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General introduction and aims of the studies

Chapter

Pardy based on: “the use of aminoglycosides in newborn infants”.
M. de Heog, ].W. Mouton, J.N. van den Anker,
Paediatric and Perinatal Drug Therapy, 1998: 48-56






1.1. Use of aminoglycosides in neonates

1.1.1. General aspects of aminoglycosides
Introduction

Aminoglycosides, including tobramycin, have played a major role in antimicrobial therapy
since their discovery in the 1940%s, now mote than 50 years ago’. Their bactericidal
efficacy in gram-negative infectons, synergism with B-lactam antibiotics, imited bacterial
resistance and low cost have given these agents a firra place in antimicrobial weaument.
However, the successful use of strepromycin (1944), gentamicin (1963), tobramycin
(1967), amikacin (1972) and netlmicin: (1976) has been complicated by nephrotoxicity and
ototoxicity in a significant number of treated patients,

This review summarizes the available data on aminoglycoside use in neonates. General
aspects of aminoglycosides will be discussed, followed by a detatled description of specific
aspects of aminoglycoside use in neonates. Pharmacokinetic parameters, drug resistance,
toxicity and dosing schedules of the four commeonly used aminoglycosides will be
reviewed. Special attenton will be paid to recent insights into increasing dose and

prolonging dosing interval in preterm infants.

Structure and chemical properties

Figure 1: Basic structure of the main aminoglycosides
(Adapied from: Mingeot-Leckrg et al

Anirisghiiside: AR

Tobramycin H
Genramicin OH NHa CH; OH CH,
Netilmicin - - - - - CR H CH; OH CHa
Armikacin OH OH OH H NH. COrR' CH:0H OH H H

R= CH.CH;, R'= CHOH(CHa:j:NH-
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Figure 1 shows the basic structure of the main aminoglycosides. Amiroglycosides are
comprised of two or more amino sugars attached via glycosidic bonds to an aminocyclitol
aucleus a2nd have a molecular weight of 445 to 600 Dalton. This structure consists of a
six-membered fing with amino-group substituents, from which the term aminocyclitol is
derived. To this central fng two or more amino-containing or nof-amino-containing
sugars are bound via glycosidic bonds, which led to the term aminoglycosides for this
group of andbiotics. The central aminocyelitol for most aminoglycosides, including
tobramycin, is 2-deoxysueptamine.

Aminoglycosides can be divided into chemical families with related structures (rable 1),
Tobramycin belongs to the kanamycin family, derived from S#epromyees spp’. The
kanamycin family 15 linked to two cyclic sugars at posidons 4 and 6 of
2-deoxystreptamine. Tobramycin is 3’-deoxykanamycin. The reladon berween structare of
aminoglycosides and actvity is incompletely understood.

Tiable It Fanilies of aminoglycoside antibiotics, divided in matn gromps and group members
(adapted from Mandell)

Strepromycin Streptomycin
Kanamyein Kanamycin A
Kanamycin B
Amikacin
Tobramycin
Dibekacin
Gentamicin Gentamicin C1, Cla, C2
Sisomyein
Netlmicin
Isepamicin
Neomydin
Paromornycin
Specdnomycin® (an aminocyelitol, no glycosidic bonds)

Aminoglycosides ate water soluble, cationic at normal pH, and distribute in plasma water.
Protein binding is minimal. They have a stable structure over a wide range of temperature
and pHS ¢ Aminoglycosides are Inactivated in vitro by concomitant use of $-lactarn
andbiotics™. Tobramycin secems to be more easily inactivated than netilmicin, amikacin or
iseparnicin.
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Method of acton

Aminogivcosides act by altering the integrity of the bacterial cell membrane in growing
bacteria by way of disturbing protein synthesis through binding to prokaryouc
nbosomes'® . These catonic antbiotics bind rapidly and passively to the negatively
charged parts of phospholipids and other proteins in the bacterial cell membrane’2 They
czn not pass through the porin channels because of their reladvely large size'3. They enter
the bacteral cell by way of a self promoted uptake process, described in derail below,
wherein  aminoglycosides  displace Mgt and Ca?** bond berweern adjolning
lipopolysaccharides in the bactetial cell membrane!* 13, This leads to a rearrangement of
lipopolysaccharides, which creates tansient holes making the outer membrane more
permeable to the antbioticlé, This 1onic binding of aminoglycosides to the cell membrane
is followed by a 2-staged energy dependent cellular uptake!® 7. 18, Phase I is slow, rate
limiting, clectron transport dependent and is termed energy dependent phase T (EDP-I).
EDP-I precedes the loss of viability and inhibition of protein synthesis'®. It is rclated to
the concentration of aminogiycoside and can be inhibited by low pH, anaerobic
condidons and hyperosmolarity'® ., Aminoglycosides themselves close the “holes”™ made
in the cell membrane through decreasing transmembrane clectrical potential, causing
arminoglycosides 1o be trapped inside the bactefia® resuiting in far higher mtracellular
than extraceliular concentrations. Phase 1l is characrerized by an accelerated upmke of
aminoglycoside in the cytosol and binding to the 30S subunit of nbosomes in a process
utlizing cnergy from electron tansport and ATPS 2 3, Specific binding may differ for
different aminoglycosides®26, After binding to ribosomes, aminoglycosides disturb the
proofreading process controlling the accuracy of proteins under constructon. These
aberrant proteins, when inserted in the cell membrane, lead to an increase of permeability
and increased uptake of aminoglycosides®. In man, inhibidon of protein synthesis can
also occur ar supratherapeutic concentrations, probably through non-specific binding o
eukatyotic ribosomes®. Although inhibition of protein synthesis plays a major part in
bactetial cell death, it is not the scle explanadon for the bactericidal effect of
aminoglycosides. Other antibiotics that inhibit protein synthesis, like chloramphenicol, are
only bacteriostatic, Binding of aminoglycosides to the bacterial cell membrane itself may
play a role in rapid bacterial cell death?”.
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Aminoglycoside antimicrobial activity

In vitro activity

Aminoglycosides have a concentration-dependent bactericidal spectrum encompassing
aerobic and gram-negative bacteria like Enterobacteriacae, Escherichia coli, psendpmonas spp.
and Haemophilus spp. Table 2 shows the in vitre spectrum of aminoglycosides compated
with selected other antibiotics.

Table 2: In vitro spectrum of activity of aminoglycosides against selected microorganisms.

{Adapied from Mandell)

Oraanism

Gram-negative
Escherichia coli +
Proteus mirabilis +
Klebsivlia sp. +
Enterobacter sp.

+ o+ + +

+ o
oot

Meorganella sp.
Citrobacter sp.

-+

+

1

+
+ o+ o+

Serratia sp. +

1
+

Salwonella sp.
Providencia sp. +

-+

+

Alctomonas sp.
Adinetobatter sp.
Pseudomonas aeruginoss
Burkholderia cepacia
Stenotrophontanas wmaltophilia

Neisseria gonvrhoeae

+ o o o 4+ o
+ o 0o + 1+ + +
+ o @ o
o o o +

Haemaphilus inflwense

+

Yersinia pestis
Francisela tularensis +

Gram-positive
Sinplocoscus prvwmoniae 0 0 ¢ 0
Staplylococens awrens +
Stapliylococens awress (MRSA) 0 0 0 0

MRSA = methicillin-resistant 5. awres
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The susceptibility of most gram-negative bacteria to gentamicia, tobramycin, netilmicin
and amikacin is reladvely similar®’. Although susceptibility to amikacin is three to fourfold
less than the other aminoglycosides, this is compensated by its lower toxicity and
therefore higher allowable dose. Gentamicin and tobramycin are comparable in activity,
aithough tobramycin is slightly more active against P. aeruginosa. They are susceptbie to
the same modifying enzymes and resistance rates are therefore very similar, In conrrast,
amikacin is resistant to many of these enzymes and therefore often an alternadve if straing
are resistant to tobramycin or gentamicin. Netilmicin susceptibility is comparable to that
of gentamicin and tobramycin, although netilmicin 15 resistant to some of the gentamicin
Inactivating enzymes and thus in some cases a good alternative. Antimicrobial activity of
aminoglycosides has four distinet and clinically important aspects:

I Concentration-dependent killing
IL Postandbiotic effect

III.  Adaptive resisunce

IV.  Synergism with other anubiodcs

Contentration-dependent &illing

In vivo and in virre studies have shown that aminoglycoside induced rate of bacteral
killing as well as induction of zesistance is peak concentration dependent3'35, This is
lustrated by figure 2. Other in vitro investigations, mimicking in vivo fluctuations of
drug concentratons, have shown a single bolus of aminoglycoside to be supetior in rate
and total amount of bacterial killing to the same dose in 2 multiple daily dosing regimen,
in non-neutropenic animalsé: 37,

Figure 2: killing corves of tobramycin. Incola of 3 x 107 g‘i{/ wil P. aeruginosa  were incubated with
tobrantycin for 24 hours in a range from 0.25 16 x MIC (Adapted from J. W. Menton)*
12 -
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Postantibiotic effect

Aminoglycosides are often reported to have a postantbiotc effect (PAE), meaning that
there is suppression of bacteral growth for several houss after andbiotc serum
concentrations have dropped below the MIC3¥-1, However, the PAE in these studies was
not determined under condidons where decrease of concentrations was similar to that
seen in patents. The PAE was most often determined by exposing bacteria to an
antibiotic for limited a perlod of tme, usually one hour, whereafter the drug is abruptly
eliminated. Delay in resumption of growth is compared to a control curve. Recent in vitro
pharmacokinetic models simulating the normal gradual decrease of serum concentrations
in patients however, have failed to show evidence of a PAE beyond the MIC, especally
with longer serum half-lifes* . In vivo expetiments indicate that there is a PAE, which
even increases with mcreasing serumn half-life 45, The difference between in vivo and in
vitro models is partly explained by the fact that in vivo regrowth of bacteda is determined
at sub-MIC concentratons*:, Other host-related environmental factors may also play an
important role. PAE should therefore be labeled a5 a postangbiodic sub-MIC effect. The
clinical relevance is stll unclear, and the emphasis on this effect in discussions on

extending dose 1ntervals of aminoglycosides is questionable.

Adapiive resisiance

Antimicrobial activity of aminocglycosides is associated with a temporary adaptive
resistance™ 7 It is a reversible form of resistance which develops within 1 to Zh of initial
exposure to an aminoglycoside and disappears several houts after removal of the
antibiotic. In this time perod the bacteral population surviving the initial exposure are

less susceptibic to a renewed dose of aminoglycosides.

Symergy with other antibiotics

Synergy of aminoglycosides with other cell wall active antibiotics, like penicillins and
cephalosporins has been established* 45, This synergy 1s the basis of the clinical choice for

combination therapy of aminoglycosides with penicillin or cephalosporins.

Issues of toxicity, which will be discussed later, concentration-dependent killing,
postantibiode effect (although doubtful), as well as adaptve resistance are the ratonale

for the change to extended interval dosing of aminoglycosides over the last decade®-51.
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Drug resistance and suscepuibility

Resistance of aminoglycosides in the Netherlands is defined according to natonal

guidelines on susceptibility and is divided in three groups as shown in wble 3.

Table 3: Susceptibility criteria in mg/ L according to the CRG' (Dutch committee on gridelines in

susceptibility of microorganisms) compared with NCCLS gridelines

Antibiotie |  NCCLS?
' s N R
P > <= >=-<: >=
Agmnikacin 16 16 32 64
Gentamicin 1 1-4 4 4 § 16
Netilmicin 2 28 8 S 16 32
Tobramycin i 1-4 4 4 8 16

V Commissic dchtlijnen gevoeligheidshepalingen, * Nationai Committee for the Clinieal Laboratory Standards,
8= susceptible, I=intermediate resistance, R=resistant

Resistance to aminoglycosides can occur by three mechanisms, rbosomal resistance,
decreased uptake and/or 2ccumulation and enzymatic modification. Ribosomal resistance
will not be discussed since it is only pertinent to stweptomycin.

1. Decreased uptake and/or accumulation

A decrease m drug uptake 13 a clinical significant aspect of aminoglycoside resistance. The
underlying mechanism, though probably related to membrane impermeabilization, s not
really known®2. It pertaing to all aminoglycosides and 1s a stable characreristic resulting in
2 modetate level of resistance?. Another important phencmenon i aerobic gram-negatve
bacteria is called adaptive resistance, defined as a reduced antimicrobial killing in originally
susceptible bacterial populations after inital incubation with an aminoglycoside®. It has
clinical relevance especially for immunocompromised patents and in serious infectdons
with gram-negative bacteria. Adaptive resistance is probably related to membrane protein
changes and altered expression of regulatory genes of the anaerobic respiratory pathway™,
It can be overcome by higher peak serum concentrations of aminoglycosides, which

underscores the need for extended dose intervalsss,
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2. Enzymatic modification

Aminoglycosides can be modified with subsequent loss of antmicrobial activizy by
enzymes produced by bactetial pathogens®. The three major classes of enzymes are
Neacetyltransferases, C-nucleotidyltransferases and O-phosphotransferases. The genetic
code for these enzymes Is largely contained in plasmids, thereby rendering the resistance
easily transferable. In addidon, it is important to realize that all suscepdble positions in
aminoglycosides can be modified by several enzymes and that several inactivating genes
can casily develop from a common ancestor leading to the conclusion that it will be
unlikely that making aminoglycosides resistant to inactivation by a specific enzyme will be
2 worthwhile effore.

1.1.2. Specific aspects of aminoglycoside use in neonates
General aspects in neonates

Bacterial infections coatinue to be 2 major cause of morbidity and mortality In preterm
infagts admitted to neonatal intensive care units INICU’s)%, though a decline in sepsis
associated neonatzl deaths has been reported™. The immunologically incompetent
premature neonate is susceptible to invasive microbial infections through hospitalization,
ventilation and invasive procedures, such as the mwoducton of central venous lines,
Nosocomial infectons In the neonatal pedod, including septicemia, meningitis,
pneumonia or urinary tract infection occur in approxmately 18% of very low birthweight
(VLBW; <1500 g) mnfants®. Cultute proven early onset sepsis, defined as within the first
3-4 days of life, occurs in approximately 2% of VLBW infants, but there are limitations to
biood cultures in neonates and single blood cultures can be false negarive™-61,

Among major pathogens responsible for bacteral infections during the first month of life,
Gram-negative bacteria like Escherichia ek, Klebsiella spp, Enterobacter spp and Prendomonas
spp, play an increasing role, possibly related to the incteased prenatal administration of
antibiotdcs and use of percutancous central venous catherers in the NICHS 6264,
Aminoglycosides are effective against most nosocomial scquired gram-negative infectons
in term and preterm infants and are synergistc with 3-lactam andbiodes in treating group
B streptococcal and coagulase-negative staphylococceal infecdons. They play an important
role in the imitial empirc treatment of neonatal septicemia®s. After penicillins,
aminogiycosides are the most commonly used drugs in the neonatal intensive care unit
(NICUyse. A MEDLINE search shows that since 1966 more than 900 artcles relating to
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aminoglycoside use in neonates have been published. Despite this enotmous amount of
documentation, there is stll much debate about the proper use of aminoglycosides in
infants.

Pharmacokinetics

Aminoglycosides have a pharmacokinetic profile consisting of 2 rapid distdbution phase
(t1/24), elimination phase (t1/2s), and a second climinaton phase (ti/2y). The gamma phase
can only be determined after discontinuation of the drug. Distibution half-life is
5-10 minutes in adults, but has never been measured in newborns. The gammsa phase in
infants is long. Netlmicin was detectable in blood and urine 11 and 14 days after
discontinuadon, with a t1/2, of 62.4h%. The tssue half-life in renal cortex is 4-5 days®. In
most studies aminoglycosides are studied using a one-compartment open model with
individual pharmacokinedc parameters esimated by way of the method described by
Sawchuk and Zaske®. In general, the serum concentratons and pharmacokinetic data
mentioned in most studies concern the elimination phase, which is adequately described
by a one-compartment model. There are, however, some studies that have shown a two
compartment model to be supetior in predicting serum tyz and  serum
concentratdons ™72,

Aminoglycosides are eliminated from the body by way of glomerular filtradon; it is
therefore predictable that a relation berween glomerular fltradon rate (GFR) and serum
concentrations exists. The link between GFR and aminoglycoside pharmacokinedes is
oftent. 7372 but not coasistently’’ 75! described In neonates. Brion et al?® showed a
lincar reladon between GFR and gentamicia tijz, bur GFR was determined by serum
creatinin, Some authors reported that serum creatinin measurements in newborns do not
rehably predict GFR. They hypothesized that serum creatinin concentrations in the initial
days after birth were a reflecdon of maternal serum creatinin, However, it was recentdy
shown that the serum concentration is inversely related to gestational ages2. If the serum
creatinin concentration in the days after birth 15 indeed a reflection of maternal serum
creatinin, the youngest infants should have had the lowest concentration because maternal
serum creatinin i3 lowest at the beginning of the third trimester®. Therefore the elevared
concentration of serum creatinin in these infants during the first postmatal days probably
reflects the difficulty these children have to eliminate the excess creatinin transferred from
their mother. Furthermore in adults it has been shown that aminoglycoside

concentratons can change without concomitant change of setum creatnin®,
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Table 4: Resnits of pharmacokinetic studies of aminaglyeosides in neonates

R{:f(.:t(_.‘.r_)..(_:p"._ N : . _ CL SV T g L
L * (grams) = (b /min/kgy LAk o)

Awmikacin
Padovani, 32 32+36 1740 =810 1.08£0.51 0.655 £ 0.414 7.6t 44
1993
Kenyorn, 28 30.5 2.86 1380 £ 170 0.83%028 0372011 8.4
1990
Kenyon, 6 32-40 1-3 1500-3400 1.0510.30 070+ 027 2
1990 5 56-40 5-8 2100-3600 1.08 £ 042 049 =011 5.6

11 32-38 =8 1900-4600 1.78 £ 0.53 0732013 51
Genlamicin
Nakae, 1988 19 1 < 1500 0.75 £ 0.60 0.72+£045 13

18 1 = 1500 0.97 £0.23 078 £0.39 13.8

20 4 < 1500 050 £ 0.18 0.60 £ 0.36 10.9

23 4 = 1500 0.72 £ 010 050 £4.18 8.1
Kildoo, 1984 15 <33 <7 < 1500 038 L£0.15 0.53 £ 0.10 11.1

15 <33 8-30 < 1500 0.45 £ 0.17 050 £ 0.11 10.8

6 <33 > 31 < 1500 1.18 £ 0.45 0.50 +0.11 4.4
Koren, 1985 12 1.8 <1000 0.52 + 0.08 0.35 +0.07 7.9

36 18 =1000 0.65+0.13 038 +0.13 [

20 <30 1.8 058 +0.12 7.4

35 =30 18 0.63£0.13 6.5
Izquicrdo, 11 28-33 2-30 1.00 0.597 6.53
1992 31 35-38 2-30 1.22 0.538 4.95

55 39-43 2-30 1.15 0.542 5.17
Williams, 216 3239+£283 ? 1850 =670 075+ 035 0534 +£0.13 898 =256
1997 106(PDA) 29.024+292 = 1160 =530 0.67£028 0.6t £0.15 1224 =743
Watterberg, 24 (PDA) z < 1500 0.93 £0.33 0.64 +0.20 849 £2.69
1987 16 ? < 1500 0.83 £ 04 0.41 £ 0.08 623 +1.92
Dakl, 1986 11 26-33 1-10 13

5 34-40 1-10 6
Isemann,
1996 16 306L£08 <12h 1600154 0.57 £ 0.03 102 £ 0.89

18 29021081 <12h 1293+ 145 0.38+0.02 120084

Abbreviations: 5= number of patients in stady, PDA= parent ductus arreriosus, ECMO= exmracorporeal membrane
oxygenaton, GA= gestatdonal age, PNA=  postmanl age, PCA= postconceptional ape, AS5= 3 apgar score,
CL= total body clearance, Vd= volume of diseributon: ty/= seram half-life



Table 4 (continued): Resuils of pharmacokinetic studies of aminaglicosides in neonates

CPNAL or Civd

) (ﬂ’i/ﬂnn/kg) ._'(L/kg;i)'”_ e

Reference N w7 IGAT

S (Q;ck?i)

Gentamicin {ontinied)
Southpate, 10 ECMO 36-43 <7 278 21,55 051011 9.55 £ 438
1989
Themson, 113 >34+A5527 0-30 500-4500 0.88 047
1988 C34+AS5<T 27
<34+AS527 0.6
Faura, 1991 163 3745 7.8£11.7 2432 £ 952 0.64 =0.22 8.2+48
Pons, 1988 15 < 37 G-2 1.03 £ 0.37
27 =37 0-2 1,40 £ 047
8 <37 3-7 1.78 £ 0.63
16 =37 37 1.78 £ 0.38
1 <37 8-28 1.67
14 =37 8-28 1.97 = 0.43
Nesilmicin
Granat, 1985 22 27-40 <16 §00-3400 107 %028 0034L 011 96
Kuhno, 1986 12 28-33 <28 770-2050 (.83 027 0631024 8.6
Siegel, 1979 16 <7 < 2000 0.609 4.7
3 »>=7 < 2000 0599 4.1
<7 > 2000 0472 3.4
23 <7 > 2000 0.617 44
>=7 > 2000 0.510 38
Tobranycin
Nahata, 1984 19 29-40 2.4 1000-3555 115 (0.70-1.83) 0.82 (0.541.76) 8.6(3.5-14.1)
&7 1000-3555  1.14 (0.G2-1.36) 0.68 (040-106) 7.1(4.6-11.6)
3 2-4 1000-1300  1.09 (0.74-1.15) 1.04 0.64-136) 1L.1(6.6-14.1)
47 1000-1300 102 0.62-1.53) 0.73 (0.46-1.06) 87 (3.7-11.6)
Naharta, 1984 9 28-30 2-6 1044022 0.84 + 031 93128
11 30-33 26 1132033 G.81 £0.20 89 %30
6 34-40 26 1.28 £ 0.31 0.61+0.14 3612
7 26 1000-1250 105 0.20 1022027 11330
[ 26 1260-1500 1.12:£ 039 0.74 = 0.16 8.21+29
7 2-6 1500-2000 1.10=0.32 0.69 =0.16 75+16
6 26 3100-35300 1.28=0.31 0.61 £0.14 56+ 1.2
Nazhaw, 1986 § 24-30 3-5 <1000 0.69 £0.10 0.59 +0.1¢ 99+%15

Abbreviations: n= number of padents in study, PDA= parent ducmus arteriosus, ECMO= extracorporeal membrane
oxygenadon, GA= pestadonal age, PNA=  postnaral age, PCA= postconceptional age, AS5= 5 appar score,
CL= total body clearance, Vd= volume of distribution; 1= serum half-life
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Keyes showed that serum wough concentrations could not be reliably predicted in
newborns with serum creatinin®. In conclusion these studies suggest that, though there
is a reladon, serum creatinin in the first week of life can not be accurately used to predict

aminoglycoside clearance.

Effect of gestational age and birthweight on pharmacokinetics

The volume of diswibution (Vd) of most drugs is larger in neonates, especially m
prematures, primarty due to a higher percentage of extracellular water®> %, As can be seen
in table 4, this also holds true for aminoglycosides. There is a consistently higher Vd for
prematures, especially in the VIBW-group/ gestational age (GA) group below 30 weeks.
Most authors have found birthweight (BW)71. 7. 878 10 be the best predictor of Vd, some
found Vd to be independent of GA™ 0, In practce, this means that premarures will ead
up having lower peak serum concentrations. The interpatient variability of Vd in these
groups is greater and therefore serum concentradons are difficult to predict in the
mndividual premature infant. Total body clearance (CL), associated with GA”- 73 % and
BYL8789 s lower and elimination half-life (ti/2s) s longer in preterm infants, leading to
higher serum trough concentrations in this group. This can be explained by the significant
increase of GFR with GA and BYW described in recent stadies®- 22, CL and t1/2 are alse
highly variable in the VLBW infants. Substandal effort has been put into developing
formulas, mostly based on population pharmacokinetic studies, which potentally will lead
to better prediction of serum concentrations in the individual padent’ -8, Despite these
efforts varlability persists and therapeutic drug monitoring (TDM} remains common

practce in all infants.

Effect of postnatal age on phatmacokinetics

Diminishing extracellular fluid in the neonatal petiod®? leads to a corresponding decrease
in Vd with increasing postoatal age (PNA), again especially in the VLBW group. In
contrast, Faura et al® found no difference in Vd between 48h and 144h PNA, most likely
explained by the mean GA of 37 weeks i neonates included in this study. Recent data
have shown a significant postnatal increase in GFR?L%2, A concomitant change in CL and
tij2 has been shown for amikacin®®, gentamicin’ 7% 7% % ¥ petlmicin® 7 and
tobramycin®, but has been refuted by others™ ?*. These data suggest that repeated TDM
should be performed in the first week of life.
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Liadlier

Effect of patent ductus arteriosus, indomethacin, extracorporeal membrane

oxygenation (ECMO) and corticosteroids

Patent ductus arteriosus (PDA) as well as postnatal exposure to indomethacin alter the
rapid postnatal increase in GFR?, possibly through decreased renal blood flow, leading to
an increase in Vd and a reducton of CL. Increase in V@ of geatamicin is found in infants
with PIDA. 100, In this patent group fluid overload is common. A recent study in
premarures? showed that a gentamicin Vd exceeding 0.7 L/kg has 92% specificity for
presence of a hemodynamically significant PDA. However, important deficiencies in the
design of this study wete reported'?l, Closure of PDA leads to significant decrease in Vd
of more than 30 %1% 102 Dosage adjustments, based on TDM, should be made in
patients with PDA. The effect of indomethacin, used for closure of PDA, 25 well as
surgical closure itself necessirates TDM. Information on gentamicin disposition in infants
on ECMO is scarce. Two small studies?™ 103 showed Vd o be increased. Serum half-life in
patients on ECMO was 9.55h and 9.24h respectively, and decreased to 3.87h in the same
padents off ECMO in the study by Dodge et al'®3, Southgate et al. showed that serum
creatinin is a significant predictor for 1127 On the basts of these data, dosage adjust-
ments should be made in this group of infants, They advise an initial dose of 4.3 meg/ke,
with a maintenance dose of 3.7 mg/kg/18h'®, Prenaral exposure to corticostercids,
which is seen increasingly in the VLBW group, leads to increased intra-uterine maturation
of kidney function, possibly through direct vasodilatation mediated by glucocorticord
receptors®l. Though this point has not been investigated vet, it might have a significant
effect on pharmacokinede parameters in this group of infants. These studies indicate that
extra therapeude drug monitoring (TDM) is warranted in patients who are either on

ECMO, have an open ductus Botalli, or are exposed to indomethacin,

Drug resistance and susceptibility

Broad-spectrum aantbiotcs are generally used in NICU’s as empidc weammen: of
(suspected) neonatal sepsis. Drug resistance in NICU’s is an important factor related to
this empircal use. Over the years aminoglycosides remain anubiotics of first choice in the
initial empircal treatment of necnatal septicemia, both because of their broad spectrum as
well as thelr actvity®.

Since most serlous infections in the NICU are caused by Enterobactedaceae and

coagulase negative staphylococci (CONS), these are the organisms that are now
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considered with respect to emergence of resistance in the clinical setting. In one study, a
change from gentamicin to amikacin was initiated because of gentarnicin resistant COINS.
Although amikacin resistance quickly emerged in the CONS, the bacteria that caused the
serious infections remained suscepuble!®. In another study, a change from gentamicin to
amikacin because of the emergence of gentamicin resistant Enterobacteriaceac did not
lead to an increase in amikacin resistant strains. In contrast, there was a decrease in
genrtamicin tesistance!™. In a third study on a NICU, the change from gentamicin to
amikacin led to an outbreak of amikacin resistant Serraie spp, which remained suscepuble
to genramicin'®. However, this could have been due to the intrinsically higher activity of
gentamicin against Serrasia spp. In general, although the number of studies are lirmited,
emergence of aminoglycoside resistant strains other than coagulase negative staphylococci
is reladvely slow'™, which s a definitc advantage over the third generaton
cephalosporins. The frequent use of these latter drugs has been shown to rapidly lead to a

significant increase in the emergence of multple drug resistant strains!07-109,
Toxicity

The major specific side-effects of aminoglycosides are nephrotoxicity and ototoxicity.
Neuroroxicity by way -of blockade of neuromuscular synapses with prolonged muscle
weakness afrer the use of muscle relaxants has not been described m infants. The delayed
type hypersensidvity reaction of the skin is mostly seen after use of topical application of
neomycin or framycetin and has not been descnbed in peonates. Nephro- and otoroxicity

will be described in further detail.

Nephrotoxicity

Aminoglycoside nephrotoxicity is induced by way of proximal tbular injury leading to
cell necrosis. The mechanisms of toxicity have been mosdy studied in animals. Less than
5% of filtered aminoglycosides binds to the brush-border membrane of proximal tubular
cells and is actvely reabsotbed, finally causing cell death. Absorption through the
basolateral surface has also been descrbed®. lnuacellular mechanisms resulting in cell
death are formatdon of hydroxyradicals, increase in phospholipidosis, inkibidon of
Na-K-ATPase, effects on microsomal protein synthests, lysosomal and mitochondsial
injury, Increased tromboxane Az synthests, and wvascular factors like activated renin-

angiotensin system!1Y, Because of the site specific damage, aminoglycoside nephrotoxicity
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does not midally induce azotemia and decreased GIR, but leads to polyuric renal failure,
defective  urinary concenmation  ability, cylinduria, glucosuda, phospharuria,
aminoaciduria, microproteinuria, enzymuria and a slow rse in serum creatinin, High doses
(> 40 mg/kg) are needed to create cortical necrosis and overt renal dysfuncdon'!l,
Tubular cells undergo a proliferative response after treztment leading to repair. This
response is diminished in ill patients?’2, which is a possible explanation as to why patients
are more sensitive to aminoglycosides. The degree of nephrotoxicity is determined by the
quantity of aminogivcosides stored in the proximal wbular cell and the intrinsic potency
of the drug to damage subcellular swucrures''®. Aminoglycosides show drug-specific
saturable uptake into mbular cells in animals'* and humans''5 ¢, Comparison berween
once daily dosing (ODD) and multple daily dosing (MDD) or contnuous dosing for
amikacin, tobramycin, geatamicin and nedimicin in adults showed considerably less renal
accumulation for ODD in gentamicin, netilmicin and amikacin. There was no difference
between dosage regimens for tobramycin, though the study group was small 0=18). In
several large meta-analytical studies toxicity scems to be related to high wough
concentrations, indicating that these concentmations are not low long enough to prevent
renal accumuladon, Nephrotoxicity zelated to ODD opposed to MDD was found to be
equal or less in these studies. 0. 34 117. 118, A recent prospective study in adults showed
that both probability and time of occurrence of nephrotoxicity are negatvely influenced
by multiple daily dosing!1?. There is no clear distinction in level of nephrotoxicity berween
the four aminoglycosides in studies in adults®,

The incidence of aminoglycoside nephrotoxicity in nconates is not well known, but seems
to be considerably lower than in adults. Endurng glomerular filration impairment has
not been conclusively shown in prospective studies. GFR was not affected by tobramycin
given for less than 6 days'®. The notmal posmaral decline of plasma creatinin was
temporazily decreased in preterm and term infants wreated with amikacin, gentamicin or
netilmicin, This diminished decline persisted for at least two days after discontnuation of
therapy. After 10 days, these differences could ne longer be detected, except for term
infants treated with gentamicin'®. Other studies showed no difference in serum creatnin
in treated padents versus controls’® 123 No difference in renal funcdon was found
between ODD and MDD for amikacin and gentamicinl?. 124, No relation benween serum
concentrations and GTR disturbances has been demonstrated in infanss.

Tubular dysfunction has been shown in many studies invelving neonates!?-12 125129 and
s mote pronounced in term infants than in preterm newboms!'®. 123 1% possibly
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explained by maturity dependent blood supply differences of the outer patts of the kidney
and lower binding constants in the immature kidney!30. Several studies showed the
dysfunction to be reversible!2!. 122125 One study showed enzymuria during treatment to
be more pronounced with gentamicin than with amikacin in the low birthweight infant!?.
In infants with a GA above 34 weeks no difference in proximal tubular damage was
found between ODD and MDD of amikacin'®. A reversible increased loss of sodium,
calcium and magnesium has been shown to exist during and just after treatment with
amijkacin, netilmicin and gentamicin. Urinary electrolyte loss is higher at peak serom
concentrations'?h 125, In the 1l term and especially preterm infant, who is already at risk
for electrolyte disturbances, the increased loss duting aminoglycoside therapy might be
clinically relevant. In summary aminoglycoside related loss of renal funcdon is rare.

Reversible tubular dysfunction is seen often and already occurs early in therapy.

Orotosdicity

Aminoglycosides are potentally cochlec- and vesdbulotoxic. They accumulate in the
lymphadc fluid of the inner ear from which they are only slowly eliminated (24-36h)!31.
There is evidence for saturable uptake in animals!32 Some authors suggest that ototoxic
effect is only possible after conversion in serum of aminoglycosides to a cytotoxint® 134,
Certain gene mutations lead to a familial increased risk of aminoglycoside induced
sensotineural hearing losst?3. Sequentally outer hair cells, inner hair cells and spiral
ganglional neurons are damaged. Aminoglycosides seem to give a polyamine-like
enhancement of glutarmate N-methyl-D-aspartate (NMDA) receptor activity, resulting in
excessive entry of sodium and calcium which leads to excitotoxic ceil death. Protective
trophic factors like platelet derived growth factor are antagenized by aminoglycosidest®S.
NMDA recepror blockade has been shown to protect against aminoglycoside induced
ototoxicity!¥. Hearing loss 1s usually bilareral, symmetrical and permanent!®, and can also
have 2 delayed onset of months!3!, Most authors suggest that ototoxicity is related to total
dose and duration of therapy rather than to serum aminoglycoside concentrations, but the
relation to aminoglycoside seram concentratdons remains unclear. This form of toxicity
usually occurs in padents who have received cither long, or repeated, courses of
aminoglycosides!®®. No difference in incidence berween ODD and MDD could be
demonstrated®!s. 119, In experimental stadies amikacin appears to be more cochleotoxic

than gentamicin  and tobramycin. Netilmicin is probably the least ototoxic
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aminoglycoside!?. Although vestibulotoxicity is a disabling side effect in adults, it has not
been shown in neonates.

There are many pitfalls in relating use of aminoglycosides to loss of hearing in infants.
Hearing loss in neonates occurs in 0.1-0.3% of cases™. Numerous tisk factors for
neonatal hearing loss have been identified. Perinatal infections, meningitis, prematurity,
hyperbilirubinemiz, birthweight < 1500 grams, asphyxia, respiratory distress syndrome,
mechanical ventlation, antibiotics, and diuretics have all been incriminated!. BEven
though some studies show a relation to administration of aminoglycosides, it remaing
difficult to separate the effect of aminoglycoside use from concomitant factors!#,
Furthermore nital investigations concerning hearing loss, before the introducton of
brain stem evoked response audiomety (BERA), were hampered by the fact that
convengonal and behavicral audiomerry were used, which are not reliable under the age
of 12-24 months.

Table 5: ngpoﬂed otota;aa_zj/ of ammagﬁmﬁde: i1 neonates

Scrum Ototo"(lclty

conc

Creferémee i

Amikain

Finitzo- 50 28-41 0, before discharge, 5.3 + 2.0 <403 Yes 2% (NLS)

Hieber, 1985 follow up

Langhendoes, 100DD 234 039 88+ 138 N.A. Yes No

1993 12 MDD 2.

Gentamicin

Koheler, 1990 7 393 3 N.A. NA Yes Yes, prolonged
latencies in the
treated group

Tsai, 1992 17 ? 5,10 N.A. N.A. Yes Yes, transient

Bernard, 1981 265 tobra) 37 5.10 87+13 163+ 81 Yes Yes

Netilmicin

Finitzo- 49 37-41 0, before dischaspe, 52+ 2.6 <129 Yes 280 (N5

Hieber, 1985 follow up

N.A= not avadable, N.8.= not significant, GA= gestadeonal age, PNA= posmaml age, conc. = concentratons
(mg/L}, value. n = number of subiccts, ODD= once daily dosing, MDD= multiple daily dosing
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Table 5 shows the results of studies concerming aminoglycoside related ototoxicity. Of the
many studies, only those using BERA will be discussed below. Ototoxicity is an
infrequent occurrence in these studies. Many studies did not find any aminoglycoside-
related toxicity, Cox et al!*® found that 14% of infants had abnormal latencies at 4
months in a group of 43 infants with muldple risk factors, but there were no controls.
Interestingly, 3 infants had an inidal normal BERA followed by an abnormal BERA at
follow-up. This means that auditory evaluation during, or just after discondnuing
aminoglycosides, will not capture all patients with induced hearing loss. In the other study
with a high rate of ototoxicity, the 8 padents with abnormal BERA’s and aminoglycoside
treatment less than 10 days, also had another reason for hearing loss'. The best study so
far, with a baseline value, follow-up and a control group, found 3 patients with hearing
loss; 1 patient cach weated with netilmicin or amikacin, and 1 control'™. Several studies
found a transient hearing loss!* 145, Some studies found a relation with duration!#1 14 and
total dose!¥- 1%, No clear relation was found to peak and trough concentrations.
Concomitant treatment with furosemide and vancomycin was associated with hearing
loss33 132, W7 The results mentioned above lead us to conclude thar aminoglycoside
related hearng loss in infants is infrequent. possibly transient and might be late in

appearing.

Aminoglycoside therapeutic drug monitoring and dosing

Dose and dosing interval are derermimmed by the desired therapeutic range and
pharmacekinedc as well as pharmacodynamic properties of a drug. It is difficult to define
the desired therapeutic range for aminoglycosides. Peak concentrations of > 4-5 mg/L are
generally accepted as necessary for antbacterial efficacy when dosing thrice
daily* 8. 145 349 but questions are being raised aboutr the underlying basis of this
assumption!®. What is known, is that efficacy of aminoglycosides is related to the rato
of peak serum concentraton to the minimal inhibitory concentaton (MIC) of the
infecting micraorganism and the area under the time versus concentradon curve (AUC).
In vitro ratios of 10:1 prevent emergence of aminoglycoside-resistant pathogens®™ ¥, In
several large meta-analysis studies toxicity seems to be related to high pre-dose
concentratons®. 30 8. 117 Commonly accepted trough concentration goals in adults are
<2 mg/L. but when dosing once 2 day most authors keep < 1 mg/L as a safe
Lt 51150131, As described before, neonatal data on nephro- and orotoxicity as well as

efficacy, in reladon to arminoglycoside scrum concentradons are not available, and
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therefore have to be extrapolated from adult and experimental models. Based on the
aminoglycoside susceptibility of gram-negative pathogens involved in nconatal septicernia,
a reasonable target range for neonates would therefore be pealk serum concentrations of
5-10 mg/L for gentamicin, netilmicin and tobramycin and 15-30 mg/I. for amikacin.
Trough concentration goals ate < 2 mg/L when dosing thrice daily and < 0.5-1.0 mg/L
for ODD in gentamicin, netilmicin and wbramycin and 1.5-3 mg/L for amikacin. As
described before, investigations concermning the pharmacokinetics of aminoglycosides and
other drugs in neonates have shown thar elimination half-lives are looger in neonates,
especially in preterms. This is primarily due to a higher percentage of extracellular water
and thus a larger volume of distribution and reduced clearance. Most dosing schedules for
preterm and term neonates take this into account. Currendy recommended doses are
2-2.5 mg/kg for gentamicin, netilmicin and tobramycin and 7.5-10 mg/kg for amikacin,
with dosing intervals, dependent on gesttonal age (GA) and postnatal age (PNA),
berween & and 24h. A critical look at the available data shows that required serum
concentrations as mentioned above are not reached with most of these dosing regimens,
stressing the need for other dosing strategies.

In lerger studies, inadequate serum peak concenmatons and elevated serum trough
concentrations were found, especially in VLBW-infants®. 152155, Tt has to be noted that
many studies used steady state peak serum concentrations after the fourth dose, which are
often higher than nital peak serum concentrations. From the viewpoint of efficacy it is
impormant to obrain an adequate peak serur: concentration after the first dose, which led
several authors to advise a loading dose of aminogiycosides!ts 136, 154, 156 Tt seems clear,
that given the desired goals and the pharmacokinetic properties, aminoglycoside dosing in
newborns should be revised towards larger doses at extended intervals. Several studies o
that effect have been published recently®.124,

Duc to the large interindividual variability of eliminadon half-life, especially in preterms,
dosing interval has to be mdividualized. Currendy this 15 performed by mking blood
samples in steady state, around the third or fourth dose, Antibiotic courses in neonates
are often relatvely short. Anthiotcs are initally started in a large percentage of patients
in the first 24h on clinical grounds. They are discontinued if cultures remain negative after
2-3 days. Purthermore it is essential, when giving aminoglycoside antibioties, to obrain
efficacions peak levels after the first dose. These arguments point to 2 need for early
TDM in neonates. A simple method for early TDM might be obtaining two serum
samples 1h and 6h after the first dose. Tndividual dosing interval is then determined by
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the calculated t1/2, the target serum trough concentration being 0.5 mg/L. This method
will have to be prospectively validated.

In conclusion, on the basis of these recent data, dosing of aminoglycosides in newborns
should be revised to higher doses per kg with longer dosing intervals, as has been
propagated in adults over the last few years. The rarity of aminoglycoside related toxicity
in studies in infants, the paucity of case reports on this subject, the lack of evidence for
relation to serum concentraton, and the data in adults, jusdfy starting infants on higher
initial doses with longer intervals and eatly TDM for clinical trials.
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1.2 Use of vancomycin in neonates

1.2.1. General aspects of vancomycin
Introduction

Vancomycin is an antibiotic first isolated from an Indonesian jungle soil sample in 1956
and was the first of the new class of glycopepdde antbiotics. Irs inital clinical use in 1958
was facilitated by the emergence of penicillinase-producing staphylococcal. It was largely
supplanted by methicillin sodium, iatroduced in 1960, due to the frequent occurrence of
side effects associated with vancomycin use, including generalized skin erupdons,
phlebitis, fever and more importanily deafness and renal fallure!37 198, Several factors have
contributed to the “rediscovery” of vancomyein in the 70%s. First, important changes in
the preparation of vancomycin have led to 2 reduction of impurites present in the
product and a concomitant decrease in incidence of side-effects!®-181. Sccond, the
emergence of methicillin-resistant staphylococci has necessitated a change in antdbiodc
policy for these infecdons.

Despite the emergence of vancomycin resistant enterococcl, vancomycin still is the most
widely used glycopeptde antbiotic, and is a comerstone in antibiotic treatment of gram-

positve infections in adults as well as neonates.

Structure and chemical properties

Vancomycin and teicoplanin comprise the commonly used glycopeptide antibiotics and
are unrelated to other antbiotdces. They are complex soluble glycopeptdes, consistng of a
seven-membered peptide chain, in the form of three large rings. Five of the seven amino
acid residues are common to all glycopepudes!®®t6+, A disaccharide, composed of glucose
and vancosamine, is also present but is nor part of the cyclic structure. The molecular
weight of vancomycin is 1,448 Dal%s,

Vancomycin is hydrophobic, but less so than teicoplaninl®, It has a moderate protein
binding (10-55%) and exerts its activity over a wide pH range of 6.5-8 166167, Vancomycin
can be inactivated by heparin in high concentrations! 5,
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Method of action

The bactericidal activity of vancomycin is based on the inhibition of bactedal cell wall
synthesis. It complexes, by way of hydrogen binding, to the D-alanyl-D-alanine portion of
peptdes found only in bacterial cell walls. The binding of this lazge molecule to the
peptide side chain shields the substrate from the enzyme peptdoglycan synthetase!®?. This
interferes with cross-linking of cell wall pepddoglycans and therefore bacterial cell wall
dgidity can not be achieved!®- 163 170, The mechanism of acdon implies that vancomycin
can only exert its effect on growing bacteria. Other, less important modes of action are
alteration of the permeability of cytoplasmic membranes and selective inhibidon of RINA

synrhesist7h 172,

Vancomycin antimicrobial activity

Vancomycin s bactericidal for a host of aerobic and anacrobic gram-positive bacteria.
Strains of Staphylococcus epidermidis and Staphylococcus aurens are susceptible to vancomycin,
although emergence of vancomycin intermediate resistant strains are a growing concern,
which will be discussed later! 7.

Normal minimum inhibitory concentradons (MIC's} are in the range of 1-3 meg/L 17,
Vancomyein 1s bacteriostatic for enterococci!®,

Important aspects of andmicrobial activity of vancomycin for clinical practice are:

L Lack of concentration-dependent killing

II.  Postantbiotic effect

III.  Synergism with other angbiotics

Lack of concentration-dependent killing

Several recent studies have shown that the extent of bacterial killing is nor related to peak
serum concentraions but to the time the antbiotic concentration is maintained above the
MICI7+175. This may however be dependent on tme of exposidon. An in-vivo study
showed that in the first 12h the MIC was the most important factor, while for the total
first 24h the AUC was more important’™. Thete are conflicting conclusions in the
rransladon of in-vitro and in-vivo resulis to vancomyein dosing, Most authors advocate
12k intervals in adults. Some give continuous infusion and others dose once daily!7880,
Trearment failures due to once daily dosing have been described!®t 182, Contnuocus

infusion of vancomycin was proven to be as effective as intermirtent dosing!™.
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Postamibiotic effeet

Vancomycin shows an in-vitro postantibiotic effect (PAE) against 5. amrews, 5. epidermidis
and enterococcal species, lasting 1-6h'7% 183182 Ag with aminoglycosides, PAE should be
studied under conditions simulating dme versus concentraton curves seen in clinical
practee The duradon of PAE effect seems to be far longer when bacteria remain exposed
to vancomycin concentradons of 0.1-0.3 me/L, indicating a sub-MIC effect!™. In vivo
experiments relating PAE to vancomycin concentrations are scarce. A definite conclusion

on the clinical importance of the PAE of vancomycin can not be drawn.

Sysergy with ather antibiotics

Combinatgon of vancomycio with an aminoglycoside or rfampicin is synergistic for
5. aurens (both methicillin-sensitive and methicillin-resistant) and S epidermidis and
enterococcal infections!®® %7, In enterococcal infections synergy can be achieved in most

cases by adding an aminoglycoside as well%2,

Drug resistance

Chnically important resistance t© vancomycin 1s seen In enterococci, 5. awrens and S,
epidermidis. An unserding increase of vancomycin-tesistant enterccoccl has been noted in
the Unired States, related 1o selection pressure by indiscriminate use of vancomyein'$%. 190,
Resistance in enterococc has been linked to at least four genes and types of resistance,
Van A, Van B, Van C and Van D. Van A and Van B resistance can be transferred by way
of plasmid conjugation w other enterococcil? 91 Van A leads to vancomycin and
teicoplanin resistance, Van B resistance retains susceptibility to teicoplanin'®’. Van
C phenotype shows low level vancomycin resistance bur remains susceptible to
teicoplanin'™. 192,193, There are two alarming features to these resistance genes. First, 2
transfer of Van A resistant enterococcl from poultry and domesdc animals to humans has
been noted, possibly as a result of avoparcin use as a growth promoter in animals!? 195,
Second, wansfer of vancomycin resistance from enterococcl to S. amrens bas been
demonstated in the laboratory and an emergence of this phenomenon in the clinical
sitmatdon is feared!. There are an increasing number of reports on intermediate
resistance in S, agwrens and S, epidermidis™. MIC's as high as 16 mg/L with minimal
bactericidal concentratons (MBC’s) of 64 mg/L have been reported for S. epidermidis,

with a concomirant resistance 1o teicoplanin'¥”. After the first report in Japan, a number
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of papers have addressed the emergence of vancomycn intermediate resistant strains of
S. aurens (VIRSA}ITS. 198,195 Resjstance seems to be related to thickened and aggregated
cell walls, though the precise mechanism is not yet known2®, There is cross-resistance to
teicoplanin. Infection with VIRSA is associated with treatment failure of vancomycin,

An important mechanical factor in clinical resistance of S, epidermidis infections to
vancomycin i the producton of a biofilm by the bacterda, thereby shielding it from the
antbiotic with a consequent reduction of andbiodc efficacy® 2%, Furthermore
vancomycin is a large molecule, which inhibits diffusion into localized infection sites like

endocarditis.
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1.2.2. Specific aspects of vancomycin use in neonates

Genersl aspects in neonates

The immunologically incompetent premature neonate is especially susceptible to invasive
gram-positive infecdons through invasive procedures such as central vencus lines, Lare-
onset neonatal sepricemia, defined as occurring after the first 4 days of life, is seen in up
t0 31% of very low birthweight (VLBW) tnfanws®4. Siphylococens anrens and coagulase-
negative staphylococcl (CONS) account for up to 55% of late onset nosocomial
infections in newborn infants®+2%7, A substantal increase in the number of CONS
infections in neonatal units has been reported®s. 202, Especially VLBW infants have
shown an Increase in this type of bloodstream infecdon, associated with length of stay,
neonatal fisk scozres, increased use of central veaous lines and administration of parenteral
nueritdon® 12, Late-onset neonatal septcemia has significant impact on ocutcome and
length of hospital smy. Length of stay i1s prolonged by nosocomial bacteremia by
14-25 days?7 210. 213, Morality in this group is at least twofold higher than in neonates
without late-onser sepsis and sepsis accounts for up to 45% of deaths occurting after two
weeks of admission?7,

Vancomycin is widely used as empiric antibionc for treatment of line-related infecdons in
neonates. This glycopeptide antbiotic has been used in pediatric patents, including
neonates, since the late 1950°3214, As in adults, it has come into disuse in the 60°s because
of side effects. The resurge of interest n the 807s was instigated by the establishment of
CONS as a clinical significant pathogen for nconatal septcemia and the emergence of
methicillin resistant S, amress and 5. gpidermidis in neonatal inrensive care units
(NICU’s) 213218, With the increase of CONS as a cause of late-onset neonaral sepsis, the
continuous use of low dose vancomycin or teicoplanin added to parenteral nutrition has
been advocated 21923, Although a reducton in number of gram-positive infections in
preterm nfants has been shown, no decréase in mortality or length of stay has been
proven®®. Given the concerns abour development of resistance by overuse of
vancomycig, routine prophylaas with low-dose vancomycin should not be given®s. 226,
Frequent administration of vancomycin for intravenous catheter-related infections in
neonates will remain necessary however, and knowledge abour pharmacokinetic- and

dynamic aspects of vancomycin use in neonates is needed to ratonalize treatment.
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Pharmacokinetics

Vancomycin has a pharmacokinetic profile consisting of 2 distdbution phase, which is
longer than in aminoglycosides (ti/2) and an eliminaton phase (t1/29). Cne, two or three
compartment models have been described n adults. It has been suggested that 2
tdexponendal  model  best describes  vancomycin  disposiion®.  Vancomycin
pharmacokinetics in neonates has been described using 2 model independent?28, onelsd. 268
2324 or twe B8 24297 compartment model. A one compaztment model seems 1o be a
valid tool in predicting serum conceptrations, as long as these are drawn in the post-
diszributon phase?$. Since most studies take peak serum concentadons 1h after a 1h
infusion this is very lkely the case. Earlier serum sampling mighe lead to an
underestimation of the apparent volume of distributon at steady state (V..

Pharmacckinetic parameters of vancomycin in neonates are different from those in
adults. These differences are largely determined by the change in amount of body water
and mararatdon of renal function, which makes place in term and preterm newbom infants.
These changes also result in higher inter-individual differences in neonates than in adulrs.

Results of pharmacokinede studies of vancomycin in neonates and infants are shown in
table 6.

Distribution

Vancomycin Is only used intravenously in neonates. Distibution haif-life (ti/z) is
approximarely 0.5-1 hour in 2dults®™. In neonates and infants it ranges from 0.05-0.4%%h,
but has only been determined explicidy in one study®5. Others have suggested that ti/z.
might be longer, even up o four hours 238 2%. 2%, Secay et al. calcalated t1/2 « from
population parameter values and found values berween 2.8 and 3.7h depending on
gesmtional age and doparnine as co-medication 2%, Volume of distnbuton in steady state
(V) in neonates ranges from 0.38 to 1.06 L/kg, with the highest V,, described in patients
on extracorporeal membrane oxygenaton (ECMQ). This is in the same range as
described in adults®?. As mentioned by Rodvold?#®, volume of distribution studied after a
single dose or calculated with the elimination t/2; was often larger than V..

Since meningids often accompanies sepsis in neonates, penetratdon of vancomycin in
cerebrospinal fluid (CSF) is of possible concerm. Vancomycin dosing leads to CSF

concentrations of 7-21% of the serum concentration in adults 73,
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Table 6: Resnits of pharmacokinetic stndies of vancomysin in neonates

N . Subgroup/ ... - GA PNA . PCA BW Vd (L/kg) CL Tz Ref
CRemirk e ) o vedk) grame) (mi/ig/miny (b}
7 Dose 10 mg/kg 32 33 1230 0.756 15 98 245
7 Dose 15 mg/kg 34 4.7 1570 0,706 am 59
7 Doxe 15 mg/kp 40 26 3070 1.690 308 6.7
3 Weight €1 kg 29% 30k 300 0.970=0.426k 1.09920.293 9.92=2.59 242
6 Weight > 1 kg 400 327 13780 Q.647 203620 1.030+0.225  5.35=0.77
11 No mens available 2740 37 29-41 §30-4350 3.5-%.6 247
14 PCA <41 26-40 8.66 324 Q.481+1.165 1.34=0.46 4.87 236
& PCA >43 31 90-210 542 0.3771£0.036 1.6720.61 3.04
6 PDAs+indomethacin 7 290 0.71£0.36 0.38+0.15 24.6%124 2499
5 No PDAf conrrols 15 320 484017 0.90+0.57 70418
20 26.3 364 1300 G.69310.149 229
15 Ficst dose 234 21 314 1069 0.3310.13 1224074 60120 228
12 Steady state 0.532z01 1.16+0.64 66X
i3 20,86 3gk 38t 13750 0A7+0.15% 14440890 51300 230
15 29.0 29 33.2 1297 0.48=0.09 1.07£0.34 5.46+1.6 24
13 100 3090 1262+ 0.522G.03 0.74£0.20 854350 232
1 Exposed 1o 26 18 283 310 0.57=0.06 0.6+0.17 11.9+3.7 241
Indomuethacin
19 No indomerhagin 29.3 34 342 1780 0.52+0,03 1.220.53 56Z1.6 24
192 NONMEM: 206 15 1480 0.764E254.1% 238
2 compartment
NONMEM- 27.6 16 1305 0.496519.5%¢
1 comparmmenr
29 31.2 18 334 1860 (.55120.205 1.01=0.37 237
16 PCA 27-30 26.6 18 294 972 0.55 + 0.02 1.00=0.07 6.632G.35 208
15 PCA 31-36 294 23 329 1379 0.56 £ 0.02 1.17=0.08 5.59=0.36
13 pCA =37 339 24 539.2 2616 057 002 1.3320.03 4.9020.39.
15 Dav2 90 6400 0.8120.6 15205 5.3+3.2 231
15 Day 8§ 90 6400 0444019 1.2+0.4 34112
12 ECMO 39 2 3300 1061043 0.7820.19 16.9£9.5 250
1 30.8 13 334 1186 048 £ 013 0.6320.18 245
15 ECMO 388 13 3100 G.4540.18 0.65£0.23 229+£2235 240
15 Ne ECMO 307 3 3460 0.39+0.12 0.79+0.41 6.53+2.05
24 Seandard dose 29.2 30 33.5 1300 1.1920.55 180
29 Adjusted dose 305 24 33.9 1800 0.61£0,39 0.9920.41
72 Development algorithm 294 26 329 0.65%0.34 1262035 69145 255
17 Testing wgorithm 284 39 320 0.67£0.28 1.40+0.67 6.513.3
59 NONMEM analysis 29 19 32 1520 (0L6GIL 18 233

‘mil/min/1.7 m?, “caleulated from individual values for all patents mentioned in the article, Populadon mean
+ interindividual variability, Ymi/min, “Patent ducrus asteriosus, fage when put on ECMO, #Populadon analysis,
PAppatent volume of diswibudon of betn phase, GA = pesmtonal age (wecks), PNA = posmaml age,

BW = birthweight, N = number of patents



In children Spears reported CSF concentratons of <0.8 mg/L in seven samples 1-12h
after the vancomycin dose?t, In infants the first report by Schaad er al. found CSF
concentrations of 7-21% of the serum concentraton in three patents?®. Later reports
have mentoned CSF concentrations ranging from 0.2 to 17.3 mg/L, with vancomycin
CSF penetration ranging from 7.1 w0 68%>1-2% No dear relaton of CSF concentradons
to serum concentratdons was found. As in adulrs, thete is a significant correlation berween
CSF concentradon and markers for meningeal inflamumation 197. 253, Data on this subject
are scarce, however, and vancomycin can not be relied upon to adequately treat gram-

positive meningids whea given as the sole antibiotic.

Excretion

Vancomycin is climinated from the body by way of glomerular fileraton. After 24h
§0-90% of an administered dose can be recovered from utine in adults'?. A small amount
is climinated by non-renal mechanisms of unknown origin®®. In neonates 44% of
vancomycin was recovered unchanged after 8h*%. Total body clearance (CL) in adults
(0.71-1.31 mi/kg/min) is often higher than that reported in neonates and infants,
although ranges are similar?56-29,

In necnates CL ranges from 0.63 to 1.5 mi/kg/min, depending on gestational age (GA)
and/or postconceptional age (PCA) (mble 6). Lower clearances were seen in special
subpopulations, which will be descrbed later. Vancomycin /22 in adults ranges from
4-8h in patients with normal renal function. Mean ti/2g in neonates of varying gestatonal
and postconceptional ages ranges from 3.5-10h, with even longer half-lives in neonates
exposed to indomethacin or ECMO treatmment, which will be discussed in more detail
below.

Given the route of elimination, an associatdon between glomerular flmradon rate (GFR)
and excretion i3 logical. In adults vancomyean clearance was directdy related to renal
funcdon, with a vancomycin clearance of approximately 100 mi/min in patients with
normal renal funcron?’. 260-263, In neonates this relation has been established as well.
Serum creatinin and creatinin clearance have been correlated to clearance of vancomycin
in several studies (table 7)I80 229. 232234, 257 239, 2. 247 In term and preterm infants
vancomycin clearance indexed for weight shows a negative comrclation with serum
creatinin 29,232, 234.244.285 Pawlowsky et al. found vancomycin clearance (ml/kg/min) 1o be
inversely refated to serum creatinin, though the significance was lost in the multivariate

analysis 180,
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Kildoo and co-workers found a difference in vancomycin clearance between patients
with serum creatnin <53 puMol/L or 62-106 uMol/L; respectively 1.3820.24 ws
0.79£0.10 ml/kg/min 2¥. Schaible also found 2 negadve cortelation. In a study of
1?1 infants vancomycln clearance (L/h} was best desctibed by a combination of PCA and
the reciprocal of serum creatinin (1/Crg*7. A recent study found a negative, but
nonlinear reladon in a populadon analysis of 59 neonates. Serum creatinin was the sole
covartate included in the fina] analysis, and dose recommendations were purely based on
this factor?®, Rodvold et al. as well as Silva et al. showed a positive relation between
creatinin clearance calculared according to Schwartz and vancormycin CL (ml/kg/min) 23
248, %64, o the latter smudy the authors concluded that creatnin cleatance was not an
important covarte in explaining vancomycin clearance.

Vancomycin t1/2s displays a positive correlation with serum creatinin®? 22 The largest
study to date, performed in 192 neonates, did not include creatinin or creatinin clearance
as a covariate in the model®8, Cleatance found in this stady (0.29-0.98 ml/kg/min) was
lower than repotted in most studies, possibly due to the larger number of VI.BW infante,
sampling strategy or use of the NONMEM statstical approach.

In the case of terminal renal failure, vancomycin clearance by way of hemodialysis and/or
peritoneal dialysis is slow with doses of 15 mg/kg leading to trough serum concentratons
of >4-5 mg/L after 7 days in adults 265, A significant increase of vancomyein clearance
can be achieved with continuous veno-venous hemodiafiltration 266,

Taken together, the published evidence favors a clear relation between renal functon in

terms of serum creatinin or creatinin clearance and excretion of vancomycin.

Effect of gestational age, postnatal age and postconceptional age on

pharmacokinetic parameters of vancomycin

Gestatdonal age, posmatal age and postconceptional age can all be expected to alter
pharmacokinetics of vancomycin. As mentoned in the chapter about aminoglycosides,
the volume of distribution (Vd) of most drugs is larger in neonates, especially in
prematures, primadly due to a higher percentage of extracellular water®> 8, Creatinin
clearance (ml/min) shows a positive cozrelation with gestatonal age® 27, On the basis of
gestational age, premature neonates are expected to have a longer ti/2z. The postnatal
increase in GFR seen in neonates as well as the reduction of extracellular fid*-9* means
that t12s for vancomycin should decrease with increasing postnatal age. There is alsc a

positive relation between postconceptional age and kidney function 7.



Table 7: Correlations between demagraphic variables and pharmacokinetic paranreters

Correlation Coef.  pwvalue Ref | Correlation Coef.  p-value Ref
Exceretion (wot standardised for weight) Excervtion (siandardized for weighi)

CL (L/h) < GA 0.71 <0.0009 241 | CL (mi/kg/min) & PCA 0.724 <0.005 234
CL{A/) & GA 0.59 <0.01 2537 | CL (ml/min) < PCA 0.36! 0.0002 180
CLL/h) & GA 0.48 <005 239 | CL (ml/min} < PCA 074 3.0001 180
CL(ml/min) & GA 0.34 <0.03 244 | CL (m}/mia; & PCA +BW 052 0.0005 180
CL(L/hy & PNA 0.34 <0.01 237 | CL(L/kg/h) < PCA 0.62 <(.0005 241
CLzol/ i) & BW 0.82 <405 244 | CLL/kg/h) < PNA 0.50 <0008 241
CL(ml/min} ¢ BYW 0.38" 0.0013 180 [ CL(L/kg/h) ¢ PNA 0.46 <005 239
CL(zni/min) & BW 0.671 0000t 180 | CL(ml/kg/h) > BW 0.867 <0.00001 230
CL{mi/min) & BW! 0.83 <0.00F 228 CL(ml/kg/h) © PCA 0.863  <0.00002 230
CL{ml/min) & BW® 0.89 <0.001 228 | CL{mi/kg/h) < PCA 0.649 <0001 236
CL{L/h) & BW 0.85 <0.0001 241 | CL(mi/kg/h) ¥ PNA 0.8735 <0,00001 230
CLL/W) & BW 0.90 <0.01 237 | CL(m/ke/min) < BW 0,78 <0.001 229
CL{L/h) <= BW 0.68 <0.05 239 | CL{mi/kg/min) <> BW 0.62 <Q.01 237
k{1/h} & BW 0.464 <0.04 236 | CL{ml/kg/min) <> PCA 0.8 <0001 229
PCA < BW 0.89 233 | CL{ml/kg/min) < PCA 0.41 <0.05 2#4
Tz & BW -0.88 <0.0005 229 [ CI{ml/kg/min} < PCA 048 <0.005 208
Climl/min) & BSAs 0.84 <0.001 228 [ CL{ml/kg/min} < PCA 027 0.0094 180
CL{ml/min) & BSA® 0.89 <0001 228 [ CL{ml/kg/min; & PCA 0.221 0.01 130
CL{ml/min) & PCA +BW Q.77 0.0001 180 | CL{ml/kg/min) & PCA 0.62 <0.01 237
CLL(ml/miz) € PCA 0.58 <0.05 244 | CL{ml/kg/min) & PNA 0.70 <001 237
CL(m]/min) & PCA 0.81 <0.00001 208

CL(ml/min) & PCA 002 180

CL{ml/min) < PCA 0.002 180

CL{mil/min) € PCAS 0.56 <0.05 228

CL(ml/min) € PCAY 0.62 <0.05 228

CL{L/R) & PCA 0.52 <0.0001 241

CLEL/ly < PCA 0.86 <001 237

CLQ./h) @ PCA 0.57 <005 239

CL{O./h) < PCA 0.91 <0.0001 247

Tz PCA -0.91 <0.0001 229

Tz & PCA 0627 <001 234

CL= vancomycin clearance, PCA= postconceptional age, BW=body weight, Cr.= serum creatinin, =12

GA= gesational age. V.. = volume of distribution in steady state, PNA = postnaral age. Cller = creatinin elearance,

K= climination rate constant, BSA= body surface area, *first dose, bsteady state, coef. = correlation coefficient
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Table 7 (contined): Correlations betwesn demrograplbic varzables and pharmacofindic parameters

Correlation . - -Coef. . - p-value - Ref -| Correlation Coef. pwvalue Ref
Diéstribution (L) Renal funsction

VI @ BSA 095 <0.0001 241 | V() S CLyfml/kg/min) 0.70 <001 237
V,.(0) € BSAs 0.80 <0001 228 | CLL/BSCLe(mi/kg/min) .86 <001 237
V.. € BSAb 0.89  <0.001 238 |CLE/W) < Cla{ml/kg/min) 027 <0.05 239
V.1 S BW 004 <0.0001 241 | CLiml/hg/min) < Cho(ml/kg/miny  0.59 <0.01 257
Y.L} © BW 0.86 <005 244 | CL@L/kg/h) & Cledml/ke/min) 0.31 <005 239
V. < BwW 0.86 <001 237 |V.(@/kg < Cn 047 <Q.01 237
V.. < BW 0.93 <0.05 239 V.0 & Cr 040 <0.05 237
V(L) & B 077 <0001 238 {CLIL/W & Cn -0.65 <001 237
V. < Bwr 0.89 <0001 228 [ CL(ml/kg/min) < Cr. -0.74 <0005 229
V.l & GA G.54 <005 2H | CL(ml/kg/min) < Cr, -0.81 0.0027 232
V.0 & GA 0.61 <0.01 257 | CL{ml/kg/min} & Cr. -0.82 <0.05 244
V.@) & GA 0.58 <005 239 | CL{ml/kg/miny <> Cr. -0.64 <01 237
Vo) & PCA 0.89 <0.0001 241 | CL{ml/min) < Cr, -0.35 00165 180
V.l & PCA 0.67 <005 234 | CL(mi/min) & Cr. -0.49t 0.0001 180
V.0) < PCA 079 <G00001 208 [Ty Cr 0.91 <{.0001 229
VoL & PCA .80 <001 237 | Ty Cr 0.84 00012 232
V.(.) & PCA 0.76 <0.05 239 1T~ Cr. 0723 <(.01 234
V. & PCAs 0.55 <0.05 228 |Cr ¢ PCA -0.62 <0.01 229
V.[L) < PCA® 0.62 <0.05 228 [CLL/l) < BW=1/Cr. 0.96 <0.01 247
V(L) <> PNA 0.41 <0.05 237

Distribution (L} &g)

V. kg < GA 0.29 <0.05 239

CL= vancomycin clearance, PCA= posteonceptional age, BW=body weight, Cr.= serum creatinin, '=r?

GA= gestational age. V., = volume of distribunen in steady stare, PNA = postnarl age, Cl = creatinin clearance,

Ky = climination rate constant, BSA= body surface arca, *first dose. bsteady stare, coef. = correlaton coefficient

41



™

All three factors have been related to vancomydn pharmacckinetcs in neonates (table 7).
A significant reladon between unstandardized vancomycin CL (ml/min or L/k) and
gestztional age has been noted, bur in all of these studies significance disappears when
clearance is normalized for body weight?37. 29. 2% The same studies have described Vi in
relation to gestational age and again significance disappears in all but one study when Vi,
is described in L/kg 2% This imples that if weight is incorporated, GA is not an
important determinant of vancomycin Vi or CL. Several authors demonstrated the
relation between PNA and standardized clearance (ml/kg/min) or V. (L) 230, 257, 239, 241,
No correlagon was found by many others 208 228,252,236, 244. 247, V(1) but nort standatrdized
Vi (L/kg) has been related to PNA 2724, Postconceptonal age has been well described
m relatdon to pharmacokinetic parameters for vancomycein. Unstandardized CL (ml/min)
180, 208, 228, 237, 239, 241 244, 247 and standardized CL (ml/kg/min) 150 208, 229, 230, 254, 23, 257, 241, 244
has been related to PCA. A concomitant change in 112 has been noted as well 2 34, As
with PNA, only unstandardized Vi (L) has a significant correlation with PCA?208, 228.257. 241,
2%, The diminished influence of GA and PNA can be explained by several factors. First
the combined effects of GA and PNA are integrated in PCA. Although a stronger
ncrease in renal function in term infants has been described eatlier, the frequent prenatal
exposure of neonates to corticosteroids seen over the last 5-10 vears might midgate the
difference berween term and preterm neonates, and therefore limit the effect of GA on
clearance . Furthermore postnartal increase of GEFR. seems to be higher than intra-utesine
increase %, At the same PCA, this might imply that the effect of slower maruration of
kidney function in premarures is cancelled out by the difference in intra- and extrauterine
development of GFR. A third and maybe more important factor is that vancomycin is
seldom given in the first week of life. Since a large increase of kidney functon in neonates
takes place in this period, the dynamics of these changes and their influence on
vancomycin pharmacokinedcs are not seen in the studies mentioned here.

In most studies where both the influence of PCA as well as PNA were studied
significance of PCA outweighed that of PINA 27.23%.241, These data suggest that clearance
in relation to postconceptional age is the main determinant in the pharmacokinedc profile

of vancomyecin in neonates.



Effect of patent ductus arteriosus, indomethacin and extracorporeal membrane

oxygenation

Prenatal as well as postnatal exposure to indomethacin has been shown to negatively
affect increase of kidney function in neonates 91256259, Open ductus Botalli can increase
Vi and decrease CL in neonates? 270, Several studies have addressed the effect of
mdomethacin treatment of open ductus Bowlli on vancomycin pharmacokinedcs in
newborns 292429 Ashbury described 4 padents exposed to indomethacin and compared
them to 19 with no exposure (tabie 6) 2%, Clearance was half that of the no indomethacin
group, with 2 concomitant change in ty/2e. The authors concluded however, that only in
one patent the decrease of renal function could be atributed to indomethacin. Spivey et
al. outlined a study in 11 neonates of whom 6 were exposed to indomethacin for closure
of open ductus Botaili (able 6) 2. Volume of distribution was higher and clearance
substantially lower in the indomethacio group resulting in 2 ti/zg of more than 24h. No
specifics about peak sampling were given and the non-indomethacin group had
substantally higher GA and PNA. Therefore a clear relation with indomethacin treatment
could not be ascertained. Silva et al. outlined a swmdy in 44 patients; 26 received
concomitant tweatment with indomethacin and/or mechanical vendlation 239, In these 26
patients clearance was lower than in the other 18 (G.07 vs 0.086 L/kg/h). Although a
definidve conclusion can not be made on the grounds of these data, they suggest that
mdomethacin treatment of open ductus Botalli leads to an increase of Vi, and 2 decrease
of CL, warranting extra therapeutic drug monitoring in these patients.

Hoie and others were the frst to describe vancomycin pharmacokinescs in 6 patents on
ECMO#:, Values for Vi (0.6810.12), CL (1.10£0.32 mi/kg/min) and elimination half-
life (7.71£2.61) were not different from wvalues In the literature for padeats without
ECMO. Amaker and Bhats studied 12 term neonates with 2 PNA of 0-6 days on ECMO.
These padents had a CL of 0.78£0.19 ml/kg/min, a V.. of 1.06:0.45 L/kg and a i/ of
16.94£9.5h. Clearance was lower than that seen in other groups of patients with a PCA>37
weeks and Vi is higher 2%, Creatinin in these patient was relatively high though with
values ranging from 53 to 168 pmol/L. Buck et al. did 2 case-control study in 30 patents,
of which 15 were on ECMO>®, Padents were matched with historical contols for
undedying discase and several other chinical factors. Renal function expressed in terms of
setumn creatinin was worse in the ECMO group (0.8£0.1 vs 0.6£0.2 umol/L). Padenss on
ECMO had 2 mean GA of 38.8 weeks and 2 mean PNA of 12.7 days. ECMO patents
had a slight, but significant higher half-life (8.29 vs 6.53h) and lower eliminaton rate
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constant (Ka; 0,09 vs 0.12 kY). Although these studies were relatively small and results
were somewhat obscured by differences in renal funcuon a longer half-life in vancomycin

treated neonates on ECMO is likely.

Microbiological and clinical susceptibility and efficacy

Vancomycin is sdll widely used as the first-choice antbiotic for treamment of CONS
infections in neonates. This choice is mostly based on the in-vitro bactercidal activity of
this antibiotic against gram-positive infectons. A second reason is that emergence of
vancomycin resistant pathogens in the NICU is slow in contrast to cephalosporin induced
resistance!™. Darta on clinical efficacy in adults are scarce. There is no correlation between
serum vancomycin concentrations and clinical cure. Regimes associated with peak and
trough concentratons ranging from 18-47 pg/mL and 2-13 pg/ml, respectively, showed
acceprable rates of effecuveness, bur fallures in these weatment groups had the same
serum concentrations?’?, Serum bacteticidal dters (SBT) of mote than 1:8 are related to
treatment success and high minimal bacrericidal dters to MIC rado’s to treatment failure,
but exact information pertaining to efficacy does not exist®™ 7, Fixed doses of g every
12 hours or 7.5 mg/ke every 6 hours have been documented to be effective against
staphylococeal and streprococcal infections®S. Iaformation in neonates is also difficult to
find. The first smudy describing vancomycin use in 23 children, described 6 infants with
staphylococcal infections, of whom 4 were cured with doses of 40-180 mg/keg/day (v, or
Lm)? An early study by Schaad et al. evaluated the suscepdbility of 20 strains of S.
aureus and 6 strains of 5. epidermdis from a group of 35 neonates, infants and children.
Except for one rolerant strain of 5. aurens an SBT of 1:8 or greater was observed with
vancomycin concentrations of = 12 mg/T.

A further study by the same authors detailed antblote treatment of 33 patents of whom
10 were neonates and 11 were infants®>. Indicatons for treatment were septicemia, shunt
infections, pneumonia, abscesses, fascuds and cellulids, In 29 out of 33 patdents S, awrens
or 5. gpidermidis was cuitured. Eleven of 33 patients received co-treatment with another
antiblotc. Serum concentrations were 18.4-57.1 mg/L (peak) and 3.1-18.8 mg/L (trough).
The relation berween these concentrations and antistaphylococcal actvity were evaluated
for 21 padents. In one patient with recurrent septicemia by a tolerant strain of . asress no
bactericidal actvity was seen, all other samples had bactericidal dters of 1:3-1:32 against
the isolated pathogen. In all 19 padents who were re-culrured, the causative pathogen was

eradicated. All bur one of 33 patients improved climcally. This padent, a 12-year old girl,
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had possible brucellosis. No details on which of these padents were neonates or infants
were given. In a study of 17 neonates and infants (14 paticnts with J. awers and 3 with
S. epidermidis nfections), Nagvl et al.  reported clinical success in 16/17 padents®6. All
parents had been pretreated with aminoglycosides. The one failure was a padent with
recurrent endocardits due to a vancomycin-tolerant 5. awrems. Mean peak and wough
serum concentrations in these patients ranged from 30.4- 57.8 mg/L and 9.5-15.1 mg/L,
respectvely.

Lisby-Sutch and others described 11 padents in whom bactericidal titers were determined
for infecting organisms®? Serum Inhibitory dters were 21:8 in 10/11 peak serum
samples, with peaks ranging from approximately 10-45 mg/L. In the study by Reed et al,
in which infants were treated for S. epidermidis sepsis, 14 out of 15 patents showed chinical
recovery, with initial peaks ranging from 18.8-73.3 mg/L and tough from 5.1-38 mg/L,
respectively. No details abour susceptibility were given and all patients were pretreared
with an aminogiycoside and a 3-lactam andbiouc. Pawlotsky et al. showed that contnucus
infusion of vancomycin was effective in 13 documented invasive infecdons with
concentrations ranging from 3-37.6 mg/L!%, There are no definidve data relating serum
concentratons to effect. These studies, with relative few numbers of patients, show that a
wide range of vancomycin peak and rtrough concentranons are effective againse gram-
positive infecdons in neonates and infants. But, on a critical note, these results do not
validate the therapeutic range of peak concentratons of 20-40 mg/L and trough

concentratons of 5-10 mg/L often mentioned in the literarare,

Choice of antibiotic and drug resistance

Enterococct are a related genus of gram-positive camalase-negative coccl 272, They are a
pzathogen known to cause outbreaks of disease in NICU’s 27627, Vancomycin resistant
enterococc: (VRE) infections in nconates can be accompanied with an increase of
morality?. Vancomycin use is 2 consistent fisk factor for colonization and infection with
vancomycin-resistant enterococci®™, Emergence of VRE has become a major infection
control problem, especially in the United States. In the Netherlands colonization with
VRE of hospitalized patents seems to be relatively low 28, Vancomycin is mostly used in
the seming of lare onser (occurzring afrer 3 days of age) sepsis. The choice is made on the
basis that CONS are the most common pathogens tn this pemod 282 253 CONS is not
however associated with fulminant lare-cnset septicemia in neonates. The mortality in 277

neonates with late-onset CONS sepricemia was 1% in contrast to late-onset gram negative
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sepdcemiz, which had an associated mortality of up to 56% 282, This has implications for
choices of empiric antibiotic treatment. Several authors have shown prophylactc use of
low doses of vancomycin or teicoplanin to prevent Jate-onset septicernia in VINYB
infants?!9-222 224, 284. 285, An increase of VRE was not reported, but the potendal risk of
development of vancomycin resistance in NICU’s through injudicious use of vancomycin
has been pointed our?!. 222 282,28, Given the overall concern about vancomyein resistance,
vancomycin prophylaxis does not seem to be warranted at this dme. Alternative
antibiotics for empiric treatment are effective in the inital treatment of late-onset sepsis
neonates. Cephalosporins and @-lactam anubiotics have been effectively used as empiric
treatment for gram-positive infections, with a switch made to vancomycin when
methicillin resistance was determined?32. 287 288, The postponed use of vancomycin was
not associated to treaument failure ot increased mortality in these patients.

A highly selective use of vancomycin seems to be justified by these smdies.

Toxicity

Toxicity related to vancomycin use has been the subject of numerous repotts.
Complications include Red man syndrome, neutropenia, thrombocytopenia, eosinophilia,
trombophlebitis, chills, fever, rash, nephrotoxicity and orotoxicicy. Three cases of cardiac
arrest (two fatal) associated with rapid infusion of vancomycin have been described?!# 28
2. The most frequent problem encountered was the Red man syndrome, a histamine
mediated frash of the face, neck, upper trunk, back and arms. This phenomenon,
associated with pruricus, tngling flushing, tachycardia and shock, is related to the rate of
infusion 170, It has been described in neonates and children, related to an infusion rate of
< 1h by Schaad et al, but also in 7 out of 20 padents with infusion rates of 1h by
Odio™5 232, The incidence of most of these side effects has decreased enormously with
the removal of impurites from early preparations in the 60%s. Nephro-and ototoxicity will
be described in more detail.

Nephrotosicity

Vancomycin can cause reversible nephrotoxicity in man and has been studied extensively.
Animal models have failed to demonstrate significant nephrotoxicity when vancomycin
was given alone®?- 292, Vancomyein can enhance aminoglycoside mduced renal toxicity in

animals and possibly in humansi6l. 293, The incidence mentioned in adults vares. Some
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studies did not detect any toxicity with vancomycin monotherapy 4. In other studies i
adults nephrotoxicity ranges from 5% in pateats receiving vancomycin alone to 18% in
patents withour control for other variables possibly infiuencing toxiciry 272 23 295, It has
been related to trough concentrations >10 mg/L, but in most stadies it remains unclear
whether elevated serum trough concentragons are the cause or consequence of renal
failure®s. 26, Nephrotoxicity has been studied in several groups of neonates, though
seldom explicitly. Many studies could not detect any nephrotoxicity 252 236, 245, 247, 254, 297,
These studies total 61 patents treated from 4 0 25 days, with serum concentratons
ranging from 1.9 to 92.5 mg/L. The earlier studies by Schaad and co-workers showed no
difference between baseline and post-treatment serum urea and/or creatinin in 20
neonates infants and children 245,254 Jarrett et al. did not find clinical oz biochemical signs
of renal failure in 11 patients in whom a baseline creatnin was determined 232, In another
study 3 out of 12 VLWEB infants had a rise of serum creatinin of more than 0.3 mg/dl 254,
In 2 out of 3 padents serum creatinin normalized within days of stopping treatment, the
third padent died but obducnon did not reveal renal abnormalities consistent with drug
related nephrotoxicity. Gous et al. could not demonstrate 2 tise In mean serum creatinin
in 15 infants between day 0.2 and 8 of treamment 21 Three of these padents had an
increase of more than 50% of serum creadain, but all three were also exposed to
aminoglycosides, as was the patent described in a case-report 3. A case report showed
that a vancomycin induced rise of serum creatinin in 2 children normalized afrer adjusting
vancomycin concentratons to the therapeutic range. Nagvi and assoclates did not find
evidence of renal toxieity in 17 neonates and infants weated for 10-42 days; all patients
were also exposed to aminoglycosides?6, Twenty VLBW infants displayed no change in
serum creatinin or tubular functon durdng vancomyan treatment (4-13 days}?.

In a study using continuous infusion of vancomycin only one neonate out of 53 showed 2
reversible increase of serum creatinin 180, The effect of simulaneocus use of vancomycin
and an aminoglycoside was prospectively evaluated in 61 infants®®, No evidence of renal
toxicity in terms of serum creatinin or urinalysis abnormalities was seen. Finally, Bhatt-
Mehta et al. looked at the effect of peak serum concentradons on renal functon in
neonates with 2 mean PCA of 32.4 weeks’™®. Patents were divided in two groups, 61
padents with peak serum concentrations < 40 mg/L and § patients with peaks
> 40 mg/L. Nephrotoxicity was defined as a doubling of serum creatinin and was not
seen in the group with high peak serum concentrations. In the other 61 patents this was

noted 6 times, but a doubling of serum creatinin to values of >53 pmol/L was only seen
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in 3 patents. Intetestngly, peak concentradons > 40 mg/L were only seen in neonates
with a baseline serum creatinin of >53 umol/L (0.6 mg/dD. This assocladon was also
found for trough concentratons > 10 mg/L.

The overall conclusion from this informaton is that vancomycin induced nephrotoxicity

in neonates is rare, reversible, and there is no clear relaton to serum concentrations.

Ototoscicity

Information on vancomycin ototoxicity is scarce. Vancomycin is said to be potendally
vestibulo- and cochleotoxic®. Tinnitus secems w0 precede hearing loss. As with
aminoglycosides, hearing loss is more pronounced in the high frequency range
(8-16 kHz) ¥, Thete are animal studies relatng ototoxicity to vancomycin in combination
with an aminoglycoside, but litde evidence for ototoxicity of vancomycin alone®®2.393, The
first report of vancomycin relared ototoxicity in humans was in 19581%. Reported
incidence of ototoxicity in adults is fewer than 2% 22, Reports on ototoxicity are fraught
with methodological problems. Most studies were retrospective and included padents
who had been exposed to other ctotoxic medication, mainly aminoglycosides™1,

A reladon between vancomycin related ototoxicity and serum concentragons could not be
demonstrated from available literature®3, A confounding factor, as in nephrotoxicity is,
thar the time of serum sampling in relation to dose is not always mendoned, which clouds
interpretation of these serum concentradons. Data on vancomrycin ototoxicity in neonates
are almost pon-existent. Neonates bom to mothers who received vancomyein in the
second or third trimester of pregnancy did not show hearing loss®™. Brainstem evoked
response audiometry and behavioral audiometry did not demonstrate any ototoxicity in 12
neonates and children®*, One case report described a repeated accidental overdose in a
47 day old premamare’0s, Although serum concentratdons were in excess of 100 mg/L for
4 days, no hearing loss was found with brainstem evoked response audiometry during
follow-up. Hearing Joss in humans exposed to vancomycin is sporadic and no clear
relation to seram concentrations or patterns of underying illness can be detected
Although the absence of case reports of vancomycin induced hearing loss in neonates
suggests that this is very uncommon, dara in necnates are insufficient o form any

conclusion on the relationship berween vancomyein and ototoxicity.
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Vancomycin dosing and dose interval

As in other drugs, vancomycin dose and dosing interval are determined by its desired
therapeutc range and pharmacokinetic properdes. Historically, vancomycin dosing has
been titrated to obtain peak serum concentrations between 20-40 mg/L and serum trough
concentrations of 5-10 mg/L. There is little sciendfic evidence for both ranges. The
upper limir of 40 1s based on the fact that the earliest study, descrbing ototoxicity with
peak concentradons > 80 mg/L suggested that peaks should not exceed 50 mg/L165. As
described before, there is no clear relation between oto- or nephrotoxicity and serum
concentrations. Also, there is no microbiological or clinical evidence for increased
effectiveness of vancomycin at advised peak concentratons. The lower limit of the range
for trough concenerations seems 10 be reasonable. Suscepdbility of most micro-organisms
for which vancomycin is used is <1-2 mg/L. With 2 maximal protein binding of 50%, this
means that vancomycin trough concentratons will have to exceed 4 mg/L to stay above
the MIC3%. Although there are some reports relating nephrotoxicity to trough serum
concentradons > 10 mg/L, there is insufficient evidence to rigidly adhere to this goal®s.

Nevertheless, these desired ranges of concentratdons have been the goal of desing
regimens advised in neonates and infants. The first teport on vancomycin dosing in
children used doses of 25-180 mg/ke/day, with the highest dose used in an infant?.
Following this first report many dosing regimens, related to PNA, PCA, bodyweight or
serum creatinin, have been defined (mable 8). The first dosing advice, based on
pharmacokinetic stadies in 21 infants, related dose to PNA2®, The advise of
10 mg/keg q 6h for infants older than 30 days was evaluated by Gous et al®!. Despite the
large interindividual differences most serum concentrations were within the desired range.
Three out of 15 steady state trough concentrations were lower than 5 mg/L, though only
one was below 4 mg/L. This smdy also demonstrated important changes in
pharmacokinetic parameters between day 2 and 8§ of weatment In the same patent,
possibly related to a normalization of physiological changes occurring with septicemia.
Alpert et al. studied vancomycia dosing in 44 infants and children and used doses of 10-
15 mg/kg with an interval of 6-12h%3, Trough serum concentrations were relatively high,
especially when using 2 6h interval. The guidelines based on this paper, though not
mentioned in the article itself, were evaluated in the same nsdrution in a group of 11
infants®. Results of this study suggested reducing vancomycin doses in the first two

moaths of life, though no specific advice is given by the authors,

49



Govierer! inirogriction

Table §: Recommended dosing regimens in neonates and gfants

25-40/<10

15 12

Schaad, 1980%°

<7

$-30 15 8

> 30 10 6

> 30 and CNS infeeton 13 6

>14 29-35 <1000 25-30/2-12 25 LD, 15* 12 Gross, 1985*

>14 29.35 >1000 25-40/2-12  125LD. 10% 12 Gross, 1985™%
<41 25-30/<10 151D, 10~ 8 Nagvi, 19867
=43 25-30/<10 151D, 10® 6 Nagvi, 1986
<27 <800 30/6 27 36 James, 1987
27-30 800-1200 24 24 James, 1987
31-56 1200-2000 18-27 12-18  James, 1987
»37 >2000 225 12 James, 19877
<56 25.35/5-10 10 12 Reed, 19872
30-34 <1200 25-35/5-10 10 12 Lisby-Sutch,1988™
30-34 >1200 25.35/5-10 10 8
3542 >1200 25-35/5-10 10 8
=42 >1200 25-35/5-1¢ 10 6
25-32 < 1000 25-40/<10 15 24  Lconard, 1989

>14 >30 <0.6 10 Kildoo, 1990

=14 >30 0.7-12 10 12

<7 <30 20-40/<10 15 24 Gabrel, 1991°%®

>7 <30 <12 10 12

<14 30-36 10 12

=14 30-36 <06 10 8

>14 30-36 07-1.2 10 12

<7 >36 10 12

»7 >36 0.6 10 8

=7 >36 0712 10 12
<27 <800 25-35/3-10 18 36 McDougal 19957
27-30 $00-1200 18 24
31-36 1200-2000 18 18
>36 =>2000 15 12

PNA= posmatal age, PCA= postconceptional age, BW = bodyweight, LD= loading dose* maintenance dose,**
maintenance dose per day, 'Serum creatinin in mg/dl, “no indomethacin and/or mechanical ventladon,
Hindomethacin and/ or mechanical vendiation
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Tuabie 8§ (continued): Recommended dosing regimens in neonates and infants

S Referenee

Silva, 19987

=322 125 12
=328 10 12
»322 10 8
=323 7.5 8
7-50 <1000 10 13 Schaible, 1986
1000-2000 10 12 Alpert, 1983*%
>2000 10 8
31-60 10 [
=60 10 6
2526 7LD, 10 Condnuous Pawlotsky, 1998
37-28 7LD, 12+ Continuous
2930 7LD, 15%*  continuous
31-32 7LD, 18~  contdnuous
33-34 7LD, 20+~ condnuous
3536 7 LD, 23*  Contimious
37-38 71D, 26  Condnuous
3940 7LD, 29%  Condnuous
41-42 7LD,31=*  Condnuous
43-44 7LD, 34 Conunuous
>45 7LD, 40%*  Continuous
2029 20 8 Grimsley, 1999%
30-39 20 1z
40-49 13 12
50-39 12 12
60-79 15 18
80-100 15 24
=100 15 Depending
on wough

PNA= postnatal age, PCA= postconceptional age, BW = bodyweight, LD= loading dose* maintenance dose,*
maintenance dose per day, ‘Serum creatnin in mg/dl, "no indomethacin and/or mechanical ventiladon,
*indemerhacin and/or mechanical vendladon



Serum creatinin was higher than 53 pwmel/L in 7 patients, which might have skewed
results towards this conclusion.

Gross et zl. suggested a dosing regimen based on neonates weighing either more or less
than 1000 grams2. This advice was based on data in 9 prematures, of whom only 3 were
< 1000 grams. One of these three had a high serum creatinin of 80 pg/mi, so results for
this group are doubtful. A loading dose of 15 rng/ ke followed by 10 mg/ ke with an PCA-
related interval based on average Vi and Ka was advised by Nagvi and co-workers
following a phatmacokinetc study in 20 neonates®¢. The group of patents with a PCA
greater than 43 weeks comprised only 6 patients. James et al. proposed a very detailed
PCA-defined dosing regimen, after finding an excellent correlation between ti/z; and PCA
in 20 preterm infants®?. When looking closely at the graphs, it is obvious that there were
only two patents each in the PCA groups of < 27 and > 37 weeks, which undermines the
vahdity for these PCA groups. In a subsequent study by the same authors they showed
that using their dose recommendation in preterms improved the chance of achieving
serum concentrations within the therapeutic range over the dosing regimen as proposed
by Schaad et al®5-307,

In a third study by the same group, the autheors studied 12 mfaats weighing less than
1000g and revised the original advise of James et al. to use vancomycin once daily in this
group®*. Vancomycin was given once dally to 10 of these infants and doses varied
between 9.4 and 27.3 mg/kg. Peak concentrations were adequate {32.6+9.3 mg/L), but
trough concentrations wete low (5.7%4.5 mg/L). Both the original as well as the revised
regimen by James, was tested in a later study in 44 neonares®®. Individual Va and Ka per
padent were used to simwlate the orlginal and revised regimen by James. These results
wete compared to the dosing regimen as advised by the authors and used in this study.
On the basis of these simnulatons the authors concluded that their dose recommendations
were more precise in achieving adequate serum concentrations in premature neonates,
although they did not present data in patients with 4 PCA < 27 weeks. Xildoo and others
investigated 15 pretetm neonates using an institudonal PNA and BW vancomycin dosing
algorithm®*, The substantal differences in clearance between patients due to renal
function led to a proposed regimen based on serum creatinin higher or lower than
0.6 mg/dl. They also esdmated that using the dosing regimen of James would have led to
peak serum concentrations exceeding 40 rng/ L in 11 out of 15 cases. Reed alsc advised
an extended interval for neonates with a PCA £ 30 weeks?, Doses in this study were

9.8-17.8 mg/kg, with an inrerval of § hours in all but one of the 16 padents.

(933
o



High steady state trough concentrations were seen, ranging from 8.1-38 g/L, leading w0
the advice of a 12h interval. A confounding factor in the interpretadon of this study is the
relatvely high serum creatinin prior to therapy of up to 115 umol/L. Lisby-Sutch and
Nahata developed a PCA and weight based regimen on grounds of a study m 13
vancomycin treated infants®®. There was 2 good correlation between daily vancomycin
requirernents and PCA, when 4 patdents with hepatic or renal disease were excluded. With
this in mind, the subdivision into 4 groups in the dosage guideline has a very small basis.
Asbury et al. studied pharmacokinetics of vancomycin in 19 neonates without and 4 with
indomethacin exposure **. The authors posrulated that dose and dose interval in patients
without indomethacin would lie in the range of 29.6 mg/kg/d with an interval of 6-18h.
A limitation of this study was that some of the peak serum concentradons as well as all of
the steady state concentrations were calculated znd not measured. The authors themselves
do not advise to calculzte vancomycin dosing according to their equations, untl this has
been prospectively validated (rable 9). Another study individualized dose and dosing
interval on the basis of linear pharmecokinetic analysis on initial serum concentrations
obrtained after the inital dose of 15 mg/kg®?. Steady state peak and trough concentradons
were within the desired therapeutic range. Six out of eleven trough concentratons were
lower than 5 mg/L however which suggests an ovetrestimatdon of ti/zz.
Seay et al studied 192 infants with a population pharmacokinetic model aad found a
relation between clearance and exposure to doparine and/or gestational age =32 weeks.
Predictive performance of their dosing algorithm was prospectively validated m 30
patients. Though the study results suggest using longer dosing intervals, no advice was
made by the authors.

Forty-four infants were evaluated resulting in a dose recommendation depending o PCA
and exposure to mechanical ventladon and/or indomethacin®®. Although the reladon to
indomethacin seems logical, effect of mechanical ventlation is harder to imagine. The
authors described 2 relation between creatnin clearance and vancomycin clearance, but
not with mechanical ventiladon or indemethacin weatment alone. The clinical usefulness
of the statistcal relation to co-treatment found in this study 1s doubtful. Pawlotsky et al
studied condnuous administration of vancomycin after 2 loading dose in 29
prematures 20 PCA related dosing was based on an evaluation of 24 other patients. This
contmuous dosing regimen led to steady state concentrations of 1G-30 mg/ L in 88%. As
can be seen in table 8 the division in subgroups is very detaled and is, given the large

inter-individual vadation in pharmacokinetdc behavior between patients of the same PCA,

(93]
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probably not wattanted. Grimsley and Thomson performed a population
pharmacokinetic analysis in 59 infants and based their dosing regimen on serum creatinin
alone®. This regimen was subsequently tested in 25 neonates and found to give more
adequate trough serum concentratons. The aumber of patients with high serum creatindn
in the prospective group was not mentoned.

In conclusion, several dosing regimens in neonates have been proposed and tested.
Studies based on PCA and/or serum creatinin have shown to achieve setum
concentrations within the therapeutic range0s. 231, 234, 238, 507, Though an extension of dose
interval to more than 8§ hours has been suggested, especially in VLBW infants, trough

serum concentradons < 5 mg/L found in several studies should lead to caution in that
ASpect208 230-234, 307,

Table 9. Porwm T ﬂf,jbm'eﬂtmo do.rmg m’aedz;/e:

Modcl Formula

1 compartment model CL L/B)=0.0626:xBW=0.4554x0.656= Seay, 19947
Vg (L=0.496 x BW

1 compartment model CLAL/h)=0.007+6.875 x 105 x CW () Silva, 19957
Vall) = 0.034 + 4.991 x 10+ x CWg)

Va=0.562115% L/kg (PCAS32 wecks)

V= 0498116% L/ kg PCA>32 weeks)

CL= 0.07+41% L/kg/h (indomerhacin and/or mechanical
ventiladon)

CL= 0.086%35% L/kg/h {no indomethacin or mechanical
ventlagon)

1 compartment model CL(L/h)=0.0281x PCA(wecks)-0.818 Asbury, 1993
VaL)= 0.557x BW (ke)-0.051

Vancomycin dosage (mg/kg/d)=1.7835xPCAweeks)-31.5655
Vancomycin dosage (mg/ke/d)=1.5357xPCAweeks)-26.4576°

2 compartiments model CL{L/h)=0.0224xPCA-0.639 Schaible, 1986*
CL{L/h)=0.06:BW(ka) +0.095x(1/8.)-0.141
VA(L)=0.563:8%W () +0.052

CL= dearance, BW= bodyweight, Vi = volume of distibudon, PCA= postconceptional age, Z1=1 if exposed o
dopamine, else 0, Z2=1 if GA=32 wecks, else 0, "Targets= peak 25-35, trough 5-10 mg/L. *Target = steady state
concentradon of 15 mg/L.



Therapeutic drug monitoring

Therapeuntic drug monitoring of vancomycin 15 mosty performed at steady state, with
serum concentrations taken just before and 1h after compledon of the intravenous
infusion. Target concentrations are peaks berween 20-40 mg/L and troughs of 5-10
mg/L. Peak serum concentrations depend on the timing of sampling and since there is 2
wide variety in sampling time in relation to dose, this should be taken into account when
setting goals in therapy®®. 310, Strangely enough, despite these differences in tming most
authors adhere to the same peak level goals.

In general, routine therapeudc drug monitoring is only radonal when the drug has the
following characteristics™. First a good correlation must exist berween serum
concentration and effect or toxicity, Second when this correlation exists, there must be
large interindividual differences in pharmacokinetic behavior berween patents. Third the
clirsical effect or toxicity of the drug must be hard to determine or have z delayed
presentation, otherwise TDM will not influence weatment. Fourth a readily available assay
with an adequate assay error must exist. Fifth use of TDM should appropriately predict
subsequent serum concentrations in the same patient.

In the case of vancomycin use in neonates the first condition is not met. As discussed
before, ncither efficacy nor toxicity show a clear relation to serum concentrations, and
this is especially true for peak values. The second condition is true; there is z large inter-
individual variation between neonates and infants with different PCA’s with a
concomitant effect on obtained peak and trough serum concentratons. There is however
no clear relation of peak concentration to toxicity and effect, so the clinical importance of
this inter-individual vatiation is doubtful. Furthermore it has been shown in necnates and
adults that peak serum concentratons >40 mg/L are seldom scen with tough
concentrations below 10-15 mg/L 311312, Given these considerations routine monitoring
of peak serum concentrations is questonable. A case can be made for monitoring trough
concentrations, although this is also debatable. Based on in-viro studies, vancomycin
trough concentrations should exceed 4-5 mg/L3%. Acceptable cure rates with trough
concentrations ranging from 2 to 18.8 have been descrbed in neonates 230 256 254, BExcepr
for endocardits, there are no clinical studies in neonates, children or adults which have
substantated the clinical need for higher serum concentrations!®?.,  Several dosing
regimens, which have been discussed before, especially those with dose intervals

exceeding 8h, have shown that wough serum concentrations can be lower than 5 mg/L,



indicating a need for trough level monitoring 208 230-234 307 Trough level monitoring
should thus be aimed at ascerraining that serum concentratons remain > 5 rng/ L.

The third and fourth point of requirements for effective TDM are met by vancomycin.
Pertaining to point five, several studies have investgated the predictive performance of
TDM with vancomycin in the neonatal setting®2 235,237, 238, 246, 313, 312,314, Controjling dose
and/or dose interval with TDM can be performed using first order elimination kinetics,
a5 proposed by Sawchuk and Zaske, or with a Bayesian method®. In adults Bayesian
feedback 15 associated with a better predictve performance than the method of Sawchuk
and Zaske’l5. Jarrett and associates obtained serum concentrations 2.7 and 12h after
inigation of a 60-minute vancomycin infusion, and determined Va and tiyze using first
order elimination kinetics 2. Maintenance dose and dosing fnterval were calculated and
resuits showed that 9 out of 11 infants had peak concentrations within the therapeude
range in steady state. All woughs were < 10 mg/L. They also concluded that using only
the 2 and 12h serum concentraton worked as well as using all three.

Two studies, using 132 routinely collected patred serum concentratons, demonstrated
that, as long as there is no overt renal failure, serum wrough concentrations < 10 mg/L ate
seldom accompanied by peak concentratons > 40 mg/L 11312 One other study found
0o relation berween pre-dose and post-dose concentrations in 100 paired samples, but
only 3 patients had a high peak serum concentration associated with a low trough value®3,
In a group of 74 infants and children, including 30 necnates, therapy was optimized by
using paired serum concentrations afrer the first dose®*, TDM goals were peak and
wough concentratons of 15-60 and > 4 mg/ L, respectvely. Standard vancomycin dosage
guidelines, which were not specified, were used. Inital trough serum concentrations were
low in 5 out of 30 neonates with. After optumizadon, only 1 necnarte had an insufficient
trough concentrauon. ‘The authors conclude that monitoring of wvancomycin
concentrations is essential to prevent underdosing.

Burstein et al. studied pharmacokinetcs in 11 neonates in a 2 comparmment open model
with serum concentrations taken 3 and 9h after initiation of a th infusion of vancomycin.
They calculated 2n optimal sampling strategy with 2, 3 or 4 serum samples, using
population based optimal sampling strategies. These strategies were tested on 100
simulated cases. All strategies underestimated actual distributional and total clearance
(L/kg/h) as well as central compartment volume and Vg (L/kg). They concluded thar no
more than two samples (C.5h after a 1h infusion and 2 trough concentraton) are needed

for climical purposes. A lot of assumptions were made in calculadng individual
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pharmacokinetc paramerers with only 2 serum concentrations, which somewhat clouds
the resuits obrained in this study. The best study has been performed by Rodvold and co-
workers®, They developed a set of population based parameters (see table 9) based on
data in 29 neonates. The precision of the dosing regimen based on these parameters was
tested in 18 neonates, with 35 courses of vancomyein, in whom mote than 1 set of peak
and trough concentrations was avalable. Predicdon of subsequent paired serum
concentrations was performed using cither the population parameters alone or with
Bayesian feedback of the first paired semum concentrations. The Bayesian method
performed slightly better when subsequent serum concentrations were taken within 30
days of the inital set. Bias and precision for this period were —1.62 and 4.72 mg/L (peak)
vs 0.65 and 1.74 (trough). Populaton-based parameters were supetior after 30 days,
underscoring the potential change in individual pharmacokinenc paramerters over tme,
The authors conclude that addidonal feedback concentrations are needed approximazely
every 14 days. These studies indicate that TIDM with use of 2 serum concentrations can
predict subsequent serum: levels reasonably well. Peak concentratons exceeding 40 mg/L
are unlikely with trough concentrations < 10-15 mg/L.

In conclusion, vancomycin has shown to be an effective and relatvely safe antibiotic for
trearment of gram-posiuve infections in the neonatal setting. Concerns about
development of resistance wamants judicious use. Several dosing regimens were
successful in achieving targer serum concentrations. In the light of in-vitro and in-vivo
studies of efficacy and toxicity it is unlikely that peak concentragons play a major role.
TDM should therefore probably be aiming at producing trough concentrations
> 5mg/L, except for patents with certain specific illnesses like endocarditis. Neonates
with renal failure should be menitored more closely.

Further studies will have to determine dosing regimens adhering to this new target range.
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1.3. Aims of the studies

Chapter 1 sets out to review the lirerature pertaining to climical, pharmacokinedc and
pharmacodynamic aspects of aminoglycoside {including tobramyein) and vancomycin use

in neonates. At the end it states the aims of the studies provided in this manuscript.

Chapter 2 will describe the use of pharmacokinetic modeling of tobramycin antbictics in
neonates. Two methods of pharmacckinetic modeling, non linear mixed effects modeling
(INONMEM) and non paramertric expectation maximization (NPEM), will be compared
1n the setting of routne therapeutic drug monitoring in 2 neonatal intensive care unit

(NICU).

Chapter 3 addresses the questions relating to pharmacokinedes and therapeutic drug
menitoring of tobramycin in neonates. In chapfer 3.7 a gestational age related tobramycin
dosage regimen for neonates is developed and prospectively validated using routinely
collected peak and trough serum concentrations. These data are analyzed in a populatdon
pharmacokinetic model with the following questions:

1. Is there a need for extended interval dosing of tobramycin in neonates ?

2. Is there a relation between gestational age and dose or dosing interval ?

3. Is there a need for 2 loading dose of tobramycin in neonates ?

This proposed dosing regimen is prospectvely validated in a group of neonatal intensive
care patents. In shapfer 3.2 the use of eatly therapeutic drug monitoring is investigated.
The following questons are adressed:

1. Wil the dosing regimen menuoned in chaprer 3.1 lead to effecnve peak serum

conicentrations after the first dose ?

&)

Is it possible to predict individual trough serum concentrations of tobramycin by two

serum samples taken 1 and 6 hours after the first dose ?

L

What is the relation between individual dose intervals and gestational age of the
patent ?
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Chapter 4 sets out to describe the pharmacolinetics of vancomycin in neonates. In
chapter 4.7 2 dosing regimen for vancomycin in neonates is developed. The following
Issues were studied:

Is there a need for a gestational age dependent dosing regimen in neonares ?

oo

Is there a need for the routine measurement of peak serum concentrations of

vancomycin in neonates ?

In Chapter 5 we evaluate the relative risk of hearng loss in neonates exposed to
tobramycin and/or vancomycin. In shapier 5.7 we designed 2 study using otoacoustic
emissions to determine high frequency hearing loss in three year old children who have
been treated on the neonatal intensive care unit. The purpose of this study is to:

1. Determine whether high frequency hearing loss occurs in children who have been

treated with tobramycin in the neonaral period.

2. Relate hearing loss to serum concentrations and duratdon of therapy of tobramycin.

In chapter 5.2 we analyze results of routine neonatal hearing screening (A-ABR screcning)
performed in the NICU of the Sophia Children’s Hospital. Screening results will be

related to exposure to tobramyein and/or vancomyein.

Chapter 6 is the concluding chapter in which the results of the previous studies are
discussed. Recommendations zbout dosing, dosing interval and individual therapeutic
drug monitoring of tobramycin in neonates are made and suggestions for future research

in this area are presented,

60



IS

References

1. Walssman SA, Bugie E, Schatz A. Isolation of antibiotic substances from soil microorganisms with special
reference to streprothricin and strepromycin. Proc Seaff Meet Mayo Clin 1944; 19:337-548.

2 Mingeor-Leclereq MP, Glupesynski Y, Tulkens PM. Aminoglycosides: activity and resistance. Antimicrol
Agents Chemother 1999; 43:727-37.

3. Picpersberg W. Molecular biclogy, biochemistry and fermentation of aminoplycoside andbiodcs. 1o
Strohl W, cd. Biotechnology of andbiotics, New York: Marcel Dekker, 1997.

4, Gilberr: D. Aminoglycosides. In: Mandell G, Bennett ], Dolin R, eds. Principles and practice of infectous
diseases. Philadelphia: Chutchill Livingstone, 2000.

3. Weinstein MJ, Wagman GH, Oden EM, Marquex JA. Biological actviry of the antibiotic components of
the gentamicin complex, ] Bacreriol 1967: 94:789-90.

6. Gilbert DN, Kohlhepp 8]. New sodium hydroxide digestion method for measurement of renal tobramyein
concentratons. Antdmicrob Apents Chemother 1986; 30:361-5.

7. Pickering LI Rutherford L. Effect of concentration and time upon mnactivation of robramycin, genwmicin,
retilmicin and amikacin by azlocillin, carbeniciliin, mecillinam, mezlocillin and piperacilling | Pharmacol Exp
Ther 1981; 217:345-9.

8. McLaughlin JE, Reeves DS. Clinteal and lzboratory evidence for inactivation of gentamicin by carbenicillin,
Lancet 1971: 1:261-4.

9. Walterspiet JN, Feldman $, Van R, Ravis WR. Comparatve inactivadon of iscpamicin, amikacin, and
gentamicin by aine beta-lactams and two beta-lacmamase inhibirers, cllastatn and heparin. Antfimicrob
Agents Chemother 1991 351875-8.

10. Hancock RE. Aminoglycoside uptake and mode of action--with special reference to smeptomycin and
geneamicin. 1. Antagonists and mutants. ] Andmicrob Chemother 1981; 8:249-76.

1L Hancock RE, Farmer 3W, Li Z8, Poole K. Interaction of aminoglycosides with ghe outer membranes and
pusified lipopolysaccharide and OmpF petin of Escherichia coll. Antimictob Agents Chemother 1991;
35:1309-14.

12, Taber HVW, Mueller JP, Miller PF, Arrow AS. Bacterdal uptake of aminoglycoside antbiodes. Microbiol Rev
1987: 51:439-37.

13. C[’lung L, Knloya.nidcs G, McDaniel R, McLaugEL{in A, Mel. ﬂnghﬁn S. Interactdon of gentamicin and
spermine with bilayer membranes conwining negatively charped phospholipids. Biochemisery 1985
24:442-52.

14, Peterson AA, Hancock RE, McGroarry FJ. Binding of polycationic antibiotics and polyamines 1o
lipopolysaccharides of Pscudomonas acruginesa. | Bacrerol 1985; 164:1236-61.

15. Hancock RE. Alrerations in outer membeane permeability. Anme Rev Microbiol 1984 38:237-64.

16. Mardn NL, Beveridge TJ. Gentamicin interacton with Pseudomonas acruginosa cell envelope. Antimicrob
Agents Chemother 1986; 29:1079-87.

17. Hancock RE. Aminoglycoside uptake and mode of acdon-with speeial reference to streptomycein and
gentarnicin, 11 Effeets of aminoglycosides on cells. J Antimicrob Chemorther 19815 8:420-43.

18. Bryan LE, Kwan 8. Reles of dbosomal binding, membsane potendal, and clectron tansport in bacterial
upizke of strepromyan and gentamicin. Andmicrob Agents Chemother 1983; 23:835-45.

19.

Damper PD, Epstein W. Role of the membrane potential in bacterial sesistance o aminoglycoside
andbiotes. Antmicrob Agents Chemother 1987: 20:803-8.

61



W
[ ]

w

(¥
Ut

=1

L2

Mates SM, Patel L, Kaback HR, Miller MH. Membrane potental in anacrobically growing Staphylococcus
aurcus and its refatdonship to gentamnicin uptake. Anfimicrob Agents Chemother 1983; 23:526-30.

Leviton IM, Fraimow HS, Carrasco N, Dougherty TJ, Miller MH. Tobramycin uptake in Escherichia coli
membranc vesicles. Antimicrob Agents Chemother 1995; 39:467-75.

Bryan LE, Van den Elzen HM. Streptomycin accumnulation in susceptible and resistant strains of
Escherichia coli and Pseudomonas acruginosa. Antimicrob Agents Chemother 1976; 9:928-38.

Fraimow HS, Greenman [B, Leviton IM, Dougherry T, Miiler MHL Tobramydin uptake in Escherichia coli
is driven by either clectrical potendal or ATP. ] Bacteriel 1991; 173:2800-8.

Cho J, Hamasaki K, Rando RR. The binding site of a specific aminoglycoside binding RNA molecule.
Biochemistry 1998: 37:4985-92.

Jang L, Surl A Fiala R, Patel DJ. Saccharide-RNA fecognition in an aminoglycoside antbiotic-RNA
aptamer complex. Chem Blol 1997; 4:35-50.

Fourmy D, Reche MI, Puglisi [D. Binding of neormycin-class aminoglycoside antbiotics to the A-site of 16
3 fRNA. ] Mol Biol 1998; 277:347-62.

Bussc HJ, Wostmann C, Bakker EP. The bactericidal action of streptemycin: membrane permeabilizadon
czused by the insertion of mistansiated proteins into the cytoplasmic membrane of Escherichia coli and
subsequenr caging of the andbiode inside the cells due 1o degradation of these proteins. | Gen Microbiol
1992; 138:551-61.

Takano M, Oluda M, Yasuhara M, Horl R. Cellular toxdeity of aminoglycoside antibiotics in G418-sensigve
and -resistant LLC-PK1 cells. Pharm Res 1994; 11:609-15.

Kadurgamuwa JL, Lam JS, Beverddge TJ. Interaction of gentamicin with the A band and B band
ipopolysaccharides of Pseudomonas acruginosa and its possible lethal effect. Antimicrob Agents
Chemother 1993; 37:715-21.

Sanders CC, Sanders WE, Goering RV. In vitro studies with Sch 21420 and Sch 22391: acdvity in
comparison with six other aminoglycosides and synergy with penicillin against enterococel. Antimicrob
Agenrs Chemother 1978: 14178,

Kapusnik JE, Hackbarth Cf, Chambers HF, Carpenter T, Sande MA. Single, large, daily dosing versus
intermittent dosing of tobramycin for treating experimental pseudomonas preumonia [published crratum
appears in ] Infect Dis 1988 Oct:158(43:911]. ] Tnfect Dis 1988; 158:7-12.

Vogelman B, Craig WA. Kinctics of antimicrobial activity, ] Pediatr 1986: 108:835-40.

Gerber AU, Feller-Segessenmann C. In-vivo assessment of in-vitro Klling patrerns of Pseudomonas
acruginosa. | Antimicrol Chemother 1985; 15 Suppl A:201-6.

Moore RD, Lictman P8, Smith CR. Clinical response to aminogiyeostde therapy: importance of the ratio of
peak concentration to minimal inhibitory concentration. J Infeer Dis 1987; 155:93-9.

Blaser ], Srone BB, Groner MC, Zinner SH. Compatative study with enoxacin and netiimicin in
pharmacodynamic model to determine importance of ratio of antibiotic peak concentradon to MIC for
bacterial actvity and emergence of resistance. Antmicrob Agents and Chemother 1987; 31:1054-1060.
Blaser |, Stone BB, Zinner SH. Efficacy of intermittent versus contnuous administration of netilmicin in a
fWo-COompartment in virre model. Antimicrob Agents Chemother 1985; 27:343-9.

Dudley MN, Zinner SH. Single daily dosing of amikacin in an in-vitro model ] Antimicrob Chemother
1991; 27 Suppl C:15-9.

Mouton JW. Pharmacokinetic and pharmacodynamic studies of bewa-lactam antbiodes in volunteers and
patents with eystic fibrosis. Thesis. Erasmus University: Rotterdam, Netherlands, 19935154,

Fantin B, Ebert 8, Leggett |, Vogelman B, Craig WA. Factors affecting duration of in-vivo postantbiotic
effect for aminoglycosides against gram-negative badlli ] Antimicrob Chemother 19913 27:829-36.



40.

41,

49.

50.

51.

39.

60.

Schlacffer F, Blaser J. Laxon J, Zinner 8. Enhancement of leucocyte killing of registant bacteda selected
during exposure to aminoglycosides or quinolones. ] Antimicrob Chemother 1990: 25:941-8.

Vogelman B, Gudmundsson S, Turnidge §, Leggett ], Craig WA. In vivo postandbiotic effect in o thigh
infection in neutropenic mice. ] Infecr Dis 1988: 157:287-98.

den Hollander JG, Fuursted K, Verbrugh HA, Mouton JW. Duzation and clitical relevance of
postantibiotic effect in reladon to the dosing interval Andmicrob Apents Chemother 1998; 42:749-54.
den Hollander JG, Mouton JW, van Goor MP, Vieggaar FP, Verbrugh HA. Alteradon of postantdbiotic
effecr during one dosing interval of obramyein, simulated in a0 in vitro pharmacokinetc model.
Antimicrob Agents Chemother 1996; 40:784-6.

Odenholr-Totngvist I, Lowdin E, Cas O. Postandbiotic sub-MIC cffeets of vancomycin, roxithromycin,
sparfloxacin, and amikacin, Antimicrob Agents Chemother 1992; 36:1852-8.

Craig WA, Redington ], Ebert SC. Pharmacodynamics of amikaein in vitto and in mousc thigh and lung
infectons. J Antmicrob Chemother 1991; 27 Suppl C:29-40.

Dhikos GL, Lolans VT, Jackson GG. First-cxposure adaptive resistance to aminoglycoside antibiodes in
vivo with meaning for optimal clinical use, Antimicrob Agents Chemother 1991; 35:117-23,

Barclay ML, Begg EJ, Chambers ST. Adaptive resistance following single doses of gentamicin in a dynamic
in vitro model. Antimicrob Agents Chemother 1992 36:1951-7.

Giamarellou H. Aminoglycosides plus bera-lactams against gram-negatve organisms. Evaluadon of in viro
synergy and chemical interacdons. Am ] Med 1986; 80:126-37.

Barza M, Ioannidis ], Cappeleri J, Lav J. Single or muldple daily doses of aminoglycosides: a meta analysis.
BM]J 1996: 312:338-344.

Blaser J. Konig C. Once-dally dosing of amineglycosides. Eur J Clin Microbiol Infect Dis 1996;
14:1029-1038.

Nicolau DP, Freernan CD, Belliveau PP, Nighdngale CH, Ross JW, Quintiliani R. Experience with a once-
daily aminoglycoside program administered to 2,184 adult padents. Antirnicrob Agenrs Chemother 1595;
39:650-3.

Chambers HF, Sande MA. Antimicrobial agents: the aminoglycosides. In: Goodman L, Gilman A, Limbird
L. eds. The pharmacological basis of therapeuties. New York: McGraw-Hill, 1995:1103-21.

Katlowsky JA, Zelenitsky SA, Zhanel GG. Aminoglycoside adaptive resistance. Pharmacotherapy 1997;
17:549-55.

Karlowsky JA, Hoban DJ, Zelenitsky SA, Zhanel GG. Altered denA and anr gene expression in
aminoglycoside adaptive resistance in Pseudomonas acruginosa. | Andmicrob Chemother 1997; 40:371-6.
Niong YQ, Caillen |, Kergueris MFE, et al. Adapdve resistance of Pseudomonas acruginosa induced by
aminoglycosides and killing kinercs in a rabbir endocardids model. Andmicrob Agenrs Chemother 1997,
41:823-6.

Klein JO, Michael Marcy 5. Bacrerial Sepsis and Meningitis. In: Remingron JS, Klein JO, eds, Infectious
discases of the fetus & newborm infant: WB Saunders & company, 1995:336.

Stoli BJ, Holtman RC, Schuchat A, Decline in sepsis-associated neonatal and infant deaths in the United
States, 1979 trough 1994. Pediatrics 1998: 102:c18.

Fanaroff AA, Korones SB, Wiright LL. A controlled trial of intravenous immune globulin to reduce
nosocomial infections in very-low-birth-weight infanes. N Engl | Med 1994: 330:1107-1113.

Squire E, Favara B, Todd . Diagnosis of nconatal bacterial infection: hemarologic and pathologic findings
in fatal and nonfatal cases. Pedintrics 1979: 64:60-4,

Schelonka RL, Chal MK, Yoder BA, Hensley D, Brockett RM, Ascher DP. Volume of blood required to
detect common neonatal pathogens, | Peduatr 1996; 129:275-8,



o

61.

66.

G7.

68.
69.

=1
o

80.

81.

64

Stoll B], Gordon T, Kotones SB, ct al. Ealy onset sepsis in very low birth welght neconates: a report from
the natonal instrute of child health and humar development neonatal research network. ] Pediar 1996;
129:72-80.

Baker CJ. Ancbiotic therapy in neonates whose mothers have received intraparmum group B streptococcal
chemoprophylasis. Pediatr Infeer Dis J 1990; 9:149-50.

Gladstone IM, Ehzenkranz RA, Edberg SC, Baltimore RS. A ten-vear zeview of neonatal sepsis and
comparison with che previous fifty-year experience. Pediarr Infece Dis ] 1990; 9:819-25.

Shah S5, Ehrenkranz RA, Gallagher PG, Increasing incidence of gram-negative rod bacteremia in a
newborn intensive care unit. Pediarr Infect Dis ] 1999; 18:591-5.

de Louvols ], Dagan R, Tessin 1. A companson of cefrazidime and aminoglveoside based regimens as
empirical wreatment In 1316 cases of suspected sepsis in the newborn. European Sociery for Pacdiardc
Infecdous Diseases—-Neonatal Sepsis Study Group. Eur ] Pediarr 1992; 151:876-84.

Anonymous. Batly neonatal drog unlization in preterm newberns in neonaral intensive care units. Italian
Collaborative Group on Preterm Delivery. Dev Pharmaco] Ther 1988 11:1-7,

Sieget |, MeCracken GH, Jr., Thomas ML, Threlkeld N. Pharmacokinetc properties of netdlmicin in
newborn infants. Antdmicrob Agents Chemother 1979; 15:246-53.

Swan SK. Aminoglyceside nephrotoxicity. Semin Nephrol 1997: 17:27-33.

Sawchuk R, Zaske ID. Pharmacekinede dosage regimens which uidlize muitiple intravenous infusions:
Gentamicin in butn padents. | Phatrmacokinet Biopharm 1976: 4:183-195.

Evens WE, Feldman S, Barker LF, Ossi M, Chaudhary 8. Usc of gentamicin serum levels ro individualise
therapy in children. J Pediam 1978: 93:133-137.

Fattinger IC, Voxch 8, Olafsson A, Vieek ], Wenk M, Follath I, Netilmicin in the neonate: population
phatmacokinete analysis and dosing recommendations. Clin Pharmnacol Ther 1991; 50:55-65.

Southgate WM, DiPiro JT, Robertson AF. Pharmacokinetics of genramicin in neonates on extracorporeal
membrane oxygenaton. Antimicrob Agents Chemother 1989 33:817-9.

McCracken GH, Jr.. Chrane DF, Thomas ML. Pharmacologic evaluation of gentamicin in newborn infants.
] Infect Dis 1971: 124:Suppl:214-219.

MeCracken GH, West NR, Horton L]. Unnary excretion of gentamicin in the neonatal period. J Infect Dis
19712 123:257-62.

Koren G, James A, Perlman M. A simple method for the estimation of glemerular filtration rate by
gentarnicin phammacokinetics duning routine drug monitoring in the newborn, Clin Pharmacol Ther 1985;
38:680-3.

Brion LP. Fleischman AR, Schwartz GJ. Gentamicin intetval in newborn infants as detetmined by renal
funcdon and posteonceptonal age. Pediawr Nephrol 19915 5:675-9.

Thomson AH, Way 5, Bryson SM, McGovern EM, Kelman AW, Whidng B. Populadon pharmacokinetes
of gentamicin in neonates, Dev Pharmacol Ther 1988: 11:173-9.

Pors G, d'Athis P, Rey B, et al. Gentamicin monitoring in neonates. Ther Drug Monit 1988; 10:421-7.
Rodvold KA, Gentty CA, Plank GS, Kraus DM, Nickel E, Gross JR. Prediction of gentamicin
concentratons in neonates and infants using a Bayesian pharmacokinetic model. Dev Pharmacol Ther
1993: 20:211-9.

Keyes PS, Johnson CK, Rawling TD. Predictors of trough serum genmmicin concentrations in neonates.
Am ] Dis Child 1989; 143:1419.23.

Paap CM, Nahata MC. Clindeal pharmacokinetics of andbacterial drugs In neonates. Clin Pharmacokiner
1990; 19:280-318.



86.

87.

88.

8.

90.

91.

96.

97.

98.

99.

100.

101.

1602

van den Anker N, de Groot R Broerse HM. et al. Assessment of glomerular filtration rate in preterm
infants by serum creatinine: comparison with inulin clearance. Pediatdes 1995; 96:1156-8,

Davison JM, Dunlop W, Eximolhai M. 24-hour cratinine clearance during the third rimester of normal
pregnancy. Br | Obster Gynaccol 1980; 87%:106-109.

MzcGowan A, Reeves D Serum aminoglycoside concentrations: the case for routine monitoring. |
Antmicrob Chemother 1994; 34:829-37,

van den Anker JN. Pharmacokineties and renal function in preterm infanrs. Acta Paediarr 1996
83:1393-1399.

Miranda JC, Schimmel MM, James LS, Spinclli W, Rosen TS. Genramicin kinedes in the nconate. Pediate
Pharmacol (New York) 1985; 5:57-61.

Jensen PD., Edgren BE, Brundage RC, Population pharmacokinetics of gentamicin in neonates using a
nonlinear, mixed-cffects model, Pharmacotherapy 1992 12:178-82,

Izquicrdo M, Lanao JM, Cervero L, Jimenez NV, Dominguez-Gil A. Popuiaton pharmacokinedes of
gentamicin in premarre infants. Ther Drug Monit 1992; 14:177-83.

Weber W, Kewirz G, Rost KL, Looby M, Niz M, Hamisch L. Population kinetics of pentmicin in
neonazes, Bur | Clin Pharmaco] 1993; 44:823-5,

Willinms BS, Ransom }L, Gal P, Carlos RQ, Smith M, Schall 8A. Gentamnicin pharmacokinetics in neonares
with parent ductus arterosus, Cot Care Med 1997; 25:273-3.

van den Anicer [N, Hop W], De Groot R. Effects of prenatal exposure to bemmethasonc and
indomethacin on the glomerular fraton rate in the preterm infant. Pediarr Res 1994; 36:578-581.

Bueva A, Guignard [P, Renal funeson in prererm neonates. Pediarr Res 1994; 36:572-577.

Bidiwala K8, Lotenz JM, Kleinman LI Renal function cortelates of postnatal diuresis in preterm infants.
Pediarrics 1988; 82:50-58.

Faura CC, Garcia MR, Horga JF. Changes in gentamicin serum levels and pharmacokinetic paramerers in
the newborm in the course of reatment with amineglycoside. Ther Drug Monit 1991 13:277-80,
Sardemann H, Colding H, Hendel |, Kampmann P, Hvidberg EF, Vejlsguard R, Kinetes and dose
caleulatons of amikacin in the newborn. Clin Pharmacel Ther 1976 20:39-66.

Vervelde ML, Rademaker CM, Kredict TG, Fleer A, van Asten P, van Dijk A, Populadon pharmacolinedes
of gentamnicin in preterm neonates: evaluation of 2 once-dally dosage regimen. Ther Drug Monit 1999
21:514-9.

Kildoo €, Modanlou HD, Komatsu G, Harralson A, Hodding J. Developmental pattern of gentamicin
kinemes in very low birth weight (VLBW) sick infants. Dev Pharmacol Ther 1984; 7:345-56.

Nahata MC, Powell DA, Durrell DE, Miller MA, Glazer JP. Intrapadent variadon In tobramycin kinetics in
low birth weighr infants during Arst postraal week Eur | Clin Pharmacol 1984; 26:647-9.

Van den Anker JN, Hop WCJ, Schoemalker RC, Van der Hedjden AL, Nedjens HJ, De Groot R. Ceftazidime
pharmacokinetics in preterm infants: effecr of postnaral age and postnatal exposure to indomethacin. Br |
Clin Pharmacol 1993; 40:439-443.

Watterbersr KL, Kelly HW, Johnson JD, Aldrich M, Angelus P. Effect of patent ductus arteriosus on
gentamicin pharmacokinetics in very low birth weight (less than 1,500 g babices. Dev Pharrnacol Ther 1987;
10:107-17.

Van den Anker JN, Kearns GL. Gentamicin pharmacokinetics in neonartes with patent ductus arteriosus
flerter). Crit Care Med 1997; 23:1933-1934.

Gal P, Ransom JL, Weaver RL. Geatamicin in neonates: the need for loading doses. Am ] Perinatol 1990;
72547,



104

105.

106.

107.

108.

109.

110,

111

112

113
114,

117.

118.

119.

66

Daodge WF, Jelliffe RW, Zwischenberger JB, Bellanger RA, Hokanson JA, Snodgrass WR. Population
phasmacokinetic models: effect of explicit versus assumed constant serum CONCENITANOnN 884y Lot
patterns upon parameter values of genramicin in infants on and off extracorporeal membrane oxygenation.
Ther Drug Monit 1994: 16:552-9.

Krediet TG, Fleer A, Gerards L]. Development of resistance o aminoglycosides among coagulase-negadve
staphylococe] and enterobactetizecac in 2 neonatal intensive care unit. J Hosp Infecr 1993; 243946,

de Champs C, Franchineau P, Gourgand JM, Lezette Y, Ganlme [, Sirot J. Clinical and bacteriological
sarvey after change In aminoglycoside treatment to control an epidemic of Enterobacrer cloacac. J Hosp
Tnfect 1994; 28:219-29.

Friedland IR, Funk E, Khoosal M, Klugman KP. Increased resistance to amikacin in 2 nconaral unit
following intensive amikacin usage. Antimicrob Agents Chemother 1992 36:1596-600.

Bryan C8, John JF, Jt., Pal MS, Austin TL. Gentamicin vs ceforaxime for therapy of nconaral sepsis.
Reladonship to drug resistance. Am ] Dis Child 1985; 139:1086-5.

de Man P, Veshoeven BA, Verbrugh HA, Vos MC, van den Anker JN. An antbiotic policy to prevent
emetgence of resistant bacilli [sce comments]. Lancer 2000; 355:973-8.

Acbi. Nosocomial infections in the NICU, Third European Congress on Pediatic and Neonartal Intensive
Care., Bern, 1997, Pfennminger, J.

All BH. Gentamicin nephrotoxicity in humans and animals: some recenr research. Gen Pharrmacol 1995;
26:1477-87.

Mingeot-Lecieteq MP, Tulkens PM. Aminoglycesides: nephrotoxicity. Antimicrob Agents Chemother 1999;
43:1003-12.

Tutkens PM. Nephrotoxicity of aminoglycoside antibiotics. Toxicol Letr 1989; 46:107-23.

Kaloyanides GJ, Pastoriza-Munoz E. Aminoglycoside nephrotoxdcity. Kidoey Int 1980; 18:571-582.
Giuliano RA, Vetpooten GA, Vetbist L, Wedeen R, De Broe ME. In vivo uptake kinctics of
aminoglycesides in the kidney corwex of rats. | Pharmacol Exp Ther 1986; 236:470-475.

Verpooten GA, Gluliano RA, Verbist L, Eestermans G, De Broe ME. Once-daily dosing decreases renal
accumulation of gentamicin and netlmicin, Clin Pharmacol Ther 1989; 45:22-27.

De Broe ME, Verbist L, Verpooten GA. Influence of dosage schedule on renal accumulation of amikacin
and robramyein in man. J Antirsicrob Chemother 1991; 27, Suppl C:41-47.

Munckhof W], Grayson ML, Turnidge JD. A meta-analysis of studics on the safery and efficacy of
aminoglycosides given either once daily or as divided doses. | Andmicrob Chemother 1996; 37:645-663.
Al MZ, Goetz MB. A meta-analysis of the relatve efficacy and toxicity of single daily dosing versus
multiple daily dosing of aminoglycosides [see comments], Clin Infect Dis 1997; 24:796-809.

Rybak MJ, Abare B], Kang L, Ruffing MJ, Lemer SA, Drusano GL. Prospective evaluation of the effect of
an aminogiycoside dosing regimen on rates of observed nephrotoxicity and ototoxicity, Antimicrob Agenrs
Chemother 1999; 43:1540-55.

Leititds JU, Zimmerhacki LB, Burghard R, Gordjani N, Brandis M. Bvaluation of local renal function in
newbotn infants under tobramycin therapy. Dev Pharmacol Ther 1991 17:154-60.

Giapros VI, Andronikou $, Cholevas VI, Papadopoulou ZL. Renal function in premature infants during
aminoglycoside therapy. Pediatr Nephrol 1995; 9:163-6.

Parini R, Rusconi F, Cavanna G, Vigliani E, Cornacchia L, Assael BM, Evaluation of the renal and auditory
functon of neonates weated with amikacin, Dev Pharmacol Ther 1982; 5:33-46.

Langhendries J?, Bartisd O, Bertrand JM, et al. Onge-a-day administrarion of amikacin in nconates:
assessment of nephrotoxicity and orotoxicity, Dev Pharmacol Ther 1993; 20:220-30.



I i
L ANERIES

124

125.

126.

127,

128.

129,

130.

Lundergan FS. Glasscock GF, Kim EH, Cohen RS. Once-daily gentamicin dosing in newbom infants.
Pediatrics 1999; 103:1228-34,

Androniisou 8, Giapros VL. Cholevas V1, Papadopoulou ZL. Effect of aminoglycoside therapy on renal
funcion in full-term infanes. Pediatr Nephrol 1996; 10:766-8.

Gordjani N, Burghard R, Muller D, et al. Urinary excretion of adenosine deaminase binding protein in
neonates treated with tobramycin, Pediatr Nephrol 1993; 9:419-22.

Giacola GP, Schentag JJ. Pharmacokinetics and nephrotoxicity of contnuous intravenous infusion of
gentamicin in low birth weight infaars. | Pediawr 1986: 109:715-9.

Gouyon JB, Aujard ¥, Abisror A, et al. Urinary excretion of N-aceryl-glucosaminidase and beta-2-
microglobulin as early markers of gentamicin nephrotoxdcity in deonates, Dev Phatmacol Ther 1987,
10:145-52.

Rajchgot P, Prober CG, Soldin 8, et al Amincglycoside-related nephroroxidity in the premarure newborn.
Clin Pharmacol Ther 1984; 35:394-401.

Williams PD. Bennert DB, Gleason CR, Hottendorf GH. Correladon between renal membeane binding and
ncphrotoxicity of aminogiycosides. Andmicrob Agents Chemother 1987; 51:570-574.

Seringer SP, Meyerhoff WL, Wiight CG. Orotoxicity. In: Paparella MM, Gluckmann JL, Meyerhoff W1,
eds. Ctolaryngology. Philadelphia: W.B. Saunders comp., 1991:1653-1669.

Preston SL, Briceland LL. Single daily dosing of aminoglycosides. Pharmacotherapy 1995; 15:297-316.
Dulon D, Zajic G, Azan JM, Schachr ]. Aminoglycoside antibiotics impair calcium entry but not viabiliry
and moulity in isclared cochlear outer hair cells. ] Neurosci Res 1989; 24:338-46.

Huang MY, Schacht J. Formagon of a cytoroxic metabolite from genmmicin by liver. Biochem Pharmacol
1990; 40:R.11-4.

Esuvill X, Govea N, Barcelo E, et al. Familial progressive sensorineural deafness is mainly due o the
mtDNA A1355G mutation and is enhanced by wreatment of aminogiycosides. Am | Fum Gener 1998;
62:27-35.

Ermfors P, Canlon B, Aminoglycoside excitement silences hearing [news: comment]. Nat Med 1996; 2:1313-
4

Basile AS, Huang M, Xie C, Webster D, Bedin C, Skoinick P, N-methyl-D-aspartate antagonists fimir
aminoglycoside antibiotic-induced heating loss fsce comments]. Nat Med 1996; 2:1338-43.

McCormack JP, Jewesson PJ. A critical reevaluation of the "therapeude range” of aminoglycosides. Clin
Infect Dis 1992; 14:320-39.

McCracken GH, Jr. Aminoglycoside toxdaity in infants and children. Am ] Med 1986; 80:172-8.

Hess M, Finckh-Kramer U, Bartsch M, Kewiz G, Versmold H, Gross M. Hearing screening in at-risk
neonate cohort. Int ] Ped Ororhinolaryng 1998; 46:81-89.

Borrader C. Fawer CL., Budlin T, Calame A. Risk facrors of sensorineural hearing loss in preterm infants.
Bicl Neonate 1997, 71:1-10.

Cox C, Hack M, Metz D, Fanaroff A, Auditory brainstern evoked responses for sereendng very low
birthweight infants (VLBW) - Effects of genmmycin and neonaral risk factors on mamuration. Ped Rescarch
1979: 13:524A.

Chayasirisobhon 3, Yu L, Griges L, Westmorcland §J, Leu N. Recording of brainstem cvoked potendals
and their association with gentamicin in neonates. Pediamr Neurol 1996; 14:277-80.

Finizo-Hieber T, McCracken GH, Jr., Brown KC. Prospective controlled evaluation of auditory funcdon in
neonares given netilmicin or amikacin. | Pediaer 1985; 106:129-36.

Tsai CH, Tsai FJ. Auditory brainstern responses in term neenates treated with gentamicin, Acta Pacdiatr Sin
1992; 33:417-22.

67



146.

147.

148.

149.

150.

151

157.
158.

139.
160.

164

165.
166.

167.

168.

68

Bernard PA. Freedom From ototoxdcity in aminoglycoside reared neonates: 2 mistaken noton.
Laryngoscope 1981: 91:1985-94.

Salamy A, Eldredge L, Tooley WH. Neonatal starus and hearing loss in high-risk infants [sce comments]. ]
Pediacr 1989%; 114:847-52.

Matte H, Craig WA, Pechete 1C. Determinants of efficacy and toxicity of aminoglycosides fsee comments].
] Andmicrob Chemother 1989: 24:281-93.

Moore RD, Smirh CR, Lietman PS. The associadon of aminogiycoside plasma levels with mortalicy in
patents with gram-negative bacteremia, ) Infect Dis 1984: 149:443-8.

Semchuk W, Borgmann |, Bowman L. Determination of 2 gentamicin loading dose in neonates and infants.
Ther Drug Monit 19935 15:47-51.

Prins IM, Weverling GJ, de Blok K, van Kerel R]. Speclman P. Validation and nephrotoxieity of 2
simplified once-daily aminoglycoside dosing schedule and guidelines for monitoting therapy. Antimicrob
Agents Chemother 1996: 40:2494-9,

Kenyon CF, Knoppert DC, Lee SK. Vandenberghe HM, Chance GW. Amikacin pharmacokinetics and
supgested dosage medificadons for the preterm infant. Andmicrob Agents Chemother 1990; 34265-8,
Bloome MR, Warren Aj, Ringer L, Walker PC. Evaluation of an empirical dosing schedule for gentamicin
in neonates. Drug Intelt Clin Pharm 1988; 22:618-22.

Semchuk W, Shevehuk YM, Sankasan K, Wallace SM. Prospective, sandomized, conrrolled evaluatdon of a
gentamicin loading dose In neonates. Biol Neenare 1995: 67:13-20.

Ealinger 1, Bedford KA, Lovering AM, Reeves DS, Speidel BD, MacGowan AP. Pharmacokinetics of
once-a-day netitmicin (6 mg/kg) in neonates. | Antimicreb Chemother 1996; 38:499-505.

Watterberg KL, Kelly HW, Angelus P, Backstrom C. The need for a loading dose of gentamicin in
neonates. Ther Drug Monir 1989; 11:16-20.

Esposito AL, Gleckman RA. Vancomyein. A second look. JAMA 1977; 238:1756-7.

Waisbren B, Kleinerman L, Skernp J. Comparative ciinical effectivencess and roxicity of vancomycin,
ristocetin and kanarycin, Arch Intern Med 1960: 106:179-193.

Newsom SW. Vancomycin. | Antimicrob Chemother 1982: 10:257-9.

Appel GB, Neu HC. The nephrotoxicity of ancmicrobial agents (second of three parts), N Engl ] Med
1977 296:722-8.

Bailic GR, Neal D. Vancomycin ototoxicity and nephrotoxicity. A review. Med Toxdcol Adverse Drug Exp
1988; 3:376-86.

Barna JC, Williams IDH. The soructure and mode of action of glycopepdde antibiotics of the vancomycin
group. Anmu Rev Microbiol 1984; 38:339-57.

Reynolds PE. Structure, biochemistzy and mechanism of action of glvcopeptide andbiotics. Eur J Clin
Microbicl Infect Dis 1989; 8:943-50.

Perkins HR, Nieto M. The chemical basis for the action of the vancomycin group of antbiotcs. Ann N Y
Acad Scit 1974 235:348-63.

Pteiffer RR. Structural features of varcomydn. Rev Infeet This 1981: 3 suppl:5205-9.

Geraci JE, Hellman FR, Nichols DR. Antibiotic therapy of bacrerial endocarditis. VII. Vancomyein for
acure microgoceal endocardits. Staff Meetings of the Mayo Clinic 1958; 33:172-181.

Fekery R Vancomycin, weicoplanin ant the streprogramins: quinupristn and dalfopristn, In: Mandell GL,
Bennet JE, Dolin R, eds, Mandell, Douglas and Bennett's:principles and practice of infectous diseases.
Philadelphia: Churchill Livingstone, 2000:382-392,

Barg NL, Supena BB, Fekety R, Persistent staphylococcal bacteremia in an inwavenous drug abuser.
Antimicrob Agents Chemother 1986; 29:209-11.



169.
170.
171.

172.

ey
=)
L

174.

175,

176.

177.

178,

179.

180.

181.

182

183.

184,

186.

187,

Watanakunakorn C. The antibacterial action of vancomycin. Rev Infect Dis 1981 3 suppl:5210-5.
Wilhelrn MP. Vancomyein, Mayo Clin Proc 1991; 66:1163-70.

Jordan D, Mallory H. Site of action of vancomyein on Ssgpbylecocens anrens. Antimicrob Agents Chemother
1964; 4:489.

Jordan D, Innis W. Selective inhibitdon of tibonycleie acld synthesis in Stapbylococars anrezs by vancomycin.
Natuse 1939; 184:1894.

Srnith TL, Pearson ML. Wilcox KR, et al. Emergence of vancomyein resistance in Staphylococcus auteus.
Glvcopeptide-Intermediare Staphylococcus aureus Working Group. N Zngl | Med 1999; 340:493-301.
Pectermans WE, Hoogeterp J]. Hazelkamp-van Doldwm AM, van den Brock P, Matde H.
Andstaphylococcal acdvides of reicoplanin and vancomyein in vito and in an expermental infection.
Angmicrob Agents Chemother 1990; 34:1869-74.

Lowdin E, QOdenholr I, Cars O, In vitre studies of pharmacodynamic properties of vancomycin against
Suphylocoecus aurens and Suphyloeoccus epidermidis. Andmierob Agents Chemother 1998: 42:2739-44.
Dufful]l 8B, Bepg EJ. Chambers ST, Barclay ML, Efficacies of different vancomycin dosing regimens
against Staphylococcus aurcus determined with a dynamic in virre model Andmicrob Agents Chemother
1994, 38(1(0:2480-2.

Mouron JW. Vancomyein kill curves, Internatonal Conference on Antmicrobial Agents and
Chemotherapy. Los Angeles, 1997.

Lundstrom TS, Sobel JD. Andbiotics for gram-positive bactetial infections. Vancomycin, teicoplanin,
quinupristin/dalfoprisun, and linezolid. Infect Dis Clin North Am 2000; 14:463-74.

James JK, Palmer SM, Levine DP, Rybak MJ. Companson of convennonal dosing versus continucus-
nfusion vancomycin therapy for patents with suspected or documented gram-posifive infections.
Andmicrob Agents Chemother 1996; 40:696-700.

Pawlotsky F, Thomas A, Kerguens MF, Debillon T, Roze JC. Constant rate infusion of vancomyein in
premature neonates: a aew dosage schedule. Br | Clin Pharmacol 1998; 46:163-7.

Marik PE. Failure of once-daily vancomycein for staphylococcal endocarditls. Pharmacotherapy 1998
18:630-2.

Marik PE. The fafluse of a once-daily vancomycin dosing regimen in paficnts with normal renal functon. ]
Antimictob Chemother 1997; 40:745-6.

Hanberger H, Nilsson LE, Maller R, Tsaksson B. Phasmacodvnamucs of depromyein and vancomycin on
Enterococeus facealis and Staphylocoecus aurcus demonstrated by studies of inidal killing and
postandbiote effect and influence of CaZ+ and albumin oo these drugs. Anomicrob Agents Chemother
1991: 35:1710-6.

Rybak MJ, Cappellerty DM, Moldovan T, Aeschlimann JR, Kaaee GW. Compsarative in vitro activides and
postantblotic effects of the oxazolidinone compounds eperezolid (PNU-100592) and linezolid (PNU-
100766) versus vancomycin against Suphylococcus aureus, coagulase- negatve stphylococcd, Enterococeus
faccalis, and Enterococcus faecium. Andmicrob Agents Chemother 1998; 427214,

Cooper MA_ Jin YT, Ashby [P, Andrews JM, Wise R. In-vitro comparison of the post-antibiote effeet of
vancomycin and teicoplanin. ] Antimicrob Chemother 1990; 26:203-7.

Katchmer AW, Archer GL, Dismukes WIE. Suphylococcus epidermidis causing prosthere valve
endocardids: microbiologic and clinical observadons as guides w therapy, Ann Intern Med 1983: 98:447-55.
Watanakunakom C, Tisone JC. Synergism between vancomyein and pentamicin or tobramyein for
methicillin-suscepuble and merhicillin-resistant Staphylococcus aureus strins. Andmicrob Agents
Chemother 1982, 22:903-5.

69



188,

189.

196,

191.

192,

194,

195.
196,

198.

199.

200.

201,

205,
206.

207.

308.

70

Wannakunakorn C, Bakic C. Synergism of vancomycin-gentamicin and vancomycin-stepromycin against
enterococel. Antimicrob Agents Chemother 1973; 4:120-4.

(INNIS) NNISS, Nosocomial enteracocc resistant to vancomycin--United Stares, 1989~ 1993, MMWR
Morb Mortal Wkly Rep 1993; 42:597-9.

Frieden TR, Munsiff S5, Low DE, er al. Emergence of vancomycin-resistant enterococd in New York Ciry.
Lancet 1993; 342:76-5.

Leclercq R, Derlot E, Weber M, Duval |, Courvalin P. Transferable vancomycin and teicoplanin resistance
in Enterococcus faccurn. Antimicrob Agents Chemother 1989; 33:10-5.

Vincent §, Minkler P, Bincrewskd B, Ettet L, Shlacs DM. Vancomycin resistance in Enterococcus
gallinarem. Antimicrob Agents Chemother 1992; 36:1392-9.

Shlaes DM, Errer L, Gutmann L. Synergistic killing of vancomyein-resistant enterococe of classes A, B, and
C by combinadons of vancomycis, penicllin, and gentamicin, Antimicrob Agents Chemother 1991;
35:776-9.

Simonsen GS, Haahelm H, Dahl KH, et al. Transmission of VanA-gype vancomycin-resistant enterococcl
and vanA resistance clements between chicken and humans ar avoparcin-cxposed farms. Microb Drug
Resist 1998; 4:313-8.

Woodford N. Glycopeptide-resistant enteroeoeck: a decade of experience. T Med Microbiol 1998; 47:849-62.
Noble WC, Virani Z, Cree RG. Co-zansfer of vancomycin and other resistance penes from Enterococcns
facealis NCTC 12201 to Smphylococcus aurcus. FEMS Microbiol Lett 1992; 72:195-8.

Herwaldr L, Boyken L, Pfaller M. In vitro sclection of resistance to vancomycin in bloodstream isolates of
Swphylococcus haemolyticus and Swaphyloceccus epidermidis. Fur § Clin Microbio! Infect Dis 1991:
10:1007-12.

Hiramatsu K, Aritaka N, Hanaki F, et al. Dissernination in Japanesc hospitals of strains of Staphylococcus
aureus heterogencously resistant to vancomycin, Lancet 1997; 350:1670-3.

Hiramarse K, Hanaki H, Ino T, Yabuta K, Ogurd T, Tenover FC. Methicilin-resistant Staphylococcus
aureus chinseal strain with reduced vancomycin suseepdbility. ] Antimicrob Chemother 1997; 40:135-6.
Rybak M]J, Akins RL. Emergence of methicillin-sesistant Staphylococcus aurcns with intermediate
glycopeptide resistance: clinical significance and wreatment opdens. Drugs 2001; 61:1-7.

Sieradzkd K, Roberts RB, Haber W, Tomasz A. The development of vancorycin resistance in g patient
with methicillin- resistant Staphylococcus aureus infecdon. N Engl ] Med 1999; 340:317-23.

Evans RC, Holmes CJ. Effect of vancomycdn hydrochloride on Smphylococcus epidermidis bioflm
associated with silicone clastemer. Antmicrob Agents Chemother 1987: 31:889-94.

Blaser ], Vergeres P, Widmer AF, Zimmerli W. In vivo verificazion of in vitro model of anubiotic weatment
of device-related infection. Andmicrob Agents Chermother 1995 39:1134-9.

Ronnestad A, Abrahamsen TG, Gaustad P, Finne PH. Blood cultere isolates during 6 years in a tertiary
neonatal intensive care unit. Scand | Infect Dis 1998: 30:245-51.

Hall SL. Coagulase-negarive staphylococcal infectons in neonates. Pediatr Infect Dis § 1991z 10:57-67.
Cordero L, Sananes M, Ayers LW, Bloodstream mnfections in a neonatal intensive-care unit: 12 years'
experience with an antibiotic conrrol prograrm. Infeer Control Hosp Epidemiol 1999; 20:242-6.

Soll B, Gordon T, Korones 8B, et al. Late-onset sepsis in very low birth weight neonates: a report from
the Natonal Insdrure of Child Health and Human Development Neonatal Rescarch Nerwork. J Pediatr
1996; 129:63-71.

McDoupal A, Ling EW, Levine M. Vancomycin pharmacokinetics and dosing in premature neonates. Ther
Drug Monir 1995 17:319-26.



209.

210.

211

214
215

216.

221.

i)

224,

223,

226.

Kallman J, Kihlswom E. Sjcberg L, Schollin }. Increase of stphylocece! in neonaral septicacmia: a
fourteen-vear study, Acta Paediarr 1997: 86:533-8.

Gray JE, Richardson DK, McCormick MC, Goldmann DA. Cosgulase-nepatve staphylococcal bacteremnia
among very low birth weight infants: relation to admission illness severity, resource use, and outcome.
Pediatrics 1995; 95:223-30.

Freeman J, Goldmann DA, Smith NE, Sidebottom DG, Epstein MF, Plart R. Assoclation of intravenous
ipid emulsion and coagulase-negative staphylococeal bacteternia in neonatal intensive care urndes. N Engl |
Med 1990: 323:301-8.

Freeman J, Platt R, Epstein MF, Smith NE, Sideborrom DG, Goldmann DA, Birth weight and length of
stay as determinants of nosocomial coagulase- negative staphylococeal bacteremia in neonaral intensive care
unir populations: potential for confounding. Am J Epidemiol 1990; 132:1130-40.

Freeman |, Epstein MF, Smith NE, Platr R, Sidebottormn DG, Goldmann DAL Extra hospial sty and
andbiotic usage with nosocomial coagulase-negative stphylococeal bacteremia in rwo neonatal intensive
care unit populations, Am | Dis Child 1990, 144:324-9,

Spears RL, Koch R. The use of vancomyein in pediarrics. Antibiotics Ann 1959-1940:798-803.

Pardck CC. Coagulase-negatve staphylocoed: pathogens with increasing clinical significance. | Pediate
1990: 116:497-507.

Baumgarr 8, Hall SE, Campos JM, Polin RA. Sepsis with coagulase-negadve staphylococd in critdeally il
newborns. Am § Dis Child 1983: 137:461-3.

Munson DP, Thompson TR, Johnson DE, Rhame FS, VanDrunen N, Ferrien P, Coagulasc-negative
staphylococeal septeemia: experience in 2 newborn intensive care unit. | Pediarr 1982; 101:602-3.

Prece EH, Brain A, Dickson JA. An ourbreak of infection with a gentamicin 2nd methicillin-resistant
Staphylococcus aurcus in 4 neconatal unit. | Hosp Infeer 1980; 1:221-8.

Spﬂfford P8, Sinkin RA, Cox C, Reubens L, Powell KR. Prevendon of central venous catherer-related
coaguiase-negatve staphylococcal sepsis in neenares. § Pediarr 1994 125:259-63.

Kacica MA, Horgan M, Ochoa L, Sandler R, Lepow ML, Veaera RA. Preventdon of gram-positive sepsis
in neonates welghing less than 1500 grams, | Pediam 1994: 125:253-8,

Baier R], Bocechini JA, Jr., Brown EG. Selective use of vancomydin ro prevent coagulase-negative
staphylocoecal nosocomial bacteremia In high dsk vety low birth weight infanes. Pediatr Infeet Dis ] 1998;
17:179-83.

Moller JC, Nelskamp 1, Jeasen R, Garermana 8, Tven H, Gortner L. Teicoplania pharmacology in
prophylaxis for ceagulase-neganve staphylococcal sepsis of very low birthweight infants. Acta Paediatr
1996: 85:638-9.

Molier JC, Rossa M, Nacherodt G, Richter A, Tegtmeyer FKL [Preventive andbiotic administration for
preventon of nosocomial sepricemia in very small premature infants (VLBW infants)--preventive
vancomycin administration against infections with coagulase negative streptococed--preventon of
wanslocation with oral cefixdme therapy in intestinal colonizaton with pathogenic gram-negative
pathogens]. Klin Padiatr 1993; 205:140-%.

Moller JC, Nacherode G, Richrer A, Tertmeyer FR. Prophylactic vancomycin o prevent stphylococeal
sepricaemia in very-low-birth-weight infangs [letter] [sce commentsd, Lancet 1992; 3401424,

Crafr AP, Finer NN, Barringron K], Vancomydn for prophylaxis against sepsis in preterm neonates.
Cochirane Databasc Syst Rov 2000; 2.

Vermont CL, Hartwig NG, Fleer A, et al Persistence of clones of coagulase-negatve staphylocoedi among
premarure neonates in neonatl intensive care unitst two-center study of bacterdal genotyping and patient
tisk factors. ] Clin Microbiol 1998; 36:2485-90.

71



229,

230.

231.

)
(%]
o

5]
E.n

&
[F3)
+

s
&

239,

240,

241,

242,

243,

245.

246.

247.

Marzke GR, Zhanel GG, Guay DR. Clinical pharmacokinetics of vancomycin. Clin Pharmacokinet 1986
11:257-82.

Reed MDD, Kliegrman RM, Weiner ]S, Huang M, Yamashita TS, Blumer JL. The clinical pharmacology of
vancomyein in seriously il preteem infants. Pediarr Res 1987: 22:360-3,

James A, Koren G, Miliiken |, Soldin S, Prober C. Vancomycin pharmacokineties and dosc
recommendations for preverm infants. Antmicrob Agents Chemother 1987; 31:52-4.

Lisby-Sutch SM, Naham MC. Dosage puidelines for the use of vancomycin based on its pharmacokinetics
in infants. Bur ] Clin Pharmacol 1988; 35:637-42.

Gous AG, Dance MD, Lipman J, Luyt DI, Madhivha R, Seribante . Changes in vancomycin
pharmacokineties in erideally il infants. Anaesth Intensive Care 1995: 23:678-82.

Jarretr RV, Mardnkovich GA, Gayle EL, Bass JW. Individualized pharmacekineric profiles to compute
vancomycin dosage and dosing interval in preterm infants [see comments). Pediatr Infecr Dis ] 1993:
12:156-7.

Grimsley C, Thomson AH. Pharmacolinetics and dose requirements of vancomycin in neonates. Arch Dis
Child Feral Neonatal Ed 1999; 81:F221-7.

Leonard MB, Koren G, Stevenson DI, Prober CG. Vancomycin pharmacokinedes in very low birth weight
riconates. Pediatr Infect Dis J 1989; 8:282-6.

Fofah OO, Karmen A, Piscitell ], Brion LP. Failure of predicton of peak serum vancomyein
concentrations from trough values in neonates. Pediatr Infeet Dis | 1999; 18:299-300.

Nagvi SH, Keenan W], Reichley RM, Forrune KP. Vancomyein pharmacoldnetics in small, seriously il
infants, Am ] Dis Child 1986; 140:107-10.

Rodvold KA, Gentry CA, Plank GS, Kraus DM, Nickel B, Gross JR. Bavesian forecasting of serum
vancomycin concentradons in neonates and infanes. Ther Drug Monit 1995; 17:239-46.

Scay RE. Brundage RC, Jensen PD, Schilling CG, Edgren BE. Populadon pharmacokinetics of vancomycin
in neonates [published errarum appears in Clin Pharmacol Ther 1995 Aug58(2):142]. Clin Pharmacol Ther
1994 36:169-75.

Silva R, Reis E. Bispo MA, et al. The kinetic profile of vancomycin in neonates. | Pharm Pharmacol 1998:
50:1255-60.

Buck ML. Vancomycin pharmacokinetes in neonates receiving extracorporeal membrane oxygenaton,
Pharmacotherapy 1998; 18:1082-6.

Asbury WH, Darsey EH, Rose WB, Murphy JE, Buffingron DE, Capers CC. Vancomyein
pharmacokinedes In neonates and infants: a rewospective evatuation. Ann Pharmacother 1993 27:490-6.
Gross JR, Kaplan SL, Kramer WG, Mason EO, Jr. Vancomycin pharmacokinetes in premature infants.
Pediatr Pharmaco! (New York) 1985; 5:17-22.

Alpert G, Campos JM, Harrds MC, Preblud SR, Plodidn SA. Vancomycin dosage in pediarrics reconsidered.
Aan ] Dis Chizd 1984; 138:20-2.

Kildoo CW, Lin LM, Gabrdel MH, Folli HL, Modanlou HD. Vancomycin pharmacokinetics in infancs:
relationship to postconceptional age and serum creatinine. Dev Pharmacol Ther 1989: 14:77-83.

Schaad UB, McCracken GH, Jr., Nelson JD. Clinieal pharmacology and efficacy of vancomycin in pediatric
padents. | Pediarr 19380; 96:119-26.

Burstein AH, Gal P, Forrest A, Evaluation of a sparse sampling strategy for determining vancomyein

pharmacokinetics in preterm neonates: applicaton of optimal sampling theory. Ann Pharmacother 1997:
31:980-3.

Schaible DH, Rocd ML, Jr., Alpert GA, et al. Vancomyein pharmacokinetics in infans: relationships w
indices of maturation. Pediatr Infect Dis 1986: 5:304-8.



248.

249.
250.

231,

252

258.

239,

265.

266.

267,

268,

268,
270.

Rodvold KA, Everett JA, Pryka RD, Kraus DM, Pharmacokinetics and administraton regimens of
vancomycin in neonates, infants and children. Clin Pharmacoldner 1997, 33:32-51.

Spivey IM, Gal P. Vancomycin pharmacokinetics in negnates. Am | Dis Child 1986: 140:859.

Amaker RD, DiFiro JT, Bhata J. Pharmacokinetics of vancomycin in crigcally il infants undergoing
extracorporeal membrane oxygenaton. Andmicrob Agents Chemother 1996 40:1139-42.

Reiter PD, Doron MW, Vancomycin cerebrospina fluid concentrations after intavenous administradon in
premature infants. | Perinarol 1996; 16:331-5.

Cdio C. Maohs E. Sklar FH, Nelson D, MeCracken GH, Jr. Adverse reactions to vancomycin used as
prophylaxis for C8F shuat procedures. Am J Dis Child 1984: 138:17-9,

MeGee SM, Kaplan SL, Mason EO, Jr. Venmcular fluid concentradons of vancomycin in children afrer
intravenous and inmeaventricular adminiseeation, Pediatr Infecr Dis § 1990; 9:138-9.

Schaad UB, Nelson JO, McCracken GH, Jr. Pharmacology 2nd cfficacy of vancomyein for staphylococcal
infectons in children, Rev Infeet Dis 1981: 3:5282-8.

Golper TA, Noonan HM, Elzinga L, et al. Vancomycin pharmacoldneties, renal handling, and nongenal

clearances in normal human subjects. Clin Pharmacol Ther 1988; 43:565-70.

Pou L, Roscl! M, Lopez R, Pascual C. Changes in vancomycin pharmacokinetics during trearment. Ther
Drug Monic 1996; 18:149-55.

Rodvold KA, Blum RA, Fischer JH. ct al. Vaneomycin pharmacckinetcs in patdenss with various degrees of
renal funcrion, Antimiczob Agents Chemother 1988; 32:948-52.

Le Normand Y, Milpied N, Kerguesis MF, Harousseau J1L. Pharmacokinetic parameress of vancomyein for
therapeudc regimens in neutropenic adult patients. Int ] Biomed Comput 1994: 36:121-3.

Guay DR, Vance-Bryan K. Gilliand S, Redvold K, Rotschafer | Comparison of vancomycin
pharmacokinetics in hospitaiized eldery and young patients using 2 Bayesian forecaster. | Clin Pharmacel
1993 33:918-22.

Mamke GR, McGory RW, Halstenson CE, Keane WF. Pharmacokinetics of vancomycin in padents wits
various degrees of renal funcdon, Andmicrob Agents Chemother 1984; 25:433-7.

Moellering RC. Jr., Krogstad DJ. Greenblatt DY, Vancomycin therapy in patienrs with impaired renal
function: a nomegram for dosage. Ann Intern Med 1981; 94:343-6.

Nielsen HE, Hansen HE, Korsager B, Skov PE. Renal excretion of vancomyein in in kdney disease. Acta
Med Scand 19731 197:261-4.

Rotschafer JC, Crossley K, Zaske DE, Mead K, Sawchuk R]. Solem LI, Pharmacoldnetics of vancomycin:
observations in 28 patents and dosage recommendations. Antimicrob Apents Chemother 1982, 22:391-4,
Schwarz GJ, Haveock GB, Edcdmann CM, Jr., Spitzer A. A simple estimate of giomerular filtration rate in
children derived from body length and plasma creatinine. Pediatrdces 1976; 58:239-63,

Canmu TG, Yamanaka-Yuen NA, Liciman PS. Serum vancomycin concentratons: reappraisal of their
clinical value [see comments]. Clin Infecr Dis 19942 18:333-43.

Joy M3, Matzke GR, Frye RF, Palevsky PM. Determinanss of vancomycin clearance by contnuous
venovenous hemofltration and contnuous venovenous hemodialysis, Am | Kidney Dis 1998: 51:1019-27.
Lueake RD, Trygstad CW, Oh W, Inulin clearance in the newborn nfant selationship to gesmtional and
postaral age, Pediar Res 1976; 10:739-62.

Gleason CA. Prosmglandins and the developing kidney. Semin Pednatol 1987; 11:12-21,

Guignard JP, Gouyon |B. Adverse offeers of drugs on the Immarure kdney. Biol Neonate 1988; 53:243-32.
Gal P, Gilman JT. Drug dispesition in neonates with patent ductus arteriosus. Ann Pharmacother 1993;
27:1385-8.



[

(e

Miles MV, Li L, Lakkis H, Youngblood ], McGinnis P. Special consideradons for monitoring vancomycin
concentrations in pediarric patients. Ther Dirug Mondt 1997: 19:265-70.

Pryka RD, Rodvold KA. Erdman SM. An updated compatison of drugy dosing methods. Parr IV;
Vancomycin. Clin Pharmacokinet 1991; 20:463-76.



Population modeling of tobramycin

Chapter

Populadon modeling of tobramycin in neonates:a comparison of NONMEM and NPEM2,
M. de Hoog, R.C. Schoemalker, J. N. van den Anker, AA. Vinks
Submitted






SUMMARY

Nonlinear mixed effects modeling (NONMEM) and nonparametric expectation
maximization (NPEMZ2) have both been used in population modeling of tobramycin. We
compated both methods for differences in population pharmacokinetic parameters in
relation to error models used. Predictive performance was compared between models.
A group of 470 neonates who had received tobramycin with a gestational age dependent
dosing interval was analyzed according to a one-compartment model with NONMEM
and NPEM2. Addidonal models were made where the assay error pattern in NPEM2
mimics NONMEM residuai error and vice versa. Individual pharmmacokinetic parameter
estimates were compared. Predictive performance was evaluared in 2 separate group of 61
patients. Population esdmates and varation coefficients (CV) for opdmal models were:
NONMEM Ky 0.071 bt (27%),  Va0.59 L/kg (9%), NPEM2, Ka0.079 h! (42%),
Va0.65 L/kg (48%). Forcing NONMEM to use the NPEMZ2 czror pattern as residual
error or vice versa resulted in smaller differences in CV’s of the estrnates. NONMEM
gave less bias {(p<0.05) than NPEM2 and comparable precision with this approach. Ia
conclusion NONMEM and NPEM2 are dissimilar in populatdon estimates. Differences in
ranges of pharmacokinetic parameter estmates between NONMEM and NPEM2 are
largely determined by the method of incorporating error patterns in both programs.
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INTRODUCTION

Thetapeutic  drug  monitoring plays an importnt role in the optimizadon of
aminoglycoside dosing  regimes in neonates.  Several nomograms and models
incorporating gestational age, weight, postnatal age, co-medicagon and other possible
descriptive factors have been tested 1o define the optimal a priori dosing regimen for this
volnerable populaton. However, due to the large inter-patient vanability dose
individualizaton based on serum concentration measurements eatly in therapy rermains
necessary. Bayesian feedback methods using population models have been shown to be
climically superior and cost-effecdve in this respect’. Nonlinear mixed effects model
(NONMEM) and the nonparamettic expectaton maximizatdon NPEM2) algorithm have
been used for populaton pharmacokinetc modeling of aminoglycosides in neonates?t.
Both methodologies give an esumate of the interindividual variability within a sample of
subjects from the target populaton, given the datz of past doses and responses (serum
concentrations). Typically populadon pharmacokinetc models are defined as the mean or
median pharmacokinetic parameter estimates with interpatient vatiability characrerized by
the standard deviation (SD)) or coefficient of vamadon (CV). In addiion, NPEM?2 gives
the full populadon probability disuibudons while NONMEM provides estimates
(standard errors) of the precision of its parameter estmates, including those descdbing
varability.

NONMEM assumes a unimodel normal or lognommal distribution of pharmacokinetic
parametets i the population under study. NPEM2 makes no assumption about the
distribution other than a lmitaticn to the possible values. Both methods have theoretical
advantages for clinical use. NPEM2 gives 4 graphic output of the probability distdbution

of a given combinatdon of pharmacokinetic paramerer estimates (Joint density plot), and is

able to discover and guantitatively describe unsuspected sub-populations that can give tse
to muld-modal population distributons. With NONMEM clinically important covatiates
can be easily analyzed and incorperated into the medel. Maixe et al. were the first to
describe preliminary data on relatdve differences berween the modeling methods for
amikacin in geratric padents”.Recenty, NONMEM and INPEM2 modecling has been
compared describing flucytosine pharmacokinetcs®,

To date, no study has addressed potenual causes for differences found in populaton
pharmacokinetic estimares generated by etther method. The residual error models used in
NONMEM and the assay error pattern plus addidonal environmental noise caprured by

gamma used in NPEM2 play an important role in determining populaton parameters,
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and changes in these parameters are likely to influence the final model. Clinically the most
relevant quesdon is which method gives the most useful model for capruring interpatient
vartability and for predicting (and therefore control) serum concentradons n any next
padent.

The aimm of the present study was to compare results of population modeling with
NONMEM and the nonparametdc EM algorithm by re-analyzing tobramycin therapeutic
drug monitoring data in 2 neonatal populadon as described recendy 3. The predictve
performance of NONMEM and NPEM2 generated models was evaluated in a separate

group of 61 neonates which was not part of the population modeling.

PATIENTS AND METHODS
Pagents

The patient population for this study consisted of two groups of necnates admutted to the
neonatzl intensive care unit of the Sophia Children’s Hospiral, Rotterdam empirically
treated with tobramycin for suspected neonatal sepsis in the firse week of life,

Data of the first group of 470 patients were used to develop populaton pharmacokinetic
meodels (model generation group). This group received the following tobramycin regimen
in a 30-migute iv. infusion: GA less than 28 weeks 3.5 mg/kg/24 hrs 28-36 wecks
2.5 mg/ke/18 hrs, mote than 36 weeks, 2.5 mg/kg/12 hrs. Drug administration times,
dosing regimens, blood sampling dmes and demographic data were collected 2nd have
been published previously®.

Dara of a sccond group of 61 patents (validation group) were used to validate the
populaton models developed with data of the model generation group. The validation
group recelved 4 mg/kg/dosc of tobramycin with an interval of 48, 36 or 24 hours
depending on their gestational age of < 32 weeks, 32-37 weeks and > 37 weeks,
respectively. Data collecred in both studies included gestaonal age, birthweight, 5 minute

Apgar score and exposure to indomethacin and/or corticosteroids.

Tobramycin concentration monitoring

Serum concentrations were drawn just before and 30 minutes after completion of the
fourth dose in the model generation group. In the validation group TDM was performed

3 and 8 hours after the first dose and just before the second dose. Concentrations of
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tobramycin were measured by a Fiuorescence Polarization Immuno Assay (FPLA) using a
TDxFLx {Abbott Diagnostic Division, Amstelveen, NL). The assay etror pattern for the
tobramycin assay was: SD {mg/Ly= 0.0599 + 0.0126 C+0.00438 C?, where C is the

measured serum concentration (mg/L}.

Population pharmacokinetic modeling

Tobramycin data of the model generaton group were analyzed according to a one-
compartment open model, assuming the data were attibutable to the fourth dose after
bitth, using NONMEM populadon pharmacokinetics software (NONMEM version V,
NONMEM project group, University of California, San Francisco, CA) * and the
NPEM? algorithm (NPEM2, USC*PACK collection of PC programs, version 10.7,
LAPK, Los Angeles CA)!C. The model parametets were the climination rate constant
(Ka; hY) and volume of distdbution (V4 L/kg). For NONMEM and NPEM?2 individual
empirical Bayes’ estimates were generated for Ka and Va based on the populaton
estimates.

Nonlinear Mixed Effects Model (NONMEM)

Dam were analyzed using frst order condidonal esdmation (FOCE). A constant

coefficient of variation intra- and intet-individual error was assumed.

Two models were parameterized:

1. A model parameterized in terms of g and Vg in 2 standard NONMEM analysis. This
standard model was defined as the optimal NONMEM model and was compared to
the optimal NPEM2 model in the validation group.

2. A model parameterized in terms of Kaand Va and a fixed residual error of 0.0599
plus a proportonal error of 5%. In this way the input residual error in the NONMEM
model is comparable to the assay error pattem in NPEM2 model 1 over the
conceniration range studied.

With each model individual empirical Bayes pharmacokinetic parameter estimates weze

generated by NONMEM,

Non-Parametric Expectation Maximization algorithm (NPEM2)

With NPEMZ2 the joint probability density funcdons (PDFs), populadon means
(* standard deviadon), medians (£ dispersion factor) and individual parameter estimates

for Ka and Vi were estimated using the assay error pattemn for the tobramycin assay as an
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explicit measure for intra-individual error. In the NPEMZ2 program this assay error

pattern can also be multplied by a factor (gamma) which can cither be user defined or

estmated by the program as a means t¢ account for other environmental noise. A change

of less than 0.001% in the likelihood functon was taken as the convergence criterion for

NPEM?2, Calculadons were based on 20.000 grid points,

Three different NPEM2models were parameterized:

1. A Kaand Vi model using the tobramycin assay error pattern and a fixed gamma of
1.0. This is the most widely used method in NPEMZ analysis. This model was
copared to the opumal NONMEM model i the validation group.

&

A Ka and Vi model using the assay error pattern multiplied by a gamma of 2.82 as
determined by the program. This way of modeling has recenty been described, and
may be a better way to model total error with NPEM2 1,

)

A Kaand Vamodel using an etror pattern that mimics the residual error of 21% found
in the first NONMEM analysis (SD {mg/L) = 0.21 C). By using this approach the
NPEM2 error model becomes comparable to the residual error of the first
NONMEM model

For each model maximum a posteriori (MAP) Bayesian estimadon was used to generate
individual Bayesian posterior parameter ¢strmates by using the ‘population of one’ utility
in the NPEM2 program.

Predicdve performance evaluation: comparison of NONMEM and NPEM2

models in the validation group

The relationship between the observed tobramycin concentrations and concentations
predicted by the population models was evaluated with data of the validation group, For
this putpose the mean populadon pharmacokinetic paramerters and standard deviations of
both optimal models were defined in the MW\PHARM program (MW\PHARM, version
3.15A, MediWare; Gromingen, The Netherlands)'® Three and eight hour seram
tobramycin concentrations were used as Bayesian feedback to the models. Next, predicted
trough concentratons estmated by the Marquardr algorithm were compared with the

observed trough concentrations for each patient.
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Statistical analysis

Statdstical apalysis was performed using SPSS (SPSS for Windows V9.0, SPSS, Inc,
Chicago, IL).

Individual pharmacokinetic parameter estimates for both NONMEM and NPEM2
models were compared. The predictve performance of NONMEM and NPEMZ2 models
was evaluated by comparing predicted serum concentratons with observed serum
concentrations according to the method of Sheiner and Beal 3. Bias was calculated as the
mean prediction error (ME; mean difference between measured and predicted
concentration), and is a measure of the systematic error. Precision was calculzted as the
mezan squared prediction error (mean of the sum of squared differences between actual
and predicted serum concentrations (MSE), and represents the accuracy of the systematic
error. The root mean squared prediction error is the squared root of MSE and converts
the measure of precision back to concentradon units. Relative predictve performance was
determined by comparing differences and confidence intervals of differences of MSE and
ME for models.

Individual parameter estimates for comparable NONMEM and NPEM? models were
anzlyzed using descriptive stadstics. Bayesian parameter estimates for NONMEM and
NPEM2 were tested for significant differences with the Wilcoxon signed rank test. A
significance level of p < 0.05 was accepted throughout.

RESULTS

Demographic parameters of both study groups are summarized in table 1.

Table 1: Demograpbics of both study groups

ERt L ('1_1_#470)":_.: SR R Ty | R R
Vedable . Median (range) Median (range)  Difference
Gesttonal 2ge 31.6 (23.7-42.9) 33.4 257414 N.S.
{(weeks)

Birthweight (g) 1530 (485-5245) 2029 (765-4500) N.S.
Male/female 267/203 34/27 N.S.

N.5.. nor significant
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Data of 470 neonates in group I were used for the generation of populaton models.
Population pharmacokinetic medels were evaluated for predicuve performance in the
validadon group consisting of 61 neonates. Thete were no significant differences in
gestational age, weight or gender between groups.

Figure 1 shows the error patterns uwsed n NONMEM and NPEM2 expressed as the
relaion between the serum concentations and the standard deviaton of the

concentration over the working range,

Figure 1: Redation between sernm concentration and ervor patters wsed in NONMEM and NPEM?2

3 _
25 -
g
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R P s NONMEM model 2,
£ ) |~ NPEM model 2
& .
,;“Zf/fd"'d
0.5 - "
-
O | 3 . _ T [ [ i -

0 1 2 3 45 6 7 8 9 1011 12

Concentration (mg/L)

Tke line portaying the residual error esumated by NONMEM (model 1) of 21%
approximates the assay error pattern tmes the gamma of 2.82 found by NPEM2
(model 2). If residual error in NONMEM (NONMEM model 2) 15 fixed like the assay
error pattern in NPEM?2 (model 13, as described in the methods section, the lines
representing assay error for both models are approximately the same over the

concentranon range in this pauent group.
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NONMEM model 1 0.0713 (27 %) 0.593 ( 9%%)
NONMEM model 2 0.0695 (41 %) 0.568 (32 %)
NPEM2 model 1 0.0789 (42 %) 0.646 (31 %)
NPEM?2 model 2 0.0743 (42 % 0.816 (36 %)
NPEM2 model 3 0.0783 (35 %) 0.647 (30 %)

K. climinaton rate constant; Vg, distdbutdon volume, CV%, coefficient of vatiation in %

Population pharmacokinetic parameter estimates for NPEM2 and NONMEM models are
Listed in table II. As can be seen populadon pharmacokinetic parameter estimates from
the NPEM2Z analyses are higher in all models. For the two optimal models (INONMEM
model 1 and NPEM2 model 1}, NPEM2 estimates are 11% higher for Ka and 9% higher
for Vg These differences remain largely the same when residual etror in NONMEM is
modeled according to the assay error pattern in NPEM2 (NONMEM model 2 and
NPEM2 model 1) or vice versa INONMEM model 1 and NPEM2 model 3). The
coefficient of variaton is larger for NPEM2 in the optimal models, 15% for K. and 22%
for Va. This difference decreases somewhat, to 8% and 21% respectively, when the
NPEMZ2 error pattemn is modeled as NONMEM residual error. When NONMEM
residual error is modeled to resemble the assay error pattern of NPEM2 however, the

difference in coefficient of variztion is reduced to almost nothing (1%).

Table ITI: dwmplzr v statistics of individial pa‘mwerer estimates with NONMEM and NPEM2 models

e Kcl ® pEe K, (0 v, (L/I-t.) o :-V (L/kg)

: '--Mean (SD) -Mcchan (range) Mean_(S_D). Medxan (range)
NONMEM model 1 0.073 {0.017} 0.071 (0.10y 0.59 (0.02) 0.59 (0.15)
NONMEM model 2 0.079 (0.030)  0.072 (0.19) 0.62 (0.23) 0.57 (1.71)
NPEM2 model 1 0.076 (0.037) 0.069 (0.24) 0.82 (044 0.73 (2.98)
NPEMZ model2  0.075 (0.030)  0.067 (0.19) 0.80 (0.28) 0.76 (1.70)
NPEM2 model 3 0.078 (©.025)  0.069 (C.15) 0.63 (0.17) 0.60 (0.98)

K., eliminadon e constant Vg, distibution volaume
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Table IIT and fig. 2-4 show descriptive statistics and histograms of individual Bayesian
parameter estimates. The difference in means for K and Vy between all comparable
NONMEM and NPEM2 models is statsdcally significant (p<t0.001) except for K in
NONMEM model 1 and NPEM2 model 1.

As can be expected, NPEMZ2 and NONMEM medians for Bayesian parameter estimates
of Ka and Vy follow the differences found in populadon esdmates of both models.
Medians for Ka are higher for the NONMEM models than for comparable NPEM2
models, whereas Vy is consistenty lower for NONMEM than NPEMZ2. The changes in
parameter estimates and ranges are lustrated in figures 2-4. The dismibution for Kg and
Vd foptmal models) is normal (Kologorov-Smirnov test) for NONMEM and neither
nermal nor lognormal for NPEM2. Standard deviagon for both Ka and Vy are higher for
all NPEM2 models with 2 concomitant difference in distibuton range. When
NONMEM residual error mimics NPEM?Z2 assay error pattern, the differences in
parameter ranges almost disappears (fig. 3, tble III). These differences are reduced, but
stll large when NPEM2 error pattern mimics NONMEM residual error (fig. 4, table III).
Table IV shows the predictive performance of both optimal NONMEM and INPEM2
models. Bias for NONMEM and NPEM2 are —0.25 and —0.33 mg/L, respectively. The
bias for the NONMEM model is significantdy better than thar for NPEM2 (p<0.05).
Precision for the models is 0.44 mg/L for NONMEM and 0.47 mg/L for NPEM2.

Table IV: Predictive pe;formame .af opz‘zfm'/ NONMEM and NPEM2 models

&

B T e Prectsmn

Mdd'_('.fls:_p‘sé_('is. Sl Mcan error Ratio® J.'\i'Sl’Zb Root \/ISEb Rauo

(mg/L) e (rng/L) (mg/L} S

NONMEM model 1 |-0.25 0.08 (o o1 oomW 20 044 0.03 (-o.os-o.oz)
0.23

NPEM:2 model 1 -(.33 047

» Data points arc point cstimates, with 95% confidence intervals in parentheses
b MSE, mean squared error
¢ Reladve ro NPEM2 model 1.7, p<0.05 (Wilcoxon)
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Fig 2: Histograms for individpal estimales of Koy and Vg : optimal NONMEM and NPEMZ2 models
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Fig 4: Histograms for individual estimiates of Ko and Vg NPEM?Z assay error patters nimicking
NONMEM residsal ervor
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DISCUSSION

Several population pharmacokinede methods have been used mn order to determine the
optimal model for individualizing aminoglycoside therapy in adults!*1¢ and neonates of
varying gestational ages®> 17. 18, The most widely used methods for populaton modeling
are nonlinear mixed effects modeling (NONMEM) and the non-parametrc expectation
maximization (NPEMZ) algorithm. Both methods can handle sparse dara sers with
varying amounts of informaticn per subject!®-20,

NONMEM describes the data using a mixture of fixed (e.g. tme of measurement, dose)
and random (varability within or between subjects) ecffects. Besides population
pharmacokinetic parameters the residual error is determined by the analysis. This residual
error 1s the difference between predicted and observed concentrations and accounts for
unexplainable vadability like dosing error, assay error, model misspecificadon and errors

in recorded timing of measurements.
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NPEM?2 describes the data using the assay error pattern of the drug as the predominant
source of error. This assay error can be multiplied by gamma, as described in the methods
section. Differences are to be expected between population pharmacokinetic estmates
generated by these programs. To date, there are only a few studies comparing these
methods in the same patient group’ £, In the study by Vermes et al. vagions NONMEM
and NPEM2 maodels for flucytosine were compared using the population estimates as
priors for MAP Bayesian forecasting®. Predicdve performance was evaluated using bias
and precision. In their cohort of patents the NONMEM model had berter predictive
ability, although at closer inspecton, there wete no statistical differences in bias or
precision between optimal NONMEM and NPEM2 models. In the present study, using a
comparable approach, we found the optimal NONMEM model to have a significanty
smaller biag. There was no significant difference in precision. The clinical relevance of this
small, but significant difference in bias is unclear however.

The intrguing quesdon is why the populadon estimates, variation coefficients and
individual Bayesian estimates differ berween NONMEM and NPEM2 . NPEM2
caleulates 2 higher Vg and a slightly Jower Ka than NONMEM. The higher populaton Vg
is partly explained by more extreme outliers for individual estimates of Vain NPEM?2; the
difference in median of individual estimates for Vg is .14 L/kg versus 0.23 L/kg for
mean values, The difference in standard deviztion for both models is even larger. This can
be explained by two reasons. First, NONMEM assumes a normal or log-normal
distibutton and it will therefore tend to put less weight on exweme outiers. The second
mnportant factor is that the assay error pattern used by NPEM2 is approximarcly three
times lower than the residual error in NONMEM. Because of this small bandwidth of
error, NPEMZ2 assumes serum concentrations lying outside of the expected range to be
due 1o extreme pharmacokinetic parameters in the patient. These parameter estimates are
incorporated in the expected distributon of parameters. NONMEM on the other hand
does not find a wide distribution of pharmacokinetic parameters. This is mainly because
extreme serum concentrations are considered to be a part of the residual (unexplained)
error and are not ascribed to interindividual pharmacokinede differences. This is
Hlustrated by the histograms for individual parameter estimates. The initial differences in
range decrease greatly when the assay error pattern in NPEMZ2 and residual error in
NONMEM are fixed at the same level.

90



These results have implications for clinical use of these methods. As seen i this study,
the use of gamma in NPEM2 may largely determine the differeace berween the final
NONMEM and NPEM2 peopulation estimates.

This study as well as the study by Vermes suggest NONMEDM to have a better predictive
performance, when using population pharmacokinetc estimates as the basis for Bayesian
feedback®. This however does not mean that this will hold true for every setting. Use of
parametric methods like NONMEM still imply that all the informaton in the population
is reduced to 2 mean or median with a standard deviadon or dispersion factor. This limirs
the ability to predict serum concentrations in new padents. With NPEM2 an interesting
new feature is under development; multuple modeling!!- 21 With this method proposed by
Schumitzky and Jelliffe it is possible to retain 2ll the information of the population and,
using NPEM?2, design an optimized regimen in which the weighted squared error in
obtaining desired serum concentradens is minimized. It would be interesting to compare
predicuve performance of this method o NONMEM. Furthermore, if the distributon of
parametess in the acrual population has discrete subpopulations, NONMEM will not be
able to detect these without further analysis, whereas NPEM2 will, In this parocular
setting predictive performance of NPEM?2 may be better. NONMEM on the other hand
is able to integrate covatiates in the analysis, which is a valuable feature for clinical
application. We propeose that both approaches have complementary strengths, NPEM2 13
useful for obtaining the full joint density of pharmacolinetic parameter estimates and
discrimination of clinically relevant subgroups. NONMEM is the robust method for
obtaining estmates of residual error, parameter poeint estmates and population
pharmacokinetic covaniate models.

In conclusion, this study shows that tobramycin population modeling in neonates with a
patzmetric and nponparametric approach results in  different individual parameter
distributions. Differences in PI esumates can be largely explained by differences in
method of incorporating error patterns in NONMEM and NPEM2,
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SUMMARY

Objective: Hstablish a tobramycin dosing schedule for neonates of vatious gestational ages.

Methods: This was a retrospective study with prospectve validation. A retrospective study
in 470 neonates, with suspected septicemia in the first week of life, was petformed. All
padents received tobramycin according to the following scheme: infants with a gestational
age (GA) of less than 28 weeks: 3.5 mg/ke/24 hrs, 28-36 weeks: 2.5 mg/kg/18 hrs, mote
than 36 weeks: 2.5 mg/kg/12 hrs. Trough and peak tobramycin serum levels were
determined before and 30 minutes after the fourth dose. Tobramycin data were analysed
according to a one-compartment open model using NONMEM population phar-
macokinetic software. Individual empirical Bayes’ estmates were generated based on the
populadon estimates, and used to calculate predicted peak and trough levels for different
dose and dosing intervals. To establish an optimal dosing regimen, target trough levels
were set at below 2 mg/L and target peak levels above 5-10 mg/LL. The dosing regimen

was prospectively evaluated in 23 patients.

Reszite: Of the 470 patients 19.1 % of measured peak and 32.8% of measured trough to-
bramycin serum levels were outside the desired therzpeutic range. 48.8% of infants with a
GA of less than 28 weeks had an aberrant trough level. Using populadon estimates the
following dosing regimen was recommended:

e GA <32weeks: 4 mg/kg/48 hrs

o GA 32-36 weeks: 4 mg/kg/36 hrs

o GA 237 weeks: 4 mg/kg/24 his

With this dosing schedule predicted peak levels were higher than 53 mg/L in 95.1% of
cases. Predicted trough levels were higher than 2 mg/L in 1.9% and higher than 1 mg/L
in 7.6%. Prospectively measured peak levels were higher than 5 mg/L in all bur one.
Measured trough levels were higher than 2 mg/LL in three patients and marginally higher
than 1 mg/L in four padents.

Conclusions: With the use of this proposed schedule, tzking into account differences in

GAs, predicted peak levels will be therapeutc whereas predicred trough levels will
minimize toxiclty.
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INTRODUCTION

During recent years there has been much debate about the optimal dosing interval and
required serum concentratons of aminoglycosides in adults, in order 1o maximize efficacy
and minimire toxicity! S, Efficacy of aminoglycosides is related to the ratio of peak serum
concentration to the minimal inhibitory concentradon (MIC) of the infecting micro-
organism and the area under the dme versus concentratdon carve (AUC)! 3, whereas
toxdcity of these drugs seems to be related to high trough levels’. 5. Based on these
pharmacodynamic charactetistics and the results of clinical trials it was recently advocated
in three meta-anatytic studies * 5 to administer aminoglycosides in adults once daily.

Aminocglycosides also play an important role in the initdal empiric weatment of neonatal
septicernia’. Varous regimens for dose, dosing interval and monitoring have been
suggested and implemented over the last two decades™4, A significant relation between
GA and the need for prolonged dosing mntervals was established, and the more recent
dosing regimens propose once daily dosing of aminoglycosides in very low birth weight
infants!!15. We, however, had the impression, that even with once daily administration of
aminoglycosides in these infants high tough levels were frequendy encountered. We
therefore performed this study to investgate the results of the dosing schedule we
currently use, in order to find a more approprate dosing schedule to administer
anunoglycosides to newborns of different gestational ages duing the first week of life.
Using population pharmacokinetics on our own data over the last few years we
established a dosing regimen that combines optimal efficacy with minimal toxicity. To

validate this regimen, we prospectively tested it in our patient group.

PATIENS AND METHODS
Patients

This retrospective study with prospective validadon compnised all neonates, in the first
week of life, who were treated with tobramycin as part of their empiric treatment for
suspected neonatal sepsis in the neconatal intensive care unit of the Sophia Children's
Hospital between Aungust 1992 and December 1994, Only infants whose paired peak and
trough serum tobramycin levels were available were included. In the period between
February and Aprl 1997 additional patents were studied for validaton.
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Parameters

All parameters were abswacted from the patient flles. GA and birthweightss  were
recorded. GA was determined on the basis of the mother’s menstrual history, confirmed
by carly uitrasound examinadons if avzilable, and by physical examination with the use of

the criteria of Dubowitz et alls,

Administration and dosage regimen of tobramycin

Tobramycin was given in combinadon with amoxicllin 50-100 mg/kg/day as empirc
trearment for suspected neonatal sepsis. Patents with documented invasive bacterial
mnfecton received at least 10 days of intravenous therapy. Padents with sterile cultures and
without « focus of infecton received a total of 72 h of therapy. Administraton of
tobramyein was done in a 30 minute 1.v. infusion with the following dosing regimen: GA
less than 28 weeks 3.5 mg/kg/24 hrs, 28-36 weeks 2.5 mg/kg/18 hrs, more than
36 weeks 2.5 mg/kg/12 hrs. All doses and dmes of administratdon were recorded
routinely. Trough and peak blood samples were taken before and 30 minutes after the
fourth dose. Dosage adjustments were made according to the outcome, with the intenton
o keep trough levels below 2 mg/i and peaks between 4 and 10 mg/L

Analyrical Techniques

Concentrations of tobramycin were measured by a Fluorescence Polarizaton Assay using
a TDxFLx {Abbott Diagnostic Division, Amstelveen, NLj.

Data Analysis + Dosage recommendations and simulations

Tobramycin data were analyzed according to a one-compartment open model, assuming
the dara were attdbutable o the fourth dose after birth, using NONMEM population
pharmacokinetics software [NONMEM wversion IV, NONMEM project group,
University of California, San Fraacisco, CA}. Based on the population estmates,
individual empirical Bayes” estimates were generated. Scatrerplots against weight znd age
indicated that both clearance and volume of disaibution were related to age and weight.
Afrer estimagon of clearance per kilogram birthweight, only a correlation berween Vd and
age ot weight remained {age and weight are naturally highly correlated in this group). The

cmpirical Bayes' estimares were used to calculate predicted peak and trough levels at
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steady state for different dose and dose interval combinations, and scatterplots against
gestational age were constructed.

Target serum tobramycin levels were set. The target twough level was below 2 mg/L
(generally accepted as trough when dosing more than once daily) and preferably below
1 mg/L5 17, Target peak levels were set at 2 minimum of 5 mg/L dally!®2! and preferably
ten dmes the MIC of the infecting micro-organism because of the possibility of
emergence of aminoglycoside-resistant pathogens at lower ratios?s 2. The MIC of the
most important gram-negative pathogen, Escherichiz cofi, 3s 1 mg/L in the Dutch
populaton®, so target peak levels were 5-10 mg/L.

Prospective study:

The predictive performance of the dosing regimen was evaluated prospectively in patents
receiving tobramycin according to the dosing recommendation mentioned in the results:

e Gestational zge < 32 weeks: 4 mg/kg every 48 hours

e Gestational age > 32 but <37 weeks: 4 mg/kg every 36 hours

¢ (estatdonal age Z 37 weeks: 4 mg/kg every 24 hours

Tobramycin peak and wough serum levels were determined 30 minutes after the first dose

and just before the second dose, and analyzed as described i the retrospective study.

RESULTS

Retrospective study:

Table I Measnred tobranpyein concentrations in retfrospective stndy

. Gestational age group, (weeks) - 0

Tobramycin (mg/L) . GA<2$  28<GA<32  32<GA<37 "~ GA 257 - TOTAL

trough < 2 2 (51.3) 103 (61.7) 104 (812) 67 (721D 316 (672)
wough > 2 40 (48.8) 64 (3%3) 24 (188 26 (28.0) 154 (32.8)
peak < 5 4049 37 (222 32 (25.0) 17 (183 90 (19.)
5< peak <10 75 (915) 128 (76.6) 96 (73.0) T4 (79.6) 373 (794)
peak > 10 367 2 (2 0 © 2 @22 7 (L5
TOTAL 82 (17.4) 167 (355) 128 (27.2) 93 (19.8) 470 (100.0)

Numbers are number of patients, numbers In parentheses are percentages of rowl in grovp. GA=gestadonal age
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Four hundred and seventy neonates were enrolled in the study. Their gestational ages
{GA) and birthweigths (BW) ranged from 23 to 42 weeks (median 31.5 weeks) and from
485 grams o 5245 grams (median 1530 grams), respectively. Table I summarizes the
results of tobramycin peak and trough concentrations for the different GA-groups. As
can be observed 19.1 % of peak and 32.8 % of trough levels were outside the desired
therapeutic range. Ia the GA groups below 28 weeks and berween 28 and 32 weeks the
percentage of aberrant rrough levels was particularly high, 48.8% and 38.3% respecuvely.
On the basis of the scatterplots and ser targer serum tobramycin levels the dosing is
recommended at 4 mg/ kg with the following dosing intervals:

e GA < 32 weeks: 4 mg/kg every 48 hours
e 32= GA <37 weeks: 4 mg/kg every 36 hours
¢ GA Z 37 weeks: 4 mg/kg every 24 hours

For llustrative purposes, the curves predicted using the advised dosing regimen and the
empirical Bayes’ esdmates were constructed and concenrrations corresponding to the Sth,
50th and 95th percentle computed for the three dosing intervals-age groups (Fig. 1).
Caiculadons were performed using SPSS for Windows (V6.1.2). Fig. 2 and Table II show

the predicted peak and trough levels with these recommendations.

Tabie IL. Predicted tobramyein concentrations using revised dosing recommendation

LT Gestational age groups (weeks) L

Tobramycin (ng/L) ~ GA<28 ' 28<GA<32 32GA<37. GAZ37 - TOTAL

rough < 1 75 (91.5) 161 (964 116 (90.6) 82 (88.2) 434 (92.3)
1 < trough < 2 6 @3 5 B0 9 O 7T 75 2 (5.7
trough > 2 1 142 1 06 3 23 4 43 9 (L9
peak < 5 11 (139 10 (60 2 16 0 (00 23 (49
5 < peak < 10 69 (S41) 149 (892 92 (719) 6 (65 316 (67.2)
peak > 10 2 R4 8 @8 34 (266 87 (935 131 (27.9)
TOTAL $2 (174) 167 (355) 128 (27.2) 93 (19.8) 470 (100.0)

numbers are number of padents, numbers in parentheses are percentages of toml in group.
GA = gestational age



Fiagire 1. Predicied tobramycin concentration curves wsing revised dosing recommendation. A, 4 ma/ kg

every 24 frs. B, 4 mg/ kg every 36 bre. C, 4 mg/ kg every 48 hrs. Curves are 95th,50th and
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Fig. 2 cleatly shows that predicted peak levels rise with gestanonal age. Predicted peak
levels range from 2.9 to 18.7 mg/1., with 2 median of 8.0 mg/L. Predicted peak levels
were below 5 mg/L in 4.9% of the newboms and above 10 mg/L in 27.9 % of the
newboras. Median peak levels in the GA-groups were 6.1 mg/L < 28 weeks, 7.5 mg/L
between 28 and 32 weeks, 8.7 mg/L between 32 and 37 weeks and 13.2 in the term
group. Insufficient peak levels are found in 11 of 82 (13.4 %) of neonates with a GA < 28
weeks. Of these 11 newborns, 10 had predicted peak levels berween 4 and 5 mg/L.
Predicted rough levels ranged from 0.01 to 8.1 mg/L (median 0.36 mg/L). Trough levels
were above 2 mg/L in 1.9% of all cases and berween 1 and 2 mg/L in 5.7 %. As Fig. 2
shows, there was no reladon between GA and trough ievels, Figure 1 shows the predicred
serum Jevels over tme for the three GA-groups. The 50th percendle ine of tobramycin
serum levels dropped below 1 mg/L ar approximately 18, 24 and 32 hours in the oace
every 24, 36 and 48 hour group respectively.

Figure 2. Predicted tobranytin peak (squares) and trongh (cireles) levels with revised dosing
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Prospective study

Prospective evaluadon was performed in 23 neonates. Their GA ranged from 24.4 to 42.1
weeks (median 32.5). Table Il summarizes the results of observed tobramycin pezk and
trough concentratons for the different GA-groups using the recommended dosing
regimen. Peak levels ranged from 2.9 to 13.5 mg/L with 2 median of 7.9 mg/L. Only one
peak level is below 5 mg/L. Median peak levels in the GA-groups were 6.9 mg/L < 32
weeks, 7.3 mg/L between 32 and 37 weeks and 9.0 in the term group. Trough levels were
between 0.1 and 3.7 mg/L {median 0.7 mg/L). Trough levels exceeding 1 mg/L were
found in 7 cases. Of these, three patients had wough levels of 1.2 mg/L and one patient
had a trough level of 1.3 mg/L. Median trough levels in the GA-groups were 0.7 mg/L
below 32 weeks, 0.65 mg/L between 32 and 37 weeks and 0.95 mg/I. in the term group.

Tabie 111 Measured tobrantycn concentrations nsing revised dosing recommendation

Gcstattonal abe oroups (Wecks)

Tobramycm mg/L) GA<3’) T 925G¢\<:;7-__' - ;:_".--: GAZS? TO’I‘AL

trough < 1 6 (857 50 (625) 5 (62.5) 16 (69.6)
1<trough < 2 - 2 (25.0) 2 (250 4 (17.4)
trough > 2 1 (143) 1 (12.3) 1 (25 3 (13.0)
peak<3 1 (143 - - 1 @3)
5< peak <10 5 (857) 7 (87.5) 6 (75.0) 19 (82.6)
peak > 10 . 1 (12.3) 2 (25.0) 3 (13.0)
TOTAL 7 (30.4) 8 (34.8) 8 (34.8) 25 (100.0)

Numbers are number of patients, rumbers in parentheses age percentages of total in group

GA=gesratonal age
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DISCUSSION

Eatlier investgatons concerning the pharmacokinetics of aminoglycosides and other
drugs in neonates have shown that elimination half lives are longer in neonates, especially
in prezerm neonates® 1124 This is primarily the result of a higher percentage of body water
and thus a larger volume of distdbution and reduced clearance®. %, Most dosing
schedules for preterm and term neonates take this into account’”™2 ¥, We had the clinical
impression that our use of GA-related dosing still led to serum concentranons which
wete frequently outside the desired range. The inventory of our own results over the past
few years showed that about one third of the inittal wough serum levels were too high,
pardculatly in premature neonates, and that in view of these results 2 more appropdate
dosing schedule should be found.

The imitation of dosing aminoglycosides in neonates lies in the long elimination half life,
and therefore the only way to effectvely reduce wough serum levels without
compromising adequate peak levels is by further incressing the dosing interval. It is
difficule to define the desired therapeutic range for aminoglycosides. Peak levels of >4 to
5 mg/L are generally accepted as necessary for antbacterial efficacy whith administration
three times a day!®2l; however questons are being raised about the uaderlying fundament
of this assumption?. What is known, is that efficacy of aminoglycosides 1s related to peak
level/MIC rato and AUCL % and that in vito rados of 10:1 prevent emetgence of
arainoglycoside-resistant pathogens®. In the first week of life, the pathogens for which
tobramycin is indicared as therapy are mainly acquired trough the birth passage. By far the
most conmuron pathogen ia this group of gram-negative bacteria is E. Cof¥. In a recent
survey of the Dutch populadon, the MICo for E. Coff was found to be 1 mg/L®, and
although in theory a peak serum conceatradon of 10 mg/L would be optimal, a
peak/MIC rato of 3 can be considered to be effective.

The effect of serum concentrations on roxicity is even harder o quantify. High ami-
noglycoside peak levels do not increase nephrotoxicity because of drug-specific saturable
uptake?®30. In several large meta-analytical studies toxicity seems o be related to high pre-
dose levels, indicating that trough levels are not low long enough to prevent renal
zecumulaton!- 25 19, Commonly accepted trough level goals are < 2 mg/L, but for once-
a-day administradon most authors keep 1 mg/L as a safe limic™ 7. Another point in the
discussion is that renal roxicity is mosdy reversible, whereas otoroxicity is usually
irreversible. Most authors suggest that ototoxicity is related to toral dose and duration of

therapy rather than to serum aminoglycoside levels, but the relation to aminoglycoside
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serum levels remains unclear. This form of roxicity usnally occurs in patients who have
received either Jong, or repeated, courses of aminoglycosides® Reports abour ototoxicity
in neonates are contradictory. Sotne authors report no relation®3 whereas others did
find a higher incidence?*. Until conclusive evidence is given, it seems prudent to keep
duration of tobramycin therapy as short as possible.

On the grounds of a peak/MIC ratio above 10 and the MICo of E. Coff in our population
2 peak tobramycin serum concentzation as high as 10 mg/L is desirable from the efficacy
point of view. A trough level below 1 mg/L will have to suffice undl better data about
toxicity are available.

Using population pharmacokinedcs, we established a better dosing scheme to meet these
criteria, This resulted in the following GA-telated regimen:

o Gestational age < 32 weeks: 4 mg/kg/48 hours
e Gestational age > 32 weeks but < 37 weeks: 4 mg/kg/56 hours

e Gestational age = 37 weeks: 4 mg/kg/24 hours

With this regimen most predicted peak levels are in the required range in neonates with a
GA above 32 weeks, with acceprable predcited trough values for almost all (see table IT).
In the GA-group below 28 weeks, predicted peak serum levels are arguably too low in 12
of 82 patdents, but stll 11 of these ate berween 4-5 mg/L. The prospecive evaluation
showed that serum peak levels are in the desired therapeutc range in all but one patdents
(see table ITI). Measured trough levels were mildly elevated in four patients and dlearly o
high in three, so there is a definite need for measuring wough serum Jevels before the
second dose. This dosing regimen also makes redundant the need for 2 loading dese of
aminoglycosides in prematures, as suggested by some!l 17 37 because high encugh peak
levels are achieved at the first dose. In addition, the practical advantage of this proposed
schedule is a fixed starting dose per kilogram bodyweight, irrespective of GA.

A possible problem in the once every 48 h group is that tobramycin levels might be
subtherapeude for too long. Serum levels at 24h in this group {fgure 1) show thar most
reonates are around 2 mg/L, which is sdll higher than the MIC of relevant micro-
organisms, but drops below 1 mg/L after approximately 32 hours. In the prospectve
group of 23 padents serum trough levels did nor fall too low. Furthermore tobramycin is
always given in combination with amexicillia in this group and the post-anubiotc effect,

or post-antbiotic leukocyte enhancement effect, or sub-MIC effect, which will prevent
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regrowth of bacteria at sub-MIC levels of robramycin for another period of at least
hours*¥, s0 we consider this a safe dosing interval,

In conclusion, the information that we presented shows that acceptable therapeutc
tobramycin peak and trough concentratdons can be reached with a simple dosing schedule
for three separate GA-groups in the first week of life. Trough levels according to our
scheme are not toxic and probably not long enough below 1 mg /L to permit bacterial

regrowth,
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SUMMARY

Objectrve: To ndividualize tobramyein dosing regimens in neonates of varous gestatonal
ages using early therapeutic drag monitofing.

Metpods: This study was performed in neonatal patents with suspected septicemia in the
first week of life. All patients received tobramycin in a dose of 4 mg/kg/dose, as a 30°
IV. infusion, with a gestadonal age (GA) related initial interval of 48 hours (<32 wecks),
36 hours (32-30 weeks) and 24 hours (2 37 weeks). The target serum peak and trough
serum concentrations were 5-10 mg/L and 0.5 mg/L, respectively. Serum trough samples
as well as I and 6 hour samples were taken after the firse dose. Tobramycin
concentrations were used to obtain gestational age dependent populaton models with
NPEM software. To investigate the effect of timing of sampling in a second group of
patients, serum trough samples as well as 3 and 8 hour samples were taken after the first
dose of tobramycin was administered. Serum trough concentrations were predicted using
linear pharmacckinetics in both groups and by using the populatdon models with Bayesian
feedback of one or two serum concentrations In the second group. These predicted
concentrations were compated to actual serum trough concentrations. The predictve
performance of the 1-6h and 3-8h models and the population models were compared to a
gestational age related model without therapeutic drug monitoring (TDM).

Results: A total of 247 padents were analyzed, 206 with 1-6h serum samples and 41 with
3-8h serum samples. Peak serum concentations wete above 5 mg/L in 90.8 % and
trough serum concentrations above 1 mg/L in 25.5% of cases. The 3-8h linear model had
z bias of —0.31 mg/L and z precision of 0.48 mg/L and performed significantly better
than the 1-6h model. The best NPEM model had a bias of —0.11 mg/L and a precision of
0.45 mg/L. None of the models yielded 2 significant improvement of predictive

performance over the model without TDM.

Concinsion: Routine carly therapeutc drug monitoring does not improve the modei based

predicdon of initial tobramycin dosing intervals in neonates in the first week of life.
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INTRODUCTION

Neonatal sepsis is an important health care problem, especially in developing countries,
with an estimated wortldwide mortality of 1.5-2 million per year .

Although a trend for a decline in sepsis associated neonatal deaths in neonatal intensive
care units (INICUs) has been reported, treatment of (Suspected) neonzatal sepsis remains a
cornerstone in neonatal intensive care practice 2 In recent years there is an increase
towards gram-negative infections in the NICUS 4 Culture proven early onset sepsis
{occurring within 72 houts of birth) in very low birthweight infants (VL.BW) is reported
to occur in 1.9% of cases, but this does not reflect the need for antibiotic tteatment in
this patient group’. Diagnosing sepsts in these vulnerable padents is difficult. Neither
blood culture, nor leukocyte count or CRP give conclusive evidences 5. In many VLBW
mfants early-onset sepsis is suspected on clinical grounds and antibiotic therapy is started
and continued for 3-7 days. Initial empiric treatment with 2 combination of an
aminoglycoside with penicillin, amoxicillin or a cephalosporin is common practce’.
Optimization of aminoglycoside use in neonates warrants therapeutic drug monitordng
(TDM) for both efficacy and toxcity teasons. Aminoglycoside efficacy is related to the
ratio of peak scrum concentration to the minimal inhibitory concentration (MIC) of the
infecting microorganism and the area under the dme versus concentraton curve (AUC) &,
If a peak MIC ratio of >10 is taken as essendal, this means that adequate injdal peak
serum. concenttations of 5-10 mg/L are warranted®. Toxicity is related to high pre-dose
concentratons and serum trough concentrations should be in the zange of 0.5-2 mg/L
depending on the dosing interval” % 11, Traditonally TDM for aminoglycosides is
performed in steady state around the fourth dose. For several reasons this is not useful in
neonates in the first week of life. Antibiotic coutses in neonates are often discontnued
after a few days when blood cultures and other tests remain negative. Because of
prolonged half-life and reduced clearance in prematures intervals of 24-48 hours are
advised in this padent group® 1% '3 Jarge inter-individual differences remain and
predictive performance of these proposed regimens might be improved by TDM.
Traditional therapeutic TDM in this setting would not be performed in time to be of use.
Eatly TDM directly after the first dose may imptove treatment for the individual patient.
There ate two commonly used approaches to TDM in this setdng. The first method is to
take two serum samples in the eliminadon phase after the first dose and calculate the
individual dose interval by using first order elimination kinetics, The cmung of the first
sample is normally 1h after start of infusion, but it has been suggested that this is oo
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early **. The second method is determining the individual interval using a populadon
pharmacokinetic model with Bayesian feedback of one or two serum sample. The atm of
our study was to explore the possibility of individuzalizing dosing interval in neonates of
varying GA’s during the first week of life. Both TDM strategies were analyzed.
Furthermore the influence of tming of serum sampies was studied. The predictive
performance of these strategies was compated to our standard GA-related dosing
regimen previously published®.

PATIENTS AND METHODS
Patdents

All neonates, in the first week of life, who were treated with tobramycin as part of their
empiric sreatment for suspected neonatal sepsis in the neonaral intensive care unit of the
Sophia Children’s Hospiral between December 1996 and June 2000 were eligible for this
rerrospective study. Only infants whose paired 1-6 hour or 3-8 hour and trough serum to-
bramycin levels were available were included. Furthermore the wough serum
concentraton had to be sampled within one hour of the advised GA-related dosing

interval of cur previous study®.

Parameters

GA, birthweight, Apgar scores and medication were noted in the patent files as a routine
procedure. GA was determined on the basis of the mother’s menstrual history, confirmed
by early vitrasound examinations if available, and by physical examination with the use of
the criteria of Dubowitz et alls,

Administration and dosage regimen of tobramycin

Tobramycin was given in combinagon with penicilin G as empiric treatment for
suspected neonatal sepsis. Patients with documented invasive bacteral infection received
mtravenous therapy as considered appropriate by the attending physician, usually at least
7 days. Treatment was discontinued after 72 h in patdents with sterile cultures and without
a focus of infecton. Administration of tobramycin was performed in 2 30-minute
intravenous infusion in 2 dose of 4 mg/kg. The inidal dosing interval was 48, 36 or 24

hours in neonates with a GA of <32 weeks, 32-36 weeks and 2 37 weeks, respectvely .
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Therapy adiustments were made at the discretion of the attending physician. All doses
and tmes of administraton wete recorded routinely. Tobramycin serum samples were
taken as part of roudne therapeutic drug monitoring 1 and 6 hours after the first dose and
just before the second dose.

After analysis of this patient group {1-6h group) serum sampling was changed to 3 and 8
hours (3-8h group) afrer the first dose and just before the second dose to invesdgate the

effect of sample timing on serum trough concentration prediction.

Analytical Techniques

Concentrations of tobramycin were measured by a Fluorescence Polarization Assay using
2. TDxFLx (Abbott Diagnostic Division, Amstelveen, NL).

The coefficient of variation for this test in our laboratory is 8% at 0.3 mg/L and <5%
from 1-20 mg/L.

Population modeling

Data from the 1-6 h group of patients were used to obtain a population model by way of
1 nonparametrdc expectation maximization algorithm developed by Schumitzky (NPEM
program, USCFPACK clinical collecton version 10.7, LAPK, Los Angeles, CA)
employing all 3 available data points (1h, 6h and rough concentration) pet patient. A totzl
of three models were made, one for each different gestational age group (GA-group): <32
weeks, 32-36 wecks, 237 weeks, Models were descbed in terms of volume of
distributon (Vg, L/kg) and eliminadon constant (Ka, b?). Serum concentrations were
weighted by the reciprocal of its variance, firted by the following equation:

SD= 0.0599 + 0.0126C + 0.00438 (2, where SD is the standard deviation of the assay
and C represents the measured tobramycin serum concentration.

The population models were achieved in 2 steps. The front part of the NPEM program
calculated individual parameter esamates for Kq and Vy in a one-compartment model by
the iterative 2-stage Bayesian (IT2B) modeling approach. Parameter value boundatics
used as pots for this step were atbitrarily sec at 0 to 0.4 bl for K and 0.2 10 3 1/kg
for Va.

The parameter estimates were then used as input for the actual NPEM program resulting
m mean population parameter estmates and SD’s.
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Data Analysis

The following tobramycin TDM strategies were compared for predictive performance

1. Limear pharmacofinetiss (1-6h group and 3-85 growp)

Tobramycin data were analyzed according to a one-compariment open maodel for the
1-6h group and the 3-8h group. Analysis for the 1-6h group will be desczibed in detail.
Analysis for the 3-8h group was similar. Based on the assumption thar one and six hour as
well as the wough serum concentradons were determined in the eliminaton phase of the
drug, serum concentratons were used to calculate the climination constant (K, the
elimination half-life (nes) and the dme to reach a serum concentraton of 0.5 mg/L (tuzer)

In(c6) —Infel)
5

as follows: Kg= . where Cs and C; are serum concentrations (mg/L) at 1

- In(

<o

+1.

and 11 respectvely, ts = 0.693/ Ky, tuge =

The interval berween the start of infusion and trough sampling [interval(h)] was
determined.
The predicted serum wwough concentration (Cored) was calcujated as follows:

Cprcd: C1.e-Kelfnterval-1)

2. Population mode! and Bayesian feedback

The GA-related populadon model was used in conjunction with Bayesian feedback of
either or both of the 3h and 8h serum concentrations to predict individual serum trough
concentrations of the 3-8h group by way of the MW\Pharm software package
(MYWAPHARM, version 3.30, MediWare; Groningen, The Netherlands). Tobramycin
wough serum concentrations were predicted in this way and compared using either or
both of the 3h and 8h seram concenrrations as feedback. The same procedure was not
petformed in the 1-6h group because populadon parameters were based on this group.

Validadon in the same patent group could lead to 2 false favorable performance!s,

3. GA-group model withowt TDM (wo TDM group)

In our previous study we concluded that the inital tobramycin dosing interval in neonates
in the first week of life would be optimal with 48, 36 or 24h in GA-groups <32, 32-36

and =37 weeks, respectvely 9. This was based on z desired trough serum concentration of
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0.5 mg/L. If the actual trough serum concentraton in the present study was taken within
1 hour of this GA-related interval, the predicted trough serum concentration was then
defined as 0.5 mg/L. In this model no individual TDM information was used to predict

trough serum concentrations.

Predictive performance and statistical evaluation

The predictive performance of all models was evaluated by comparing predicted serum
concentrations with measured serum trough concentrations according to the method of
Sheiner and Bea] 16, Bias was calculated as the mean predicdon error (ME); the mean
difference between measured and predicted concentration. This is a measure for the
systematic component of error. Preciston was calculated as the mean squared prediction
error (MSE); the mean of the sum of squared differences berween actual and predicted
serum concentragons. The root mean squared prediction error is the squared root of
MSE zand converts the measure of precision back to concentration units. Relative
predictive performance was determined by comparing differences and confidence
mntervals of differences of ME and MSE for models.

Statistical analysis was performed using SPSS 8. 0 statistical software (SPSS Inc., Chicago,
USA). Significance for reladve predictive performance was defined when the 95%
confidence interval did not include zero. The Wikcoxon signed rank test and Mann-

Whitney test were used as nonparametric tests.

RESULTS
Patient groups

In the 1-6h group a total of 379 patients had paired 1-6h serum concentations and
trough concentratons taken. Serum sampling times were aberrant or incomplete in 32
patients. An incorrect dose (< 3mg/kg or > 5 mg/kg) was given in 5 patents. In 136
patients the serum trough concentration was taken outside 1 hour of the GA-rclated
interval. Thus a total of 206 padents were evaluated. In the 3-8h group serum sampling
group 77 patents were included. Serum sampling dme was aberrant or incomplete in 14
patients. An incorrect dosc was given in 2 patients. Twenty patients had their seram
trough concentration taken outside 1 hour of the GA-related nterval. Forty-one patents

were evaluated. Table I shows demographic variables of the 1-6 and 3-8 study group.
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There are no significant differences for GA., birthweight Apgar score or postnaral age
between 1-6h and 3-8h groups.

Table I: Demaor@/&w varzables of the -6 and 3-85 qu’y group

Gmup 1-6h ' 'fGroup 3-811 i Slgmﬁcance G
L S e S
Gestational age (weeks) 33.1 (24442 1) 333  (25.9-40.3 0.97 (N5}
Birthweight (grams) 2011 (580-4780) 1976 (765-4500)  0.78 (NS
APGAR score 5 min 75 (1-10) 75 (2-10) 0.97 (NS)
Postnata! age (days) 0.97 (0-7) 093 (0-7) 0.80 (NS)

Data are mczm(mngc)

Distribution of obtained serum concentrations

Table IT shows obtained peak seram levels in the 1-6h group. In the 3-8h group no peak

serum concentrations were determined. Peak concentratons ranged from 2.4-14.1 mg/L.

Table II: Tobramyecin pem(, Seruny concenirations according 1o GA-arang in the 1-6h ﬂmz/p

Gestauonal abe crroups

Tobtamycm peaL

serum concentratmn <3._2 weeks™ -_32'-3_6_\'véeks' >3 ueci\s'_':'.'.TOTAL"'-

< Smg/L. 14 (147 4 89 1 (5 19 (92
510 mg/L 79 (832) 38 (844) 53 (S0.3) 170  (82.5)
> 10 mg/L 2 1) 367 12 (18.2) 17 (83)
TOTAL 95 (100) 45 (100) 66 (100) 206  (100)

Darta are number of patents {percentage of total)

Mean serum peak concentratons {(£3D) for GA-groups are 6.4%1.6, 7.2+1.8 and
8.241.9 mg/L for <32, 32-36 and =37 weeks, respecdvely. A total of 90.8% of peak
concentrations was hisher than the lower limit for presumed optimal efficacy (5 mg/L).
Ouzly 5 0f 19 neonates with peak concentrations below 5 mg/L had concentratons below
4 mg/L.
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Table ITI: Tobranycin trough serun concenirations avcording to GA-groups (both 1-6h and 3-85 group).

Data in pareﬁtbe res are perfeﬁfaves of total

, Gestattonal a,_;;e groups

Tobramycm uoub'h

seram concentration | <32wecks 3236 wecks  237weeks  TOTAL
< 0.5mg/L 60 (53.6 17 (283) 12 (16.0) 89 (36.0)
0.5-1 mg/L. 44 (39.3) 26 (433) 25 (333) 95 (38.5)
>1 mo/L $ @1 17 (283 38 (50.7) 63 (25.5)
TOTAL 112 (100) 60 (100) 75 (100) 247 (100)

Data are numbet of patients (percentage of total)

Table TIT shows trough serum concentrations for the 1-6h and 3-8h groun. Mean serum
trough concentrations (£SD) for GA-groups are all higher than the target of 0.5 mg/L.
Values (+8D) are 0.52 £ 0.33, 0.78 £ 0.46 and 1.07 £ 0.38 mg/L for <32, 32-36 and 237
weeks, respectively. Approximately one quarter (25.5%) of patients had serum trough
concentrations higher than 1 mg/L, the highest percentage (50.7%) in the term group.
Fourteen neonates had a trough serum concentration < 0.2 mg/L, half of these in the GA

age group <32 weeks.

Population model

The results of the NPEM analysis of the three different GA-groups for the 1-6h group
are shown in table IV. There are substantal differences between Vi and Ka for different
GA-groups with a decrease of Vi and an increase of Ka in relation to gestational age. K
increases with 53% and Va decreases with 23% when comparing preterms < 32 weeks

with term infants.

Table T1- P@Dz{ﬂm’zwf pﬁamacw(.zmz’zc paramater estimates of the T-6h orang

; NOK®Y o Va@/ke)
GA-models GA < 32 weeks 95  0.064 = 0.034 0.70 £ 0.17
GA 32-36 weeks 45 0.066 + 0.022 0.63 £0.15
GA = 37 weeks 66 0.098 = 0.046 0542011

’

GA = gestadonal age, Ko = climination rate constant, ¥y = volume of disutfbution. Dara are means & standard

deviation
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Predictive performance

Data for predictive performance of the investigated models in accurately esdmarting

trough concentrations are shown in table V. These data represent all GA-groups.

Models usc Roor MSEX

No TDM model (1-6h group) -0.26 0.34 0.58

No TDM model (3-8h group) -0.20 0.20 0.45
NPEM model -0.30 0.21 0.46
{3-8h sersm concentration feedback)

NPEM model -0.11 020 0.45
(34 sermy comcentration feedback)

NPEM model -0.24 0.16 (.42
{8k sermm concentration feedback)

Linear model -0.39 0.69 0.83
{(1-65 grosp)

Linear model -0.31 0.23 0.48
(5-8b gront)

*MSE = mean squared predicdon error

Bias represents the systematic ezror in the model and was negative in all cases (—0.11 up
to —0.39 mg/L). This means thar all models underpredicted the actual tough serum
concentration. Linear phatmacokinetic models had a more negative bias than comparable
NPEM and no-TDM meodels. Bias of NPEM models using one serum concentration as
feedback was lower than when using two. The measure for precision [root mean squared
error (mg/L)} differed between 042 and 0.83 mg/L. Linear pharmacokinetic models had
a worse precision than comparable NPEM and no-TDM models. Precision for NPEM
models using one or two serum concenttations as feedback did not differ much and were
comparable to precision of the no-TDM model. To invesugate whether predicove
petformance was related o GA, data were also analyzed separately per GA-group (data

not shown). Bias and precision for NPEM-, lincar- as well as no-TDM models in the term
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infant group were worse as compared to preterm infants < 32 weeks. The only exception
was bias in the NPEM 3h model. The model with the best bias and precision was the
0o-TDM model for preterms < 32 weeks with a bias of —0.02 and a precision of
0.04 mg/L.

To determine the relative predictive performance, ratios for bias and precision between
the no-TDM model and other models were calculated 6. The predicted trough
concentraton with the no-TDM model was defined as 0.5 mg/L. Table VI shows results
for this analysis. A positive ratio for bias or precision implies a lower predictive accuracy
of the TDM model as compared to the no-TDM model.

Table V1: Relative predictive performance of Enear and population wodels compared to no-TDM models

in estimating sersmy trongh concentration

. o Bias (mg/L) S :Pl_.lf:f..‘.i..siq_l.')_.' (mg"*/Llj '
Modelsused” " Rato 05%CD 1. Rano ©3%Ch L
1-6h Yinear* 012 (0.03,0.22)¢ 034 (0.01,0.70)¢
3-8h linear 0.11 (0.001,022¢ 002 (-0.08,0.13)
NPEM modelf 0.09 (-0.003019  0.007 (0.09.0.11)

(3-8 sertm concentraiion)

NPEM modelt 009 (-0.24,0.05) -0.007 (-0.13,0.12)
(31 servim consentration)

NPEM model® 0.04  (-0.07.0.14) 005 (-0.16,0.06)

(8h sernm concentration)

* Reladve to 1-6h no TDM model, ¥ Refative to 3-8h no TDM model, £ p<0.05

Predictive performance of the no TDM meodel is significantdy better for bias (1-6 and
3-8h models) and precision ({1-6h model) than the linear model. NPEM models using 3h
and/or 8h Bayesian serum feedback had a predictive performance comparable to the no-
TDM strategy. The NPEM 3h model had a slightly better bias and precision without
reaching signmificance. Analysis of linear pharmacckinetic models showed that the 3-8h
model had a superior precision (p<0.01) and a comparable bias to the 1-6h model.

Since one of the aims of TDM was to predict aberrant trough concentrations, we also
tested whether the best population model can accurately predict undesirable trough levels
in individual patients. Undesirable trough serum concentratdons were defined as
<0.2mg/L or > 1.0 mg/L.
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Results for this analysis are shown in table VII. As can be seen the 3h model accurarely

predicted only 3 cut of 10 undesirable mough serum concenmrations.

Table VI predicred trough sermm concentrations with NPEM 36 model versus measured serum trough

Lo CentTations

>10me/l. TOTAL
. 1

0.2-1.0 mg/L 6 21 4 3
> 1.0 meg/L. 1 5 3 9
TOTAL 7 27 7 41

Dara arc number of padents

Covariate analysis

Covanate analysis was performed to study the influence of perinaral asphyxia and
exposure to other medicadon on serum trough concentrations. The 5 Apgar score (AS5)
as a measure of asphyxia showed a negative correlation with trough serum concentration
for the 2 37 week group (p < 0.01}. All term neonates with an AS5 below 5 had increased
serum trough concentrations. Serum trough concentration wete lower in neonates with a
GA < 32 weeks who were antenatally exposed to corticosteroids {p<0.01). No correlation
with antenatal or postnatal exposure to indomethacin was found, though it is important
to realize that only 14 neonates received postnatal indomethacin before serum sampling,
Start of therapy was within 48h from birth in 228 patients and no relation to postnaral age
could be demonsurated.

DISCUSSION

Once daily dosing of aminoglycosides in adults has become common practice during the
last decade. Several large studies have shown that extended interval dosing has been
assoclated with an increase of clinical response rate and a decrease of oto- and
nephrotoxicityl®. 172, The need for longer dosing intervals has also been established in
neonates, though a difference in toxicity between ODD and MDD has not been

el

demonstrated yet in this group® 1% 13 22,22, These extended intervals are GA related.
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Earlier investigations concerning the pharmacokinetics of aminoglycosides and other
drugs in neonates have shown that elimination half-lives are longer in neonates, especially
in preterm infants®-27, This is primarily due to both reduced clearance and the higher
percentage of body water resuldng in a larger volume of disuibution®. . Extended
interval dosing has implications for desired serum concentrations and methods of
aminoglycoside TDM. Moniroring of aminoglycosides is based on the observation that
outcome is improved with peak serum concentrations of 4-5 mg/L30 3! and (oxdcity is
reduced with trough seram concentratons of < 2 to 4 mg/L5> 3. Combined with the fact
that peak/MIC rados of 5-10 are essentis] in preventing emergence of aminoglycoside
resistant bactesize, this has led to the commeon TDM goals of peak and trough serum
concentrations of 5-10 mg/L and < Zmg/L, respectively® 3. With extended interval
dosing there might be a need for other trough concentration goals. Some authots have
suggested to maintain the trough standard of 2mg/L in ODD and only reduce dosec or
extend dose intervals when troughs > 2 mg/L are encountered!™ 33, If a wough of
< 2mg/L is accepted with a ODD regimen however, exposure to aminoglycosides in
terms of ATUC could be 2.5 times as high as that with conventional muldple daily dosing3é.
There is clinical evidence that this goal could lead to an increase of nephrotoxicity®s. 3. Tt
threrefore seerns more prudent to set trough concentration goals at 0.5 - 1.0 mg/L. In the
present study we confirmed our eatlier finding that a dose of 4myg/ke, irrespective of GA
leads to adequate peak serum concentradons in >90 % of cases®,

Several methods have been advocated to individualize aminoglycoside treatment in
telation to these goals. A method being used in adults uses 2 peak and mid-interval serum
concenttztion which allows the calculation of AUC or elimination half-life with the use of
linear pharmacokinetics!t- 20,3638 These calculated values might then be used for adjusting
the dose or dosing interval of the administered aminoglycoside. In the present stady we
investigated whether use of early TDM using this approach would improve prediction of
individual dose intervals over a model with no TDM from an eatlier study ¥. Our data
show that obtaining 1h and 6k serum concentrations after the first dose as advoeated by
Begg ¥and using linear kinetics yields a poor predicdon of tobramycin trough serum
concentratons and thus of individualized dose interval. Since some have suggested that
this might be due to a prolonged distribution phase we changed sampling times to 3 and
Shi*. This led to a statistically significant improvement of precision. However prediction
based on the original GA-telated model, using no TDM, is superior for bias and precision

to this type of monitoring, For practical purposes linear kinetics are therefore not useful
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in this setting. A second method uses population phammacokinetic parameter estimates »,
These estimates with Bayesian feedback of one or mote serum concentrations have been
shown to adequately predict aminoglycoside serum concentrations in  adules®.
Individualization of dosing regimens in neonates with Bayesian feedback has been studied
by some authorsid #. 4. Bias and precision in these studies ranged from -0.11 to
-0.372mg/L for bias and 0.359 -0.6 mg/L for precision for gentamicin'* % and
-0.12 mg/L for bias and 3.69 mg/L for precision for amikacin*l. These values are
compatable to the best Bayesian feedback model in this study, where 2 bias of -0.11 mg/L
and z predision of 0.45 mg/L are found (table V).

The introduction of Bayesian feedback in this study, using the best model, slightly
improves bias, but is not statistically superior to the no TDM model. Furthermore use of
this NPEM model only selects 3 out of 9 patents with high trough concencrations and
thus is not of much practical use ia pinpointing individuals at risk for prolonged exposure
o tobramyein. Use of the no TDM model leads to 2 substantial number of relatively high
trough serum concentrations since approximately 25% of trough concentrations were
> 1 mg/L. I this study neonates with serum concentrations taken outside the 1h limit of
the GA—related interval wete left out of the analysis. Since it is possible thar the difference
in timing of the interval is related to more extreme pharmacokinetic parameters in the
group not included, we also looked at the total groups of aeonates (342 in the 1-6 group,
61 in the 3-8h group). No significant differences for bias and precision of both linear and
NPEM models are found between the study groups and the total groups (data not
shown).

Several studies have looked at covariates for explaining the large interindividual variaton
of aminoglycosides it neonates. As in cther studies this study shows a GA related
increase in Ka and decrease of Vg #2-4,

This study confirms the negative cotreladon between the AS5 and serum trough
concentratdon seen before 43 #. The relation to term neonates can be expected because
the AS5 is a better predictor of hypoxia and concomitant renal failure in term than
ptetermn newborns 4, The decrease of serum trough concenmation in preterms with
prenatal exposure to cortcostercids mught be a reflection of increased inrra-uterine
maturadon of kidney function . In contrast to other studies no reladon to PNA or
administration of indomethacin is found #-#.47_ This is probably due to the fact that 92%
of neonates received tobramycin within 43h of birth in combinaton with the fact that
indomethacin is often started on day 3.
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How should these results be tanslated to desing znd therapeutic drug moniroring of
aminoglycosides in neonates?

Since adequate inidal peak seram concentrations wete found in both this and our earlier
study, routing measutement of peak serum concentations does not seem to be
warranted?. A direct reladon between serum concentrations and toxicity has not been
shown in neonates. Toxicity seems to be related to high trough concentradons and
duraton of therapy in adults?® 48, The curtently accepted opinion is that aminoglycoside
induced toxicity does not seem to be associated with short courses of antibioties (<3
days). It is possible that & prolonged petiod of aminoglycoside concentrations below MIC
might permit bacterial regrowth. Monitoring trough serum concentradons before the
second dose might allow us to prevent potential bactetial regrowth (low concentradons of
the aminoglycoside) or toxicity (high concentratdons of the aminoglycoside). However 1t
remains questionable if this trough concentration has any value in predicting the amount
of tobramycin exposure after the second, third or fourth dose of the aminoglycoside®.
Although we were not able to predict trough concentrations adequately enough, others
have indicated the possibility of predicting steady state peak and trough concentrations in
the first week of life, with a single serum sample taken after the first dose! #, Neither of
these studies looked specifically at trough serum concentrations or compared their
strategies to not performing TDM. Given the fact that bias and precision in these studies
is comparable to ours it is uniikely that predictve performance in these studies would be
supetior to not using TDM. In conclusion, our results indicate that routine early TDM is
not useful in neonates in the frst week of life. Predicton of individual robramycin dosing
intervals can not be improved by the use of 1-6h or 3-8h serum concentratons after the
first dose. Neonates in the first week of life should be started on: the proposed dosing
schedule of 4 mg/kg dose with 2 GA related interval of 24,36 or 48h ®. TDM should only
be performed routdnely in neonates receiving tobramycin for longer than 5 days for
toxicity reasons. Patients with renal failure as well as patents with obvious neonsaral

asphyxia {e.g. AS5 < 5) should be monitored more closely.
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SUMMARY

Backgronnd: Recently the value of vancomyein therapeutic drug monitoring as well as the
requited therapeutic range has been subject of debare, resuling in new recommendatons.
This study was performed tw incorporate these new insights in an up-to date dosing

scheme for neonates of various gestational ages.

Methods: A retrospective study with prospectve validadon. 108 newhorn infants with
suspected central lne related septicemnia during the first month of life received
vancomycin 30 mg/kg/day divided into 2 doses regardless of gestational or post-
conceptional age. Trough and peak vancomycin serum concencrations were derermined
before and after the third dose. Vancomycin data were analyzed according to a one-
comparmment open model with use of NONMEM populadon pharmacokinetic software.
Model parameters were evaluated and then used to simulate vancomycin dosing for
different dose and dose interval combinadons. Targets were a rrough concentration
between 5 and 15 mg/L and 2 peak below 40 mg/L. In the prospective study, the optimal

scheme was tested m 22 padents.

Resultss: Of the 108 patents, 34.3% of measured trough- and 17.6% of peak
concentrations were outside the desired therapeutic range. The model best fitting the dara
included clearance and volume per kg and was independent of gestational age (GA).
Simulation of various dosing schemes showed that 2 dosing schedule of 30 mg/kg/day,

irrespectve of GA, in three doses was optimal, and this scheme was prospectively tested.
predicted trough of 8.912.5 mg/L. No peak levels higher than 40 mg/L were found.

Conclusions: the use of the proposed schedule leads to adequate vancomycia rough serum

concentrations and there is no nced for routine monitoring of peak serumn concentrations.



INTRODUCTION

The immunologically incompetent premature neonate is especially suscepdble to invasive
Gram-positive infections through invasive procedures such as cenwral venous lines.
Staphylococous anrens and coagulase-negative staphylococci account for wp to 31% of
nosocomial infections In newborn infantst. Vancomycin 1s the first-choice andbiotic for
treatment of these infections in neonates. This glycopeptide antibiode, which is
bactericidal through inhibiton of cell wall synthesis, has been used in pediatric patients,
including neonates, since 19592 Historically, vancomycin dosing has been dtrated to
obtain peak serum concentrations between 20-40 mg/L and serum trough concenrratons
of 5-10 mg/L. These therapeutic goals are widely used in pediatrics and neonatology.
There are, however, no controlled clinical trials that show a relation between serum
concentrations and clinical response.

Vancomycin reportedly has potential oto- and nephrotoxac side effects. These side effects
however are rare, especially after removal of impurites from preparations in the 1960s.
Orotoxicity Is characrerized predominandy by transient tnnitus and hearing loss® and has
not been described in neenaral patents. Nephrotoxicity has been reported incidentally*,
especially when given in combination with an aminoglycoside, Recent research showed no
relation between peak serum concentrations > 40 mg/L and nephrotoxicity in neonates?,
although a relaton to very high concentrations over > 60 mg/L is suggested®. Therefore
recent papers have discussed the necessity of therapeudc drug monitoring of
vancomycin!®3, In light of these and other papers it seems to be more clinically relevant
to look at serum trough concentrations as the main determinant of effective therapy!* 15,
Some studies suggest that minimum trough levels of at least 10 mg/L should be obtained
for efficlent therapy’®. As vyet no prospective clinical wials have invesdgated this
hypothesis, and no dosing schemes based on rarget trough concentrations have been
described in neonates. The aim of our study was 1o retrospectively investigate populadon
pharmacokinetics of vancomycin in infants. To that purpose we simulated vatious dosing
schedules to determine which dosing scheme would be optimal, Finally we prospectively
evaluated this optimal dosing scheme to determine its value in clinical practce.



PATIENTS AND METHODS
Study design

Retrospectve study with prospective validadon.

Padents

All neonates with a postnaral age of less than 29 days who were treared with vancomycin,
in the neonatal intensive care unit of the Sophia Children’s Hospiral between August 1992
and December 1997 were eligible for this study. Infants were only included if their paired

peak and trough serum vancomycin concentratons were available.

Parameters

Al parameters were abstracted from the patent fies. Gesmtional ages (GAs),
birthweights and weights at start of andbiotie therapy were recorded. GAs were
determined on the basis of the mother’s menstrual history, confirmed by early ultrasound
examinations if available, and by physical examinatdon with the use of the critema of

Dubowitz et al 17,

Administration and dosage regimen of vancomycin

Vancomycin was given as empiric weatment for suspected neonatal sepsis with a line-
related focus, or after confirmation of a positive blood culture with coagulase-negative
staphylococci. Patents with culture proven invasive bacterial infection received at least 7
days of intravenous therapy. Administration of vancomycin was performed in a 1h Lv.
infusion with the following dosing regimen: 30 mg/kg /day divided in 2 doses,
irrespective of GA.

All doses and tmes of administration were recorded routinely. Trough and peak blood
samples were taken before and 1h after completion of the third dose. Dosage adjusomens
were made according to the outcome, with the mrtention to keep trough concentrations

between 5 and 10 mg/L and peak concenrratons between 20 and 40 mg/1.
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Analytical Techniques

Concentrations of vancomycin were measured by a Fluorescence Polatizaton Assay using
a TDxFLx (Abbott Diagnostc Division, Amstelveen, NL). The coefficient of variadon
for this test in our laboratory was 5.1% at 7 mg/L and 2.9% at 35 mg/ L.

Data Analysis + Dosage recommendations and simulations

Vancomycin datz were analyzed according to a one-compartment open model, assuming
the data were atoiburable to the third dose after birth, using NONMEM population
pharmacokinetics software (NONMEM version V, NONMEM project group, University
of California, San Francisco, CA) with a number of different models; all were one
compartment models with 2 constant coefficient of varadon intra- and inter-individual
error model. First order conditional estimation (FOCE) was applied in all cases.
Individual empirical Bayes parameter estimates were generated to examine possible
covariate relationships. The different models were compared using the minimum valee of
the objectve function (likelihood-atio test). Model parameters (including residual
varability) were used to simulate vancomycin dosing in 100 subjects for different dose
and dose interval combinatons. The target trough concentration was 5-15 mg/L and

peak concentratons preferably below 40 mg/L.

Prospective study

The predictive performance of the proposed dosing regimen was evaluated prospectively
in patients receiving vancomycin according to the desing recommendation mentoned in
the results: 30 mg/kg/day divided in 3 doses.

Vancomycin trough serum concentration was derermined prior to the second dose, o
ascertain adequate therapy after the first dose. Purthermore peak and trough serum
concentrations were determained before and 1k after the fifth dose to detect possible
accumulaton of vancomycin. The fifth dose was chosen because in the model as

described, this was the dose at which 2 steady state was reached.
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RESULTS

Retrospective study

Vancomycin trough and peak concentradons were obtained in 115 neonates. Data for
seven neonates were indicated 2s aberrant because results were not idendfiable as being
either peak or trough concentrations and removed from the data set. Results mentoned
are of the remaining 108 neonates.

Their GAs and birth weights ranged from 24 to 41 weeks (median age, 28.9 weeks) and
from 485 o 4625 g {median weight 1002 &), respeciively. Posmaral age and weight at start
of therapy ranged from 3 to 27 days (median age, 14 days) and from 510 wo 4410 ¢
{median weight, 1045 g), respectively. Figure 1 and 2 summarize the tesults of
vancomycin peak and wough concentrations for the varicus post-conceptonal age (PCA)
groups.

As shown, 22.2% of peak concentrations and 34.3% of tough coacentrations weze
outside the desired therapeutic range. 17.6% of trough concentratons was below 5 mg/L.
Populadon pharmacokinetic analysis was performed with different models in which GA,
PCA, clearance, volume, clearance per kg and volume per kg were used as parameters.
The best description of the data was found in the model using clearance per kg and
volume per kg. In this model empircal Bayes estimates of clearance and volume did net
correlate with weight measures; the 2 {(squared correlation coefficient) hetween volume
and gestational and post-conceptional age measuzes was less than 0.1 indicating thar less
than 10% of the vatiability could be explained by age. Population pharmacokinede
parameters for this model were a clearance of 0.057 £ 0.0018 1/hw/kg {({inter-individual
variability 31%) and a volume of distribution (Vd} of 0.45 £ 0.013 I/ke ((inter-individual
variability 25%). For descriptive purposes an additional model parameresized in terms of
clearance/kg and half-life was constructed. The populatdon average half-life was 6.0 h
with a standard error of 0.27 h and 2 coefficient of variadon of 34%. Evaluadon of these
models mdicate that vancomycin population pharmacokinetics in neonates 1s best
described using clearance per kg and volume per kg. If dosed per kg this means that the
expected concentration profile is independeat of weight or age e.g. with the same Cmax
and half-life and therefore the same Cmin. Deviations from this profile are due to inter-

individual differences and not caused by differences n covariates.



Fig. 1: Peak comcentrations in the refrospective stndy group

60 }
50
]
Q@
@ 40 N —
8 FI1< 20 mg/L
RV e — 1820-40 mg/L.
@
= > 40 mg/L
£ o0 8 9
=]
z
10
0 - ‘
< 28 weeks 28-32 weeks 32-37 weeks > 37 weeks
Post-conceptional age group
Fig. 2: Trongh concentrations in the retrospective séwdy group
25
20 Y
2]
4 -
2 @< 5mg/t
o 15
= ®5-10 mgil.
S0l O18-15 mg/l
g 1> 15 mg/L
3 =
5 | —_
D R

< 28 weeks 28.-32 weeks 32-37 weeks > 37 weeks

Post-conceptional age group

Using these pharmacokinetic parameters several vancomycin dosing regimens were
simulated to determine which dosing schedule would be optimal in view of the target
trough concentration. Results show thar once daily administradon of 30 mg/kg would
lead to an average peak concentradon after the first dose of 59.9 meg/L and 2 trough (at
24 h) of 3.7 mg/L. Other simulated dose and dose interval combinations are shown in
figure 3 and 4. As can be seen twice daily dosing of 15 mg/kg/dose leads wo an

unacceptable percentage of undesired trough and peak concentrations, whereas 20 mg/ ke
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twice daily, results in too much accumuiadon, indicating thar these regimens are not

optmal. Thrice daily dosing leads o accumulation when giving 12 meg/kg/dose and to 2

substantal percentage (27%) of ineffective initial trough concentrations when giving

&

Fig. 3: Predicted trough concentrations with fested dose regimens. Numbers are percentage of predicted
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8 mg/kg/dose. The best regimen tested was 10 mg/kg/dose, in which less than 5% of
predicted twough concentratons is below 5 mg/L and steady state is reached after dose 5.
Predicted peak concentrations after the 5th dose range from 22.4 to 50.0 mg/L {mean
34.3 £ 7.7 mg/L). Trough concentratdons with this regimen range from 4.3 to 15.0 mg/L
(mean 8.9 = 2.5 mg/L) before the second dose and 5.¢ to 30.6 mg/L (mean 157 =
6.3 mg/L) before the 5th dose.

Prospective study

The application of the vancomycin 10 mg/kg/8h regimen was prospectively tested in 22
patdents. Table I shows the demographic varables for the prospective study group in
reladon to the rerrospectve group. Postatal age was significandy lower in the
prospective group (p=0.026), compared to the retrospective group. GA, birth weight,
weight at start of therapy and PCA were not significandy different.

Table I: demagraphics of retrospective and prospective gromp

way ANOVA)

* (one
Gestational age (weeks) 0.488
Birthweight (grams) 485-4625 (1002 770-3500 (1102  0.625
Actual weight (grams) 510-4410 (1045 730-3420 (1160)  0.469
Postconceptional age (weeks) 2642 (31} 2743 31 0.832
Postnatal age (days) 3-27 14 7-21 (11) 0.026

Table 11 shows the results of vancomycin serum concentrations. As shown, 95.5% of
inidal trough concentrations was in the desired therapeutic range. Vancomycin trough
concentrations before the second dose ranged from 3.4 to 12,5 mg/L (mean 8.21 2.2
mg/L). Trough concentrations before the 5th dose ranged from 4.6 to 20.6 mg/L (mean
123 + 4.1 mg/L). Trough concenttations before the 5th dose were significantly (paired
samples T-test, p< 0.001) higher than before the second dose. Both before the second
and 5th dose only cne trough concentration was below 5 mg/L. Vancomycin trough
serum concentration before the 5th dose was higher than 15 rng/ L in four cases, with

serum concentratfons of 15.3, 17.8, 20.6 and 20.6 mg/L respectively.



Table II: Vanconycin serum concentrations (prospective study)

Troughs = Pea

concentration 0 T F

< 5mg/L 1 (45%) 1 (45%)

5-15 mg/L 21 {955 %} 17 (77.3 %;

> 15 mg/L 0 (0.0%) 4 (182%)

<20 mg/L 3 (13.6%;
20-40 mg/L 19 (86.4 %)
> 40 mg/L 0 (00%)
TOTAL 22 (100%) 22 (100%) 22 (100 %)

Numbers are the aumber of patients with vancomycin serumn concentrations within specified
tange before dose 1 and 5 and after dose 3. Numbers in parentheses aze the percentages of the
total in the group.

Peak concentrations after the 5th dose ranged from 16.6 to 34.5 mg/L (mean 25.8
+ 5.0 mg/L). There was no significant relation between serum concentrations at any of

the three sample points and GA, postnatal age (PINA) or post-conceptional age (PCA)

DISCUSSION

Historically vancomycin dosing in neonates, similar to aminoglycosides, has been subject
to therapeude drug monitoring for two reasons: toxicity and clinical effect.

Apart from the infusion related histamine like reacton (red-man syndrome), due
impurities in the eatlier preparations of vancomycin in the sixties, side-effects are
relatively rare . Proof of vancomycin related nephro- or ototoxicity in adults is
circumstandal and probably only true for a selected high-risk populaton 18, Furthermore
this toxicity was described using the old formulation of vancomycin. Orotoxicity has not
been described in neonates. Vancomycin-related related nephrotoxicity is rare and no
relatdon between nephrotoxicity and serum concentrations has been found % %, The few
neonates with nephrotoxicity all had documented very high serum concentrations, so it
seems prudent to keep peak serum concentrations below an arbitrary threshold of
40 mg/L, but this in itself is insufficient reason for therapeutic drug monitoring.

Efficacy of vancomycin related to serum concentrations has been under debate. Several

mainly in vitto studies have been performed to determine which pharmacodynamic
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parameter correlates with efficacy of vancomycin. Serum bacrericidal titers of 1:8 or more
(corresponding to seram concentrations of > 12 mg/L) wete associated with. clinical
cures in children 2. In vitro models have shown no correlation between killing rates and
vancomycin concentrations higher than 2-8 mg/L 1% 21 In animals, outcome of
endocarditis was related to vancomycin trough serum concentratdons *2. Although it is not
possible to draw a definite conclusion as to which pharmacedynamic parameter is best
cotrelated to efficacy, these studies indicate that keeping the trough level above the MIC
is necessary to obtain chnically good results. Monitoring of vancomycin serum
concentratons should be focussed mainly on keeping adequate trough concentrations.
For this study goals were set at trough concentratons of 3-15 mg/L and peak
concentrations preferably below 40 me/L.

Using populadon pharmacckinetics we first estblished the parameters that best desceribed
out retrospective data. in contrast 1o most other studies 233, these parameters included
clearance per kg and volume per kg, but not PCA. Given the fact that each patient only
contributes two data points, the dependence of for instance Cl/kg on GA would have to
be strong to be detected by the method wsed. This strong dependence was not found; in
our data there is only a tend towards higher serum concentradons at lower GA.
Elimination half-life and clearance of most drugs is longer in prezerm nconates, partly due
to a higher percentage of body water. However this factor and the postnatal increase of
renal funcrion®? change considerably in the first postnatal week, during which vancomycin
is seldomly given. Furthermore most {81.8 %) of our patients were antenatally exposed to
intra-uterine  cortcosteroid administragon, which diminishes the GA-dependent
difference in metabolism of different andbiotics 35 3. These factors might explain the
mitgated GA effect in our retrospective data. The independence of PCA was confirmed
in the prospective study.

Reported mean clearance, Vss and sz for necnates and infants ranges from 0.036 to
0.1 L/kg/hr, 044 to 097 L/kg and 3.0 to 12.0 hrs, respectively!®, Clearance and Vd
found for our model were comparable to the other neonatal population pharmacokinetic
study of Seay et al. 35 CL of 0.057 = 0.0018 vs 0.018 to 0.059 L/kg/hr, Vd 0.43 £ 0.013
vs 0.50 L/kg, though in this study CL was corrected for GA < 32 wecks and dopamine
use, exphining the wide range. Elimination half-iife in our population was quite different:
trg 6.0 & 0.27 hrs compared 1o 13.4-33.7 his, and more in concordance with the range
mentioned in other studies % Based on the result of these parameters, and the desired

therapeutic range mentoned before, we tested several possible vancomycin dosing
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schemes (table II), of which 10 mg/kg/dose, three dmes a day led to a minimization of
undesirable high peak- and especially too low trough serum concentrations. Prospective
evzluadon showed that indeed only 4.5% (1 of 22) of inital wough serum concentradons
was below 5 mg/L, assuring effective therapy from the start. No potendally toxic peak
serum concentrations were found. In 4 patients serum trough concentratons before the
fifth dose were arguably too high, but stll not higher than 20.6 mg/L. We did not
simulate constant rate infusion of vancomyan which was recendy advocated®. Though
this scems a logical approach to obtain desirable steady state vancomycin serum
concentration, there are several reasons why we do not consider this a feasible optoen.
One of the main treatment modalites for line related infections is removing the central
venous line. This would make continuous dosing of vancomycin unpractical in this group
of patienrs in whom venous access is not always easy. Furthermore drug interactions,
though not found in this study™, are a potential hazard. Last but not least, the tme
reladon berween vancomycin serum concentrations and microbial kill rates does not
warrant such a cumbersome dosing method.

In concurrence with recent literature and given our results there is no obvious need to
monitor peak vancomycin serum concentrations in neonates without a strong suspicion
of renal insufficiency 12 13.36, though this is contradicted by one author 7,

In cogclusion we have shown that the applicatdon of a phatmacokinetic population
model, built on retrospecdve data, is useful in determining 2 praccal dosing scheme.
Prospective validation shows that vancomycin dosing in neonates can be simplified to a
GA-independent schedule of 10 mg/kg/Sh and leads wo adequate vancomycin trough
serum concentrations before the second dose, without potendally toxic peak serum
concentrations. Qur dara indicate a need for routne monitoting of trough, but not of

peak vancornycin concentrations in neonates.
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SUMMARY

Olyective: 'To assess the occurrence of hearing loss in children due to neonaral exposure to

long courses of tobramycin and/or high tobramycin serum concentrations.

Mezhods: This was a pilot case-control study in 3-4 year old children. Data on tobramycin
administration were abstracted from the padent files of an eatlier study. Patients exposed
in the neonatal period to either long courses (> 7days) or high serum concentratons of
tobramycin constituted the study group. The conwol group consisted of patents withour
tobramycin exposure. Padents were marched for other risk factor according to criteria of
the Joint Committee on Infant Hearing. All padents underwent the following
mvestigations: otoscopy and preumstc otoscopy, followed by impedance audiometry, to
exclude middle ear effusion. Click-evoked oto-acoustic emissions {ce-OAE) as well as
distortion product oro-acoustic emissions (dp-OAL), wested at £2 frequencies ranging
from 1-10 kHz, were measured to assess hearing. All patients with abnormal ce-OAE
results underwent brzinstem electric tresponse audiomerry (BERA) as well Since
aminoglycoside ototoxicity is usually bilateral, results were comupared per padent and not

per car.

Resuilts: A votal of 29 patients were tested. Eleven patients were excluded due to middle ear
effusion. Data for 18 padents were analyzed. In the tobramycin treated group (n=9) both
ce-OAF and dp-OAE (ar all tested frequencies) were not detectable in 6 cars of 3
patdents. All other padents had normal ce-OAE’s as well as normal dp-OAE’s in this
frequency range. Difference between the tobramycin treated and control group for OAE
as well as dp-OAE showed 2 trend (p=0.08). In all three padents with undetectable
emissions BERA confirmed 4 cochlear loss of 60-70 dB at 3 kHz in both ears. These
three patients had the longest total exposure to tobramycin: 20-24 days and 84-92 mg/kg,

respectively, No relation to ¢ither peak or trough serum concencratons could be detecred.

Conctusion: There was no statstical reladon berween hearing loss and tobramycin exposure,
probably due to sample size. Our results do indicate a need for a case-conrrol follow-up

study of hearing in neonates exposed to long courses of aminoglycosides.
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INTRODUCTION

Bacterial infections play an important role in the morbidity and mortality of preterm
neonates!. Aminoglycosides are effective against most gram-negative infecdons in infants
and play an important role in the inttial empiric treatment of neonatal septicernia,

The most important specific adverse effects of aminoglycosides are nephro- and
ototoxicity. The incidence of nephrotoxicity is not well known, but seems to be
considerably lower in preterm infants than in adults?.

Aminocglycosides accumulate in the lymphatic fluid of the inner ear and are potentally
cochleo- and vestbulotoxic. Outer hair cells, inner hair cells and spiral ganglional neurons
are damaged in a process of excitotoxic cell death due to enhancement of glutamate
N-methyl-D-aspartate (NMDA) receptor actvity?. Cochlear hearing loss can be divided in
acute reversible and chronic irreversible ototoxicity with a total reported mcidence of 0 to
47% 1n adults®. Hearing loss is mainly bilateral and starts in the high frequency range
above 5 kHz, but is also found In lower frequencies in serfous cases®, Reported
occurrence of aminoglycoside induced ototoxicity in neonates is low in the range of a few
percent® 7. The nsk of developing clinically significant hearing problems in neonates
weated shorter than one week seems to be smallé & #, Suggested risk factors associated
with aminoglycoside induced ototoxicity are clevated peak serum concentratons and
duration of therapy, but the actual relation is unclear’ 11, As in adults, aminoglycoside
extended dose intervals are recommended for neonates!#14, These schedules advise doses
of 3.5-4 mg/ke with intervals of 24-48h for gentamicin and tobramycin with concomirant
higher peak serum concentratons and lower troughs. Several studies did not find a
relation between these new dosing regimens and ototoxicity, but since the incidence is
low, study size was possibly too small to detect a difference!2 1516,

There are many pitfalls in relating neonaral hearing loss to aminoglycoside usc.
Numetrous tisk factors for neonatal hearing loss have been identified. Perinatal infections,
meningits, prematutity, hyperbilirubinemia, birthweight < 1500 grams, asphyxia,
respiratory distress syndrome, mechanical vendlation, antbiotics, and diuretics have all
been incriminated’. Potentdation of aminoglycoside lnduced hearing loss due to loop
diuredes has been described!”. Furthermore delayed onset of hearing loss, possibly related
o aminoglycoside use has been described® %20, Hence aminoglycoside induced heanng
Ioss in neonates should be studied in the light of these concomitant factors.

The aim of the present pilot study was to assess the occurrence of hearing loss due to

neonatal high-risk exposure to aminoglycosides, defined as long courses and/or high
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serum concentrations. For this purpose 3-4 year old children, exposed in the neonatal
period to either long courses (> 7days) or high serum concentradons (peak > 12 mg/T,
trouch > 2 mg/L) of whramycn wete compared to patients without tobramycin
exposure, but matched for other risk factors of hearing loss,

PATIENTS AND METHODS
Study design

The present study was a pilot case-control study of heariag loss conducted in children of
3-4 years old admitted to the NICU of the Sophia Children’s Hospital during their the
neonatal pedod.

Patients were selected from an earlier study on the emergence of antibiotic resistance due
to antgbiotic use®. In that study (study pedod December 1996 — December 1997),
neonates admitred to one ward received mitial trearment for suspected sepucemia with 2
combinaton of penicillin-G or flucloxacillin and tobramycin. In the other ward the initial
treatment consisted of amoxicillin or fludloxadllin with cefotaxime. All other treatment
protocols for these wards were equal. Patdents from that study were divided in two
groups; those who had received tobramycin during admission (eligible for study group),
and those who had only received other andbiotics (eligible for control group).

This study was approved by the institudonal review boatd and padents were only included

after informed consent from a parent or guardian was obrained.

Study group

All padents whose records indicated that they had received tobramycin were reviewed.
Patients with an increased risk of tobramycin related toxicity were identified. Risk factors
were defined as prolonged exposure (> 7 days), elevated peak serum concentrations
(> 12 mg/L) ot elevated trough serum concentrations (> 2 mg/L). All padents with one
or more of these risk factors whose current address could be traced were approached and,
if informed consent was obtained, included.

The dosage regimen used in the period 1996-1997 was as follows. Tobramycin (4 mg/kg)
was adrinistered as 4 30-minute ntravenous mfusion. The inidal dosing interval was 24,
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36 or 48 hours in neonates with a gestational age of <32 weeks, 32-37 weeks and
= 37 weeks, respectively. Therapy adjustments were made at the discredon of the
attending physician. All doses and times of administration were recorded routinely.
Tobramycin seram samples were taken as part of routine therapeutic drug monitoring 1
and 6 hours after the first dose and just before the second dose.

Control group

TFor each patient in the study group matched controls were idendfied in the son-
tobramycin group. Patients were matched for tisk factors for neonatal hearing loss,
according to criteria of the Joint Committee on Infant Heating®. These were defined as:
family history of hereditary childhood sensorineural hearing loss, in utero infections (e.g.
toxoplasmosis, herpes), craniofacial anomalies and other syndromes related to hearing
loss, birthweight < 1500 g, hyperbilirubinemia requiring exchange transfusion, bacterial
meningits, Apgar scores of 0-4 at 17 or 0-6 at 5%, mechanical vendlaton for more than
5 days, use of loop diuretdcs and use of vancomyein. The first marched control without
middle-ear effusion in whom measurement of oto-acoustic emissions was technically

possible, was inciuded in the study.

Drata collection and audiologic testing

Risk factors for hearing loss in the intervening period between neonatal admission and
time of audiolegic testing were assessed by interviewing the parents. Exposute to other
ototoxic drugs, meningids and head trauma as well as familial hearing loss were excluded.
Frequency of otitis media with or without antibiotics, paracentesis or ear operatons were
recorded.

Investigators were blinded o the antibiotic history of the patient. All patents underwent
the following investigations. The tympanum was visualized using 2 binocular Zeiss
OPMI-9 microscope. Pneumatic otoscopy was used to assess mobility of the tympanic
membrane. Test results per ear were labeled as normal (aerated), conmaining fluid, or a
diminished mobility. Tympanometry was performed using a clinical impedance device
{GSI33, Grason Stadler). Tympanograms were defined as type A, B or C according 1o
Jerger, where type A is normal 2.,

Otoscopy and tympanograms were used to determine the validity of test results of the

otcacoustc emissions. In cases with an abnormal tympanogram and/or abnormal
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otoscopic result the ebsence of otoacoustic emissions was considered as due to z middle
ear dysfunction.

Otoacoustic emissions were measured using an 1L0O96 OAE-instrument (OtoDynamics,
UK. Click-Evoked otoacousdc emissions were recorded, with the standard non-linear
click sequence stimulation, at 2 level of 82 dBSPL, with the real time low pass filtering
enabled during tecording, and 2 response pass band filter between 700 Hz and the
instruments upper frequency limit (6.25 kHz). Distortion Product Oto Acoustc
Emissions (dp-OAE) were also recorded at the 2f1 — £2 frequency, with primary levels of
60 and 55 dBSPL for f1 and f2, respecdvely. F2 frequencies of 1kHz- 10 kHz were used
with a resolution of 3 poings per actave. Scoring on absence or presence of the ce-OAE's
and dp-OAE’s was done subjectively by an expert judge (author # 2).

Al patents withour middle car dysfuncdon, but with abnormal ce-OAE results
underwent brainstem electric response audiometry (BERA) as well,

Statistical analysis

Statistical analysis was performed using SPSS 8. O stagistical software (SPSS Ine., Chicago,
USA)., Compatison between patients exposed to tobramycin and matched controls was

performed using a paired samples t-test.

RESULTS

A total of 59 patents had received tobramycin for = 7days and/or were exposed to
tobramycin serum concentrations outside of the desired therapeude range. The current
address of 30 could be traced of whom 12 responded. These rwelve patients constituted
the tobramyecin group. A rotal of 17 patients were tested in the control group. Eleven
patents were excluded of whom three were exposed to tobramycin . In these 11 patients
no dependable otoacoustic emissions could be recorded, despite retesting, apparently due
to middle ear effusion. Eighteen patdents were included, 9 patients with exposition to
tobramycin and 9 padents without. Individual demographic varables for these patients
are listed in table 1. All padents were intubated or had a nasopharyngeal rube for more
than 5 days. No padent had a bilirubin level necessitating exchange transfusion. Patent 1
and 2 are matched for GA, but not for birthweight.



Olotascicisy

A total of 33 out of 36 ears were evaluable with ce-OAE and dp-OAE. Three patients
(one with tobramycin) had middle ear effusion in one ear.

In the tobramycin treated group both ce-OAE and dp-OAE weze not detectable in 6 ears
of 3 patients. Results for dp-OAE showed no emissions in the range of 1-10 kHz for
both ears. All other padents had normal ce-OAE’s as well as normal dp-OAE’s in this
frequency range. Difference between the tobramycin treated and conwol group for ce-
OAE as well as dp-OAE showed a wend (p=0.08), but did not reach stadstical
significance. In all three patents with undetectable emissions, BERA confirmed the
abnormalities. In all three patients a cochlear Joss of 60-70 dB at 3 kHz in both ears was
found. These three patents had the longest total exposure to tobramycin: 20-24 days and
84-92 mg/kg, respectively. No reladon to either peak or ttough serum concentratons
could be detected.

Patent 5 had a right sided grade III inwaventicular hemorrhage. Patents 7 and 9 are
heterozygote twins. Patient 9 showed bilateral periventricular leucomalacia on cerebral

sonography.
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DISCUSSION

The relation berween administraton of aminoglycosides and ototoxicity has been under
discussion since eatly reports in 19452% Studies in adults have suggested an influence of
absence of sufficiendy low trough concentradons for adequate periods, but there is litde
evidence for a relaton between peak or trough serum concentragons and
ototoxicity™ 1125 25 In adults as well as neonates a relation between ototoxicity and total
dose and duradon of therapy is postulated®l. Treatment for longer than 10 days is
considered to be a risk factors: 8. Reported aminoglycoside ototoxicity in neonates is low,
also with present day extended interval dosing™ 12 16 27 No relation between serum
concentrations of aminoglycosides and ototoxicity has been demonstrated. Also, hearing
screening in neonates did not show an increase in occurrence of hearing loss in
aminoglycoside exposed patients®®3!. These studies did not however look specifically at
serum concentrations. On the other hand several authors have demonstrated that, mainly
reversible, abnormalities on BERA can be seen eatly on in aminoglycoside treated infants,
indicating alteration of the central transmission of auditory brainstem responses?0. 19.32 33,
Furthermore it has been demonstrated in adults and suggested in neonates that
aminoglycoside related ototoxidty can occur weeks to months after discontinuation of
treatment® 1320, In the study by Kawashiro et al., all patients with this type of hearing loss
were exposed to 7-14 days of trearment with gentamicia and/or amikacin, next to other
zisk factors??. To caprare the possibility of delayed hearing disturbance we investigated the
patent group most at risk for aminoglycoside related ototoxdcity at the 2ge of 3-4 years.
Since aminoglycoside ototoxicity is mostly bilateral we chose not to compare patients to
matched controls per ear but per padent. Although no statistcal significance was found,
possibly due to the small number of patients, it is wortisome that three patients in this
high-risk group had moderate to severe cochlear hearing loss. No relation to cither peak
or trough serum concentradon could be detected. Also hearng loss, which if induced by
aminoglycosides was expected to be mainly in the higher frequency range, was apparent at
all frequencies in our patents. This could imply that these were more severe cases of
aminoglycoside induced hearing loss, whete damage has progressed beyond the basal turn
of the cochlea. There was a striking relation to total exposure; the three patients with
hearing loss had the highest overall exposure to tobramycin (duraton as well as in mg/kg)
of the 9 patients studied. This result is in concordance with several other studiesS10.
Borraderi and co-workers performed a casc-control study in 8 neonates with

sensorineural hearing loss, all exposed to more than 10 days of aminoglycoside treatment
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and found a significant relaon to cumulative dose and toral treatment duration of
aminoglycosides’. In the smdy by Chayasidsobhon et al, necnates treated with
gentamicin for 2 10 days were at a significant greater risk of having abnormalites on
BERA than neonates exposed o < 10 days of treatment®. Patients 1 both studies were
not matched for all other risk factors. Therefore abnormalides might have been related to
underlying co-morbidity. An earfier study also found a correlaton between wave V
latencies on BERA with the total dose of aminoglycosides administered!®. Hearing was
evaluated within 2 days of end of weatmment. Therefore abnormalides might have been
reversible.

Since two of our patents with hearing loss were twins, familial hearing abnormalities,
possibly of mitochondrial orgin could be the cause®®, Family history for hearing loss was
negative and permission for mitochondrial DNA analysis was refused.

How should we perceive the seemingly conflicing evidence of aminoglycoside related
ototoxicity in newborns? On the one hand screening programs found no relation between
exposure to aminoglycosides and hearing loss?51, Also, with the present extended dose
intervals, aminoglycoside related ototoxicity is rare 1215, On the other hand several studies
in relanvely few patients, including this one, found a relaton to duraton of therapy. In
most of these studies neonates had been exposed to more than 10 days of aminoglycaside
treatment® 0, Furthermore, there are reports where delayed onset of heating loss in
infants is described? 1820 Tt is possible that hearing screening performed in infants before
discharge mighr be too early to detect this type of hearing loss. A second reason might be
that ammoglycoside induced heardag loss starts at higher frequencies which are not
detected by routine hearing screening methods. These factors imply that aminoglycoside
related hearing loss could be undetreported. The main imitadon of this pilot study is the
small number of padents included. Our results do indicate a need for a  case-control
follow-up study in nconates exposed to aminoglycosides for longer than 10 days

compared with patients matched for other risk factors relared to hearing loss.

161



M
LA

AN

References

1

w

10.

1.

16.

17.

18

19.

o
=

12
>

12
L

Kiein JO, Michact Marcy S. Bacterial Sepsis and Meningitis, In; Remingron ]S, Klan JO. eds. Infectious
discases of the fetus & newborm infang: WB Saunders & company, 1995:336.

de Hoog M, Mouton JW, van den Anker JN. The use of aminoglycosides in newbotn infants. Pacdiar Perinar
Drug Ther 1998; 2:48-56.

Emfors P, Duan ML, EfShamy WM, Canlon B, Prowction of anditory neurons frem amineglycoside toxicity
by neurotrophin-3. Nat Med 1996; 2:463-7.

Matz GJ. Aminoglycoside cochlear ototoxicity. Otolatyngoel Clin North Am 1993; 5:705-12.

Swinger SP, Meyerhoff WL, Wright CG. Ooroxicity. Im: Paparella MM, Gluckmann JL, Meyerhoff WL, eds.
Otolaryngology. Philadelphia: W B. Saunders comp., 1991:1653-16569.

MecCracken GH, Jr. Aminoglycoside toxdeity in infanes and children. Am j Med 1986; 80:172-8.

Finizo-Hieber T, McCracken GH, Jz.. Brown KC. Prospective contolled evaluation of auditory funcdon in
neonates given nedimicin or amikacin. J Pediatr 1985: 106:129-36.

Chayasifisebhon S, Yu L, Griggs L, Westmoreland SJ, Len N, Recording of brainstem evoked potentials and
their association with gentamicin in neonates. Pediarr Neurol 1996; 14:277-80.

Borradoti C, Fawer CL, Buclin ‘T, Calame A. Risk factors of sensorineural hearing loss in preterm infants. Biol
Neonate 1997, T1:1-10.

Bernard PA. Freedom from ototoxicity in aminoglyeoside treated nconates: a mistaken notion, Lasyngoscope
1981; 91:1985-94.

MeCormack JP, Jewesson PJ. A edrieal reevaluation of the "therapeudc range” of aminoglycosides. Clin Infect
Dis 1992; 14:320-39.

Lundergan S, Glasscock GF, Kim EH, Cohen RS. Once-daily gentamicin dosing in newbormn infants.
Pediarries 1999: 103:1228-34,

de Hoog M, Schoemaker RC, Mouron JW, van den Anker JN. Tobrarnycin populaton pharmacoldnetes in
nconates, Clin Pharmacel Ther 1997; 62:392-399.

Vervelde ML, Rademaker CM, Kredict TG, Fleer A, van Asten P, van Dijk A, Populadon pharmacokinetics of
genmmicin in preterm neonates: evaluadon of a once-daily dosage regimen. Ther Drug Monit 1999; 21:514-9.
Langhendries JP, Bartsd O, Bertrand JM, et al. Once-a-day administration of amikacin in neonates: assessment
of nephrotoxicity and orotoxicity. Dev Pharmacol Ther 1993; 20:220-30.

Kotze A, Bartel PR, Sommers DK. Once versus twice daily amikacin in neenates: prospective study on toxicity.
J Paediatr Child Health 1999; 35:283-6.

Salamy A, Eldredge L, Tooley WH. Neonatal status and hearing loss in high-risk infants [see comments], ]
Pediarr 1989; 114:847-52,

Cox C, Hack M, Metz D, Fanaroff A. Auditoty brainstern evoked responses for screening very low birthweight
infants (VLBW) - Effcets of gentamycin and neonatal tisk factors on maruradon. Ped Research 1979 13:524A.
Kawashiro N, Tsuchihashi N, Koga I, Kawaro T, Iroh Y. Delayed post-neonatal intensive care unit hearing
disturbance. Int ] Pediatr Otorhinolaryngol 1996; 34:35-43.

Nield TA, Schrier S, Ramos AD, Platzker AC, Warburton D. Unexpected hearing loss in high-risk infants,
Pediatrics 1986; 78:417-22,

de Man P, Verhooven BA, Verbrugh HA, Ves MC, van den Anker TN, An andbiode policy 10 prevent
cmergence of tesistant bacilli [see comments]. Lancer 2000; 355:973-8.

Joint Committee on Infant Heating 1994 Position Swatement. Int J Pediatr Oto:hinola.ryngol 1995, 32:265-74.
Jerger J. Clinical experience with impedance audiometry, Arch Crolaryngol 1970; 92:311-24.



Hinshaw H, Feldman W. Streptomycin in the teatment of clinical wberculosis: a preliminary report. Proc
Mayo Clin 1945; 20:313-318.

Nordserom L, Banck G, Belfrage S, Juhlin I, Tjernswom O, Toremalm NG. Prospective study of the
ototoxcity of gentamicin, Acta Pathol Microbiol Scand [B} Microbiol Immunol 1973;:5uppl:38-6.

Jackson GG, Arcern G. Ototoxicity of gentamicin In man: 2 survey and controlled amalysis of clinical
experience i the United States. ] Infect Dis 1971: 124:Suppl 124:130-.

Finimeo-Hieber T, McCracken GH, Jr.. Roeser R], Allen DA, Chrane DF, Momow J. Ototoxicity in neonates
treated with gentamicin and kanamyeln: resulss of a four-year controlled follow-up study. Pediatrics 1979;
63:443-50.

Hess M, Finckh-Kramer U, Bartsch M, Kewiez G, Versmold H, Gross M. Hearing sereening in ar-risk neonatc
cohort. Int ] Pediarr Otorhinolaryngol 1598; 46:81-9.

Meyer C, Witte ], Hildmann A, et i Neonaral screcning for hearing disorders in infants at dsk: incidence, dsk
factors, and follow-up. Pediatrics 1999; 104:900-4.

Cone-Wessen B, Vohr BR, Sininper Y8, et al. Idendficaton of nconatl hearing impaimment: infants with
hearing loss, Bar Hear 2000; 21:488-507.

Kounrakis SE, Psifidis A, Chang CJ, Sternberg CM. Risk facrors associated with hearing loss in neonates. Am J
Orclaryngel 1997; 15:90-3.

Tsal CH, Tsai FJ. Auditory brainstem respofises in tertn neonates rreated with gentamicin, Acta Pacdiatr Sin
1992; 35:417-22.

Koheler D, Usher M. Arbel E. Arlazoroff A, Goldberg M. Effect of gentamicin on the audirory brainstem
evoked response in tesm infants: 2 preliminary report. Pediatr Res 1990; 28:232-4,

Estivill X, Govea N, Barcelo E, et al. Familial progressive sensorncural deafness is mainly due to the mtDNA
A1555G muration and is enhanced by treatment of aminoglycosides. Am J Hum Genet 1998; 62:27-35.






Newborn hearing screening: tobramycin
and vancomycin as risk factors for

hearing loss

Chapter

5.2 - O —

M. de Hoog, G.A. van Zaaten, W.C. Hop, E. Overbosch, N . Weisglas-Kuperus,
J.N. van den Anker

Subpitted






o

SUMMARY

Olbjective: to investigate the chance of detecting hearing loss with necnatal hearing
screening in relation to exposute to tobramycin and vancomycin expressed in terms of

duration of therapy and serum concentrations.

Metbods: Auromated Auditory Brainstem Response {A-ABR) hearing screening was
performed in all neonares with at least one tisk factor as defined by the Joint Committee
on Infant hearing. Data on administration of tobramyein, vancomycin and furosemide as
well as available serum concentrations were abstracted from patient files of neonates who
underwent hearing screening between November 1998 and November 2000. Exposure to
these drugs was quantitated in rerms of total dose, duration of therapy and, where
possible, serum concentratdons and related to the result of hearng screening using logisdc
regression. In patents failing hearing screening, exposure to ototoxic medication was

assessed in the light of other risk factors for hearing loss.

Resuits: A total of 625 patients were analyzed. Forty-five neonates failed hearing
screening. Tobramycin, vancomycin and furcsemide were used in 508, 130 and 174
patents, respectively.

Exposure to vancomycin and tobramycin in terms of treatment duraton, total dose or
serum concentrations was not related to failure to pass A-ABR screening. Exposure to
both andbiotes in the same patient, as well as combinaton with furosemide treatment,
was also not related to 2 failure to pass hearing screening. In none of the patents wich
serum. concentrations outside the therapeutic range, exposure (o ototoxic medication was

the most likely risk factor for hearing loss.

Conclusion: No quanttative or qualitative relation between exposure to tobrarayein or
vancomycin and a failure to pass heating screening was found. Roudne TDM of
vancomycin and tobramycin in neonates for ototoxicity reasens is not helpful in detecdng

patents at tisk for clinically important heating loss.
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INTRODUCTION

Congenital neonatal hearing loss has a reported prevalence of 0.1-0.3% 2. Neonares
admitted 1o 2 neonara] intensive care unit (NICU) have a higher risk of developing
sensorineural hearing loss of approximately one in every hundred?. Late recognition leads
to impaired acquisition: of language and speech®. Therefore, early detection of impaired
infant heating is important, and consequently many neonatal hearing screening programs
have been developed. The methods most often used are Oto-Acousde Emissions (OAE)
and Automated Auditory Brainstem Response (A-ABR)S. A-ABR is a very rehable
screening method with a xeported sensidvity of 100% and specificity of over 95% &8,
Screening programs in the NICU follow one of two strategies. Screening is either
performed in all neonates’ ? admitted to 2 NICU or in neonates with certain dsk factors
previously desctibeds, Risk factors are among others: family history of hearing loss,
perinatal infections, meningids, birtrweight < 1500 gms, hyperbilirubinemia, asphyxda,
respiratory distress syndrome, mechanical vensladon, diuredces and antibiotics, especially
aminoglycosides and vancomycin'®. These potentally vestubulo- and cochlestoxic
antbiotics are frequently used for early (aminoglycoside) and late onset (vancomycin)
neonatal septicernia. Vestbulotoxicity is difficuit to determine in neonates, so reports on
ototoxicity are limited t¢ heardng loss. Vancomycin reported ototoxicity, mainly based on
case reports, is < 2% in adults. Dara from the current literature do not show a relation
between vancomycin related ototoxicity and serum concentradons, and it is not clear
whether ototoxicity should be atmibuted to vancomycin or other confounding factors!!.
Litde is known about vancomycin ototoxicity in neonates, The few studies addressing this
issue did not find ototoxctyl® 13,

Aminoglycoside induced otoroxicity in achults usually occurs in patients who have received
either long, or repeated, courses of aminoglycosides!*. A relatdon between high serum
concentrations and toxicity has been suggested, but not demonstrated. There are sull
many gaps n our knowledge on the reladon between aminoglycoside use and hearing loss
during infancy. Even though some studies show a relaton to administration of
aminoglycosides, it remains difficult to separate the effect of aminoglycoside use from
other confounding factors'>!7. No clear reladon was found to peak and wough
concentrations and most of these studies did not correct for concomirant sk facrors.
Concutrent treatment with furosemide and vancomycin was associated with hearing
loss’® 19, Furthermore these studies were performed in  neonates receiving

aminoglycosides several times daily, while over the last few years dosing intervals, similar
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to dosing regimens in adults, have been extended® . Ototoxicity should be studied m
the light of these new regimens. It is also clear that this roxicity has to be seen against the
background of other rsk factors, Although several recent screening studies in neonates
have not shown aminoglycoside administradon to be an important risk factor, no study
has looked specifically at serum concentragons and dusation of therapyl 2% The aim of
the present study was to explore the risk of detecdng hearing loss with nconatal hearing
screenung in relation to exposure to tobramycin and vancomycin expressed in terms of

duration of therapy and serum concentratons.

PATIENTS AND METHODS

Study design

The present study was conducted In neonates admirtted to the NICU of the Sophia
Children’s Hospital from November 1998 to November 2000.

Inclusion crteria

All neonates who underwent A-ABR screening were included in this smdy. A-ABR
screening was performed in neonates with the following risk factors, 2s noted on a chart
by the attending physician: positve family history for hearng loss, positve serology for
toxoplasmosis, rubella, cytomegalo virus or herpes virus, craniofacial abmormalides,
birthweight below 1500 grams, hyperbilirubineria necessitating exchange rtransfusion,
cerebral complications, 2 17 APGAR score below 5 or a 5 APGAR score below 7,

mechanical ventladon longer thaa 5 days, syndromal abnormalites.

Data collection

Parameters

Gestational age (GA), birthweight, indicadon(s} for A-ABR screening, test date and resulr
were abstracted from A-ABR case record forms. Apgaz scores were abstracted from the
padent fles. Informatgon on administration of potental ororoxic medication (tobramycin,
vancomydin and furosemide) was abstracred from the computerized hospital medication

ordering system by two independent investigarers and cross-checked.
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Administration and dosage regimen of tobramycin, vanconmyein and firrosemide
L

Administration of tobramydn was performed in 2 30-munute Lv. infusion in 2 dose of
4 mg/kg. The ininal dosing Interval was 24, 36 or 48 hours In neonates with a GA of
<32 weeks, 32-36 weeks and 2 37 weeks, respectively. Tobramycin serum samples were
raken as part of routine therapeutic drug monitodng 1 and 6 hours (Ocrober 1998-
February 2000) or 3 and 8 hours (from March 2000 onwards) after the first dose and just
before the second dose {all}, at the discretion of the attending physician. Thus tobramycin
peak concentrations were only available for the firsst pedod. Vaocomycin was
administered in a dose of 10 mg/kgin 2 1h infusion with an interval of 8h irrespective of
GA. Trough and peak serum sampling was petformed around the fourth dose, with the
trough just before and the peak 1h after completon of the infusion. Therapy adiustments
were made at the discredon of the attending physician. All doses and times of
administration were recorded routinely. Duration of therapy and maximum peak and
trough concentrations were noted for vancomycin.

Exposute to furosernide in mg/ke was also noted.

Auditory tesiing

Hearing screening was performed with an automarted auditory brain stem response device
(ALGO-1 E, Nams Medical Inc., California, USA) by specialized nurses. This device
measures responses to a monoaural 35 dBnHL click stmulus. Astefact rejecdon for
ambient noise and myogenic acavity is automatic. ALGO-1 E displays a pass when the
internal algorithm reaches a likelihood ratio = 160 in discriminating between response -+
noise, noise and no response® . The algorithm criteria were defined by comparison with
conventional ABR. Sensitivity for this test (compared to convendonal ABR as the gold
standard) is 100%, specificity ranges from 96 ro 98.7% %2527,

Patients with refers from A-ABR testing were scheduled for a retest and a further retest
on second failure to pass. All patients falling this sequence of testing were referred for
further conventional testing.
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Stadstical analysis

Statistical analysis was performed using SPSS 8. 0 stadstical software (SPSS Inc., Chicago,
USA}.

The Wilcoxon signed rank test and Mann-Whitney test were used as nonparametric tests.
All variables were entered as single covariates for logistic regression. For the purpose of
analysis certain continuous variables were categorized, to enable valid inclusion of non-
exposed padents. Tobramycin: exposure as longest consecutive duration of treatment
(days): 0, 1-5, >5; total exposure (mg/kg): 0, = 20 mg/kg, > 20 mg/kg; peak serum
concentrations: 0 {no exposure), < 12 mg/L, > 12 mg/L; trough serum concentrations 9
(no exposure), = 2, > 2 mg/L. Vancomycin: exposition in days of treatment: 0, 1-7 and
> 7 days; peak serum concenuations: 0 (no exposure}, < 40 mg/L, > 40 mg/L; trough
serum concentratons O (no exposure), < 15 mg/L, > 15 mg/L Furosemide exposidon:
0, 1-10 and >10 mg/ke. If a reladon between serum concentratons and ototoxicity exists,
this is expected with higher exposure. For this reason, univariate logistic regression with
serum concentrations z$ continucus vatiable was alse performed in 2 subgroup of
patients with serum tobramycin and vancomycn peak and trough concentradons
exceeding atbitrary limits: tobramycin 8 mg/I. and 1 mg/L, tespectively and vancomycin
30 mg/L and 10 mg/L, respectively.

Multple logisuc regression was performed on combination therapy of tobramycin,

vancomycin and furosemide.

RESULTS

Patient characteristics

During the study period 2 total of 1197 padents were admicted to the NICU. A total of
669 patients were eligible for ALGO screening. In 44 padents complete A-ABR screening
was not performed; 28 patents died before screening, 11 parents refused cooperation in
screening and in 2 repeat A-ABR screening has not been performed. In three padents
A-ABR screening failed for technical reasons. All three underwent convendonal ABR and
tested as normal. Data for 625 patents were analyzed.

Demographic patameters are shown in table 1. There were no differences in GA and
birthweight between patients passing or failing A-ABR screening. There is a significant
difference in age at final A-ABR screening berween neonates who pass or fail hearing

screening, inherent to the method of screening.
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Tabiel: Demagraphics for siudy gronp. Nunitbers are medians and ranges

T e e T p-value
CTotal - Pass oo oo cRefer oo gapnn
(075625) S (@=580) . (@=45) . Whitey)

Gestational age (weeks) 320 (24-43) 319 (25.3-43.0) 321 (24419)  0.56
Birthweight (grams) 1480 (520-5800) 1478 (520-5800) 1550 (545-4050) 0.89
Ageat A-ABR (days) 19 (0-286) 18 (0-286) 47 (1-253) <0.001

Statistical relations between ototoxicity and risk factors

Figure 1 shows the distribudon of number of risk factors per patent. Thirteen necnates
had no indicadon, but were tested by request of the parent, because they were part of a
twin pregnancy of which the other half had to be screened. There was one indication for
testing in 377 nconates, two indicatons in 178 necnates and 3 or more indications in

57 neonares.

Fig.1: Risk of failing A~ABR sereening in relation number of indications for screening

100
80 |
80
40

Percentage

20 b=

0
Number of indiations

In univariate analysis, the number of indicatons per patient for tesung was the single
most important dsk factor (p=0.00C7}. This is also llustrated by figure 1. Given the
nfluence of the number of indications as well as the sigmificant difference in postnatal age
at final screening, univardate analysis of other vadables was corrected for these two
factots. Table 2 shows all inclusion edteda for A-ABR screening and the relative tisk for
failure of this screening. These numbers are only valid in a population with 2t least one
dsk factor. The presence of craniofacial abnormalities was the most impormnt single risk

facror in failing A-ABR screendng. No other single rsk factor attalned significance.

172



Table 2: Distribution of risk factors iin infants with normal and abnormal A-ABR screening. P-palues

are from nnivariate anatysis, corvected for number of indications and age at A-~ABR screening

Clnee T S ACABR mormal L A<ABRrefer - 0 - Odds ratio
S Riskfacter U (m=580) . (n=45)  Povaluc . (95% CI)
Family history 12 21% 3 6.7% 0.18 2.5 (0.6-9.9)
TORCH* 8 1.4% 1 22% 081 1.3 (0.2-11.0)
Craniofacial 10 17% 5 11.1% 00014 69 {2.1-22.6)
Birthweight<1500 304 524% 22 48.9% 0.04 0.5 {0.2-1.0)
Hyperbifirubinemia 17 2.9% 3 6.7% 019 2.4 (0.6-9.2)
Cerebral complications 63 10.9% 8 17.8% 0.84 1.1 (0.4-2.8)
Apgar score 1'<5/5'<7 223 3.8% 17 37.8% (.62 0.8 (0.4-1.7)
Mechanical vendladon>5 days 172 29.7% 19 42.2% 0.65 0.8 {0.4-1.8
Syndrome 23 4.0% 4 3.9% 0.24 200662

*+ Positive serology fot toxoplasmosis, rubeila, cvtomegaly virus or herpes,
} P 3 LeLY

Table 3 shows details on exposute to ototoxic medication in the study group. As can be
seen 508 padents received tobramycin, 130 patients vancomycin and 174 patents
furosemide. Toral exposure to tobramycin was 13.3 = 11.7 and 20 * 19.6 mg/kg for
neonates passing and failing hearing screening, respectively. For vancomycin, total
exposure was 234 + 159 and 375 L 273 mg/kg respectvely for groups of neonates who
passed or failed hearing screening. These data wete not statistically different between both
groups. Table 3 also shows ototoxic medicadon as dsk factor for failure of A-ABR
screening. Potential ototoxic medicadon, defined in terms of duration of rreatment, total
exposure and aberrant peak and trough serum concenrrations was analyzed using logistic
regression. As can be seen exposure 1o vancomycin and tobramycia in terms of treatment
duration and total dose was not significandy related to failure to pass A-ABR screening.
Exposure to both antibiotics in the same padent, as well as combination with furosemide
treatment, was also not related to hearing loss. Peak and wough serum concentrations of
both vancomycin and robramycin were not associated with an increased risk of failing A-
ABR screening. In the subgroup of patients with higher peai- or trough serum
concentrations of vancomycin or tobramycin, entered as continuous variable in logiste
regression, no relaton tw faling A-ABR screening was detected (p-value ranging from
0.13 - 0.67),



Tuble 3: Univariate analysis of ototoxcic medication as risk factor for fatire of A-ABR sereening. P-values and

sdds ratios are corvedted jbr nimber af indications and age at A-~ABR .fmem;{g

Total Pass Refer.'--" ' P~value Odds rano
. SO S AR B (950/0 CI)
Tobramycin 508 473 35 625 0.19 0.6 (0.3-1.3)
Taial exposire (mg/ kg)> 20 mg/ kg 102 93 9 625 0.28 080413
Longest sequenital ireatment > 5 days 135 125 10 625 018 0.7 (0412
Peak concentration > 12 ma/ L. 6 5 1 449 023 0.6(03-1.49
Trough concentration > 2mzf/ L 9 8 1 393 0.55 080417
Vancomycin 130 119 11 625 032 08(0417)
Vancomyein exposire > 7 days 54 8 62 625 0.89 1.0 (0.6-1.3)
Peak concentration = 40 mg/ 1. 4 3 1 593 045 070317
Trongh concentration > 15 mg/ L 26 25 1 604 022 0.7(0.3-1.3
Furosemide 174 158 16 625 049 0804106
Total exposire > 10 mg/ kg 25 21 4 625 090 100517
Tobramycin + vancomycin 122 11 11 625 0.67 0.8 0418
Tobramycin + furosemide 134 140 14 625 044 0.7 0.4-1.6)
Tobtamyein + vancomycin + 66 59 7 6253 0.73  0.8(0.3-2.1)
furosernide

n = number of patients included in analysis

Relation of ototoxicity to antibiotic use in individual patients
Tobrantycin

Patients with potential ototoxic serum concentragons failing A-ABR screening were
analyzed. Only one of the six patients with a peak tobramycin concentration > 12 mg/L
failed hearing screening and conventional ABR showed bilateral heating loss of 50-60 dB
with 2 cochlear component at follow-up, This patent was bom a premarure (GA 26
weeks) and had low Apgar scores (6/7) as well as periventricular lencomalacia.
Furthermore he also received vancomycin for 35 days with normal serum concentrations .
Only one out of three peak serum concentratons of tobramycin in this patient was
> 12 mg/L.

Nine padents had trough serum concentrations > 2 mg/L. One of these nine patients
failed A-ABR screening. This patient had bilateral hearing loss with a cochlear
component of 50-60 dB. This patent received only 2 doses of tobramycin however and
also had neonaral asphyxia and delayed motor development. Since there is evidence that
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trough concentration goals should be set to 0.5-1.0 mg/L with extended intetval dosing
of aminoglycosides, we also looked at the 56 padents with trough serum concentrations
exceeding 1.0 mg/L% ¥, In this group, three neonates failed hearing screening. One
patient, with a trough > 2 mg/L, is described above. Of the two others, the fizst padent,
who had severe perinatal asphyxia, was exposed 10 ooly one dose of aminoglycosides. The
second patient, exposed to 7 doses (2 courses, longest consecutive treatment 7 days), had
severe bilateral hearing loss without 2 clear cause.

Eleven patients received tobramycin for = 10 consecutive days; two failed A-ABR
screening. The first patient had slight cochlear loss (20-25 dB) in one ear and was also
exposed to 12 days of vancormyein wearment. The second patient had severe biateral
hearing loss with no reproducible responses on ABR pointing ar auditory ncuropathy
and/or severe loss of ear sensitvity to sound. This patent was not exposed t
vancomycin, but had 3 other risk factors; birthweight <1500 grams, 1° Apgar score of 5
and abnormalites on cerebral ultrascund.

Vanconyein

Four patients had peak vancomycin concentrations > 40 mg/L. One of these patients
{peak 42.3 mg/L} had bilateral severe hearing loss. This padent, who had a grade I
intraventicular hemorrhage and sepsis/meningits, died later.

One of 26 patients with vancomycin trough concentrations exceeding 15 mg/L failed
hearing screening. This patient (trough 17.7 mg/L), who had neonatal septicemia and
petiventricular leucomalacia, was exposed to 12 days of vancomycin and 27 days of
tobramycin, He had mild (20-25 dB) cochlear loss in one ear. There was a rise in serum
creatinin to 112 pmol/L pdor to this serum trough concentration.

Sixteen patients wete exposed to vancomycin for more than 14 days, with 3 failures on
hearing screening. One patient had grade III intraventricular hemorrhage as well as
abnormalities on MRI compatble with kemicterus. The second and third patient recetved
3 doses of tobramycin as well, with normal serum concentratons for both antbiotics.
The second patient had 5 indications for A-ABR screening, including bilateral grade III
IVH and posthemorrhagic hydrocephalus. The third patient, with neonatal periventricular
leucomalaciz and hydrocephalus, had bilateral cochlear hearing loss (50 dB}.
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DISCUSSION

The relation between use of tobramycin or vancomycin and neonatal hearing loss is not
well defined. In this study we investgated the effect of exposure to tobramycin and
vancomycin, both commonly used in the NICU, on failing heating screening. Ototoxicity
has been related to use of both antdbiotces and therapeutic drug monitoring (TDM) has
been advocated. Commonly accepted TDM goals for tobramyein are peak and trough
serum concentratons of 5-12 mg/L and < 2mg/1., respectively. A clear relation of serum
concentrations of aminoglycosides to ototoxicity has not been demonstrated in adults or
neonatestt 141630, Possible reduction of nephro- and ototoxicity with extended interval
dosing of aminoglycosides was a major reason for implementation of this regimen in
adults and necnates during the last decade. A definite reduction in the number of patents
with aminoglycoside related ototoxicity has not been demonstrated however?! 32, These
new extended dosing interval regimens have implications for therapeutic drug monitoring.
To prevent prolonged exposure, it has been suggested that trough concentration goals
should be reduced to 0.5-1 mg/L in adults with cnce daily dosing®™. ®, In this study we
evaluated the effect of our extended interval dosing regimen on occurrence rate of failure
o pass A-ABR screening. As in several other screening studies, we could not detect an
overall difference of prevalence in hearing loss  between patients exposed ot not
exposed to aminoglycoside treatment!- 2 2. 3 None of these studies showed detailed
information on administration regimens and/or serum concentrations, which might be
Important since other studies in neonates suggest that ototoxicity might be related to
total duration of therapy and high peak and/or tough serum concentrations!0. 15. 16,34 No
reladon to any of these determinants was found in the present study. Several studies have
demonstrated that extended intetval dosing in neonates is relatively safel® 21 35, These
studies have focussed on screening nconates exposed to aminoglycosides without
matching for concomitant sk factors, Borradord et al. found a relaton between hearing
ioss and aminoglycoside treatment ia 2 matched control study in 8§ children with hearing
loss!®. Theitr study found a reladon between cumulative dose and treatment days, but got
with serum concentrations. However, patients were not marched for all rsk factors
(e.g. hyperbilirubinemia, days on ventlatory suppor). In this study, there was no patient
exposed to tobramycin in whom aberrant tobramycin seram concentrations where the
most likely cause of hearing loss.

TDM goals for vancomyein are peak and wough concentradons of 20-40 mg/L and
< 15mg/L, respectively. There is circumstantial evidence reladng high peak
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concentrations 1@ ototoxicity, but a relation between vancomycin related ototoxicity and
serum concencrations has not been demonstrated in aduls!!. 3. Informaton in neonates
is very scarce but did not demonstrate vancomycin related hearing loss!3-37,

In this stady no relaton was found between exposure to vancomycin and hearing loss.
Only one patient with peak concentratons exceeding 40 mg/L failed A-ABR screening,
but as described before, this patieat had sever neurologic deficit including meningits and
IVH which have been shown to induce hearing loss®. 3. All three patdents with high
trough vancomycin concentradons and fallure to pass A-ABR screening had cental
nervous system abnormalides (e.g. IVH, hydrocephalus) associated with heating loss3® 40,
Incidence of otoroxicity is said to be higher in patients receiving both aminoglycosides
and vancomycin®®- %36, The present study, however showed no relaton between failure to
pass A-ABR screening and concomirant use of tobramycin and vancomycin, Several
authors have indicated that the potendal ototoxic effect of aminoglycosides is potentiated
by loop diutetics and/ot vancomycini®- #1. 42, In the present study we did not find this
associaton, not even when the patient group with highest exposure to both furosemide
and tobramycin was compared to the rest {data not shown).

There are three limirations 1o this study. First, this study describes heardng screening in an
at risk population, with at least one risk factor for hearing loss. One has 1o be careful w
transiare results to the total group of newborns admitted to a NICU. However a high
percentzge of all patients admitted to the NICU and exposed to either tobramycin (60%)
or vancomycin (84%) were included in this study. Second, click-evoked A-ABR screening
detects hearing loss in the 2-4 kHz frequency range, which is  clinically important for
speech and language development. Aminoglycoside related hearing loss swmarts in the
higher frequency ranges, above 8 kHz, bur is also found in lower frequencies in sedous
cases®. It is possible that some neonates in this study had hearing loss in this range,
which can not be investgated with current routine techniques in this age group. Because
cochlear damage induced by aminoglycoside use is stationary over the years, the long-
term clinical importance of this high-frequency hearing loss is doubtful.

Third, delayed onset of hearing loss in infants has been described's . In the preseat
study, 77% of patients exposed to tobramycin for more than 10 days underwent hearing
screening at least two weeks after cessation of therapy. It is conceivable however, that
hearing screening was performed oo eatly in some patients to detect hearing loss and it
might be neccessary to reassess hearing in neonates with prolonged exposure to

aminoglycosides.

177



Oisloxicily

Given these limitations, this study stili has important implications for TDM. Aberrant
serum concentrations for tobramycin and vancomycin in the present swudy wete not
associzted with failing hearing screening, and adherence to TDM goals did not preclude
hearing loss. There was no patient in this study in whom abetrant serum concentrations
were a likely cause of hearing loss. This leads us to conclude that routine TDM of
vancomycin and tobramycin in neonates is not helpful in detecting patients at risk for
clinically important hearing loss.
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INTRODUCTION

Neonatal sepsis remains one of the main causes of mortality and morbidity of newborn
infants admitted to a neonatal intensive care unit!. Sepsis in this age group can be divided
m early onset, defined as within the first 3-4 days of life and late-onset, occurring afrer
4 daysl.

Group B streprococcus and gram negative organisms such as Esherichia ok and
Haemophilus influenza are the most common causative organisms for early-onser sepsis®.
Especially in the United States an increase of gram-negative neonatal infections has been
noted due to prenatal administration of antibiotcs®. Late onset neonatal sepsis is related
o the increased use of invasive procedures such as central venous lines and includes as
major pathogens gram-positive organisms from the skin: 5. ghidermidis and 5. aurens 3. The
spectrum of pathogens in these two different age groups has led to commonly accepted
eropitic antbiotic stategies. Early cnset sepsis is treated with a combinadon of a
penicillin with either a third generadon cephalosporin or an aminoglycoside. Empiric
treatment of late onset sepsis often starrs with a combinaton of flucloxacillin and either 2
thitd generation cephalosporin or an aminoglycoside, with 2 switch made to vancomycin
when culture results and resistance patterns indicate a need for change* 8.7,

Treatnent with vancomycin as well as aminoglycosides has historically been subject to
therapeutic drug monitering {TIDM), and many dosing regimens in neonates have been
coastructed, with the aim to adhere to currently accepted therapeutic ranges.

Several interconnecting aspects surrounding dosing of these anubiodcs in newborns have
to be mken into account to optimize the therapeutic effect of these drugs. Goals for
TDM have to be determined based on the relation between serum concentrations and
efficacy/toxicity. On the basis of target concentrations and pharmacokinetic behavior of
these drugs in neonates a dosing regimen must be developed. During trearment efficacy
and toxicicy have to be monitored. Mornitoring can oot be limited to taking well tmed
serurn conceniraions.

In the following sections the different aspects of TDM, dosing and monitoriag of efficacy
and toxicity will be discussed in detail.

187



L T Sy Ry
AT SARITIASLO8 - SIS

THERAPEUTIC DRUG MONITORING: WHEN AND WHY ?

In general routine TDM is only ratonal when the use of the drug has the following
characteristics:

1. Availability of an assay for the drug with an adequate assay error.
Clinical effect or toxicity of the drug is difficulr to determine or has 2z delayed
presentation.

!\)

A large interindividual variation in pharmacokinetic behavior between patients.

o

A good correlation berween serum concentrations and effect or roxicity,

wn

Use of TDM should approprately predict subsequent serum concentrations in the

same patent.

Aminoglycoside and vancomycin use in newboms fulfill several of these prerequisites.
Good quality serum assays for both tobratnyein and vancomydin exist, The most widely
used routine method, Fluorescence Poladzaton Assay, has adequate performance
characteristics. In both drugs clinical effect as well as toxicity are difficult to determine.
Toxicity, especially ototoxicity, can have a delayed presentation, as will be discussed later.
As deseribed in chapter 1, there are large interindividual differences in the
pharmacokinetics of vancomycin and aminoglycosides (including tobramycin) in
newborns. Of the points mentioned above, two remain unclear. There is adll a lot of
uncertainty on both a good correlation between serum concentratdons and effect or
toxicity and the usefulness of TDM to predict subsequent serum concentradons in the

same patient. These issues will be discussed in the following paragraphs.

TDM of aminoglycosides: correlation between serum concentrations and effect

Since aminoglycosides have a narrow therapeutic window, any discussion regarding the
dosing regimens of these drugs should take into account both efficacy and toxicity. Given
the differences between individual aminoglycosides, this implies that concentrations and
dose recommendations discussed in the following sections are valid for gentamnicin,
tobramycin and nedlmicin. Becavse of the pharmacokinetic and pharmacodynamic
characteristics of amikacin values regarding this drug have to be multiplied by three.

Efficacy of aminoglycosides is related to both peak serum concentration to minimal
inhibitory concentration (MIC) ratdo (Peak/MIC) and area under the tme versus
concentration curve (AUC/MIC) in climical and experimental studies®10. It secems that
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peak/MIC tztio’s of 5-10 are desirable for clinical efficacy. Given the sensitivity of gram-
negative otganisms in our INICU, this rato translates to desirable peak serum
concentrations of 2 5 mg/L for our setting. The study presented in chapter 3.1 shows
thar this goal is reached in more than 90% of patents with the proposed dosing regimen.

Based on desirable ratio’s and pharmacokinetc behavior of aminoglycosides in neonates,
higher doses at longer intervals (24h for adults, 24-48h in neonates) have been advocared
over the last 10 years. Studies in adults as well as neonates have failed to detect an
increase of efficacy with this strategy!1-16, The studies in chapter 3 have shown the need
for extending dose interval up to 48h for premature neonates. However, no conclusion

on resulting efficacy can be drawn from our studies.

TDM of aminoglycosides: correlation between serum concentrations and toxicity

Nephrotoxicity of aminoglycosides is related to the quantity of aminoglycosides stored n
the proximal tubular cell”?. Since aminoglycosides show drug saturable uptake into these
cells, nephrotoxicity can occur when the time petiod of low trough concentrations is oo
short to prevent accumulation'®. Although aminoglycoside induced nephrotoxicity has
been related to high serum trough concentratons in studies in humans, exact mnformaton
on the relation to serum concentrations is lacking. Aminoglycoside induced
nephrotoxicity in nconates is rare, especially if the treatment period does not exceed
7 days. No relation between serum concentations and glomerular filtradon rate (GFR)
disturbances has been demonstrated in newborns!s 16. 12 Howevet, teversible tubular
dysfunction, resulting in a decreased capacity to form concentrated urice as well as
clectrolyte loss, is seen more often? 21,

Mainly based on roxicity characteristics, extended interval dosing has been advocated for
adults and neonates. Extended interval dosing has implicadons for TDM goals. Although
desired peak serum conceatradons of circa 5 mg/L would stll suffice, trough
concentragon goals should be lower. Aiming at a trough concentragon of 2 mg/L would
lead to a 2.3 times higher total exposure (AUC)2 Trough concentration goals of
0.5-1 mg/L seem to be more appropriate. For amikacin these goals should be multplied
by three. Most studies, however, are stll using trough concentration goals assoctated with
muldple daily dosing (2 mg/L). Several clinical and meta-analysis sradies in adults have
shown nephrotoxicity to be equal or less with single dally dosing as compared to multiple
daily dosing?!*%. In neonates no difference in nephro- or ototoxicity between once-daily

dosing and muldple daily dosing has been demonstrated!s ¢, This suggests thar
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nephrotoxicity in newboms is either infrequent and a difference is therefore undetected in
the relztively small studies or that maturational dependent differences in nephrotoxicity
exist.

Ototoxicity of aminoglycosides in man has been related to total dose and duration of
therapy with no clear relation to high serum concentrations®. A causal relation between
ototoxicity and exposure to aminoglycosides in neconates has not been proven. Most
studies compating aminoglycoside treated infants to non-treated patients did not detect
permanent heating loss?+2%. Routine hearing screening in infants exposed to
aminoglycosides has failed to detect a significant relation to hearing loss?™ 28, These
studies did not quantify exposure in terms of serum concentration and/or duration of
therapy. In chapter 5.2 we studied 625 neonates undetgoing routne neonatal hearing
screening and could not demonstrate 2 relation to exposure to tobramycin. Neither
duration of thetapy, nor high serum concentrations or simultaneous treatrnent with other
ototoxic drugs was found to be a significant dsk factor. Also, in patients failing A-ABR
screening, aberrant serum concentrations were not found to be the most likely
explanation for hearing loss. There are reports however which describe delayed-onset
hearing loss with a possible association to prolonged (>7-10 days) exposure to
aminoglycosides®*31. This hearing loss could be missed by routine hearing screening,
which is often petformed shortly after discontinuation of the drug. In chapter 5.1 we also
studied possible late effects of aminoglycoside exposure on headng in 2 matched case-
control study, by examining 3-4 year old children who had been weated with tobramycin
as neonates. Although no statistical significance was found, possibly due to the small
sample size, the finding of three infants with moderate to severc hearing loss, all of them
exposed to >14 days of aminoglycoside is worrisome. Minimizing exposure to tobramycin
in terms of duraton of therapy shouid be the aim.

Our studies thus show that abertant tobramycin serum concentrations do not detect
patients at dsk for hearing loss, and adherence to TDM goals does not preclude hearing
loss. From that point of view, the fourth point mentioned above as a prerequisite to
perform TDM, is not fulfilied.

In summary, efficacy is related to peak concentration to MIC ratio’s, but improvement of
efficacy with extended interval dosing bas not been demonstrated. Clinically impottant
nephro- an ototoxicity are rare in neonates in courses shorter than 7 days, and there is no
clear reiation to serum concentrations. The importance of routine TDM in the first week

of life for efficacy and toxicity reasons is questionable.
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TDM of aminoglycosides: predictive performance

Predictive performance of TDM of aminoglycosides in newbotns needs careful attention.
Routne TDM for aminoglycosides is normally performed around the third or fourth
dose, and is based on the assumption that steady state is more or less armained. For
several reasons this assumption is not valid in necnates in the first week of life. Andbiotic
coutses in neonates are often discontnued afrer a few days when blood cultures and other
tests remain negatve. Since extended interval (24-48h depending on GA) dosing of
aminoglycosides is now general practice, steady state would not be reached before
discondnuation of the drug, and TDM would therefore not be performed in time to be of
use. One solution to this problem is to predict initial individual dosing interval using
population pharmacokinetic parameters with Bayesian feedback of early serum
concentrations. In this thesis (chapter 3.2) we hypothesized that, given the large inrer-
individual pharmacokinetic differences within GA-groups, eary TDDM, directly after the
first dose, may improve these predictions for the individual. A prerequisite is however
that a model incorporating early TDM data is supetior in predictng subsequent serum
concentrations to a model based on the population patameters alone. Data in adults have
shown that populadon estmates with Bayesian feedback of one or more serum
concentrations can adequately predict  aminoglycoside serum concentrations®® In
neonates this is not so clear. Two studies in neonates showed that serum concentrations
can be predicted from an carly sample using a populaton approach with Bayesian
feedback? 34, Neither study looked specifically at predicting trough serum concentrations,
which is necessary to individualize dose interval Also, they did not compare their
feedback model to a strategy without TDM 3334, We mnvestdgated the Bayesian approach
as well, looking sclely at predicting trough serum coacentrations, and found a predictive
petformance comparable to the other two studies. We could not however derect an
increase of predictive petformance of this method over our otiginal population based,
gestational age related dose advice without using TDM. Patents at risk for prolonged
exposure to aminoglycosides in our study were not detected by this method. Hence, the
results of our study indicate that routine early therapeutic drug monitoring does not
improve the model based prediction of inital tobramycin dosing intervals in neonates in
the first week of life.

In conclusion, roudne early TDM of aminoglycosides in newborns in the first week of life
does not seem to be very useful from the viewpoint of toxicity. Furthermore early TDM

does not adequately predict subsequent wough serum coacentrations. We therefore
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propose that routine TDM of aminoglycosides is not needed in the first 7 days of life. An
exception should be made for padents with repal failure, patieats with obvious neonatal
asphyxia (e.g. 5" Apgar score < 3}, and patients exposed to drugs ot situations which zre
known to significantly altet pharmacokinedc behavior (e.g. indomethacin, ECMO).

In these difficult to manage patients use of a populaton model with feedback of repeated

serum concentrations as well as serum creatinin might be useful in guiding therapy.

TDM of vancomycin

TDM of vancomycin: correlation between serum concentrations and effect

For vancomycin the cormelaton between serum concentratons and efficacy or toxicity is
not clearly defined. Several, mainly in vitro, studies have shown no reladon between
killing rates of bacteria and increasing vancomycin concentratons above the MIC3. 36, Tn
animals, outcome of endocarditis was related to vancomycin trough serum
concentrations®.  Clinical studies in neonates have shown z wide range of serum
concentrations associated with resolution of infection, but causal relatdon was not
studied3® 3. Although it is not possible to draw a definite conclusion, these studies
indicate that keeping the trough level above the MIC is necessary to obtain clinically good
results, This implies minimal serum concentrations are needed of approximately
4-5 me/L, when considering MIC’s and protein binding, These findings are not reflected
in currently accepted TDM goals however, where peak and twough serum concentrations

of 20-40 mg/1. and 5-10 mg/L respectively, are generally accepted.

TDM of vancomycin: correlation between serum concentrations and toxicity

Vancomycin can cause reversible nephrotoxicity in humans. Toxicity has been related to
trough concentratons > 10 mg/L, but it remains unclear whether elevated serum
concentratdons are the cause or consequence of renal dysfuncton. Ototoxicity has been
described in incidental cases where patients were exposed to high peak serum
concentrations, but a relaton between vancomycin induced ototoxdcity and serum
concentrations czn not be ascertained from available lrerature. Although there are studies
relatng both nephro- and ototoxicity te vancomycin in combination with an
aminoglycoside, there is litde evidence for vancomycin alone. In neonates, data are limited

even more and very scarce. Several hearing screening studies did not detect vancomycin
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relzted otoroxicity?- 28, In the study presented in chapter 5.2, we investgated the effect of
qualitative and quantirative exposure to vancomycin on hearing screening in infanes. This
was the first study to relate serum concentrations of vancomyein to hearing screening, We
could not detect 2 significant relation -of any denominaror.of vancomycin use to hearing
lossfound with meonaial hearing screening:

From the above, it can be concluded that there is no clear relationship between serum
concentradons and toxicity, and TDM for toxicity reasons is not substantiated by cutrent
literature or studies presented in this thesis. TDM might be warranted for efficacy and

should focus on adeguate serum trough concentrations.

TDM of vancomycin: predictve performance

Adequate predictve petformance for TDM of vancomyda in neonates has been
established. In contrast to aminoglycosides, subsequent vancomycin serum concenttations
can be reasonably well predicted with use of 2 serum samples in a Bayesian feedback

model®, Additonal feedback concentrations are needed approximately every 14 days™.

In conclusion, TDM requirement critera for vancomycin are doubtful. Neither efficacy
nor toxicity show a clear reladon to serum concentratons; the reladon of efficacy to
trough serum concentraions does not seem to exist above concentrations exceeding the
MIC. Although there are substantal inter-individual differences in pharmacokinetc
behavior they are not imporant in the context of pharmacokinedc-pharmacodynamic
relations. In the light of these factors routine TDM of vancorycin, with both peak and
trough concentradons, is not warranted for cither efficacy or toxicity reasons. A case can
be made for routine monitotng of serum tough concentratons for efficacy reasons.
Intensified TDM should only be performed in patents in whom an alteraton of
pharmacokinetic behavior {e.g. renal failure) is likely.

DOSING REGIMEN: HOW MUCH AND HOW OFTEN ?

Although TDM goals, as discussed above, for both vancomycin (zrough > 5 mg/L} and
aminoglycosides {peak 5-12 mg/L, trough < 1 mg/L) are disputable, they have
implications for drug dosing in neonates. When designing a dosing regimen, these goals
rogether with pharmacokinetic characreristics have to be taken Into account,
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Aminoglycoside dosing

Pharmacokinetics of aminoglycoside antibiotics in neonates, as other drugs, are
gestational age related. Premature neonates have a latger volume of distribudon and lower
clearance. As in adults once daily dosing has been advocated in neonates. Based on these
considerations  several dosing regimens have been suggested and tested for
neonates!® 3% 4. 2 The dose recommendation of our study presented in chaprer 3.1
(4 mg/ke) is similar to these stedies, where dose advice ranges from 2.5-5 mg/kg for
neonates of varying gestational ages, mostly with an interval of 24h. Some of these studies
however vary dose to keep the dosing interval the same, which is counterproductive in
the face of efficacy’® “2  Lower doses in these studies led to subtherapeutic peak
concentrations in 15-47% of pagents'>- ¥, Our studies in chapter 3 have shown that
dosing tobramycin at 4.0 mg/kg for neonates of 41l GA’s in the first week of life leads to
peak serum concentrations > 5 mg/L for more than 90% of patients. The need for
dosing intervals exceeding 24h in pretetm infants has been established, but not evaluared
by others!®*2. Results from our studies have indicated a need for extending dose intervals
up to 48h in neonates with a GA< 32 weeks. Use of our GA related dose interval showed
that in preterms< 32 weeks, mean trough serum concentratons were still 0.52 mg/L after
48h. Results from recent studies, including curs, cleatly indicate that arminoglycoside
doses of approximately 4 mg/ke with a GA-related interval are warranted. There 1s no
need for a loading dose with this regimen.

Vancomycin dosing

The phatmacokinetic profile of vancomycin in neonates is mainly determined by
postconceptionzl age (PCA) and renal functon, although a relation to other factors like
birthweight and gestational age (GA) is described.

As with aminoglycosides, dose advises in most studies so far try to adhere to sradidonal
monitoring goals. Studies based on PCA and/or serum creatinin have shown to achieve
serum concentrztions within that therapeudc range¥4¢, Dose recommendations range
from 10-20 mg/kg with an intetval of 8-36h. In contrast to others we showed in chapter
4.1 that, if serum goals are set at trough concentradons > 5mg/L, vancomycin can be
dosed at 10 mg/kg every 3h in all neonates in the first month of life, irrespectve of PCA.
This regimen leads to >95% of trough serum concentrations above 5 mg/L. The lack of
association to PCA in our study is partly explained by two factors, First, very few patients

received vancomycin in the first week of life, the period where volume of distzibution,
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clearance and renal funcdon show the largest change. Second, the majodty of our
patients (51.8 %) were antenatally exposed to corticosteroids, which has been shown to
diminish the GA-dependent difference in renal clearance of other andbictics¥. The
dosing advise presented in this thesis, namely 10 mg/kg every 8h for all neonates in the
first month of life, has the practical advanrage of being simple. Since dosing errors are
frequently seen in mfants, this practcal dosing scheme might be important in the clinical
setting*s,

Finzlly, therapy with both tobramycin and vancomycin should be seen in relation with
disease and immunological status of the patient. Although extended dose intervals are
generally desirable, diseases in which microbiological relation 10 serum concentration or
pharmacokinetic behavior are very different (e.g. endocardids, renal failure, exposure to
indomethacin, ECMO) or in immunolegically compromised padents, treatment should be
individualized, as will be descrbed in the following paragraph.

MONITORING OF EFFICACY AND TOXICITY

Monizoting efficacy of antbiotic treatment in the first week of life is difficult. Culrare
proven eady onset sepsis occurs in approximately 2% of VLBW infants, but there are
fimirations to blood cultures in neonates and single blood cultures can be false
negative®:*. 0. Furthermore increasing prenatal treatment of mothers with antbiotcs
obscures culture results in newborns. In our study populaton culture proven early-onset
sepsis was approximately 3%, in other words, for every patient with 2 positive blood
culture, 30 others were treated as well. Barly detecton of neonatal sepsis remains difficult.
Laboratory tests are unspecific and clinical signs can be ambiguous. Neonartal sepsis is
suspected in many VIBW-nfants on clinical grounds and antbiotic treatment is
frequently started and discontinued after 48-72h when blood cultures and results of other
tests remain negativel. Given the infrequent occurrence of positive blood cultures, these
can not be used as marker for antdbiotic efficacy. Laboratory data, including C-reactive
protein, complete blood count and ratio of immature to total neutrophils lack sufficient
sensitdvity to detect neonartal sepsis, and can therefore not be used to evaluate efficacy®.
The same counts for clinical featutes (e.g. respiratory rate, skin color) which can either

not be quantified or lack a cleatly defined reladon between predictor and outcome,
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Monitoring efficacy in late-onset sepsis is slightly better. Up to 31% of VLBW infants
have late onset culture proven sepsis® In our sedes, 30% of neconates treated with
vancomycin had positive blood cultures, Even though this number is higher, it sdll is

difficult to monitor efficacy this way: Treatment of central line associated “sepsis often

includes removil of the intravascular catheter and it is hard-to separaté the antbiote ™ -

effect from other rreatment modalities used. Again traditional clinical and laboratory
parameters are not useful. It is clear from the point of view of efficacy that there is a need
for 2 more evidence-based approach of suspected neonatal sepsis. Markers like
interleukin-1 receptor antagonise, interleukin-6 and interleukin-8 have shown promising
results in the eady detection of neonatal sepsis®® %. It is clear that a reducdon in
unnecessary treatment of neonatal suspected sepsis is needed before the question of
antbiotic efficacy can be addressed.

Toxcity is another marter. As discussed in the section on TDM, monitoring serum
concentrations alone will not prevent aminoglycoside and vancomycin associated nephro-
and ototoxicity. Since TDM is not enough, the obvious way to augment monitoring
nephrotoxicity for aminoglycosides as well as vancomycin is assessing renal functon.
Both antibiotics ate almost totally renally excreted and a dectease of renal function is
directly reflected in accumulation of the drug, Although glomerular function in neonates
in the first week of life can not be reliably predicted from a single serum creatinin
concentration, repeated measurements are indicative of renal funcdon®. In neonates at
risk for, ot with overt renal failure (e.g. asphyxia), clinically detectable by oliguria and/oz a
nse of serum creatinin, admimistraton of aminoglycosides should be seriously
reconsidered. If no good andbiotic alternatives for aminoglycosides are available, dose
interval should be extended on the basis of repeated serum drug monitoring,

Results from hearing screening studies in newborns have indicated that aminoglycoside
and/er vancomycin ototoxicity has not been proven, especizlly in the face of short
courses of treatment. The Achilles heel of this conclusion is the reports on delayed onset
heating loss associated with prolonged exposute to aminoglycosides, as several studies
including ours indicate®-31. Although routne follow-up of hearing screening in infants
treated with aminoglycosides and/or vancomycin is not necessary, a case can be made for

retesting infants exposed to mozre than 10-14 days of therapy of aminoglycosides.

In conclusion, based on current literature and the findings of this thesis, we propose the
following simplified strategy for dosing and monitoring tobramycin 2nd vancomycin in

neonates (Fig. 1 and 2).
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Fig. 1: Dosing and TDM strategy for fobramycin in newboms in the first week of life

Renal dysfunction/severe asphyxia 7 Alternative for
Exposure to indomethacin ? @ = tobramycin ?
ECMO ?

Other special clinical considerations ?

Tobramycin: Other antibiotic
Tobramycin: 4 mg/kg therapy
P 4 mg/kg
GA < 32 weeks: GA 32-37 weeks: GA = 37 weeks:
Initial interval 48h Initial interval 36h Initial interval 24h

v v

Suspicion of renal failure ?
Exposure to indomethacin ?
ECMO ?

Other special considerations ?

Perform TOM® with 2 serum
samples (8h and trough
concentration)

© ;

Individualize treatment”
Treatment < 7 days e

v
{ Treatment 2 10 days

h:4
Perform hearing screening and arrange ‘

follow-up of hearing

! Before the next dose.

2 Evaluate necessity of continuing tobramycin.

® Individualize treatrment, preferably on the basis of a
population model with serum concentrations and renal
function as feedback.
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Fig. 2: Dosing and TDM strategy for vanconsycin in the first month of fife

Renal dysfunction/severe asphyxia ?
Exposure to indomethacin ?
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Other special clinical considerations ?
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" Early is before the next dose.
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population model with serum ¢oncentrations and renal
function as feedback.
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Limitations of the studies

Results from our studies have important implications for dosing and therapeutic drug
monitoring of tobramycin and vancomycin in neonates. It is necessary to judge these
results in the light of certain imitations of our studies.

The major lmitation of our studies analyzing pharmacolinetics of vancomycin and
tobramycin is the retrospective nature, The TDM dara used in our studies were taken
from a large secdon of patients exposed to these drugs in everyday NICU practce.
Results therefore depict the total spectrum of mnter-individual vanability encountered in
this populadon. Implicity, conclusions of these smdies can be used in the same
heterogeneous group. However, although only padents were included in whom tming of
drug administratdon as well as serum sampling was recorded, these dara may not have the
same precision as when prospectively recorded. Furthermore a general limitation to
studies in neomates is the actual amouat of drug given. In newboms, for aminoglycosides,
this can be up to 20% lower than the prescrbed dose, due ro difution and other processes
involved in administration®®. This might lead to an overestimation of inter-individual
phatmacokinetic differences. Since NONMEM accounts for unexplained vadability of
both these issues, this is not a major drawback with population modeling®, Also, it must
be stressed that both proposed dosing regimens have been prospectively validated in the
studies presented in this thesis,

In the study describing predictive petformance of TDM, only patients wete selected in
whom trough serum sampling was performed at the GA-related interval, to facilitate a
compazison with a regimen without TDM, This might have led to a selecion bias;
patients not included in the analysis might have had more exireme pharmacokinetic
parameters. We investigated this assumption by analyzing the total study group. Predictve
petformance in the total group was not significantdy different from the study group.

Thete are three limitations to our hearing screening study. First, this study descrbes
hearing screening in aq at sk populadon, with at least one risk factor for hearing loss.
One has to be careful to translate results to the total group of newborns admitred to a
NICU. However a high percentage of all patients admitred to the NICU and exposed o
either tobramycin (60%) or vancomycin (84%) were included in this study. Only one
patent not duded in this study was exposed to more than 7 days of robramycin
weatnent, Second, click-evoked A-ABR screening detects hearing loss in the 2-4 kHz
frequency range, which is clinically important for speech and language development.
Aminoglycoside related hearing loss starts above 8 kFHz and it is thus possible that some
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neonates in this study had hearing loss in this high-frequency range. Because cochlear
damage induced by aminoglycoside use is stationary over the years, the long-term clinical
tmportance of this high-frequency hearing loss is doubtful. Third, delayed onset of
hearing loss in infants has been deserbed. In the study in chapter 5.2 a large percentage
of patients exposed to tobramycin for more than 10 days underwent heating screening at
least two weeks after cessadon of therapy. It is conceivable however, that hearng
screening was performed too eatly in some patients to detect hearing loss and it might be
necessaty T reassess hearing in neonates with prolonged exposure to aminoglycosides.

The main limitation of out matched case-control study in 3-4 year old children exposed
to tobramycin as neonates Is the reladvely small number of patents incleded. All patients
whose address was traceable were approached, of whom approximately half responded.

Also a few patients were not measurable due to chronic middle ear effusion.



Future perspectives

Although this thesis addresses several features of tobramycin and vancomycin use in

neonates, further research into selected issues is needed.

e FEificacy of aminoglycosides in neonates can not be addressed effectively as long as
more than 95% of treated neonates have negative blood cultures. Research into
clinical, biochemical and other markers that can adequately select patients at risk for
Invasive bacterial infections is needed.

» For vancomycin, sudies relaung climcal efficacy to serum concentratons as well as
MIC’s will have to be performed.

e Although the safety of extended interval dosing of aminoglycosides in newborns is
comparable to that of multiple dally dosing, 2 clinical advantage has not been
conclusively shown. These advantages are mainly extrapolated from adult and animal
studies. Further prospective double blind studies in large numbers of neonates are
needed to assess this theoretical advantage.

¢ Orotoxicity related to aminoglycoside use in newborns has not been proven for short
courses. The alarming case reports of delayed onset hearing loss in neonates with
prolonged exposure o aminoglycosides warrants further investigatoa.

e Since mitochondnal point mutatons are associated with aminoglycoside related
ototoxicity, genetic studies in infants with unexplained heazing loss and exposure to
atninoglycosides will have to be performed.

o This thesis describes aminoglycoside use in the first week of life. There 15 a lack of
data on the change of aminoglycoside pharmacokinedcs in the period between one
week and one month. This gap will have to be filled, especially for VLBW-infants, to
determine dosing intervals in this period.

e The role of TDM of vancomycin and aminoglycosides, preferably in conjunction with
Bayesian feedback, will have to be redefined in the lisht of changing serum

concentration goals.



DGR - SRR

References

1. Klein JO, Michael Marcy S. Bacterdal Sepsis and Meningids. In: Remingron JS, Klein JO, eds, Infecdous
diseases of the fetus & newbom infant WB Saunders & company, 1995:836.

&)

Stoll B], Gotdon T, Kotones SB, ct al. Early onset sepsis In very low birth weight neonates: a report from the
national institute of child health and human developmment nconatal rescarch network. J Pediatr 1996; 129:72-80.
Shah $S, Ehrenleans RA, Gallagher PG, Increasing incidence of gram-negadve rod bacteremia in a newborn
intensive care unit. Pedianr Infect Dis ] 1999; 18:591-5.

4. Sroll B], Gordon T, Korones SB, ¢t al. Late-onset sepsis in very low birth weight neonates: a report from the
Natdonal Insticute of Child Health and Human Development Neonatal Rescarch Network. | Pediaer 1996;
129:63-71.

Ronnestad A, Abrahamsen TG, Gaustad P, Finne PH. Blood culture isolates duning 6 years in a tertiary
nconaral intevsive care unit. Scand J Infecr Dis 1998: 30:245-51.

[

w

6. de Louvois |, Dapan R, Tessin L. A comparison of ceftazidime and aminoglycoside based regimens as empirical
treatment in 1316 cases of suspected sepsis in the newborn. European Society for Paediatric Infectous
Discases--Neonatal Sepsis Study Group, Eur | Pediare 1992; 151:876-84,

7. Fanos V, Dall'Agnela A. Andbioctcs in neonatl infections: 2 review. Drugs 1999; 58:405-27.

8. Moore RD, Lictman PS5, Smith CR. Clinical response 1o aminogiycoside therapy: importance of the ratio of
peak concentration to minimal inhibitoty concentradon. | Infect Dis 1987; 155:93-0.

9.  Blaser 1. Stone BB, Groner MC, Zinner SH. Comparative study with enoxacin and nedlmicin in a
pharmacodynamic model to determine importance of rado of andbiotic peak concentraton to MIC for
bactetial actvity and emergence of resistance. Antimicrob Agents and Chemother 1987; 31:1054-1060.

10. Cralg WA, Redingron ], Ebert SC. Pharmaccdynamics of amikacin in vitro and in mouse thigh and lung
infectdons. ] Antimicrob Chemother 1991; 27 Suppl C:29-40.

11.  Bara M, loannidis ], Cappeleri ], Lau J. Single or muldple daily doses of aminoglycosides: a meta analysis. BM]
1996; 312:338-344.

12, Munckhof W], Grayson ML, Turnidge JD. A meta-analysis of studies on the safety and efficacy of
aminoglycosides given either once daily or as divided doses. ] Antimicrob Chemother 1996; 37:645-663.

13, Rybak M], Abare B, Kang L, Ruffng M], Lerner SA, Drusano GL. Prospectve evaluation of the effect of an
aminoglycoside dosing regimen on rates of observed nephrotoxicity and ototoxicity. Antimicrob Agents
Chemother 1999; 43:1549-55.

14.  Frecman CD, Smayer AH. Mega-analysis of mera-analysis: 2n examination of mera-analysis with an erophasis on
once-daily aminoglycoside comparadve trials. Pharmacotherapy 1996; 16:1093-102,

153, Lundergan FS, Glasscock GF, Kim EH, Cohen RS. Onge-daily gentamicin dosing in newbom infants,
P liatrdes 1999; 105:1228-34.

16. Langhendries JP, Battisd O, Berrrand M, et al. Once-a-day administration of arnikacin in neonates: assessment
of nephrotoxicity and ototoxieity. Dev Pharmacol Ther 1993; 20:220-30.

17.  Kaloyanides GJ, Pastoriza-Munoz E. Aminoglycoside nephtotoxicity. Kidney Inc 1980; 18:571-582.

18, Vemooten GA, Giuliano RA, Verbist L, Eestermans G, De Broe ME. Once-dailly dosing decreases renal
accumulation of genramicin and netdmicin. Clin Pharmacol Ther 1989 45:22-27.

19.  McCracken GH, Jr. Aminoglycoside toxicity in infants and children. Am ] Med 1986; 80:172-8.

20. Giapros VI, Andronikou 8, Cholevas VI, Papadepoulou ZL. Renal functon in premature infanrs during
aminoglycoside therapy. Pediatr Nephrol 1995; 9:163-6.

21. Andronikou S, Giapros VI, Cholevas VI, Papadopoulou ZL. Effcct of aminoglycoside therapy on renal
funcdon in full-tenn infanrs. Pediatr Nephrol 1996; 10:766-8,

I
<o
o



[
™~

[0
[

Begg EJ, Barelay ML, Duffull SB. A suggested approach o once-daily aminoglycoside dosing. Br | Clin
Pharmacol 1995; 39:605-9.

MacGowan A, Reeves D. Serum aminoglycoside concentrations: the case for routine monitoring. ] Antimicrob
Chemother 1994; 34:829-37.

Finitzo-Hieber T, McCracken GH, Jr., Brown KC. Prospective controlled evalvadon of auditory funcdon in
neonalcs given netilmicin or amikacin. J Pediatr 1985; 106:129-36.

Tsai CH, Tsai FJ. Auditory brainstern responses in term neonates treated with gentamicin. Acta Paediatr Sin
1992; 33:417-22.

Kohelet D, Usher M, Arbel E, Arlazoroff A, Goldberg M. Effect of gentamicin on the auditory brainstern
evoked response in term infanes: a preliminary report. Pediatr Res 1990; 28:232-4.

Meyer C, Witte J, Hildmann A, et al. Neonatal screening for hearing disorders in infants ar rislk: incidence, risk
facrors, and follow-up. Pediatrcs 1999; 104:900-4,

Kountalds SE, Psifidis A, Chang CJ, Sdernberg CM. Risk factors associated with heating loss in neonates, Am ]
Crolaryngol 1997; 18:90-3.

Nield TA, Schrier S, Ramos AD, Platker AC, Warburton D. Unexpected hearing loss in high-risk infants.
Pediatdes 1986; 78:417-22.

Kawashiro N, Tsuchihashi N, Koga K, Kawano T, Itoh Y. Delaved post-neonatal intensive care unit hearing
disturbance. Int | Pediatr Otorhinolaryngol 1996; 34:35-43.

Borradori C, Fawer CL, Buclin T, Calame A. Risk factors of sensorineural hearing loss in preterm infants. Biol
Neonate 1997; 71:1-10.

Duffull $B, Kirkpatrick CM, Begg EJ. Comparison of two Bayesian approaches to dose-individualization for
onee-daily aminoplycoside tepimens. Br ] Clin Pharmacol 1997; 43:125-35.

Vetvelde ML, Rademaker CM, Krediet TG, Fleer A, van Asten P, van Dijk A, Population pharmacokinetics of
fentamicin in preterm neonates: evaluation of a ence-daily dosage regimen. Ther Drug Monir 1999 21:514-9.
Touw DJ, Van Weissenbruch HN, Lafeber HN. The predicitive performance of therapeutie drug monitoting
(TDM) of amikacin in neonates using an carly single derermination of the serum concentration together with a
population model Br ] Clin Pharmacol 2000: 50:487-38.

Duffull SB, Bege EJ. Chambers ST, Barclay ML. Efficacies of different vancomycin dosing regimens agatnst
Staphylocoecus aurcus determined with a dynamic in virro model. Antimicrob Agents Chemother 1994;
33(10):2480-2.

Ackerman BH, Vannier AM, Eudy EB. Analysis of vancomycin dme-kill studies with staphylococcus species by
using 4 curve stripping program to deseribe the relationship between concentradon and phatmacodynamic
response. Antimicrob Agents Chemother 1992; 36:1766-9.

Kaatz GW, Barderce SL, Schaberg DR, Fekety R. The emetgence of resistanee ro ciprofloxacin duting treament
of experdmental Staphylococeus aureus endocardids. J Antimicrob Chemother 1987; 30:323-7.

Pawlotsky F, Thomas A, Kerguers MF, Debillon T, Roxe JC. Constant rate infusion of vancomycin in
premature nconates: a new dosage schedule. Br ] Clin Pharmacoel 1998 46:163-7.

Schaad UB. Nelson JD, McCracken GH, Jr. Pharmacology and efficacy of vancomycin for staphylococcai
infections in children. Rev Infect Dis 1981; 5:5282-8.

Rodveld KA, Genmwry CA, Plank GS, Kraus DM, Nickel E, Gross JR. Bayesian forecastng of serum
vancomycin concentrations in neonates and infants. Ther Diug Monir 1993; 17:239-46,

Skopnik H, Heimann G. Once daily aminoglycoside dosing in full term neonates. Pediarr Infecr Dis J 1995;
14:71-2.

Faminger I, Vozeh 3, Olafsson A, Vieek ], Wenk M, Follath F. Neulmicin in the nconate: populadon
pharmacekinetic analysis and dosing recommendadons. Clin Pharmacol Ther 1991; 50:55-65.



Compred sipnasrion - ramazery

45.

46.

47.

48.

49.

50.

McDougal A, Ling EW, Levine M. Vancomycin pharmacokinedes and dosing in premature neonates. Ther
Drug Monit 1995; 17:319-26.

Gous AG, Dance MD, Lipman ], Luyt DK, Mathivha R, Sedbante ]. Changes in vancomyein pharmacokinetics
in eritically ill infants, Anacsth Intensive Care 1993, 23:678-82.

Seay RE, Brundage RC, Jensen PD, Schilling CG, Edgren BE. Population pharmacokinetcs of vancomyein in
neconates [published errarum appears in Clin Pharmacol Ther 1995 Aug38(2):142). Clin Pharmacol Ther 1994;
56:169-75.

Koren G, James A. Vancomydn dosing in preterm infants: prospective vedfication of new recommendatons. |
Pediatr 1987; 110:797-8.

van den Anker TN, Hop W], De Groot R Effects of prenatal cxposuse to beramethasone and indomethacin
on the glomerular filtration rarc in the preterm infant. Pediam Res 1994; 36:578-581.

Ross LM, Wallace J. Paton JY. Medicadon crrors in a pacdiatde teaching hospital in the UK: five years
operadonal experience. Arch Dis Child 2000; 83:492-7,

Schelonka RL, Chai MK, Yoder BA, Hensley D, Brockett RV, Ascher DP. Volume of blood required to detcet
common neonatal pathogens. ] Pediatr 1996; 129:275-8.

Squire E, Favara B, Todd J. Diagnosis of neonatal bacteral infection: hematologic and pathologic findings in
faral and nonfaral cases. Pediatrics 1979; 64:60-4.

Escobar GJ. The neonaral "sepsis work-up": personal reflections on the development of an evidence-based
approach toward newborn infections in a managed care orpanization. Pediatrics 1999: 103:360-73.

Kuster H, Weiss M, Willeftner AE, et al. Interenkin-1 recepror antagonist and inrerleukin-6 for catly diagnosis
of neonatal sepsis 2 days before clinical manifestation. Lancer 1998; 352:1271-7,

Franz AR, Kron M, Pohlandt F, Sreinbach G. Comparison of procalcitonin with intetleukin 8, C-reactive
protein and differential whire blood cell count for the easly diagnosis of bacteral infecdons in newborn infants.
Pediatr Infect Dis | 1999; 18:666-71.

Keyes P83, Johnson CI, Rawling TD. Predictors of zough serum geamamicin concentradons in neonates. Am J
Dis Child 1989; 143:1419-23.

Philips JBd, Geerts M, Dew A, Cassady G, The sccutacy of amikacin adminisrration in neonates. Pediar
Phamacol (New York) 1983 5:127-30.

Schoemaker HC. Modelling tepeated measutements In clinieal pharmacology: from individual to populatdon
and back. Thesis. Leiden University: Letden, Netherlands, 1999:137.



(Samenvatting)

Chapter






SUMMARY

This thesis describes pharmacokinetic and pharmacodynamic aspects of tobramycin and

vancomycin in the neonaral intensive care unit.

Chapter 1 provides an overview of current knowledge on use of both antibiotics in the

neconatal setting, and describes the aims of the studies.

Chapter Ta describes the use of the four main aminoglycosides (gentamicin, tobramycin,

netlmicin and amikacin} in neonates. Special attention is given to the influence of

gestational age and patient-related factors, such as exposure o BECMO, indomethacin and

corticosteroids. The recent shift towards longer dosing intervals of aminoglycosides in

adulrs, which has also been noted in neonates has implications for dosing and TDM of

these drugs in neonates.

Chapter 16 summarizes the literature on use of vancomycin in the NICU. The relation

between pharmacokinede behavior and PNA as well as renal funcdon is described in

detail. The recent discussion regarding the validity of current therapeutic range targets as

well as necessity of routine determination of peak serum concentrations in adults are put

in a neonatal context. The implicacions for drug dosing as well as TDM in newborns are

discussed.

Chapter T¢ denotes the objectves of the studies presented in this thesis:

1. Explore the use of parametric and nonparamerric populaden medeling of tobramycin
in the serting of routine therapeutic drug monitoring in a NICU.

o

Determine a gestational age related extended interval dosing of tobramycin in

neonates.

3. Investigate the potential of ndividualizing drug therapy by way role of early TDM of
tobramycin in neonates.

4. Derermine the need for gestational age or postconceptonal age relared dosing of
vancomycin in the NICU.

5. Evaluate the occurence of hearing loss caused by neonatal exposition to vancomycin

and/er tobramycin.

In chapter 2 we compared two populaton modeling methods, nonlinear mixed effect
modeling (NONMEM) and nonparametric expectaion maximizaton (NPEM), using
routinely obtained therapeutc drug monitoring data of tobramycin in nconates.
NONMEM and NPEM were found to be dissimilar in population esumates. The source
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of these differences was investgated by creating models in which the error algerithm used
by NONMEM emulates that of NPEM and vice versa. We determined that differences in
range estimates of pharmacokinetic parameters between NONMEM and NPEM are
largely determined by the method of incorporating error patterns in both programs. Use
of both modeling - techniques- are ‘synergistic “in~ adequately- ~deseribing - population: -
pharmacokinetcs.

Chapter 3 describes the development of a neonatal dosing regimen of tobramycin and
the place of early TDM in individualizing treatment in neonates in: the first week of life.

In chaprer 3.7 a tobramycin dosing schedule was established for neonates of vatious
gestational ages, with use of a populaton pharmacokinetic method. In a study in 470
newborns in the first week of life, paired peak and trough serum concentrations were
analyzed according to a one-compartment open model using NONMEM populaton
pharmacokinetic software, Using population estimates the foliowing dosing regimen was
recommended: GA below 32 weeks: 4 mg/kg/48 hours, GA between 32 and 36 weeks:
4 mg/ke/36 hours, GA above 36 weeks: 4 mg/kg/24 hours. This dosing advice was
prospectively tested in a group of 26 patents. Measured concentratons were within the
desired therapeutic range for moge than 90% of padents. This study taught us that dose
intervals in newborns in the first week of life are GA-related and should be longer than
generally recommended.

In chapter 3.2 we looked at the possibility of refining individual treatment as recommended
in chapter 3.1 by way of linear pharmacokinetics or a population model with Bayesian
feedback. Tobramycin concentrations of 206 patients were used to obtain gestational age
dependent populaton models with NPEM software. A second group of 41 patents with
different sampling dmes was studied as well. Serum trough concentrations were predicted
using linear pharmacokinetics in both groups and by using the populaton models with
Bayesian feedback of one or two serum concentrations in the second group. These
prediered concentrations were compared to actual serum trough concentragons. The
predictive performance of these models was compated to the GA-telated model in
chapter 3.1 withour TDM.

Nope of the evaluated models vielded a significant improvement of predictve
performance over the model without TDM. This study showed us that eatly therapeutc
drug monitoring does not improve the model based prediction of inital tobramycin
dosing intervals in neonates in the first week of life.



In chapter 4 we performed 2 study on vancomycin pharmacokinetics in neonates in the
first month of life. In the same way as in the study on robramycin, routinely sampled peak
and trough serum concentrations in steady state of 108 newboms were analyzed with
NONMEM, according to a one-compartment open model. The model best fitting the
data included clearance and volume per kg and was independent of GA. Simulaton of
vatous dosingschemes-showed that 2 dosing schedule of 30-mg/kg/day; rrespective of -
GA, in three doses was optimal, and this scheme was prospectively tested in 22 patlents,
Mean trough concentrations were comparable to predicted trough concentratons. No
peak levels higher than 40 mg/L were found. The conclusion of our study was that the
proposed dosing regimen leads to adequate vancomycin trough serum concentrations.

There is no need for routine monitoting of peak serum concentradons.

Chapter 5 describes ototoxicity in relation to administraton of tobramycin and/or
vancomycin.

In chapter 5.1 we tested the effect of neonatal tobramycin use on hearing loss in 3-4 year
old children. This study was a pilot case-conrtrol study where neonates who had received
tobramycin during their admission where ¢ompared 1¢ newborns who had only received
other andbiotics, Nine NICU graduates with a high nsk profile for aminoglycoside
induced hearing loss (prolonged exposition to tobramycin and/or high serum
concentrztions) were matched for other potential risk factors for hearing loss with nine
control infants. Heating was evaluated by means of oto-acoustic emissions and, if
necessary, brainstem evoked response audiometry, Although there was no statistcal
difference, three of nine tobramycin teated children had moderate to severe cochlear
heating loss compatible with aminoglycoside owtoxicity. These three infants were all
exposed to tobramycin for longer than 14 days and there was no relation to high serum
concentrations. All conwol patents had normal hearing. Our results suggest that
tobramycin ototoxicity is related to duration of therapy rather than serum concenteations.
Hearing screening of infants with prolonged exposure to tobramycin is warranted.

In chapter 3.2 we investigated the effect of administration of vancomycin, tobramycin and
furosemide on hearing in 625 neonates. This group of newbotns underwent routine
automated auditory brainstem response screening as part of neonatal follow-up on the
basis of previously described risk factors. The relation between administration of the
aforementioned ototoxic drugs and a failure to pass hearing screening was investigated.
No statstical relation of hearing loss to exposttion to these drugs, described in terms of

total exposure as well as aberrant serum concentrations, was found. In individuals fading
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to pass hearing screening, a causal relation between exposure to ototoxic medication and
hearing loss could not be demonstrated. The results of our study indicated that
aminoglycoside- and vancomydin related ototoxicity is rare. TDM of these drugs was not
helpful in detecting newborns ar risk for hearing loss.

Chapter 6 described the results of our stedies in context with the literature. We discussed
the implications of our findings for dosing regimens and TDM of tobramycin and
vancomycin in neonates. We provided a flow-charr for management of these two drugs in
the NICU serdng. Limitauons of our studies were pointed out and directions for future

research were given.
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Dit proefschrift beschtijft farmacokinetische en farmacodynamische aspecten van het

bruik van tobramycine en vancomycine in de neonatale intensive care unit (NICU).
ge y ¥V

Hoofdstatk 1 geeft een overzicht van de huidige kenais op het gebied van het gebruik van
beide antibiotica in de neonatale setring en beschrijft de doelstellingen van de studies.
Hoofdstnk 1a beschrijft het gebruik van de 4 belangrijkste aminoglycosiden {gentamicine,
tobramycine, netilmicine en amikacine} bij pasgeborenen. Hierbij wordr speciale aandacht
gegeven aan de invloed van zwangerschapsduur en patiéntgerelateerde factoren zoals
bloowstelling  aan  extracorporele  membraan  oxygenate, indomethacine en
corticosteroiden. De recente verschuiving naar langere dosetingsintervallen wvan
aminoglycosiden bij volwassenen, die ook bij neonaten gezien wordr, heeft implicates
voor doseting en therapeutische monitoring van deze geneesmiddelen bij pasgeborenen.
Hoofdstnk 76 vat de literanmur op het gebied van het gebruik van vancomycine bij
pasgeborenen samen. De relatie tussen farmacokinetisch gedrag en postnawle leeftiid
alsook nierfuncte wordt in detai beschreven. De recente discussie in de volwassen
literaruur aangaande de validiteit van de hwidige doelen voor therapeutische vancomycine
spiegels, alsmede de noodzaak van het routinematig meten van piek serumconcentrades,
wordt besproken in de neonatale context. De gevolgen voor dosering en
spicgelbepalingen worden bediscussieerd.
Hoofdstuke 7¢ geeft de doelstellingen weer van de studies in dit proefschrifc
1. Onderzoek het gebroik van parametrisch en non-parametrisch populatemodelleren
van tobramycine tegen de achtergrond van her routinematg monitoren van dit
geneesmiddel op een NICU.

S84

Bepaal een zwangerschapsduur afhankelijk doseringsinterval voor tobramycine bij

pasgeborenen,

[$3)

Onderzoek de mogeljkheden van het individualiseren van de neonatale behandeling

met tobramycine door middel van vroege bepaling van geneesmiddel spiegels.

4. Bepeal de noodzaak tot het hanteren wvan ecen  zwangerschapsduur  of
postconceptiongel gerelateerde dosering van vancomycine bij pasgeborenen op een
NICU.

5. Evalueer het védrkomen van gehootverlies veroorzaskt door neonatale blootstelling

aan vancomycine en/of tobramycine.
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In hoofdstuk 2 is met gebruik van routinematig verkregen geneesmiddelspiegels van
tobramycine bij neonaten een vergelijking gemaakt tussen twee methodes voor het
modelleren van  populiaties; nonlinear mixed effect modeling (NONMEM) en
nonparametric expectation maximizadon (NPEM). NONMEM en NPEM bleken te
verschillen in populatie schattingen. De bron van deze vetschillen werd onderzocht door
modellen te credren waarin NONMEM het fouten algodime dat gebruike word: door
NPEM simuleert en vice-versa, Wij stelden vast dat de verschillen in schattingen van de
spreiding van farmacokinetische parameters met name bepaald worden door de magier
waarop beide programma’s fouren algoritmen inbouwen. Gebruik van beide populate-

modellen is synergistisch in het adequaat beschrijven van populatic farmacokinetiek.

Hoofdstuk 3 beschrijft de ontwikkeling van cen neconataal doserings schema van
tobramycine, Tevens wordt de plaats bepaald van het vroeg bepalen van serumspiegels bij
neonaten in de eerste levensweek ten behoeve van individualisering van de behandeling.
In Aboefdstuk 3.7 wordt met behulp van ecen populatic farmacokinedsch model een
doseringsschema vastgesteld voor neonaten met een verschillende zwangerschapsduur.
De gepaarde piek- en dalconcentratics van 470 neonaten in de ecrste levensweek werden
geanalyseerd met gebrulkmaking van een 1-compardments model in NONMEM. Met
behulp van de populatieschartingen werd het volgende doseringsschema geadviseerd:
zwangerschapsduur < 32 weken: 4 mg/ke/48 uuz, zwangerschapsduur tussen 32 en 36
weken: 4 mg/kg/36 uwur, zwangerschapsduwur 2 37 weken: 4 mg/kg/24 uur. Dit
doseringsadvies werd prospectief getest in ¢en groep van 26 patiénten. Gemeten serum
concentraties lagen binnen het gewenste therapeutische bereik bij meer dan 90% van de
patiénten. Deze studic leerde ons dat doseringsintervallen van pasgeborenen in de cerste
levensweek rwangerschapsduurafhankelijk zijn en langer dienen te zijn dan algemecen
aangenomern.

In boofdstuk 3.2 hebben we gekeken naar de mogelijkheid van het verfijnen wvan de
individucle behandeling, zoals aanbevolen in hoofdstuk 3.1, door middel van het gebruik
van lineaire farmacokinetieck of een populatemodel met Bayesiaanse terugkoppeling. De
tobramycine concentraties wvan 206 paténten werden gebruikt in NPEM om
zwangerschapsduur afhankelijke populatierncdelien te verkdjgen. Een tweede groep van
41 patiénten met andere afname djdstippen van serumconcentraties werd eveneens
bestudeerd. De dalspiegels werden voorspeld met behulp van lineaire farmacokinetek in
beide groepen en met de populatiemodellen met Bayesiaanse terugkoppeling van één of

rwee serumspiegels in de tweede groep. Deze voorspelde concentraties werden vergeleken
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met de gemeten dalconcentraties. De woorspellende waarde van deze modellen werd
vergeleken met het zwangerschapsduur afhankelijke doseringsschema van hoofdstuk 3.1
zonder gebruik van serum concentraties. Geen van de onderzochte modellen gaf een
significante verbetering van de voorspellende waarde boven het model van hoofdstuk 3.1,
waarbij geen gebruik wordt gemaakt van serumconcentraties. Deze studie liet ons zien dar
routinematig vroege bepaling van serumnconcentraties geen toegevoegde waarde heeft
voor het voorspellen van de inidéle tobramycine doseringsintervallen van pasgeborenen

in de eerste levensweek.

In hoofdstuk 4 verrichiten wij een studie naar de farmacokinetiek van vancomycine bij
pasgeborenen in de eerste levensmaand. Zoals bij de studie naar tobramycine, werden
routnemarig verkregen steady-state top- en dalspiegels van 108 neonaten geznalyseerd
mer  NONMEM, volgens een één-compartimentsmodel. Het best passende model
bevane klaring en volume per kilogram en was onafhankelijk van de zwangerschapsduur.,
Simulade van verschillende doseringsschema's liet zlen dat een dosering wvan
30 mg/kg/dag, verdeeld over 5 doses, onafthankelijk van de xwangerschapsduur, optimaal
was. Dit schema werd prospectief onderzocht byj 22 patiéaten. De gemiddelde dalspiegels
waren vergelijkbaar met de voorspelde wazrden. Er weren geen piekspiegels boven de
40 mg/I. gevonden. De conclusie van onze studie was dat het voorgestelde
doseringsschema leidt tot adequate vancomycine dalspiegels. Er is geen noodzaak tot

routinematlg bepalen van vancomycine piekspiegels.

Hoofdstuk 5 beschrijft ototoxiciteit in relatie tor de toediening van tobramycine en/of
vancomycine.

In hoofdstnk 5.7 testten we het effect van her gebmuik van tobramycine in de neonartale
petiode op het véérkomen van gehoorvetlies bij 3-4 jaar oude kinderen. Deze studie was
een pilot case-control studie waarin neonaten die tobramycine hadden gekregen
gedurende hun opname werden vergeleken met pasgeborenen die alleen andere
antibiotica hadden gekregen. Negen ex-neonaten met een hoog risico profiel voor
aminoglycoside gerelateerd gehoorveries (langdurige blootstelling aan tobramycine en/of
hoge serum spiegels) werden gematched met negen controle patiénten voor andere
potendéle rsicofactoren  voor gehoorverlies. Her gehoor werd geévalueerd mer oro-
acoustische emissies en, zonodig, hersenstam respons audiometrie. Alhoewel er geen
statistisch significant verschil was, hadden 3 van de 9 kinderen die behandeld waren met

aminoglycosiden een matig tot ernstig cochleair gehoorverlies, compatibel met
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aminoglycoside ototoxiciteit. Deze dre kinderen waren allen langer dan 14 dagen
blootgesteld aan tobramycine en er was geen relatie met serumspiegels. Alle
controlepatiénten hadden cen normaal gehoor. Onze resultaten suggereren dat
tobramycine ototoxiciteit sterker gerclateerd is aan de duur van de behandeling dan aan
serumspicgels. Gehooronderzoek van neonaten mer langdurige blootstelling aan
tobramycine is noodzakelijk.

In Sogfdsink 5.2 onderzochren wij het effect van toediening van vancomycine, tobramycine
en furosemide op het gehoor bij 625 neonaten. Deze groep kinderen onderging
routinematige gehoorsscreening met de geautomatiseerde auditieve hersenstam respons
methode (A-ABR) als onderdeel van neonatal follow-up op basis van eerder beschreven
fisicofactoren. De relatie tussen toediening van de hiervoor genoemde ototoxische
geneesmiddelen en het "niet slagen" voor de gehoorsscreening werd onderzochz. Er werd
geen statistische relatie gevonden met blootsteliing aar: deze geneesmiddelen, nitgedrukt
in termen van totale blootstelling alsmede afwifkende serumspiegels. Ook kon bij
individuele paténten geen causaal verband worden aangetoond tussen blootstelling aan
deze ototoxische medicamenten en het "nlet slagen” voor de gehoorsscreening.

De resultaten van dexze studie gaven aan dat aminoglycoside- en vancomycine gerelateerde
gehoorsschade zeldzaam is. Routinemarig bepalen wan serumspiegels hielp niet bij het

detecteren van pasgeboregen met ¢cen verhoogd risico op gehoorverlies.

Hoofdstuk 6 beschrijft de resultaten van onze studies in samenhang met de literztucr. De
implicaties van onze bevindingen ten aanzien van doseringsschema's en routinematig
bepalen van serumspiegels van tobramycine en vancomycine bij pasgeborenen werden
bediscussicerd. Er werd een stroomdiagram gepresenteerd voor het prakdsch hanteren
van deze twee geneesmiddelen in de neonatale setting. De beperkingen van onze studies

werden beschreven en suggestes voor tockomstg onderzock werden gedaan.
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