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Abstract

Purpose: Neonatal infections are associated with high nadipand mortality rates.
Optimal treatment of these infections requires kiedge of neonatal pharmacology
and integration of neonatal developmental pharmaetiks of antimicrobial drugs in
the design of dosing regimens for use with diffegastational and postnatal ages.
Population pharmacokinetic (PK) and pharmacodyndRiX) models are used to
personalize the use of these drugs in these frpgtients. The final step to further
minimize variability in an individual patient isghapeutic drug monitoring (TDM),
where the same population PK/PD models are usedneert with optimally drawn
blood samples to further fine-tune therapy. Thepse of this manuscript is to
describe the present status and future role of Hmked precision dosing and TDM

of antimicrobial drugs in neonates.

Methods: PubMed was searched for clinical trials or clatistudies of TDM in

neonates.

Results: A total of 447 papers were retrieved, of whichwi€re concerned with
antimicrobial drugs. Two papers (one aminoglycoside one vancomycin)
addressed the effects of TDM in neonates. We fabad in addition to
aminoglycosides and vancomycin, TDM also playsla irobeta-lactam antibiotics

and antifungal drugs.

Conclusion: There is a growing awareness that, in additioanbicnoglycosides and
vancomycin, the use of beta-lactam antibioticshaasgcamoxicillin and meropenem,

and other classes of antimicrobial drugs, sucmagiagal drugs, may benefit from



TDM. However, the added value must be shown. NealWsinal techniques and

software development may greatly support theselrdexelopments.

Keywords. TDM, neonate, antibiotic, antifungal, monitoring



INTRODUCTION

A standard dose and dosing interval are chosemdést drugs when drug therapy is
prescribed to a patient. For example, in a patietht hypertension, a diuretic is
initiated at a fixed dose, and after a few weeksodb pressure is evaluated, and the

dose is adjusted based on the obtained effectidac#ects.

Dose and effects are investigated during varioases in drug development, and the
results of clinical trials and dosing strategies @mcumented in the registration files.
Additionally, a synopsis is published in the SumyrairProduct Characteristics
(SmPC) and product leaflet, which medical professi® use as references in their
choice of drug and dose. For many drug classessttategy is based on clinical
investigations with large groups of patients andally represents the average effect
in the average patient. This average patient casthbeacterized by the average
clearance and volume of distribution of the drugwdver, not all patients are
average, and not all drugs are harmless if the dodeosen by the rule of thumb,
especially when the clinical effect of the drugmamnbe easily monitored, as in the
blood pressure-lowering drug example. For thesggjra personalized dosing method
may be more appropriate, and measuring the blooderdration of the drug is one
method with which to adjust the dose based on dgbeemined target concentration
for the drug and a pharmacokinetic (PK)/pharmacadyn (PD) model to initiate
therapy. This method of choosing the correct doséhe initial use by an individual
patient could be called “goal-oriented, model-infed, precision dosing,” and it is
usually followed by a dose adjustment using preaefitarget concentrations, which

is known as therapeutic drug monitoring (TDM).



Newborn infants are especially vulnerable, andifigdhe optimal dose to treat these
fragile humans is extremely challenging. Neonateshat small adults or children,
and the same is true for their PKs. In humans,megad their functions, such as
hepatic metabolic capacity and renal clearancegnguda steep but variable
maturation process after birth. The majority of dtepphase | and phase Il enzymes,
which are responsible for drug metabolism, reactuntg after 1 year of age;

unfortunately, there is no easy marker to evaltregedevelopmental stage of the liver.

Neonatal renal function increases after birth. ihbthe glomerular filtration rate is
low (10—20 ml/min/1.73 /) and increases to 30 ml/min/1.73 at the age of 2
weeks' Preterm neonates have fewer glomeruli than futhteeonates. This is
reflected in the half-life of any renally clearedid. When designing drug dosage
schemes for neonates, developmental consideratiossbe taken into account.
Common descriptors used for maturation includeagiestal age (GA) and postnatal
age (PNA). Other descriptors include body weightVjBand body surface area
(BSA). However, not every neonate has the samelspieargan development, and
illness or drug treatment may affect organ functioaddition to the already existing
intraindividual variability. In this context, estadhing the correct renal function in
extremely low body weight (ELBW) neonates to tailatividual therapy during the
first weeks of life is a special challenge. A claabdogma ignores elevated serum
creatinine values because of maternal creatinarester to the neonate during
pregnancy. However, when the neonate has impagrea function, part of this
elevation is caused by this impairment. Van Dortgd.aleveloped a mathematical
model to characterize serum creatinine concentratia creatinine clearance as a

function of GA, mode of delivery, and nephrotoxieatment, such as ibuproféithis



model allows the derivation of GA-adjusted refeeerenges for ELBW neonates for
normative serum creatinine concentrations to ogeéntiherapy. Additionally, this
model can quantify drug impact on kidney functidembeginning well-known

nephrotoxic therapies, such as amikacin and vanciomy

In addition to the maturation of liver and kidnem€tion, body compaosition also
changes with age. For example, the body of a preteonate consists of 80% total
body water, whereas a term neonate has 70%, dewea$0% by the toddler age.
This should have consequences for the volume @ilalision for highly water-soluble

drugs, as is the case for most antibacterial drugs.

Other factors that strongly influence drug PKs @omates are extracorporeal life
support options, such as extracorporeal membraygemation (ECMO) for

pulmonary failure and extracorporeal renal supfmrhtinuous renal replacement
therapy [CRRT]) for kidney failure. ECMO can besh$aving in neonates with
cardiac and/or respiratory failure. CRRT is thatmeent of choice when the kidneys
fail and dialysis is needed. ECMO and CRRT cancatfee already altered PKs based
on two mechanisms: 1) a rapid increase in the velafhdistribution because of the
volume of the extracorporeal circuit and the herlubidin that occurs, and 2)
sequestration of the drug in different parts ofdineuit. By these two mechanisms, a
sudden drop in the concentration of the drug canpespecially when the drug has a
small volume of distribution. Additionally, changsdrug clearance can occur
because of extracorporeal removal (which is the@ss of CRRT) or the binding of
the drug to the circuit. In the latter case, arsdion of the binding sites leads to a

reduction in virtual extracorporeal clearance duee.



Therefore, in neonates, the “a priori” predictdpibf treatment outcome is far less
than in the adult population. In these casesrélationship exists between the
concentration of a drug in a bodily fluid, suchbésod, serum, plasma, or saliva, and
its clinical effect, the measured concentration lbamsed as a proxy for the effect and

to optimize (personalize) the dose.

Criteriafor TDM

Several requirements make the measurement of dngeotration in bodily fluid

useful for the optimization of drug therapy.

1) There must be a relationship between the coratért of the drug in a bodily

fluid (blood, serum, plasma, saliva) and its clatieffect or adverse effects.

2) There is no straightforward relationship betwt#endrug dose and its clinical

effect or adverse effect.

3) There is a narrow therapeutic range, meaningttieamargin between efficacy

and toxicity is small.

4) The inter-patient variability is larger than tiwerapeutic range.

5) The clinical effect is difficult to assess (Example, a drug against cancer or a

drug against depression may take weeks to montsisow an effect).

6) The results need to be properly interpretedepably using state-of-the-art
software tools, such as Bayesian optimization aplfation PK models, in concert

with pharmacodynamically determined target values@ptimal blood sampling.



However, there are situations where TDM is not dss
7) There is no assay for the drug available.
8) The dose cannot easily be adjusted.

Currently, point 7 is less of an issue. In the passalytical possibilities relied on the
availability of commercial assays, such as ligamtling assays. In special cases,
hospitals also use high-performance liquid chrogatphic or gas-chromatographic
methods to develop their in-house assays, butghisually only possible in academic
and top-clinical hospitals. These classical chragi@phic methods lacked sensitivity
for the low concentrations of many drugs, and tenasuming pre-analytical
techniques, such as solid-phase or liquid-liquitlaexion and the concentration of the
resulting organic layer, were necessary beforemhtographic separation and
quantification could take place. Consequently,éagample volumes (usually 0.5-1
ml serum or plasma) are usually required to reaemecessary lower limit of
quantitation. This is a serious drawback for thdaespread introduction of TDM in
neonatal care. Currently, liquid chromatographywé@ndem mass spectrometry (LC-
MSMS) has become an affordable technology thakit-@stablished in many
hospitals, and it can be used to develop assaydigs if no commercially available
assay exists Major points in favor of LC-MSMS are the small ggimvolumes
necessary (usually only 10 puL of serum or plasmd)that simp, fast sample clean-
ups, such as simple protein precipitation with latsmn containing an internal
standard before analysis, can be performed. Aduitig, the wide availability of
stable isotopes of the analytes of interest makesntatographic separation and
sample pre-treatment less important because tlesie ssotopes correct for matrix

effects.



For primarily parenterally administered drugs, saskantimicrobials, point 8 is even

less relevant.

Antimicrobial Drugs

Antimicrobial drugs are among the most frequenfigdidrugs in neonates. On
average, 36.7% of the hospitalized children recaiv@microbial drugs.This figure
ranges from 12.3% in a general neonatal ward t8%1n a pediatric intensive care
unit.> Prescribing antimicrobial drugs in neonates iserammplex than in adults
because of the aforementioned aspects of maturatidrextracorporeal life support
options, making it a challenge. Additionally, masitibiotics have not been well
investigated in pediatric patients, especially r&es. Because of ethical
considerations, new drugs are usually investigatediults, and after licensing,
neonatal dosing regimens are derived from studieslults; therefore, no formal
SmPC dose advice exists, which means that theilsussually off-label. Although
techniques, such as allometric scaling and recexliels that capture developmental
changes in clearance, are used to best predicd@yepriate dosing schemes in
neonated,” dosing remains an estimation. For some drugsyifealeonatal PK
studies have been published, but these data aafiyusallected in left-over material

during regular off-label use and not in formal RKdes.

Serious infections, such as sepsis, are assoasudtiedhigh morbidity and mortality. In
2002, critical care and infectious disease spatsaissued a plan to develop
guidelines for treating severe sepsis and septickshEvery hour of delay in starting

the appropriate treatment increases mortality [9,18nd one of the cornerstones of

10



this “surviving sepsis campaign” was early treathweith an appropriate dose of the

right antibacterial drug.

As explained above, newborn neonates have a hegtexcellular volume than
children and adult®’ Most antibiotics are hydrophilic; thus, they argHty water-
soluble and easily distributed into extracellulampartments, leading to a higher
volume of distribution when expressed in liters kgBW in neonates than in
children and adults. This implies that to obtaie@ehte antimicrobial drug levels
quickly, a higher loading dose per kg BW must beaaistered. immature clearance
results in a lower or less frequent maintenance.desr some drugs, special neonatal
nomograms have been developed based on the dasigjiges'"*? However,
nomograms are still simplifications, and the renmgrhigh intraindividual variability

resulting in poor target attainment makes a stiasg for TDM:>

The goal of this opinion paper is to describe tineent state of the art of TDM using
current analytical techniques and software supjpqgperform optimal model-

informed precision dosing of antimicrobial drugghis special group of patients.

METHODS
Literature Search

To obtain information from published original eviabe for TDM practices of
antimicrobial drugs and outcomes in neonates, Publves searched using the

following terms: ([“Therapeutic” AND “Drug” AND “Maitoring”] OR “TDM”]
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AND [“neonate” OR “neonates” AND “Clinical Trial” & “Clinical Study”]). Then,

the retrieved papers were manually selected fomaarbbial drugs.

Additionally, the literature was searched for backmd information on the retrieved
classes of drugs. This background information casedrPK/PD background-and

relevant population PK studies.

RESULTS
Literature Search

A total of 447 papers were retrieved. After reviegvthe titles and abstracts, 19
articles that discussed antimicrobial drugs welecsed. Of these 19 papers, seven
discussed aminoglycosides (gentamicin or netilmjdine papers discussed beta-
lactam antibiotics (amoxicillin, flucloxacillin, peracillin, meropenem, and
ceftazidime), three discussed glycopeptide drugagemycin and teicoplanin), two
discussed fluoroquinolones (ciprofloxacin), onegragiscussed MRSA drugs in
general, and one discussed antimycotic drugs (atepbim B, caspofungin). After
reading the papers, only two papers used TDM tosadioses and evaluated the

impact of TDM on future drug concentratiof{s?
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DISCUSSION, GAP ANALYSIS, AND OUTLOOK
Toolsfor TDM

TDM measures drug concentration during the stegatg-sind adjusts the dose
accordingly by applying linear PKs. In stable pat$g steady-state concentrations will
be reached after four half-lives. This approachlmaapplied where applicable.
However, in neonates, with immature clearance ti@guin longer half-lives that are
difficult to predict, doctors must wait longer thadults before a steady-state is
reached. Additionally, neonates are seldom stahiles, PKs may change from day to
day. The Bayesian population PK modeling softwara valuable tool for TDM in
neonates. Software packages for Bayesian TDMdppteared 30 years ago.
However, they are operated via the command lineaa@dienerally too complicated
for widespread use. Publications largely reflecalexpertise, and there is currently
substantial geographical variability in the us@afesian TDM software. However,
software technology has greatly improved and becaore user-friendly, making
Bayesian TDM increasingly feasible for widespreaglementation. In 2013, the first
overview of available software was published, aed@ tools have been developed
since that review? *® Examples of widely used software for TDM with some
applications used in the pediatric population ab&/Rharm® (e.g., flucloxacilli?),
BestDose® (e.g., teicoplarifl, InsightRx® (vancomycit), NextDose®

(busulfarf?), and Monolix® (e.g., vancomyd?). The reader is referred to the
available literature because this field is develgmuickly, and this list will soon be
outdated. The core of the available software isutation PK model and a
calculation tool, usually a Bayesian estimator. pbpulation PK model is based on

the PK parameter values of many individuals with same characteristics. This will

13



result in mean parameter values and their assdcséé@dard deviations for the entire
population from which these parameters are derixéeditionally, confounders that
can be used to further individualize these PK \deiscan be identified. This
information can be obtained from the literaturédrom doctors’ patients who have
already been followed by TDM. The Bayesian appraadldws adjustment of the dose
in the early phase when the steady-state has hbega reached. Early adaptation of
the dose allows the achievement of therapeuticsgealier with higher precision and
a better chance for therapeutic success. For exaiigh Lent-Evers et al. and Bartal
et al. demonstrated the success of this strateggftfts>**> An essential aspect for an
accurate estimation of actual individual PK pararseand prediction of the correct
dose is the optimization of the sampling processure 1 shows that a blood sample
drawn immediately after the intravenous adminigiradf a drug provides much
information on the volume of distribution {}/ However, no information on the
elimination rate (k) and a sample drawn 1.44 times the half-life afierend of
administration (given as intravenous dose) provilesmost information on the,lof
the same druf When an intravenous drug treatment is startedtjntefor the
maximum drug concentration is easily establishedtlfdr the time point that provides
the most information on elimination, an estimati@sed on the average half-life in

this population still needs to be made.
INSERT FIGURE 1 HERE

To avoid unnecessary blood sampling of neonate@sssgampling is recommended.
Formally, for every PK parameter that is part #fkamodel, a separate blood sample
needs to be drawn. However, Bayesian software alfmor knowledge regarding the

PK parameters in other but similar patients, therelducing the number of samples

14



needed to calculate reliable dose adjustmentshé&umiore, the principle of D-
optimality has been described by Drusano et al.Saiths?”?® and software exists
that can calculate optimal sampling times for a&gi?K model and a reasonable
number of samples, such as the design module &E#PT 1l package of the
programs of D’Argenio and SchumitzkyUsing optimally drawn samples in
combination with Bayesian PK software allows fag #itainment of therapeutic

targets in a timely manner with a minimal burdertoa patient.

Aminoglycosides

The classic example of TDM in neonates is thatnoihaglycosides.
Aminoglycosides, such as gentamicin, netilmicifrémycin, and amikacin, are

among the most widely used antimicrobial drugseormates.

The emergence of multi-resistant bacteria andrtipréssion that the decline in
susceptibility to aminoglycoside antibiotics isdesteep than expected has renewed
interest in these highly effective and potentiédiyic antibiotics. The basic chemical
structure required for high potency and a broadtspm of the antimicrobial activity
of aminoglycosides is that of one or several anetiagars joined by glycosidic
linkages to a dibasic cyclitol (2-deoxystreptamiimenost clinically used
aminoglycosides}’ Aminoglycosides act primarily by impairing bactmprotein
synthesis by binding to prokaryotic ribosom&Bassage of these highly polar
molecules across the outer membrane of gram-negadieteria is a self-promoted
uptake process involving drug-induced disruptiothef lipopolysaccharide outer

membrane. After penetration through the inner mamdyrthey bind to the 30S
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subunit of ribosomes in the cytos$8IThis leads to proofreading perturbation of
nascent proteins and impaired quality control efltacterial protein production
process with more aberrant proteins inserted imeacell membrane. These actions
lead to instability of the outer cell membranesréased penetration of
aminoglycosides, and ultimately cell dedtfThrough the disruption of cell
membranes, aminoglycosides also potentiate theaeffiof beta-lactam antibiotics
that also affect cell membrane structure. Althoaljlelinically used aminoglycosides
are inhibitors of prokaryotic protein synthesicammonly accepted therapeutic
concentrations, at higher concentrations, they aisxy affect protein synthesis of
mammalian cells, leading to clinically relevantitmty, including nephrotoxicity,
ototoxicity, and vestibulotoxicit§* However, in mammalian cells, it has been
demonstrated that aminoglycoside uptake is safathereby allowing

comparatively high concentrations with relativedyltoxicity.

Because of their efficacy, aminoglycosides contitauplay a valuable role in treating
infections caused by aerobic gram-negative bactdoavever, for optimal use of
these agents, it is necessary to understand tHeOPKWices, which are determinants

of their therapeutic efficacy and toxicity, to pmrh rational dose adaptations.

Aminoglycosides are highly effective antimicrobaaigs that display concentration-
dependent bactericidal activity>* The determinants of efficacy are related to the
sensitivity of the infecting microorganism but ateaheir PK profile. The
antibacterial drug concentration (in vitro) wheegrowth or killing occurs is called
the minimal inhibitory concentration (MIC). When eroglycoside-susceptible
microorganisms are exposed to increasing concerigabf an aminoglycoside in

terms of fold-MIC, their number (expressed as cplforming units (CFU) per unit of

16



mass or volume decreases (Figure 2). Another mé&shaof relevance for the dosing
regimen is related to the interplay between amiymagides and microorganisms.
This is a post-antibiotic or post-MIC effect. Amglgcosides exhibit prolonged
bacterial killing after clinical concentrations leastropped below the MIC value for

the microorganisni’
INSERT FIGURE 2 HERE

In addition to in vitro and animal studies, clidistudies have shown that higher peak
blood concentrations of aminoglycosides are astatiaith increased survival and
better therapeutic responses in patients with gragative infectiond® Given these
associations, a relationship between the clinesibonse to aminoglycoside therapy
and the ratio of the maximum concentration in tlo®d of the patient and the MIC
for the pathogen has been demonstratesd a ratio of at least eight needs to be
achieved. It has also been demonstrated that timaX@1IC) ratio is related to
clinical efficacy; however, the area under the euf&AUC) divided by the MIC
(AUC/MIC) ratio can be usetl. These relationships have led to the concept of
administering higher doses for longer dosing iraésvThis “once-daily-dosing”
concept was first validated and is currently widetgepted in adult§ but has also

been implemented in children and neonates.

In neonates, treatment with an aminoglycoside sl started with a standard dose
based on BW and is “a priori” adjusted for estindatenal function. Typical values

for the volume of distribution of the aminoglycos#dare 0.41-0.53 L/kg:*?

The target drug concentrations are based on effigad toxicity. Based on the

principles described above, target concentrationarminoglycosides must be defined
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before TDM can be applied. It is clear that thevegeneral therapeutic range exists.
Every patient has their optimal target concentratiased on the susceptibility of the
microorganism, co-administered antibiotics, immstetus of the patient, and co-
administration of other nephrotoxic or ototoxic gguHowever, when therapy is
initiated, these variables may not be known, aeditist dose is usually based on
population values for the volume of distributiordaxpected susceptibility of the
targeted microorganism. As a result, aminoglycotadget peak concentrations may
differ among countries, but widely adapted peakceafrations for gentamicin and
tobramycin in neonatology range 8-12 mg/L with @ @ose trough concentration of
<1 mg/L™ For amikacin, because of its lower intrinsic aadterial and toxic effects,
target peak levels are >30 mg/L with pre-dose thdegels of 2-5 mg/L*! Together
with an average volume of distribution of 0.4-0/kd, over time this has resulted in
initial doses of 5 mg/kg bodyweight for gentamitit?4 mg/kg for tobramycin®

and 15—-20 mg/kg for amikacf.

However, when a gentamicin dose of 5 mg/kg was adtered to a population of
neonates, a wide variety of peak concentrationsobgained (Figure 3 Further,

from this study, it was clear that the stage ofuratton (GA) of the neonate played a
role. The outcomes of TDM studies largely depend®imed target concentrations.
If a' wide range of peak concentrations is accepterineed for TDM is low because
most of the concentrations will be in the definadge. However, if narrow target
concentrations are defined, there needs to besdamilal effort (TDM) to optimize
the therapy. For example, in Figure 3, if the dabsjpeak concentration should be 8—
12 mg/L, approximately 80% of the measured peakeatnations fulfill this

criterion, and if the required peak concentrat®supposed to be >5 mg/L, 99% of
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the measured peak concentrations fulfill this cote Therefore, using the PK/PD
principles described above and considering theaigkxicity, narrow peak
concentrations are currently advocated. This higgrindividual variability

underlines the need for early intervention aftérating treatment.
INSERT FIGURE 3 HERE

Aminoglycosides are eliminated unchanged up to 89%ne kidneys, and only a
small portion is metabolized through the liver. Aglycosides are filtered by the
glomerulus, and there is no evidence of tubulaosegption or active secretion.
Therefore, clearance parallels renal function esged as (estimated) glomerular
filtration rate ((e)GFR), except in patients widnrinal kidney disease, where the

liver plays the most important role in clearance.

Assessment of renal function using plasma creainoncentration within the first
days of life is difficult in clinical practice, atiscussed above. Plasma creatinine
concentration during this period in the neonatelypeaeflects the maternal creatinine
concentration and is widely neglected. Developmiattanges in renal function are
reflected in the half-life of any renally clearedig. Gentamicin, for example, has a
half-life of 12—-14 h at a GA of <25 weeks, compai@é—7 h at a GA of >32 weeks,
whereas clearance increases to 0.41-1.05 mL/kdfwifter birth, irrespective of
GA, clearance rapidly increases, and half-life dase$” Based on these prenatal-
and postnatal-maturation-dependent findings reggrttie volume of distribution and
renal drug clearance, dosing schemes have beetopeddor drugs with known
target peaks and trough concentrations, see Tdileah example using

gentamicin’®

19



INSERT TABLE 1 HERE

The high interindividual and intraindividual varility stresses the need to optimize
the dose immediately after the first dose. Thisin@s a good logistic process for
drawing a blood sample, measuring the concentradiot calculating the optimal
dose. Taking the first sample immediately afterfitet dose and the second sample
not as a pre-dose trough concentration but 10-dffehthe first dose facilitates the
correct dose and dose interval calculation befoeesecond dose is administered. For
optimal dose prediction, Bayesian PK software epgipbwith the appropriate PK
models is required. Successful predictive perforreanf this early sampling approach
has been demonstrated in neonates by Isemant’eairently, the TDM of
aminoglycosides in neonates is the standard otipea@ very limited number of
studies have been published that have shown belegsults in neonates; however,
it is unethical to perform randomized controlleddsés because the PK/PD

background and existing evidence in adults arevavelming.

Vancomycin

Vancomyecin is a glycopeptide antibacterial drug thiads to the cell wall precursor
d-alanyl-d-alanine, which is crucial for peptidocgy crosslinking. Disruption leads
to bacterial killing in most gram-positive speci&he most recent guideline of the
Infectious Diseases Society of America (IDSA), ex$in 2020, advises to guide
vancomycin dosing based on the AUC with a target 24JC of 400-600 mg - h/L
for pediatric patient8’ Because thi vitro vancomycin PK/PD index is an

AUC/MIC ratio of 400, this target can only be usedmicroorganisms with a MIC
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of up to 1 mg/L. However, a recent Chinese studyalestrated that a lower 24 h
AUC target of 240—-480 mg - h/L is likely more effee for neonates than aduftsin
contrast to aminoglycosides, trough concentratiaes] to be >10-15 mg/L to

prevent under-treatment because of the absencpastaVIC effect.

Because vancomycin PKs are determined by the vobfrdestribution and renal
clearancé® neonatal dose recommendations are (similar to@ghjnosides) based

on GA and PNA, as shown in Tablé%.
INSERT TABLE 2 HERE

In clinical practice, most clinicians use the pose trough concentration of
vancomycin as a surrogate for the 24 h AUC. Althoagimple approach, trough
concentration poorly predicts the AU However, early high trough
concentrations (>20 mg/L) and day one exposur@rradictive of clinical
outcomes$,” which necessitates early (day 1) sampling togetliterthe use of
Bayesian software-supported model-informed pregidiasing to individualize

therapy* >

In adults, continuous infusion of vancomycin is dm@mg the standard of practice,
especially in ICU units. In the pediatric populati@ontinuous infusion of
vancomycin has been studiEdThe advantages of continuous infusion are better
target attainment and less difficulty in drug monitg with easier interpretation of
drug levels. Additionally, AUC targets are reachath fewer dose adjustments and

with lower daily dose&®

In this study, there was no difference in toxidigtween the groups; however,

continuous infusion tended to be less toxic in sfdiCurrently, the TDM of
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vancomycin in neonates is the standard of pracfitthough limited studies have
been published that have shown a benefit of TDMeionates, it is unethical to
perform randomized controlled studies because KiE[P background and existing
evidence in adults in favor of TDM are overwhelmiAglditionally, Bayesian
software with appropriate PK models should be twseddividualize and optimize
therapy’* As is the case in adults, vancomycin treatmesloiwly shifting towards
continuous infusion, which facilitates interpredatiof drug levels and adjustment of
the dose according to the measured concentratibmeaiuces the dose needed to

attain the AUC target, which could reduce toxicity.

Beta-lactam Antibiotics

Beta-lactam antibiotics act through the directujsion of the cellular wall of the
pathogen. Peptidoglycan is a heteropolymer andgsengial component that provides
essential mechanical stability to the bacteridlwall. During bacterial growth and
division, peptidoglycan is produced in several sga@nd the final stage is the
crosslinking of single peptide chains. Crosslinkingccomplished by a
transpeptidase enzyme outside of the cell membBewause of their structural
similarity, beta-lactam antibiotics can inhibitrispeptidase, thereby halting
crosslinking and disrupting bacterial cell wallugtiure and stability. This leads to the
lysis of the dividing bacterium. Beta-lactam artdiis, often used in neonates, are
beta-lactamase-sensitive and resistant penicitliity 4" generation cephalosporins,
and carbapenemgFifty to 60% of the prescribed antimicrobial drigsieonates are
beta-lactams.Beta-lactam antibiotics are mainly eliminated tigio glomerular

filtration and active secretion (for example, flachcillin, piperacillin, cephradine,
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and cefaclor), although some are metabolized ifitke (e.g., flucloxacillin). SmPC
dosing schemes aim to maintain the plasma condemtaf the free (not plasma
protein-bound) drug for at least 40-50% of the tabeve the MIC of the suspected
microorganism (fTime>MIC). However, adult studies/b demonstrated that in cases
of severe infection, the outcome is better if fTWHC for 100% of the dosing
interval, thereby advocating for either very higkermittent dosing, prolonged
infusion, or better administration of beta-lactamtifaiotics in the form of a
continuous infusior® Because of the high safety level of beta-lactatibiatics,

TDM is rarely performed in clinical practice. Howasy the question is whether this is
justified. Severely ill patients often display @fént PKs with a much higher volume
of distribution and augmented renal clearance (>hB80min/1.73 n), leading to the
risk of undergoing treatmentand there is evidence that pediatric dosing Siese
for beta-lactam antibiotics are not bettéThe added value of TDM is currently
under investigation in critically ill adulfS.However, some beta-lactam antibiotics
can cause neurotoxicity when serum concentratioagoa high’ limiting irrationally
high doses. A common barrier to TDM of beta-lactatibiotics is because LC-
MSMS methods exist for the rapid analysis of thdrsgys® Although well
documented in adults, PK and PD of these antils@re poorly explored in critically
ill neonates, the sparsity of studies suggestscilmaént dosing is frequently
inadequaté®®' Therefore, there is an urgent need to charactarpzepulation PK of
commonly used beta-lactams in neonates associdtiedanget attainment to develop
evidence-based dosing schemes and TDM practicesnBg population PK models
for the penicillins, amoxicillin, piperacillin, anaklocillin, and the cephalosporin
cefathiamidine have been developed and used talasdarget attainment with

present SmPC and local dosing schefi@sMeropenem is the most widely used
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carbapenem in neonatéBharmacokinetics have been studied in neonategcamd)
children.®***Compared with adults, total body clearance of [penem in neonates
was comparable; however, the volume of distributi@s considerably greater in
neonates (38.6 L/70 kg BW versus 22.4 L/70 kg BWA In agreement with
aminoglycosides, this implies that higher loadinges per kg BW are needed in
neonates for an adequate plasma concentratione Bmesother population PK
models can be used to design rational dosing sch@&meeonates and, in
combination with optimal sampling schemes for TDpgoses, to further

individualize these therapies according to the aeddndividual patients.

Antifungal Drugs

In neonates, the incidence of fungal infectionséseasing. Any fungal infection in
the neonate can be life-threatening, and a deldjagnosis often results in significant
morbidity or mortality. Currently, amphotericin B the standard therapy fGandida
infections. However, amphotericin suffers from #igant toxicity, and new
antifungal agents, such as echinocandins (e.gpptasgin) or the new generation
azole derivatives, have been developed over thedeaade. Some clinical experience
has been reported regarding the treatment of neemathCandidaandAspergillus
infections’*"2 A prospective study by Mohammed et al. investigake efficacy,
safety, and tolerability of caspofungin versus aatpticin B in neonateS. Although
retrieved in our search, patients were treated stahdard doses of both drugs, and

no serum drug concentrations were measured totadtipitherapy.
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Based on clinical experience, azoles have also bged in pediatric antifungal
infections. Azole antifungal drugs inhibit fungattachrome P450 activity, decrease
ergosterol synthesis, and inhibit cell membranendion. The antifungal drug
voriconazole is a broad-spectrum triazole agerititheurrently the preferred
treatment for invasive aspergillosis in adults ahiddren>2 years of age.
Voriconazole is also effective in the treatmenCaihdidainfections. As with many
other drugs, voriconazole is currently used offelah children <2 years of age and
neonates. Voriconazole exposure has been assowilketieatment outcomes in
adults, with a suggested cutoff point for voricalazrough plasma concentrations of
1-5.5 mg/L"® In pediatric patients, an exposure-response o@lsiiip was established,
in which a voriconazole trough concentration >1 Imgas associated with improved
outcomes* However, hepatic toxicity can occur at a trougrelef >6 mg/L"™
Voriconazole is a substrate for CYP2C9, 2C129, 34, displaying developmental
and genetic-based variance in PKs. Moreover, voezole displays dose-dependent
PKs because of the saturation of its metabolismfarier inflammation-associated
downregulation of metabolic enzym&®Based on the relationship between
voriconazole exposure and efficacy and the reguhigh inter- and time-dependent
Intra-patient variability, the importance of vori@xzole TDM has been
acknowledged? Although TDM-based dose adjustments are widelfopered in
adults to optimize plasma concentrations, it resmaimclear whether this method of
dose adaptation is used in pediatric patients. $tedies have been performed on
pediatric patients, and no studies have been coedwon neonatal patients.
However, in light of the PK difficulties describetiove and if no other treatment

options are available, optimal use of voriconazpleled by TDM is warranted.
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Fluconazole is another widely used antifungal dorgheonatal candidiasis. From
data extrapolated from adult studies, fluconazekexicreted primarily partly
unchanged in the urine and has excellent penetratto the cerebral spinal fluid. For
candidiasis treatment, the target area under theetdration curve for 24 h (AUC24)
is>400 mg - h/L, and with a MIC breakpo& mg/L, a ratio of AUC24/MIC >50

mg - hr/L is associated with clinical efficacy itudt patients®’® In contrast to adult
data, PK studies in infants have demonstratedhilgater doses of 12 mg/kg/d are
required to reach these target concentrafiddthough fluconazole is generally
considered safe in pediatric patiefitseurotoxicity has been reported at high
concentration&? The combination of a higher dose for comparabjesure and the

risk of neurotoxicity makes fluconazole a candidateTDM.

CONCLUSION

The goal of TDM is to integrate concentration measents of a drug as part of
clinical decision-making. Aminoglycosides and vamgain are well-known fields of
TDM. However, the upcoming fields for TDM are bdédéatam antibiotics and
antifungal drugs, especially voriconazole, becaigbeir poorly predictable PKs.
Neonates display wide interindividual variabilityPKs and intra-individual
variability because of organ maturation immediatgter birth and extracorporeal life
support factors. This variability hinders good etations between the dose and
concentration of a drug with a serious risk of uddsing, which provides a strong
case for goal-oriented, model-informed precisiosinig. This is further optimized by
measuring one or more drug concentrations thahsegreted using Bayesian PK

optimization software. New analytical techniques;tsas LC-MSMS, have closed the
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gap between the need for measurements of serufassng drug concentrations and
the availability of such assays. Personalized preeidosing cannot be performed
without Bayesian software or proper population Pédeds with confounder
identification. Currently, tools available for médkevelopment need to be widely
adapted to develop validated dosing regimens. Aaitly, these models can be used
with early optimal TDM sampling and Bayesian forgtaag to tailor pharmacotherapy

to meet the individual needs of neonates.
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Tables

Table 1: Overview of national Dutch dose recomménda for gentamicin in

preterm and in term neonates depending on gestdtage (GA) and postnatal age

(PNA).

Patient characteristic Dose (mg/kQ) Doseinterval (h)
Preterm <32 weeks GA, <7 d PNA 5 48
Preterm 32-37 weeks GA, <7 d PNA 5 36
Preterm, >7 d PNA 4 24
Term, <7 d PNA 4 24
Term, >7 d PNA 4 24

1 month-18 years 7 24
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Table 2: Overview of national Dutch dose recommé&nda for vancomycin in

preterm and term neonates.

Characteristic Dose (mg/kQ) Doseinterval (h)
Preterm, <7 d PNA 10 12
Preterm, >7 d PNA 10 12
Term, <7 d PNA 8 6
Term, >7 d PNA 12 6

1 month-18 years 15 6
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Figures

Figure 1. Upper panel: Change in the volume ofribstion (Vy) causes the greatest
change in the concentration data point S whendktel is at its highest value (true
peak concentration). This is the optimal time ttrekate 4 for a one-compartment

model with intermittent intravenous administration.

Lower panel: A change in the elimination ratg)(kauses the greatest change in
concentration data point S, which is 1.44 half$iadter the end of intravenous
administration. This is the optimal time to caldel@he k for a 1-compartment model

with intermittent intravenous administration.

Adapted with permission from Jelliffe et al. ClinagPmacokinet. 1991;21(6):461—

478.
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Figure 2. Horizontal axis represents time of expedo a certain concentration of the
antibiotic. The vertical axis represents the numiecolony-forming units (CFU).
When a microorganism, such as Pseudomonas aerwggirsosxposed to an
increasing concentration of tobramycin, its killiagtion (expressed as a decrease in

CFU versus time) increases exponentially.

Adapted with permission from Craig et al. Scandfédt Dis Suppl. 1990;74:63—70.

www.tandfonline.com.

46



Tobramycin

9
8
7
-
£6
)
o -o=1/1
%:)D 1MIC
3 > MIC
=16 MIC
4 w64 MIC
3
2

47
Copyright ©2021 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the International Association of

Therapeutic Drug Monitoring and Clinical Toxicology



Figure 3: Percentage of neonates within differeamges of peak steady-state
concentrations (geay Of gentamicin in the subpopulations GA <35 weggks 64)

and GA>35 weeks (N = 51).

Modified with permission from Sum et al. Eur J H&@rm. 2007;13(4):98-104.
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