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Abstract

Background and Objective Vancomycin is often used in the ICU for the treatment of Gram-positive bacterial infection.
In critically ill children, there are pathophysiologic changes that affect the pharmacokinetics of vancomycin. A systematic
review of vancomycin pharmacokinetics and pharmacodynamics in critically ill children was performed.

Methods Pharmacokinetic studies of vancomycin in critically ill children published up to May 2021 were included in the
review provided they included children aged > 1 month. Studies including neonates were excluded. A search was performed
using the PubMed, Scopus, and Google Scholar databases. The Risk of Bias Assessment Tool for Systematic Reviews
(ROBIS) was used to check for quality and reduce bias. Data on study characteristics, patient demographics, clinical param-
eters, pharmacokinetic parameters, outcomes, and study limitations were collected.

Results Thirteen studies were included in this review. A wide variety of dosing and sampling strategies were used in the
studies. Methods for estimating vancomycin pharmacokinetics, especially the area under the curve over 24 h, varied. Vanco-
mycin doses of 20-60 mg/kg were given daily. This resulted in high variability in pharmacokinetic parameters. Vancomycin
trough level was less than 15 pg/mL in most of the studies. Vancomycin clearance ranged from 0.05 to 0.38 L/h/kg. Volume
of distribution ranged from 0.1 to 1.16 L/kg. Half-life was between 2.4 and 23.6 h. Patients in the study receiving continuous
vancomycin infusion had AUC,, < 400 pug-h/mL.

Conclusion There is large variability in the pharmacokinetics of vancomycin among critically ill patients. Studies to assess
the factors responsible for this variability in vancomycin pharmacokinetics are needed.

Key Points

There was a lack of standardized methods for dosing,
sampling and calculation of vancomycin pharmacoki-
netic parameters.

Large differences were observed in vancomycin pharma-
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1 Introduction

Vancomycin is a tricyclic glycopeptide antibiotic that has
been used extensively in adult [1, 2] and paediatric [3, 4]
intensive care unit patients for the treatment of infections
with Gram-positive organisms such as methicillin-resistant
Staphylococcus aureus (MRSA) and penicillin-resistant
Streptococcus pneumoniae. It is also frequently used in the
context of hospital-acquired infections (including ventila-
tor-associated pneumonia and wound sepsis) while awaiting
the identification of specific microorganisms. As it is poorly
absorbed from the gut, it is usually administered intrave-
nously, except in situations such as a Clostridium difficile
colitis, where it is administered orally (with the intention of
limiting its effects to within the gut). The agent has also been
used in patients who are allergic to penicillin and cephalo-
sporins [1, 2]

With concerns about increased resistance of bacteria to
vancomycin, guidelines have recommended higher thera-
peutic levels of vancomycin [5]. Specifically, the area under
the 24-h concentration-time curve (AUC,,), related to the
minimal inhibitory concentration (MIC) of the bacteria
being treated, has been highlighted as the most accurate
reflection of the likelihood of bacterial eradication in a par-
ticular patient on vancomycin (for Staphylococcus aureus)
[6, 7]. Unfortunately, the MIC is not generally available for
microbial isolates, or for presumed pathogens in the clinical
setting. Likewise, the AUC,, is generally not available, so
trough levels of antibiotics are often used as proxy measures
of AUC,, despite the fact that this may be inaccurate [8].
There are concerns about how best to monitor vancomycin
clinically [6].

Early forms of vancomycin were associated with severe
toxicity related to contaminants in formulations of the drugs,
but since that time the toxicity has been substantially modi-
fied with new preparations. However, there are concerns that
guidelines with high AUC,, or trough levels of vancomy-
cin may be associated with increased toxicity (particularly
nephrotoxicity) [9-11], so it is important to revisit the toxic-
ity of vancomycin and the adequacy of level monitoring in
the clinical setting. In addition, therapeutic drug levels may
be strongly affected by protein binding, and children (par-
ticularly young infants) may have low protein levels to bind
the drug, while illness may also affect protein binding [12].

The paediatric population has a wide range of ages, sizes,
and stages of development, which is associated with vari-
ations in the pharmacokinetics and pharmacodynamics of
medications [13]. In addition, the paediatric critical care
environment is characterized by a wide range of baseline
pathologies, by rapid changes in clinical symptoms (with
associated changes in organ function), by rapid changes in
protein levels, and by aggressive therapies that may result
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in dramatic changes in drug distribution and morbidities
[14]. It is likely that critically ill patients present effectively
different compartmental models for drug distribution and
elimination, which may have a profound effect on the calcu-
lations of parameters such as AUC,, using different software
models [15, 16].

Relatively few studies have investigated the pharmacoki-
netics of vancomycin in critically ill children, which may
relate to the complexity of doing clinical studies in this envi-
ronment. There are a number of reviews that include the
pharmacodynamics of vancomycin in critically ill children
[13, 17]. One is a narrative review of anti-infective agents
in critically ill children [13], while the other is a systematic
review of anti-infective therapy in the paediatric intensive
care unit (PICU) [17].

This study set out to systematically review studies of criti-
cally ill children in paediatric intensive care with regard to
the pharmacokinetics of vancomycin.

2 Methods
2.1 Data Sources and Searches

The Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) guideline [18] was used in the
preparation of this systematic review (prospectively regis-
tered in PROSPERO with ID: CRD42021272930). Articles
were sourced from the PubMed, Scopus, and Google Scholar
databases. Studies conducted at any time up to 12 May 2021
were searched for. Potential articles were identified inde-
pendently using variations of the keywords “Vancomycin”
AND “Pharmacokinetics” AND “Children” AND “Paediat-
rics” AND “Critically-ill” AND “ICU” NOT “Adults” NOT
“Neonates”.

2.2 Study Selection

Studies were included irrespective of time and language of
publication. The selection criteria included studies (i) per-
formed in children > 1 month old and less than 19 years of
age who (ii) were treated with vancomycin, where (iii) the
study was conducted in the ICU setting and (iv) presented
results for primary vancomycin pharmacokinetic parameters,
i.e. clearance (CL) and volume of distribution (Vd).

Our exclusion criteria included: (i) studies carried out
in preterm infants and (ii) studies that included neonates
or adults.

Primary outcomes extracted from the articles included
(i) trough and peak concentrations, (ii) CL, (iii) Vd, (iii)
half-life (#,,,) and (iv) area under the concentration-time
curve (AUC). Secondary outcomes were the effects of
demographic and clinical variables (such as kidney injury,
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augmented renal clearance, serum albumin and age) on van-
comycin pharmacokinetics.

2.3 Quality Assessment

Each study was assessed to check for quality and to reduce
bias. The Risk of Bias in Systematic Reviews (ROBIS)
assessment tool [19] was used for evaluation. The risk of
bias in the articles included in the review was classified in all
domains. The outcome of the quality check using the ROBIS
tool showed a low risk of bias in the systematic review.

2.4 Data Extraction

Data collected from each of the studies included authors’
names, year of publication, study population, study aim and
objectives, study design and setting, sample size (number
of patients and number of plasma samples analysed), age,
weight, inclusion and exclusion criteria, patient subgroups,

vancomycin dosing information, compartmental models,
pharmacokinetic parameters assessed, clinical parameters,
outcomes and limitations.

3 Results
3.1 Study Selection

The search for relevant articles as predetermined by the
search criteria yielded 652 potential articles. After follow-
ing the steps in the PRISMA flow diagram, 54 full-text arti-
cles were read (see Fig. 1). After screening the 54 articles
according to the inclusion and exclusion criteria, 13 articles
were included in this study (Fig. 1).

Fig.1 Flow diagram of the
article identification, screening
and selection process. AUC area
under the concentration-time

652 Records identified through
databases searching

curve, MIC minimal inhibitory
concentration

362 duplicate documents removed

A 4

290 article titles screened

120 Records excluded based on title review

A 4

170 article abstracts
screened

116 Articles excluded based on abstract

review

54 Full-text articles
assessed for eligibility

41 Full-text articles excluded because

\4

e They were not conducted in the ICU
e They included a mixed population

13 articles included in
systematic review

(neonates children and adults)
e Only trough and/ or peak levels was
assessed

e Only assessed AUC/MIC
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3.2 Study Characteristics
3.2.1 Study Design

Nine studies included in our analysis were retrospective
[20-28], three were prospective [3, 29, 30], while one study
did not indicate the study design [31].

3.2.2 Samplesize

Six studies analysed data from less than 30 children [3, 25,
26, 29-31], while one study included 250 children [23]. Six
studies recruited between 30 and 100 patients [20-22, 24,
27, 28].

3.2.3 Clinical Characteristics of the Patients

While most studies included children with ages ranging from
0.1 to 17 years, one study only included infants aged 0.1-0.8
years [30] and another included children aged 1-21 years
[23]. The weights of the children ranged from 2.6 to 88.3 kg.

Five studies were carried out in specific groups of chil-
dren within the PICU, including patients following cardiac
arrest [20], burns patients [29], patients on extracorporeal
membrane oxygenation (ECMO) [25] and two studies of
cancer patients [27, 28].

Most of the studies, with the exception of the studies
of ECMO patients [26] and cancer patients [27], excluded
patients with renal dysfunction. However, renal dysfunc-
tion was defined in different ways in the studies, includ-
ing (i) creatinine > normal limit for age or/and estimated
creatinine clearance <50 ml/min/1.73 m? (calculated by the
Schwartz formula) [22] and/or (ii) diagnosis of chronic kid-
ney failure and/or use of renal replacement therapies and/
or patients with a history (up to 2 weeks before monitoring)
of an increase of more than 50% in creatinine over baseline
[22, 27] or a twofold increase in baseline serum creatinine
(SCr) [25] or according to plasma creatinine adjusted by age
[31], a baseline serum creatinine of < 0.5 mg/dL in children
aged 1 to < 2 years, < 1 mg/dL in children 2 to < 12 years
old, < 1.3 mg/dL in children > 12 years [23], or any degree
of the paediatric RIFLE (Risk of Renal Dysfunction, Injury
to the Kidney, Failure of Kidney Function, Loss of Kidney
Function, and End-Stage Renal Disease) [26]. Table 1 sum-
marizes these study characteristics.

The serum creatinine of the patients in the studies
ranged between 8.84 and 65.42 pmol/L [20-23, 25-28, 30]
(Table 1). Creatinine clearance (CLg) was between 7.8 and
164.1 mL/min/1.73 m? [3, 20, 21, 23, 25-29], with very low
CL observed in the study by Zane et al. [20]. Patients with
AKI and RRT in the study by Zylbersztajn et al. [26] had low
CL_ compared to patients with only AKI.
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Only three studies reported mean serum albumin con-
centrations: 5.20 + 1.13, 3.91 + 0.49 and 2.44 + 0.34 g/L
[21, 27, 28].

3.3 Dosing Regimens

Studies utilized a wide range of dosing strategies, including
5-15 mg/kg every 6 h [22, 24, 26, 29, 30] or every 6-12 h
[21], 20 mg/kg every 8 h [3], continuous infusion (a 15 mg/
kg loading dose followed by 45 mg/kg/day as continuous
infusion [25]), or variable doses with 40-60 mg/kg/day
[23], or 10-156 mg/kg/day [28], or 60 mg/kg/day given over
variable dosing intervals ranging from 6 to 48 h [27]. Dose
adjustments made according to the physician’s judgement
were mentioned in four studies [22, 25, 26, 29]; these adjust-
ments were made to achieve optimal plasma concentrations.

3.4 Blood Sampling/Sampling Procedure

Blood sampling was done after a steady state was achieved
in eight studies [3, 22, 23, 26-30]. In those studies, the
steady state was variously defined as after the third dose
[22, 30], after the fourth dose [27-29], after 30 h [29], or
after 48 h [3, 22, 26]. In one study, blood was collected after
the first dose and after the third dose [20].

Peak concentration blood samples were typically col-
lected 30 min to 1 h after vancomycin infusion [22, 24, 29,
30], and trough concentrations were collected not more than
30 min before the next vancomycin dose [22, 24, 26, 29, 30].
However, in two studies, vancomycin trough concentration
blood samples were obtained 1 h before the next vancomycin
administration [27, 28]. Avedissian et al. [23] collected peak
concentration samples up to 2 h post-infusion and trough
concentration samples up to 2 h before the next vancomycin
dose.

Gomez et al. [29] collected blood samples 1, 2, 3 and 4
h after the fourth vancomycin dose, at 30 h, or at the time
point equal to at least five times the drug half-life. They
also collected trough concentrations immediately before the
fifth dose. Mali et al. [3] collected the first blood samples
48 h after the first infusion (baseline), with other samples
collected at 1, 1.25, 1.5, 2, 2.5, 3, and 6 h and at 72 h from
baseline. Gous et al. [30] collected blood samples immedi-
ately before vancomycin infusion and at 30, 60, 120 and 300
min after infusion on days 3 and 9 after the first vancomycin
infusion.

Analysis was performed using 30-658 plasma samples
[20-23, 27-29]. The number of samples included in the
pharmacokinetic analysis was not mentioned in six studies
[3, 24-26, 30, 31]. One study included patients with only
one serum trough concentration in the pharmacokinetic
analysis [21].



35

Pharmacokinetics of Vancomycin in Critically Ill Children

9g°ser0
-2$'90)
769 :Auo
(091-611) DIV WIM
€61 :Auo (oL¢tt
DIV WM —-88'T9)
(0L-0v) 8  Th'S9 1Y
LY pue  pue IV YA 110ddns
DIV WM (Ts9t uoneua3ixo
(88C—t¥I)  —TL'6) SH'61 sueIquIawW (o7l
8CI ‘LIY 10 JLIY 10 [eazod 810C “Te 1
SN SN SN DAV Inoyim DIV Inoyim A -10denXy vI-1°0 SN/6T | ufeyzsioqhz
[zel stoT
‘[0 97 J0
[epour juat (Teey qlscl s10C
SN -medwoos-euQ SN (9ST-L6) 6ST —¥1'+1) TT 1T N SN €6—¢ LI-T1°0 SN/8¢C d  “[e 10 umuan
(9¢-LD)
[opowt 97 SIK 7 <
[eyuswred (8-9) vl €10T
SN -WOJS0UON SN SN SN N SN §'9:sIek g > 910 SN/¥8 d ‘e eundy
1DS ‘a3e ‘xes
‘SUOTIBOIpaW 43!
orxojorydau ‘Te 1097 Jo [ez]
JULLINdUOd [opowt Juawt (498! L LY (0'0s L10T “Te 1
WSop  -1redwod-suQ “T'9L) ¥€'L6  —TS'9T) 9¢°S¢E N SN -0'ST) 0°0€ 11 869/0S5¢C A UBISSIPIAY
(9¢°6¢ [zl vioz
SN SN SN SN —8'8)89°LI N SN (96-90) L'T1 01-1°0 S9/Sy d e 30 BUSIIA
[S1]1 8661
‘nuermng
pue np jo (12l
[epour juat (T6L9 2£0°S1 610C “Te 19
SN -medwod-ouQ LEI'T F0TS —S0€l) I+91 FL8€C N SN .COI+¢CI L1-1 81/¢9 | ueIeypLg
‘ryerodwoy
‘uonouny [epow Juotx [oc] L10T
[eudr ‘WySop  -Jredwoo-om], SN OVI-8'L  9L¥Ec—¥8'8 N 3salle deipren (£'88-L) €1 L1-1 ¥S1/TS d “Te 10 ouey
[opowt
[eruoun.ed 11°9C [l 610C
SN -WOSUON. SN +01°88 SN N SN 0St F 8S°¢CI 0r-1 SN/CT d “Te 19 e\
sorduwres
LW €L T/un uonouny Jo Iequnu
/T ‘(a3uer) /31 -sAp/yuawr dnoi3 3Y ‘(e3uer) SIBOK /sjuaned
S9JBLIBAOD) [°POIN /3 ‘qIv Wy {(d8uer) 1pg  -rredwr [eusy -qns uaned JySoA ‘(eSuer) a8y Jo oquny uSisop Apmis Q0UISJOY

MITAJI Y] UL papnjour SaIpnjs 3ay) JO SONSLIdIORIRYD) | 9|qeL

A\ Adis



0. 0. Akunne et al.

36

A351enS SUISOP UOISNIUL SNONUNUOD € pasn Apnig,

San[eA UOTIRIAQD PIepue)s F UBdA,

QOURIBI[O QUIUIIBAID

479 “Quruneard wnias .)Hg ‘Aderdyy Juswooedar [RUSI Jyy ‘Urnge wnios gy ‘Kimfur Asupry ainoe [y ‘sok g ‘ou N ‘payroads jou §n ‘uStsop Apnis oanoadsonar y ‘uSisap Apnis oanoadsord g
9sImIaylo payroads ssopun (eSuer) uerpow se passaldxo are sonfep

[1€]

[opou
juounred 110T “Te 30
SN -wod -auQ SN SN SN N SN 91-T°0 SN/cT ONRYRBLD
£9F
9%°0¢ 8 Ae@
e8¢l [oc] s661
SN SN SN SN F6'6¢€ T fed N SN (LETH V9 8°0-10 SN/0T d “Te 19 snon
S[opow
[eruounred (8el l6z] T10T
SN ~WOJUON —9°€I1) 6'LTI SN N sung (S¥—21) St 11-1°0 0¢/el d “[eRzewon
syuanyed Teor
-3ojojewoey steok ¢ [szl 10T
SN SN V€0 F VYT 8PP FIET +T6'ST F6'8¢ N /[edr3o[oouQ 0} syjuowr ¢ 19/1¢ d “Ie 39 BATIS
JySrom ‘a3e
‘urunge DS e[1°69 V'Y (Lse [Lel 9102
‘g W5 SN 670 F16°€ FSy'LST + 6891 A Ioue)  —80'11) ¥€'TC 68'01-99°¢ 9STIY6 d TR 19 serxag
sordures
LU €L /U uonouny Jo Joquinu
/Tw ‘(o3uer) /31 -sAp/yuaw dnoi3 3Y ‘(e8uer) SIeaA /siuaned
S9JBLIBAOD) [°POIN /3 ‘aqIv Wy (e8uer) 1pg  -rredwir [euay -qns juaned yStop  ‘(eSuer) a3y Jo oqumy uSisop ApmS Q0uISJOY

(ponunuoo) | sjqey

A\ Adis



Pharmacokinetics of Vancomycin in Critically Ill Children

37

3.5 Measurement of Vancomycin

A wide variety of different techniques were used to meas-
ure vancomycin levels, with somewhat variable character-
istics (when reported). Inter-day and intra-day coefficients
of variation of test results were 8.4 + 7.4% and 4.8 + 3.5%,
respectively, in one study [29]; another study reported a
daily deviation of < 15% [3]. The lower limits of detection
reported by three studies were 0.2 pg/mL [23], 0.67 pg/mL
[25] and 1.7 pg/mL [29], respectively. Two studies indicated
upper limits of detection of 90 pg/mL [23] and 80 pg/mL
[25], respectively.

3.6 Pharmacokinetic Modelling of Vancomycin

Six studies used compartmental modelling for the analysis
of vancomycin pharmacokinetics [20, 21, 23-25, 30]. Two
studies [23, 25] used the one-compartment model from Le
et al. [32], while one study used a one-compartment model
built by Wu and Furlanut [15]. Only Zane et al. [20] used a
two-compartment model (with a proportional error model
to describe the random residual variability) to describe the
pharmacokinetics of vancomycin. Other studies used non-
compartmental models [3, 22, 26, 27, 29].

3.7 Covariate Analysis in Models

Three studies included the effects of covariates (including
weight, age, sex, SCr, renal function (CLR), urea, albumin,
temperature, use of concurrent nephrotoxic medications) on
vancomycin pharmacokinetics in their models [20, 23, 27].

Zane et al. [20] included the allometric scaled weight
(reference weight 70 kg) in their base model in order to take
into account size-related changes in vancomycin clearance
from childhood to adulthood. That study included patients
on therapeutic hypothermia following cardiac resuscitation,
hence the inclusion of temperatures below 37 °C (measured
at the time of drug sampling). The goodness-of-fit of the
model was improved by incorporating weight effects on CL,
0, V, and V,. The effect of renal impairment on CL was also
assessed. Glomerular filtration rate (GFR), calculated using
height and serum creatinine (the Schwartz formula) at the
time closest to the sampling time for vancomycin plasma
concentration, was used for estimation. Patients were classi-
fied as having poor (< 30 mL/min/1.73 m?), reduced (31-89
mL/min/1.73 m?) or normal (90~140 mL/min/1.73 m?) renal
function.

Avedissian et al. [23] included the effects of serum cre-
atinine level and weight on CL and the effect of weight on
Vd in their final model. Seixas et al. [27] included weight,
serum level of vancomycin (> 15, 20, and 25 pg/mL), trans-
plantation of haematopoietic stem cells, vancomycin doses
exceeding 70 mg and 80 mg/kg/day, and use of diuretics and/

or vasoactive drugs (dopamine, dobutamine, epinephrine,
norepinephrine) and/or cyclosporine and/or tacrolimus in
their model. The effect of a leukaemia diagnosis, haema-
topoietic stem cell transplantation, neutropenia, positive
blood culture (any isolate), and failure to obtain AUC/MIC
> 400 were also assessed.

3.8 Pharmacokinetics of Vancomycin in Critically Il
Children

3.8.1 Vancomycin Serum Concentrations

Trough vancomycin concentrations were reported in 10 of
the 13 studies (Table 2), and ranged from 9 to 15.6 pg/mL.
Vancomycin trough concentrations were less than 15 pg/mL
in 8 of the 10 studies [3, 21-24, 29-31], and only 2 studies
reported a trough concentration of >15 pg/mL [27, 28]. In
one study, trough concentrations measured after 48 h and 72
h [3] were comparable, as were trough concentrations after
24 h and 72 h [31] and after 72 h and 216 h [30]. Trough
levels in children < 2 years and children > 2 years were
comparable [24].

Six studies measured the vancomycin peak concentra-
tion [22, 24, 25, 27, 28, 30]. The average (mean or median)
peak concentration ranged from 21.67 to 35.5 pg/mL. Day
1 and day 3 peak concentrations were comparable in one
study [31]. Another study showed a significantly higher peak
concentration on day 9 compared to day 3 [30]. Children <
2 years and children > 2 years had comparable peak con-
centrations [24].

3.8.2 Vancomycin Clearance

Vancomycin clearance ranged from 0.05 to 0.38 L/h/kg [3,
20, 21, 23-26, 28-31]. One study did not report CL [22].
Interindividual variability in vancomycin clearance was
between 38 and 49.7% in three studies [20, 23, 25] and as
high as 90.5% in one study [29].

Higher vancomycin clearance was observed in stud-
ies carried out by Zane et al. [20] (median (range): 0.34
(0.31-0.38) L/h/kg) and Sridharan et al. [21] (median
(range): 0.34 (0.31-0.38) L/h/kg). Children < 2 years and
children > 2 years had comparable vancomycin clear-
ance (median (range): 0.10 (0.06-0.18) L/h/kg vs. 0.10
(0.06-0.14) L/h/kg) [24]. Vancomycin clearance was sim-
ilar on day 1 (mean + SD: 0.12 + 0.07 L/h/kg) and day
3 (mean + SD: 0.15 + 0.06 L/h/kg) of treatment in one
study [31]. Another study showed similarity in vancomy-
cin CL on day 3 (mean + SD: 0.09 + 0.03 L/h/kg) and day
9 (mean + SD: 0.07 + 0.02 L/h/kg) of treatment [30]. In
the study of Zylbersztajn et al. [26], children without AKI
or RRT had higher vancomycin clearance (median (range):
0.10 (0.06-0.10) L/h/kg) than children with AKI and RRT

A\ Adis



0. 0. Akunne et al.

38

(L9e
3y —-€°L1)
(1689 (901 1G0T #10 ¥'sT
-$'190) -L7) -1°0) —90°0)  :sreok
901+ 8¢ 790 01°0 < (€799
180K 7 S18K T 2 sk 7S sk (€T P11
2(LTI9 (XY S 810  -LSD sI0A 7 uoneniu ¥l
T -0 —6£°0) -90°0) T (9°L1-6'S)  IoPe Y CES €107
L0ty 9¢ L9°0 010 sk P01 ‘uoneniul U9 “e1e
SN SN SN SN SN s1eak 7 > s1eak g > SN SN S1eK 7> sieak 7> 7> [s1RA 7 > e Y 61 '] K1ag  Kep/3y/3uw of BUNOY
[zl
L10T
(€'81% asv (99°0 Kep/3y ‘e
—“T'p€0) -90°¢) -85°0) popIA popIA /3w (19°8S uers
1T SN SN 6'7¢ L'8¢ 1'67C 9°¢ SN SN 290 811°0 SN (€016 ugpIyy -oidioN -oxdioN —L6'6E) S -SIpoAY
uorsnjur
IOy
Y} 19)Je
Ut Og
‘asop [zl
we oy #10T
1D (1e Ay 210joq 49 Kep/3y/3uw ‘e
SN SN SN SN SN SN qre SN SN —+0) L0 SN LTe (§ST+1) ¥01 ur (g gl Aag  (SL99) I'Ly  BUSIIA
asop
payy 1o
puooas
oy Joye qzI [zl
(Crard pue asop pue 6102
(T'620C (r'se (s0 -L0°0) 181y PopIA 89 Syy/Suwr “le1e
SN SN SN SN SN -19¢)§°6Le  —TDTL SN SN —100) 1'0 8€°0 SN £9F6 ooy -oxdioN  Arag ¢ 68 F L'El  uvreypus
JSalIe
orIpIEd loz]
(€96 (LSt (8L (TTe Lo (g1 (8¢°0 Jo skep L10T
-6'8) (Toct —-€'L1) -12) T —€5°0) -79°0) -1€0) 0T urgim papIA popIA B | “le 3o
60T 9Cce 8T IL 9€1 L6v SN SN €LT $9°0 860 $€°0 SN SN own Auy  -oxdijoN  -oxdioN /3w (0T-S) 01 suez
uonenmur
juaunean
Toye 4 9¢
vS TS
) ‘IS ‘S0 [e]
FG00TUTL “0S‘S6 610
C8°EST IL'T 870 2S00 IS8 FSS01 ‘ST6Y U8 “le3e
SN SN SN SN SN FvTLe F8Y SN SN F080 FT0 SN 8 ‘6 ‘8 ql Arag  Kep/3y/8u (09 e
(%)
%) @A W0 A4 B D uots
Aypiqerrea (T 3y (G780 3y (Tuysd) (Twy3r) sowi  -njur Jo  [eAIdUI ERliE]
[enpisoy Anpqenea renpiaput-ioiug - /y-8r) Fony W YDA  wDO A0A WD o) wneny - Sundwes uonemg  Suisoq aso( -1opy

MITAQI U} UT POpN[OUT SAIPNIS Ay Jo s1ojourered dnjounjodrRWLIRYd ¢ d]qeL

A\ Adis



39

Pharmacokinetics of Vancomycin in Critically Ill Children

Kep/3y/3w
6°L1 F 086
Juaw :9s0p pasnlpy [62]
(28001 (680 (Tzo -1eam jo Kep/3y/3w T10¢
—6'70€) (T¢ -02°0) -90°0) uonenmur U9 06 F¥ey “le3e
SN SN SN S'16 S06 8TSS 81T SN SN [840) 01°0 SN 81 FO€l Toye g O¢ gl K1oag :9S0p [enIu]  Zowon
[szl
asop T10T
Tro 110 9711 wg oy Kep “reR
SN SN SN SN SN SN SN SN SN Feol FQI0 Fegor  CIIFINOL Au0RqY [ SN SN /3¥/3w 96101 BA[IS
(60'1 (81°0 (3 [zl
-20°1) -80°0)  —$91) asop Kep/3y 910¢
110 8600 V'S (S1'61-5T°S) yyy oy papia y /B (6L-6€) “Te1
SN SN SN SN SN SN SN SN SN FHOT FOU0 F9TST  HFTIFOST  210pqUT -01dION 87019 ,G8'6F F £T6S SEIXo
3y
(Ts'L1 /1(26°0 (600
—-50°) -89°0) —0°0)
(9¢¢9t 69'8 88°0 LOO
—L'18€) :K[uo :K[uo :A[uo
L9y DIV UM DIV M DIV WM
:A[uo (¢ 91 900
DIV WM —291) -89°0) -70°0) Kep/3y
($'8¢¢ 9'€T 911 S0°0 /3w (S4-0¢)
—69°6L7) LA AR LAy 0Ot :Auo [V
¥'T9h pue pue pue A Aep/sy
LA PUR DIV UM DIV UM DIV UM /3w (0€-6T)
DIV WM (908 60 1o 0T :19d
(1'69 -6 -L'0) -90°0) PUe [V 1M lozl
) 9 €L0 01°0: Juau Kep/sy 810
$'T0$ Ly ARie| 3d -1ea) Jo /3w (09-+¢) ‘e
14910 10V 10 Y 1o [V uonenmuy u9 O 21y 1o ufeyzs
SN SN SN SN SN DIV InOuiA\  InomIpm SN SN InOmIA  InoyIM SN SN Joyeyges yg  Aeag DIV InORIM- -1eqIAZ
uors
-njur
sno Kep/3y/Sw
-nun (19-59) ¥
-uod Jo uorsnjur
EOEOHum:u Ev:« Eoﬁm m_\_O::ﬁ:Ou ® ﬂmNu_
(zLo (Izo S uer I -njut By/Bw 8102
(100°1 —09°0) =50°0) -1s4yd oy :as0p sno  (91-¢I) 871 “Tee
SN SN SN 79 8¢ -192) sS¢ SN SN SN ¥9°0 €10 SN SN Sulp1oooy  Surpeo -nunuo) - :esop SUIpEo  IUINULD
(%)
%) (%) WO A4 (%D uots
Kypiqerrea (T 3y [C>7a0) 3y (Tuysd) (quu/3r) sowi)  -NJurjo  [eAIUI ERliE]
[enpisay Auqiqerre renprarpur-iojuy  /y-81) Ny W @YDaA DO  'AA WD o) weeny  Sundwes vomemg  Sutsoq ssoq  -19pRy

(ponunuoo) zsjqey

A\ Adis



0. 0. Akunne et al.

40

UONBIAJD pIBPUE]S F UBIA[,

Juounred

-woo Teraydrrad Jo uonnqrusip Jo awnjoa ¢4 yuauredwod [enuad Jo uonnqgrnisIp Jo SWNnjoA ' ‘uonnqrnsip jo swnjoa A ‘Ji-jrey uoneurwr ¢! <oouereso [ejusunredwooIour § ‘UONBIUD
1209 yead ¥ ‘uonenuaduod ysSnomn Y% ‘aoueres[d 79 ‘U 7 I9A0 JAIND SWN-UOTEIUIIU0D ) Iopun Bale "¢y qy ‘payroads jou g ‘Aderoy juewaserdar [euar 77y ‘Amlur Koupry omnde 1yy
ASTMIOYIO PayIoads sso[un (SSUeT) URIPAW QY SE USALS dIe SonJep

asop
08’8 oy ayy
¥ 910J2q
LO'E 850 900 L9°1T urw g
Foy F980 FSI0 ¢ keq ‘as0p uro
81T :¢ ke ¢ ke g Ked  09°€T 08'L  -Kwooues (1€l
Froc:gked  8L0 HT0 L0°0 ¥ Foce:gAe@  puyl oy 110C
6'81C Fre FI1S0 FT10 08'1¢C 081 Jo pud y9 Kep “le3e
SN SN SN F+9¢ 11 e i1 Ke@ SN SN i1 ke ke rhe@ FogL:lAeq oyriae | LR Aoag  /BY/Bw 09-0p  ONAYIRID
uorsnjur
urokw
-0JURA
181y Ay}
I9)je uru
00€ pue
021 ‘09
o1 610 2200 1T ‘0¢ pue
Fre F 10 FLOO  FSSE uorsnjut
6 ke 6 ke 6 ke@ 6 ke 89 uokw log]
o€ 90 €00 L1TI FLIL:64eq -00uBA S661
Fes FI80 F600 FI6C 6'S a10joq u9 “le3e
SN SN SN SN ¢ ke SN SN ¢ ke ke :gheq  FoerigAeq  Aererpouruy L8 Koag  Kep/3y/3w 09 snon
B oA (%) 1O uots
Aniqurrea (Tur (3 @D (B (Tuwysn) (Tuy3rl) sowr  -yurjo  [eArdyul 2Ud
[enpisay Auqiqerre renprarpur-iojuy  /y-81) Ny W @YDaA DO  'AA WD o) weeny  Sundwes vomemg  Sutsoq ssoq  -19pRy

(ponunuoo) zsjqey

A\ Adis



Pharmacokinetics of Vancomycin in Critically Ill Children

4

(median (range): 0.05 (0.02-0.06) L/h/kg) and children with
AKI only (median (range): 0.07 (0.04-0.09) L/h/kg).

The intercompartmental distribution from the two-com-
partment model was 0.65 (0.53-0.77) L/h/kg [20].

3.8.3 Vancomycin Volume of Distribution

The average (mean or median) volume of distribution of van-
comycin was between 0.1 and 1.16 L/kg [3, 20, 21, 23-30].

In a study comparing the Vd in children < 2 years and
children > 2 years, the Vd was similar in the two groups:
median (range) 0.67 (0.39-1.15) and 0.62 (0.41-1.04) L/kg,
respectively [24]. However, Sridharan et al. [21] evaluated
the volume of distribution of vancomycin in 83 children by
age group—they distinguished between infants (< 1 years),
toddlers (> 1-2 years), children (> 2-5 years), and older
children (> 5 years)—and found that infants had signifi-
cantly higher Vd (0.14 L/kg) compared to children in other
age groups (median Vd for toddlers: 0.09 L/kg; for children:
0.06 L/kg; for older children: 0.03 L/kg).

Children with AKI and RRT had a higher Vd (median
(range): 1.16 (0.68-1.6) L/kg) than children without AKI
or RRT (median (range): 0.73 (0.7-0.9) L/kg) and children
with AKI only (median (range): 0.88 (0.68-0.92) L/kg) [26].

In the study by Giachetto et al. [31], Vd on day 3 (mean +
SD: 0.86 + 0.58 L/kg) was higher than Vd on day 1 (mean +
SD: 0.51 + 0.24 L/kg), and in the study by Gous et al. [30],
the Vd on day 3 was almost double the Vd on day 9 (mean
+ SD: 0.81 + 0.6 L/kg vs. 0.44 + 0.19 L/kg).

In the two-compartment model study [20], Vd in the
peripheral compartment was 2.73 (2.24-3.22) L/kg, with
the variability attributed to weight, serum creatinine, age,
renal function, and temperature. In the same study, the inter-
individual variability in the Vd of the central compartment
was very high (136 (17.3-254.7) %).

High interindividual variability in Vd was observed in
three other studies [23, 25, 29]. Two studies reported resid-
ual variabilities in Vd of 20.9% and 21.0%, respectively [20,
23].

3.8.4 Vancomycin Half-Life

The mean or median half-life of vancomycin in the studies
ranged from 2.4 to 23.6 h 3, 21-24, 26, 29-31]. Children
< 2 years and children > 2 years had comparable half-
lives (median (range): 3.6 (2.2-5.5) h and 3.8 (2.7-10.6) h,
respectively) [24].

Compared to children without AKI or RRT and children
with AKI only (median (range): 6.2 [4.9-8.06] h and 8.69
(5.05-17.52) h, respectively), vancomycin had a longer half-
life (median (range): 23.6 (16.2-31) h) in children with AKI
and RRT [26]. In the study by Gous et al. [30], the half-life
on day 3 was higher than the half-life on day 9 (mean + SD:

5.3 +3.2hvs. 3.4 + 1.2 h), and in the study by Giachetto
et al. [31], the half-life on day 3 was higher than the half-
life on day 1 (mean + SD: 4.5 + 3.07 h vs. 3.1 + 0.78 h,
respectively.

3.8.5 Vancomycin Area Under the Concentration-Time
Curve

Vancomycin AUC,, was reported in eight studies [3, 21,
23-26, 29, 31]. Of these, only five indicated the methodol-
ogy used for the calculation.

Avedissian et al. [23] estimated the AUC,, by dividing
the 24-h dose (mg/day) by the vancomycin CL (L/h).

Sridharan et al. [21] calculated AUC,, , as the AUC for the
dosing interval between 6 and 12 h. AUC,,__, was extrapo-
lated by adding AUC,, to the ratio of the vancomycin con-
centration at the last time point upon k. They determined
AUC,,_,, by multiplying AUC,,__, by the number of doses
prescribed per day.

Acuna et al. [24] used a Bayesian method implemented
with the Therapeutic Drug Monitoring System 2000 and
LEXI-calc software for AUC calculation.

Mali et al. [3] calculated AUC from O to 8 h and then
calculated the AUC ,, by tripling the AUC q.

Giachetto et al. [31] used the formula AUC,, = daily
dose/clearance. For the AUC,_,,/MIC ratio, MIC values of
1 ug/mL and 2 pg/mL were considered.

Five studies reported AUC_,, < 400 pg-h/mL [3, 21,
23, 25, 31].

In the study by Acuiia et al. [24], a therapeutic AUC ,,
(> 400 pg-h/mL) was observed in 39% of the 41 patients
with trough plasma concentrations of 5-15 pg/mL. Impor-
tantly, a therapeutic vancomycin AUC,,_,, (> 400 pg-h/mL)
was obtained in 16% of patients with initial trough vancomy-
cin concentrations between 5.0 and 9.9 pg/mL and in 81% of
patients with initial plasma trough concentrations between
10.0 and 15 pg/mL. The AUC,,_,, observed in children < 2
years was similar to that in children > 2 years.

In the study by Zylbersztajn et al. [26], children in all
groups had AUC,,_,, > 400 pg-h/mL; however, AUC ,, was
higher in children without AKI or RRT compared to children
in the AKI and RRT group and the AKI-only group. In the
study by Giachetto et al. [31], the AUC,,_,, on the first day of
treatment was the same as the AUC,,, on day 3. The study
by Mali et al. [3] showed that 65.71% of 12 children had van-
comycin trough concentrations below the therapeutic range,
and vancomycin AUC,,_,, > 400 pg-h/mL was achieved in
50% of the study population. Sridharan et al. [21] found
that trough vancomycin concentration was a good predictor
of AUC,,, [0.86; 95% CI 0.8-0.9; P = 0.0001]. The study
findings are summarized in Table 2.
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3.9 Vancomycin Pharmacodynamics in Critically Ill
Children

3.9.1 Vancomycin Therapeutic Concentrations

Therapeutic targets for trough concentration varied in the
reviewed studies. An optimal trough concentration of > 15
pg/L is recommended [33].

Acuna et al. [24] evaluated the percentage of patients with
trough plasma levels in the therapeutic range of 5—15 pg/mL.
Forty-one of the 84 children enrolled in the study had base-
line vancomycin plasma concentrations in the therapeutic
range after receiving 40 mg/kg/day.

In the study by Gous et al. [30], the therapeutic plasma
concentration targets included trough concentrations of 5-10
pg/mL and peak concentrations of 25-40 pg/mL. Only 53%
of the children on day 3 and 27% of the children on day
9 had trough concentrations within the therapeutic range,
while 53% of the children on day 3 and 60% of the children
on day 9 had peak concentrations within the therapeutic
range.

In the study by Mali et al. [3], 35 trough concentrations of
12 subjects receiving 20 mg/kg/day were evaluated against
the recommended trough range of 10-20 pg/mL. A total of
23 (65.71%) trough concentrations were below the range,
11 (31.43%) trough concentrations were within the range,
while 1 (2.86%) trough concentration was above the recom-
mended range.

Zylbersztajn et al. [26] provided initial doses of 40 mg/kg/
day (median) every 6 or 8 h. In 15 children with normal renal
function, therapeutic trough concentrations (10-20 pg/mL)
were observed in 8 (53%) children, supra-therapeutic levels
in 4 (27%) children and sub-therapeutic concentrations in
3 (20%) children. In 11 children with AKI, trough levels of
vancomycin within the therapeutic range were observed in 3
(27%) children, 7 (64%) had supra-therapeutic levels, and 1
(9%) child had sub-therapeutic trough levels. Although dose
adjustment was done in the 4 patients with supra-therapeutic
values, 3 of them did not achieve the target values because of
death or termination of treatment. Treatment was stopped in
the patient with sub-therapeutic concentrations before dose
adjustment. Target therapeutic concentrations were achieved
in 7 (63%) patients after one or two dose modifications. The
final adjusted dose of 20 mg/kg/day every 12 h yielded a
median trough level of 15.95 (12.1-18.03) pg/mL. Only 3
(10%) patients out of the 29 on RRT achieved therapeutic
vancomycin trough concentrations after the initial dose.

Genuini et al. [25] assessed the number of children on
vancomycin continuous infusion who attained target van-
comycin plasma concentrations between 15 and 30 pg/mL.
Of the 28 children enrolled in the study, 12 patients (43%)
achieved therapeutic vancomycin concentrations after the
initial dose. Twenty patients had more than one vancomycin
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trough concentration. Of those, 9 (45%) had the second
measured vancomycin trough concentration within the thera-
peutic range. The median vancomycin trough concentration
before dosing adjustment was 12.1 (9.8-17.3) pg/mL; after
dosing adjustment it was 15.5 (10-25.7) pg/mL.

Peak vancomycin concentrations of above 20—40 pg/mL
and trough vancomycin concentrations above 5-10 pg/mL
were considered therapeutic by Giachetto et al. [31]. On the
first day, 22 children were treated with a vancomycin dose of
40 mg/kg/day in four divided doses each given as an infusion
over 1 h. Of these, 7 had therapeutic peak concentrations
(23.9-53.5 pg/mL) and 16 had therapeutic trough concen-
trations (5.02-2 pg/mL). After dose adjustment (44 mg/kg/
day) in 15 children, therapeutic peak (20.56-45.4 pg/mL)
and trough (6.65-29.2 ng/mL) concentrations were attained
in 7 and 10 children, respectively, on day 3.

In another group of children [22], initial dosing of 47 mg/
kg/day in 45 children yielded trough therapeutic concen-
trations (15-20 pg/mL) in 2 (4.4%) children. Thirty-seven
children (82.2%) had sub-therapeutic trough concentra-
tions. Of these, 10 had trough concentrations between 10
and 14.9 pg/mL. Six children (13.3%) had supra-therapeutic
concentrations.

In the study by Seixas et al. [27], a mean vancomycin dose
of 59.23 + 49.85 mg/kg/day yielded vancomycin trough con-
centrations between 15 and 20 pg/mL in 35 (13.6%) of the
256 plasma measurements, while trough concentrations of >
20 pg/mL were observed among 73 (28.5%) concentrations.

3.9.2 Vancomycin Concentration—Area Under the Curve
(AUC)/Minimum Inhibitory Concentration (MIC)

A target of AUC,,/MIC > 400 is recommended for bacteria
with a MIC < 1 pg/mL [33]. The target concentration is
increased in the treatment of infection caused by bacteria
with a higher MIC.

In the study by Zylbersztajn et al. [26], children on
ECMO with no AKI and no RRT (N = 15) who received 40
mg/kg/day of vancomycin in four divided doses every 6 h
achieved AUC,,/MIC > 400.

Assuming a MIC < 1 pg/mL, 25% of the 28 of patients
in the study by Genuini et al. [25] reached the target AUC,,/
MIC of > 400. Vancomycin serum concentrations in these
children were all > 15 pg/mL (17.1-23.7 pg/mL).

In the study by Giachetto et al. [31], most patients (>70%)
attained minimum therapeutic trough concentrations (5-10
pg/mL). However, on day 1, only 9 of 18 children attained
AUC,,/MIC > 400 when MIC = 1 pyg/mL, and when MIC =
2 pug/mL, only 1 patient attained AUC,,/MIC > 400. On day
3,7 children attained an AUC,,/MIC < 400 when MIC = 1
pg/mL, and 1 patient did when MIC = 2 pug/mL.

In the study by Silva et al. [28], an AUC/MIC > 400
was observed in 18% of plasma samples with trough
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concentrations of < 15 ug/mL. In all patients with trough
concentrations of > 15 ug/mL, the AUC/MIC was > 400.
In the study by Seixas et al. [27], when MIC = 1 ug/mL, a
trough serum concentration of > 15 pg/mL had a 94% posi-
tive predictive value for AUC,,/MIC > 400, with a negative
predictive value of 75% (sensitivity = 73%; specificity =
95%). For a MIC of 1.5 ug/mL, a trough serum concentra-
tion of > 15 ug/mL showed a 64% positive predictive value
for AUC,,/MIC > 400, with a negative predictive value of
97% (sensitivity = 95%; specificity = 79%). When MIC =
2 pg/mL, trough levels of > 15 pg/mL had a 33.6% posi-
tive predictive value for AUC,,/MIC > 400, with a negative
predictive value of 100% (sensitivity = 100%; specificity
=67%).

3.9.3 Vancomycin Concentration-Toxicity

Only the study by Seixas et al. [27] assessed vancomycin-
related nephrotoxicity in patients. Vancomycin-related
nephrotoxicity was observed in 21 (22.3%) of the 94 study
participants. Nineteen of those patients received cyclo-
sporine, tacrolimus, amikacin and amphotericin. Bivariate
logistical regression showed that serum trough level > 20
pg/mL (P = 0.0001, odds ratio (OR) = 20.23) and duration
of vancomycin therapy > 10 days (P = 0.016, OR = 4.95)
or > 14 days (P = 0.001, OR = 5.35) were predictive of
nephrotoxicity. The multivariate model showed that only a
serum trough level of > 20 pg/mL was an independent pre-
dictor of nephrotoxicity. Creatinine levels at the beginning
of vancomycin treatment, the day before the observation of
an elevated vancomycin serum concentration, and 24 h after
the reduction of the dose or serum level were evaluated to
establish causality between the occurrence of elevated serum
levels of vancomycin and nephrotoxicity. In 7 of the 21 chil-
dren with nephrotoxicity, creatinine levels had a direct incre-
mental relationship with serum vancomycin concentration.
Hence, increased vancomycin levels lead to worsened renal
function. Vancomycin-related nephrotoxicity was a possible
risk factor for death (P = 0.006, OR = 5), as was creatinine
clearance < 70 mL/min/1.73 m? on at least one occasion
(P = 0.0008, OR = 8.75). Failure to obtain AUC/MIC >
400 was not a significant possible risk factor for death. Ten
deaths occurred during vancomycin treatment; one of these
deaths was of a child with sepsis caused by Staphylococcus
epidermidis with a MIC of 1 pg/mL, where AUC/MIC > 400
was attained after three dose adjustments (of up to 80 mg/kg/
day) but was associated with renal deterioration.

3.10 Known Factors Affecting Vancomycin
Pharmacokinetics

The effects of renal function, protein binding, temperature,
fluid balance and concomitant medication on vancomycin

pharmacokinetics were evaluated in seven studies [3, 20,
21, 23, 25, 29, 31].

3.10.1 Renal Function

Vancomycin trough and peak concentrations increased as
urea and creatinine serum levels increased [20, 27] and CL
decreased [27]. However, CL increased with increased cre-
atinine clearance.

Sridharan et al. [21] compared vancomycin pharma-
cokinetics between children with augmented renal clear-
ance (ARC, defined as CRCL > 130 ml/min/1.73 m?) and
those with normal renal clearance (NRC). In the 40% of
the patients with ARC, there was significantly higher CL,
a shorter half-life and a lower AUC,,. None of the children
with ARC achieved AUC,, > 400 pg-h/mL after the first
dose, while only 26.5% of the children achieved this con-
centration at steady state.

Avedissian et al. [23] found that the trough level in 79%
of children with ARC (29 children) was sub-therapeutic (<
10 pg/mL) compared to 53% of children with NRC (250
children), although the dose per weight was similar in the
two groups. There was no significant difference in AUC,,
between the groups.

3.10.2 Protein Binding

Only Sridharan et al. [21] studied the effect of protein bind-
ing in critically ill children. The free vancomycin concen-
tration was 77.5% of the total vancomycin concentration.
Younger children (1 month to 5 years) had significantly
lower protein-free vancomycin concentrations than older
children (617 years). Infants (1-12 months) had higher Vd
compared to older children (13 months to 17 years), which
could be associated with altered plasma binding. Protein
binding did not affect the attainment of AUC ,, > 400 pg-h/
mL.

3.10.3 Temperature

Zane et al. [20] studied vancomycin pharmacokinetics in
normothermic (NT, body temperature between 36.3 and 37.6
°C) patients and children undergoing therapeutic hypother-
mia (TH, body temperature between 32 and 34°C) for up to
12 h, followed by up to 10-12 h of rewarming.

They found a direct relationship between vancomycin CL
and hypothermia. Vancomycin CL was reduced by 25%, 10%
and 0% when the body temperature was 32 °C, 35 °C and
37 °C, respectively. Children with renal dysfunction treated
with TH showed a reduction in vancomycin clearance of
about 84%.
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3.10.4 Fluid Balance

Giachetto et al. [31] studied the effect of water balance on
vancomycin pharmacokinetics. Of the 16 children included
in the study, only 2 had a negative water balance prior to
vancomycin administration. Children with a negative water
balance had higher peak and trough levels compared with
children with a positive fluid balance on day 1 and day 3 of
vancomycin therapy. The Vd of vancomycin on day 1 and
day 3 of therapy was also lower in these children.

In the study by Gous et al. [30], 3 patients receiving fluid
resuscitation in the early stages of their therapy had a large
Vd and a prolonged half-life on day 3, but the Vd and half-
life were within normal ranges on day 9.

3.10.5 Concomitant Medication

The effect of concomitant nephrotoxic drugs in critically
ill children on continuous vancomycin infusion was studied
by Genuini et al. [25]. Children included in this study had
normal renal function before vancomycin initiation. Renal
dysfunction in this study was defined as serum creatinine >
2 times the upper limit of normal concentration for age or
a twofold increase in the baseline creatinine. Three (aged
3.7,7.6 and 11.9 years, respectively) out of the 20 children
on concomitant nephrotoxic drugs (aminoglycosides, cyclo-
sporin, tacrolimus, or diuretics) developed renal dysfunction.
They had vancomycin plasma concentrations of 25.6, 15.5
and 22.9 pg/mL, respectively, at the beginning of their renal
dysfunction. The child aged 7.6 years received two concomi-
tant nephrotoxic drugs while the others received one. The
patients recovered without renal replacement therapy.

3.11 Dose Recommendation

Most studies did not recommend doses, but low vancomycin
serum concentrations were observed at current doses. Vil-
lena et al. [13] suggested that higher doses of vancomycin
are necessary, especially in children between 1 and 12 years.
A median trough concentration of 10.4 (1.4-25.5) pg/mL
was observed. They, however, did not specify an appropri-
ate dose.

Gomez et al. [20] suggested an increased vancomycin
dose to 80 mg/kg/day in critically ill children and recom-
mended a dose of 90-100 mg/kg/day in paediatric burn
patients with sepsis. This finding was based on their study
of 13 children aged 1-11 years with severe thermal injuries
and a sepsis diagnosis. The vancomycin trough concentra-
tion increased significantly from 7.4 + 6.0 pg/mL to 13.0 +
4.8 pg/mL after dose adjustment from 43.4 + 9.0 mg/kg to
98.0 + 17.9 mg/kg.
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4 Discussion
4.1 Main Findings

As expected, this systematic review has included data from
a wide range of patients in terms of age and weight, underly-
ing state of health, reason for admission to the PICU, thera-
pies that were being administered, indication for antibiotic
therapy, organ dysfunction (particular attention was paid
to renal dysfunction) and organ support therapies (includ-
ing renal replacement therapy and ECMO). Perhaps less
expected was the range of methods reported in the studies.

A wide range of methods were utilized to measure van-
comycin concentrations. Although it is likely that most of
these methods give equivalent results, that has not always
been confirmed, and there are concerns that some method-
ologies may cross-react with other medications used in the
PICU, with resultant inaccuracies [34]. Ideally, the measure-
ment methods used should be both standardized and quality
controlled.

The reviewed studies used a wide range of dosing strate-
gies and blood sampling times, which may have contributed
somewhat to the wide variations in the pharmacokinetics of
vancomycin observed in the studies. Given the wide range
of clinical conditions and indications for vancomycin, it is
likely that this will persist. However, there should be congru-
ence between the therapeutic strategies and the monitoring
processes used. As an example, very different sampling pat-
terns could be used to reasonably accurately calculate AUC
»4 if intermittent or continuous infusions of vancomycin are
administered.

Some studies [3, 22, 23, 26-30] emphasized that blood
samples were obtained at steady state; however, the authors’
definitions of the steady state varied. The steady-state con-
centration of a drug refers to a dynamic equilibrium where
the drug concentrations remain consistently within therapeu-
tic limits for extended and potentially indefinite periods of
time [35]. This must rely on consistent and appropriate dos-
ing, but it is equally dependent on the stability of the patient
physiology. Stability is often difficult to establish in critically
ill children, particularly during acute phases of the illness,
because of the different disease processes and medical inter-
ventions that are employed [13]. For example, changes such
as capillary leaks, fluid shifts, altered renal clearance (both
increased and decreased), changes in protein concentration
and drug binding and changed hepatic function may lead to
dramatic changes in vancomycin serum concentrations at
standard doses [36]. Therapeutic interventions such as renal
replacement therapy, extracorporeal membrane oxygenation,
fluid administration, blood product administration, use of
vasoactive agents and administration of multiple drugs may
all contribute to changes in pharmacodynamics. In the PICU
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population, it cannot be assumed that patients will achieve
steady state after a set number of doses. It would seem sen-
sible to assume that patients’ pharmacokinetic and pharma-
codynamic parameters will continue to change while there
are substantial changes in parameters such as fluid balance,
protein levels, pH and organ function (particularly renal and,
to a lesser extent, hepatic function). Thus, achievement of
optimal therapeutic vancomycin levels may depend on ongo-
ing testing, ongoing dose adjustment, and clinical responses
to therapy.

There was a lack of standardization of the timing of speci-
men collection. Peak and trough specimens were collected
at variable times in the reviewed studies, with the timing of
trough specimens ranging from < 30 min to > 2 h before
the next dose, and peak specimens being collected between
30 and 60 min after infusion. It is difficult to predict the
impact of these timing changes, but if the half-life is < 6
h, a difference of up to 2 h may lead to a substantial differ-
ence in values (and the related calculations). To add to the
challenge, a variety of techniques were utilized to calculate
pharmacokinetic and pharmacodynamic values in the differ-
ent studies. Some studies incorporated enough specimens to
directly calculate parameters such as Vd, CL and area under
the concentration—time curve, but other studies estimated
some of these values from trough levels (with or without
peak levels), thus inevitably incorporating assumptions
about values and compartmental dynamics. Finally, a wide
variety of compartmental models were utilized to calculate
pharmacokinetic and pharmacodynamic values. Clearly,
compartmental dynamics may be profoundly affected by
pathophysiological features present in critically ill children,
and so these models must be utilized with care.

As expected, in all studies there was substantial variabil-
ity in pharmacokinetic parameters, including trough, peak,
CL, Vd, t,, and AUC,,, both between groups of patients and
between individual patients. These parameters also varied
over time, although this might be relatively unpredictable.

The common feature of a high Vd is in keeping with pre-
vious reviews. Mula and Pooboni [37] reported that Vd was
higher in children than in adults [37]. Critically ill children
typically have higher Vd values than non-critically ill chil-
dren [8, 36], and this is usually related to fluid resuscitation
and positive fluid balances. It is important to note that the
Vd is related to the fluid balances incurred by these patients
(both prior to [31] and after [30] initiation of therapy).

There is limited information on protein binding in this
review, but previous authors have shown that protein binding
is generally lower in younger children (possibly due to lower
albumen levels, but also due to low IgA levels [38, 39])
with higher free vancomycin levels. This is an area that will
require further research in the future, particularly as protein
levels may change dramatically in critically ill children due
to their illness, and therapies may include plasma products

and albumin infusions. While Sridharan et al. [21] stated that
the attainment of AUC,, > 400 pg-h/mL was not affected by
vancomycin binding, it is difficult to know what the implica-
tions of protein binding would be for AUC,,/MIC.

Vancomycin clearance ranged from very low to very high
and showed a remarkable range in the studies reported. In
one study, CL after the first dose was similar to that after
two to three doses of vancomycin [21], but this was in a
group of patients with no renal dysfunction. The CL may
have changed dramatically in patients with evolving renal
or multiorgan dysfunction. Concomitant administration
of a nephrotoxic medication led to reduced clearance with
increased plasma concentrations of vancomycin [25].
Although there are associations between high levels of van-
comycin and the use of nephrotoxic drugs such as furosem-
ide in critically ill children [4, 40], more studies are required
to understand the nature of the relationships between van-
comycin, AKI and other agents. Clearly, increased vanco-
mycin CL occurs in some patients and may be associated
with substantially sub-therapeutic levels of vancomycin in
patients with augmented renal excretion [23, 41]. Intrigu-
ingly, hypothermia is also related to decreased vancomycin
clearance [20], and this will need to be taken into account
in future studies with hypothermic patients.

The half-life of vancomycin in the reviewed studies
ranged from 2 to 24 h. The presence of AKI, even with RRT,
was associated with a prolonged half-life (as expected).

AUC,, was calculated in many of the studies, and this
has come under increased focus, as adult studies suggest
that AUC,, > 400 pg-h/mL is associated with improved
outcomes. This was not confirmed by Kloprogge et al. in a
paediatric study [36]. It is not clear to what extent this may
be driven by issues such as variable penetration of vanco-
mycin into tissues such as the cerebrospinal fluid [42] or
the lung [43], or issues such as relative amounts of protein
binding [44].

Unfortunately, there are concerns about the assumptions
made in the calculation of AUC,, in the paediatric setting,
particularly when relying only on trough levels and because
there is little information about the appropriate compart-
mental models to use.

4.2 Implications for Current Practice

i. This review of vancomycin pharmacokinetics stud-
ies in children has shown wide variability in CL and
Vd as a result of maturation and pathophysiological
changes

ii. This review of vancomycin pharmacokinetics and
pharmacodynamics has shown that there is even
higher variability in the PICU context, even when
excluding patients with AKI, and has highlighted the
need for much more detailed studies.
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5 Conclusion

Much more detailed studies with higher numbers of patients
and samples will be required in order to understand the rela-
tionships between vancomycin therapy, pharmacokinetic/
pharmacodynamic studies and modelling, and patient out-
comes (death and adverse outcomes such as AKI). Those
studies will require a much more standardized approach to
methodology in the sampling, measurement, modelling and
integration of relevant critical care elements. In the interim,
it would seem reasonable to continue with therapeutic drug
monitoring on a frequent basis until at least there is assur-
ance that the patients have indeed stabilized and reached a
steady state.

6 Recommendations for Future Studies

i. Studying the pharmacokinetics of vancomycin while
considering age-related changes in renal function will
be informative but may be more appropriately done
outside of the PICU

ii. There is a need for standardized studies of vancomycin
pharmacokinetics and pharmacodynamics in the PICU
context

iii. The potential effect of drug—plasma protein binding in
critical illness in children should be evaluated

iv. The effect of drug—drug interactions of nephrotoxic
drugs in the PICU needs further evaluation, but this
will be challenging given the context

v. The effect of intermittent vs. continuous vancomycin
infusion on the plasma concentration in critically ill
children needs to be evaluated in more detail, although
continuous infusions seem appropriate

vi. Estimating the pharmacokinetics of vancomycin in
sub-populations of critically ill children defined by
their disease state may be helpful to understand the
effects of particular disease states and disease progres-
sion on vancomycin pharmacokinetics in the patient
sub-groups, but this will require both high numbers of
patients and drug sampling

vii. Prospective studies with sample sizes large enough
to establish the effects of covariates on vancomycin
pharmacokinetics and to make dosing recommenda-
tions are necessary.
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