimination constant decreased during surgery for both antibiotics. However, it increased
Haessler et Prospective study in after surgery for cefazolin, but remained low after surgery for gentamicin.
AL 2003 Cefazolin,  children less than 10 kg 1d-26y For cefazolin, 40 mg/kg at induction of anesthesia, followed by 35 mg/kg q8h for 48 h lead to
(144] Gentamicin  during and after CPB (n 3.8-10.5 kg sufficiently high trough concentrations (>8 mg/L).

=19)

For gentamicin, 5 mg/kg at induction of anesthesia, followed by 2 mg/kg q12h for 48 h lead to

unnecessary high trough concentrations (>6-8 mg/L). Therefore, a reduced dose of 2 mg/kg,

with a second dose after 4 h if surgery is not yet completed, and no postoperative dose, is rec-

ommended
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From birth to 16
y (range not

specified)

, Prospective popPK Mixing cefazolin (25 mg/kg) in the CPB priming fluid resulted in adequate exposure during
Cies et al. . ) . 3.5-79 kg (IQR ]
Cefazolin study in children dur- cardiac surgery.
2019 [154] ) for lowest and o ) ) ) )
ing CPB (n=41) . Repeated administration of cefazolin during and after surgery is probably not needed.
highest age
group, respec-
tively)
Increase in Vd during CPB.
) Decreasing eGFR during and after CPB leads to decreased CL.
Prospective popPK ) i ) ) . ) ) . )
Subtherapeutic exposure in a substantial fraction of patients, especially in patients with pro-
De Cock et study with dosing sim-
. T . 6d-15y longed cardiac surgery and preserved renal function.
al. 2017 Cefazolin ulations in children be-
. 2.7-70 kg An adapted dosing regimen consisting of: 40 mg/kg, 30 min before surgical incision; 20 mg/kg,
[142] fore, during and after i ]
CPB (1= 56) at start of CPB and at start of rewarming on CPB; and 40 mg/kg 8 h after the third and fourth
n =
dose improves the probability of target attainment from 40% to >88% for infections caused by
staphylococci.
Prospective popPK
study with dosing sim- o ) )
. ) ) No effect on Vd, but significantly increased CL during CPB.
ulations in children less
Gertler et . An adapted dosing regimen of 25 mg/kg bolus followed by continuous infusion of 5 mg/kg/h,
) than one year with con- 6-348 d . . . o . o .
al. 2018 Cefuroxime . with an additional 25 mg/kg bolus in the priming fluid maintains free plasma cefuroxime con-
genital heart defect un- 23-95kg ) . ) . L ) ) . )
[143] centrations above 4xMIC (i.e., 32 mg/L). If continuous infusion is not used, intermittent infusion

dergoing cardiac sur-
gery with (n =36) or
without (n = 6) CPB

of 50 mg/kg q2h is recommended.

CPB: cardiopulmonary bypass, CL: clearance; eGFR: estimated glomerular filtration rate; IQR: interquartile range; Vd: distribtuion volume.
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Table 7. Overview of all antibiotic PK studies performed in critically ill children and neonates supported with continuous renal replacement therapy.

Age and
Reference Antibiotic Study Aspects ) 8 Results and Clinical Implications
Weight Range
Retrospective study in
Cies et al. v ) children receiving CRRT 0.08-18 y Mixing of vancomycin in the CRRT solution lead to therapeutic plateau concen-
ancomycin
2016 [151] Y (CVVH, CVVHD and 3.1-65 kg trations (15-30 mg/L) in 10/11 patients 8 h after start of CRRT.
CVVHDF) (n=11)
The CL is within the range of values observed in non-CVVHDEF children. The ul-
Retrospective popPK 1-145 y (IQR) trafiltration rate and dialysis rate have a significant positive effect on the CL.
Moffett et al. . study with dosing simula- 2 There is high variability in dosing regimens needed to attain therapeutic expo-
Vancomycin . . ) . 31+25.8kg
2019 [150] tions in children receiving sure.
(mean + SD) . o o
CVVHDF (n =138) The most optimal empiric dosing regimen is 15 mg/kg q8h based on fat-free
mass, which leads to target attainment in approx. 80% of patients.
Case report in one child 50% fT>axmic was attained under CRRT alone, but not during MARS due to in-
Girdwood et . o with sepsis and liver fail- 13y creased CL of piperacillin.
Piperacilllin/tazobactam )
al. 2020 [155] ure supported with con- 42 kg

Higher dose and extended infusion are recommended when initiating MARS,

comitant CRRT and MARS but not for CRRT alone.

Standard dosing regimens lead to subtherapeutic exposure not only in patients
Prospective popPK study

with normal or augmented renal clearance, but also in CRRT patients.
Rapp et al. Meropenem with dosing simulationsin 1.4 m-187.2 m CRRT had a significant effect on CL.
2020 [97] PICU patients (n = 40, of 3.8-59 kg A dosing regimen of 60 mg/kg/day as continuous infusion is needed to achieve
which 11 received CRRT) 50% fT>mic or 100% fT>mic. In case of MIC values <2 mg/L, intermittent infusion of
20 mg/kg q8h is also adequate.
Retrospective popPK Standard dosing regimens lead to suboptimal exposure.
Saito et al. study with dosing simula- 0.03-14.6y Vd was 66% higher in CRRT patients.
2021 [98] Meropenem

tions in mixed PICU pa- 2.7-409 kg

A dosing regimen of 40-80 mg/kg q8h infused over 3 h is needed to achieve
tients (n = 34, of which 8

100% fT>mic.
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received CRRT [CVVHDF
and CVVHD])

Prospective popPK study

with dosing simulations in

Meropenem is freely filtered over the hemofilter/dialysis membrane (mean siev-

ing coefficient of approx. 1).

Tan et al. ) . 0.1-189y Standard dosing regimen of 40 mg/kg q12h lead to suboptimal exposure when
Meropenem children receiving CRRT . ] )
2021 [138] 2.6-56.3 kg targeting 100% fT>mic in CRRT patients.
(CVVH or CVVHDEF) (n = .
9) 20 mg/kg q8h over 4 h or 40 mg/kg q8h over 2 h are needed to achieve 100%
fImic.
Prospective study in chil- 1.13-6.88 y Lower sieving coefficient than previously reported (0.26 vs. approx. 1).
Wang et al. M dren with sepsis (1 = 27, of (IOQR) CRRT intensity (no high-flow filtration was used in this study) did not signifi-
eropenem
2021 [137] P which 6 patients received 8.6-27.1 kg cantly alter meropenem Vd and CL, hence dosing adjustments might not be
CVVHDF) (IQR) needed in patients supported with CRRT.
Retrospective study in The standard dosing regimen of 50 mg/kg q12h might not be sufficient to reach
Stitt et al. 0.5-5y
Cefepime children receiving 100% fT>1-4xmic.
2019 [156] 5.4-25 kg . .
CVVHDF (n =4) The CVVHDF clearance might be the driver of decreased exposure.
. Case series with one pa-
Butraguefio- ) o ) ) )
. tient receiving CVVHDEF 8-19m The CL was approx. half that of the patient with normal renal function.
Laiseca etal. Ceftolozane/tazobactam ] ) ) ) ) ]
2020 [90] and two patients without 5.8-11 kg A dosing regimen of 30 mg/kg q8h resulted in adequate target attainment.
CRRT
Prospective popPK study
Yang et al. . . with dosing simulations (n 0.1-153y o . )
Linezolid CRRT had no significant effect on linezolid Vd and CL.
2021 [102] =63, of which 15 received 4.2-70 kg
CRRT)

CL: clearance; CRRT: continuous renal replacement therapy; CVVH: continuous veno-venous hemofiltration; CVVHD: continuous veno-venous hemodialysis; CVVHDEF: continuous
veno-venous hemodiafiltration; fT>umic: time during which the free concentration exceeds (four times) the minimum inhibitory concentration; IQR: interquartile range; MARS: molec-
ular adsorbent recirculating system therapy; MIC: minimum inhibitory concentration; PICU: pediatric intensive care unit; popPK: population pharmacokinetic; SD: standard deviation;

Vd: distribution volume.
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One case report described the PK of piperacillin during CRRT and molecular adsor-
bent recirculating system (MARS) therapy [155]. Piperacillin/tazobactam 48 mg/kg q8h as
an intermittent infusion over 30 min led to adequate PK/PD target attainment during
CRRT alone. However, piperacillin CL more than doubled during MARS, and exposure
decreased below the PK/PD target. Between MARS cycles, CL decreased back to approx-
imately the initial values. Consequently, the authors conclude that subtherapeutic pipera-
cillin exposure is rather due to MARS than to CRRT.

One pediatric ICU study investigating linezolid PK included a subset of children
with CRRT [102]. CRRT was not retained in their final popPK model. Therefore, CRRT
did not appear to influence the PK of linezolid.

For cefepime, a case series of 4 patients receiving CVVHDF showed that standard 50
mg/kg q12h might not be sufficient to reach predefined PK/PD targets [156]. Dosing may
need to be increased depending on the CVVHDF clearance rate, and TDM was recom-
mended by the authors.

Finally, a recent case series of three critically ill children with different renal functions
(normal, decreased, and CRRT) treated with ceftolozane/tazobactam described the PK dif-
ferences amongst these three patients [90]. The CL of ceftolozane/tazobactam under CRRT
was approximately half of the CL in the child with normal renal function, which has also
been described in adult patients. The sieving coefficient was near 1 (0.99-1.14), which was
consistent with values previously reported in adult patients treated with continuous
veno-venous hemofiltration and hemodialysis. The authors stated that 30 mg/kg q8h
should lead to adequate target attainment in children receiving CRRT with high effluent
flow rate.

Overall, in children treated with CRRT, antibiotic PK, and consequently antibiotic
dosing, appears to be dictated by the effluent flow rate (ultrafiltration + dialysis flow rate).

4.3. Whole Body Hypothermia in Neonates

WBH has a neuroprotective effect in (near)term neonates with moderate to severe
hypoxic ischemic hypothermia and is applied to reach a target temperature of 33-34 °C
for 72 h shortly (<6 h) after birth. However, hypoxic ischemic asphyxia and lowering the
core body temperature affects PK, up to the level that dosing regimens for this specific
setting should be adapted. A significant decrease in CL is observed in neonates during
therapeutic hypothermia, be it that the extent differs between routes of elimination and
compounds, but is most pronounced for renal elimination [157,158]. Based on a systematic
review on SCr trends and patterns in neonates undergoing WBH, the impact on renal
elimination is most relevant in the first days of life, so during WBH (used in the first 3
days of postnatal life) [159]. Consequently, this time window overlaps with the ‘early on-
set sepsis (EOS)” interval, and can affect PK and dosing of the most commonly used anti-
biotics in the EOS setting, like aminoglycosides or beta lactams, as reflected in Table 8
[160].

Table 8 provides an overview of the impact of WBH on the PK of gentamicin, amika-
cin, ampicillin, amoxicillin, and benzylpenicillin. Based on PK observations in WBH cases,
the general pattern reflects a relevant (20 to -40%) decrease in renal elimination, without
relevant effects on distribution. As such, dosing can be adapted by either extending the
time interval between consecutive doses (e.g., +q12 h) for aminoglycosides or reducing
the dose for beta-lactams.
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Table 8. Overview of all antibiotic PK studies performed in (near)term neonates supported with whole body hypothermia
to treat moderate to severe perinatal asphyxia.

Reference Antibiotic Study Aspects Results
CL of a typical patient (3 kg,
Prospective popPK study 40 weeks) was 0.06 L/kg/h
Bijleveld et al. 2016 [161] Gentamicin during and following WBH and increased (+29%) after
(n=47) rewarming. Vdcentral 0.46
L/kg.
Impaired renal function is
Liu et al. 2009 [162] Gentamicin phyxia cases, either or not . . .
undergoing WBH (1 = 55) f:entratlons, without addi-
tional effect of WBH versus
normothermia.
Retrospective study evaluat- CL117 Verius L15L/n/70
Frymoyer et al. 2013a [163] Gentamicin ing gentamicin, 5 mg/kg Elevated trouzh concentra-
q24h (n =29) vs. q36h (n =23) fion (>2 mg/L): 38 vs. 4%.
Retrospective study evaluat- Elimination half-life was
. .. longer in WBH cases (9.6 ver-
ing gentamicin, 2.5 mg/kg sus 7 h).
Ting et al. 2015 [164] Gentamicin q12h, in various stages of as- . .
phyxia (1 = 19 WBH cases vs. Dose a'd]ustments (interval
15 controls) extension) V\IIere more com-
mon in WBH.
Retrospective study evaluat-  Elimination half-life was
.. ing WBH cases (n =16) com- longer in WBH cases (9.16
Mark et al. 2013 [165] Gentamicin pared to non-WBH cases (1 = versus 6.6 h), CL 0.04 vs. 0.05
7) L/kg/h (-25%)
Typical (3.3 kg) newborn: CL
. Retrospective popPK study 0.034 L/kg/h, Vd 0.52 L/ke.
Frymoyer et al. 2013b [166] Gentamicin in \/\I;BH casis}zn =29) ’ Suggestedgdose 4-5 mg/kgf/%36
h.
CL 2.2, SD 0.7 mL/min/kg,
Cies et al. 2018 [167] Gentamicin Prospective study in WBH Vd0.96, SD 0.4 L/kg.
cases (n =19) Suggested dose 5 mg/kg
q36h.
. Study in WBH (1 =12) com- o 4 5 1) .23 versvs.us 0.9
Zahora et al. 2009 [168] Gentamicin pared to normo-thermic non .
) (SD 0.31) mL/min/kg (-28%)
asphyxia cases (n =19)
PopPK study in WBH cases Time interval extension from
Riera et al. 2013 [169] Gentamicin (n = 6), using trough and 24 h to 36 h needed (4
peak concentrations mg/kg).
Retrospective popPK study CL 49.5 mL/kg/h, -40% com-
Cristea et al. 2017 [170] Amikacin in WBH cases (n=56) and pared to term controls, time
controls (n = 874) interval from 24 h to 36 h.
. o Prospective popPK study in CL 0.43, SD 0.12 mL/min/kg,
Cles etal. 2017 [171] Ampicillin \IjVBH caief (n=13) ’ vd 052, SD 0.28 L/ks. °
. . Typical patient (3 kg), CL in-
Bijleveld et al. 2018a [172] Amoxicillin Prospective popPK study in Cl}‘,epases E‘om 0.26 t0g0.41 L/h

WBH cases (n = 125) from day 2 to day 5.
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50-75 mg/kg/24 h (q8h) sug-
gested.

Bijleveld et al. 2018b [173]

Prospective popPK study in  Typical patient (3 kg), CL

Benzylpenicillin WBH cases (1 = 41) 0.48 and Vd 0.62 L/kg.

CL: clearance; popPK: population pharmacokinetic; SD: standard deviation; Vd(centra): (central) distribution volume; WBH:

whole body hypothermia.

5. Discussion

Based on the pediatric study decision tree, the maturational physiology throughout
pediatric life results in more complex antibiotic dosing regimens to attain similar target
exposure in children as compared to adults [19,20]. As highlighted in this paper, the mat-
urational variability in antibiotic PK is further affected by pathophysiological changes,
like critical illness. This variability —if handled inaccurately —will result in either under-
or overexposure in a significant proportion of patients. Consequently, dose selection and
tools to support dose decisions are crucial to improving pharmacotherapy of antibiotics
in children to attain precision medicine (Figure 3).

In a first step (Figure 3, best guess), selection of the most appropriate dosing regimen,
applicable to the individual patient is relevant, as not all dosing regimens have been de-
veloped in similar populations. More adapted dosing regimens can take several covariates
(like age, weight, SCr, co-morbidity, or co-medication) into account in a single nomogram.
The prospective validation of an amikacin nomogram in (pre)term neonates hereby illus-
trated that such an approach resulted in better exposure and target attainment (peak,
trough) [174]. Nowadays, population PK modelling is often used to suggest optimal dos-
ing regimens for antibiotics in special patient populations—such as critically ill patients.
Population PK modelling allows the estimation of PK parameters (e.g., CL and Vd) at a
population level. Based on a population PK model, predictions can be made about the
future by simulating drug exposure [175,176]. As such, drug exposure can be predicted
according to different dosing regimens. One of the crucial criteria hereby is the presence
of an external prospective validation to select the most appropriate dosing regimen for
the intended population, while individual dosing selection can be supported by MIPD
programs. In a systematic literature search on population PK of antibiotics with predom-
inant renal elimination in neonates by Wilbaux et al., external validation was only re-
ported in 20% of the studies retained in their search [13]. To further illustrate the relevance
of applicability, omissions, or specific exclusion criteria, e.g., cases with severe renal im-
pairment that are frequently excluded during the development of the initial model, will
obviously result in a model and dosing regimen not applicable in these cases during sub-
sequent clinical use. This has been recently illustrated by Hartman et al. in an external
validation of model-based dosing guidelines for vancomycin, gentamicin, and tobramycin
in critically ill neonates and children: failed efficacy target attainment for vancomycin
(66%) and gentamicin (69%), and failed safety target attainment for gentamicin (15%) or
tobramycin (23%) were commonly observed [177]. We would like to add that besides pop-
ulation characteristics, some technical aspects—like the type of SCr or vancomycin as-
says—may also affect the transferability of published models to different clinical settings
[178].

For the second step (Figure 3, tailor to target)—historically —TDM at steady state-
assisted health care providers to assess target attainment and to adapt the dosing regimen
if needed. However, one of the basic rules on TDM usefulness mentions that the PK and
its covariates are sufficiently well known so that a TDM observation can be used to adapt
the treatment. Unfortunately, the variability in PK and patient covariates within the con-
text of critical illness makes an accurate prediction of the dosing regimen or dose adapta-
tion needed for optimal exposure at the individual level complex when using only the
TDM result. MIPD might overcome this issue, and provide more accurate predictions for
certain antibiotics in certain patient populations. As it combines TDM with population PK
modeling, MIPD is a valuable dosing strategy, next to TDM alone, to optimise individual
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dosing regimens of antibiotics. MIPD involves the use of popPK models and prospective
Bayesian forecasting to reduce variability in response (i.e., PD). A Bayesian approach de-
livers a population-estimated value for each PK parameter, including the variability com-
ponents, i.e., variability due to real biological differences between individuals (inter-indi-
vidual variability) as well as unexplained variability (noise, residual error) and simulta-
neously [18].

Our review rather intended to summarise the available evidence on (non-)matura-
tional covariates in the NICU and PICU setting. The next step to convert this information
to attain precision medicine, based on Bayesian and MIPD software techniques, has been
recently reviewed by others so that we refer the interested reader to this review [18].

Han et al. recently identified and assessed the Bayesian software programs applicable
to neonatal and pediatric patients for vancomycin (AUC over 24 h exposure) in such an
MIPD context. Of the Bayesian programs retrieved, DoseMeRx, InsightRx, and PrecisePK
utilised clinically validated neonatal and pediatric models. The authors came to the con-
clusion that clinicians should focus on selecting a model that best fits their patient popu-
lation characteristics and utilise Bayesian estimation tools for therapeutic AUC-targeted
dosing and monitoring of vancomycin [179].

Finally, the third step (Figure 3, confirm target) is crucial in the setting of hyper-
dynamic and fast maturational and non-maturational changes (likely even more dynamic
in an ICU setting) in distribution and elimination, such as in critically ill neonates and
children. Sustained targeted exposure should not be taken for granted because of these
fast changes in individual PK characteristics. Consequently, this necessitates the continu-
ation of the TDM + MIPD practices discussed in the second step.

maturational + non-maturational pharmacokinetics

© 000

MIPD

TDM/MIPD TDM/MIPD

l best guess l tailorto target l confirmtarget

improve empiric exposure improve targeted exposure sustain targeted exposure
use dosing regimens, use software modules, use software modules
validated validated validated
in a cohort with similar in a cohort with similar in a cohort with similar
characteristics and setting characteristics and setting characteristics and setting

Figure 3. Structured approach to improve target exposure for antibiotics in critically ill neonates and children.

Obviously, such an approach necessitates additional multidisciplinary collaboration
as the skills related to MIPD should be integrated into clinical care, while further evidence
on efficacy and cost-benefit analysis of MIPD in healthcare is needed before MIPD will
become common clinical practice [180]. Furthermore, as evidenced by the studies identi-
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fied in this review, TDM is mainly performed for vancomycin and aminoglycosides. How-
ever, TDM services should perhaps be extended to other much less commonly measured
antibiotics, like beta-lactams [181]. Although beta-lactam TDM is on the rise, recent na-
tional surveys revealed that beta-lactam TDM is still not common clinical practice in most
ICUs [182,183]. This is due to several practical challenges, of which the lack of a commer-
cially available beta-lactam assay is probably the most important [175]. Finally, we should
realise that improved target attainment is only (a likely relevant) surrogate marker for
clinical outcomes. At present, there are only a few observations on the impact of MIPD for
antibiotics on target attainment. In critically ill children, Hughes et al. documented that
70.8% of children with MIPD-guided vancomycin dosing attained the trough concentra-
tion target, whereas only 37.5% (54/144) of children in the clinician-guided arm attained
these targets [184]. Leroux et al. showed not only improved target attainment with MIPD-
guided dosing in neonates (41% in the standard regimen vs. 72% in the MIPD arm), but
they also observed a lower incidence of nephrotoxicity (8.7% vs. 1.1%) in the MIPD arm
[185]. Smits et al. published the only MIPD study performed with another antibiotic than
vancomycin, i.e.,, amikacin. Their model-based approach resulted in optimal exposure
(i.e., peak and trough concentrations within the target range) in almost all neonates [174].
Still, none of these studies investigated a clinical primary endpoint, nor was the cost-ef-
fectiveness of an MIPD strategy evaluated. In adults, several retrospective or small clinical
trials have suggested a clinical benefit from antibiotic TDM, with or without MIPD [186].
Recently, preliminary results of the TARGET trial, a large multicenter randomised con-
trolled trial (RCT) in 10 German ICUs, failed to show a clinical benefit from TDM-guided
dosing of piperacillin-tazobactam in critically ill adults [187]. Interestingly, TDM-guided
dosing resulted in better target attainment, and under- or overexposure was associated
with higher mortality rates. It might be that TDM-guided dosing did not lead to better
clinical outcomes due to the fact that a significant proportion of patients still showed un-
der- or overexposure in the intervention arm (approx. 50%). MIPD, with TDM, might fur-
ther increase target attainment and eventually lead to better clinical outcomes. Mean-
while, evidence to confirm the potential clinical benefit of MIPD for antibiotics is still un-
der investigation in the DOLPHIN trial, a multicenter RCT that evaluates the effect of
beta-lactam and fluoroquinolone MIPD on the ICU length of stay. Once available, these
data will likely be extrapolated —applying the previously discussed concepts [19,20] —to
the pediatric field [188].
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