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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 μg/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 24 < 400 µg·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-
cokinetics in critically ill children.

Some variability in vancomycin pharmacokinetics has 
been attributed to age, weight, renal function, protein 
binding, temperature, fluid balance and concomitant 
medication.

Exploration of other factors that may affect vancomycin 
pharmacokinetics is required.
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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 24), 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 24 is generally not available, so 
trough levels of antibiotics are often used as proxy measures 
of AUC 24 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 24 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 

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 24 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 (t1/2) 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 
curve, MIC minimal inhibitory 
concentration 

o

652 Records iden�fied through 
databases searching 

290 ar�cle �tles screened

120 Records excluded based on �tle review 

170 ar�cle abstracts 
screened 

362 duplicate documents removed 

116 Ar�cles excluded based on abstract 
review 

54 Full-text ar�cles 
assessed for eligibility 

41 Full-text ar�cles excluded because

• They were not conducted in the ICU
• They included a mixed popula�on 

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

assessed
• Only assessed AUC/MIC

13 ar�cles included in 
systema�c review
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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  Sample size

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  m2 (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 μmol/L [20–23, 25–28, 30] 
(Table 1). Creatinine clearance  (CLCR) was between 7.8 and 
164.1 mL/min/1.73  m2 [3, 20, 21, 23, 25–29], with very low 
 CLCR observed in the study by Zane et al. [20]. Patients with 
AKI and RRT in the study by Zylbersztajn et al. [26] had low 
 CLCR compared to patients with only AKI.

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].
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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 μg/mL [23], 0.67 μg/mL 
[25] and 1.7 μg/mL [29], respectively. Two studies indicated 
upper limits of detection of 90 μg/mL [23] and 80 μg/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  (CLCR), 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, 
Q, V1 and V2. 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  m2), reduced (31–89 
mL/min/1.73  m2) or normal (90–140 mL/min/1.73  m2) 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 μg/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 Ill 
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 μg/mL. 
Vancomycin trough concentrations were less than 15 μg/mL 
in 8 of the 10 studies [3, 21–24, 29–31], and only 2 studies 
reported a trough concentration of >15 μg/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 μg/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 
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(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 ± 3.2 h vs. 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 24 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 24 by dividing 
the 24-h dose (mg/day) by the vancomycin CL (L/h).

Sridharan et al. [21] calculated AUC 0–t as the AUC for the 
dosing interval between 6 and 12 h. AUC 0−∞ was extrapo-
lated by adding AUC 0–t to the ratio of the vancomycin con-
centration at the last time point upon kel. They determined 
AUC 0−24 by multiplying AUC 0−∞ 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 0 to 8 h and then 
calculated the AUC 0-24 by tripling the AUC 0-8.

Giachetto et al. [31] used the formula AUC 24 = daily 
dose/clearance. For the AUC 0−24/MIC ratio, MIC values of 
1 µg/mL and 2 µg/mL were considered.

Five studies reported AUC 0−24 < 400 µg·h/mL [3, 21, 
23, 25, 31].

In the study by Acuña et al. [24], a therapeutic AUC 0-24 
(> 400 μg·h/mL) was observed in 39% of the 41 patients 
with trough plasma concentrations of 5–15 μg/mL. Impor-
tantly, a therapeutic vancomycin AUC 0−24 (≥ 400 μg·h/mL) 
was obtained in 16% of patients with initial trough vancomy-
cin concentrations between 5.0 and 9.9 μg/mL and in 81% of 
patients with initial plasma trough concentrations between 
10.0 and 15 μg/mL. The AUC 0−24 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 0−24 > 400 µg·h/mL; however, AUC 0-24 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 0−24 on the first day of 
treatment was the same as the AUC 0-24 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 0−24 > 400 μg·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 0-24 [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 
μg/L is recommended [33].

Acuña et al. [24] evaluated the percentage of patients with 
trough plasma levels in the therapeutic range of 5–15 μg/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 
μg/mL and peak concentrations of 25–40 μg/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 μg/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 μg/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) μg/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 μg/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 

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) μg/mL; after 
dosing adjustment it was 15.5 (10–25.7) μg/mL.

Peak vancomycin concentrations of above 20–40 µg/mL 
and trough vancomycin concentrations above 5–10 µg/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 µg/mL) and 16 had therapeutic trough concen-
trations (5.02–2 µg/mL). After dose adjustment (44 mg/kg/
day) in 15 children, therapeutic peak (20.56–45.4 µg/mL) 
and trough (6.65–29.2 µg/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 μg/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 μg/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 μg/mL in 35 (13.6%) of the 
256 plasma measurements, while trough concentrations of > 
20 μg/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 24/MIC ≥ 400 is recommended for bacteria 
with a MIC ≤ 1 µg/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 24/MIC > 400.

Assuming a MIC ≤ 1 μg/mL, 25% of the 28 of patients 
in the study by Genuini et al. [25] reached the target AUC 24/
MIC of > 400. Vancomycin serum concentrations in these 
children were all > 15 μg/mL (17.1–23.7 μg/mL).

In the study by Giachetto et al. [31], most patients (>70%) 
attained minimum therapeutic trough concentrations (5–10 
µg/mL). However, on day 1, only 9 of 18 children attained 
AUC 24/MIC > 400 when MIC = 1 µg/mL, and when MIC = 
2 µg/mL, only 1 patient attained AUC 24/MIC > 400. On day 
3, 7 children attained an AUC 24/MIC < 400 when MIC = 1 
µg/mL, and 1 patient did when MIC = 2 µg/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 µg/mL. In all patients with trough 
concentrations of > 15 µg/mL, the AUC/MIC was > 400. 
In the study by Seixas et al. [27], when MIC = 1 µg/mL, a 
trough serum concentration of ≥ 15  µg/mL had a 94% posi-
tive predictive value for AUC 24/MIC > 400, with a negative 
predictive value of 75% (sensitivity = 73%; specificity = 
95%). For a MIC of 1.5 µg/mL, a trough serum concentra-
tion of ≥ 15 µg/mL showed a 64% positive predictive value 
for AUC 24/MIC > 400, with a negative predictive value of 
97% (sensitivity = 95%; specificity = 79%). When MIC = 
2 µg/mL, trough levels of ≥ 15 µg/mL had a 33.6% posi-
tive predictive value for AUC 24/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 
μg/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 μg/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  m2 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 µg/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  m2) 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 24. None of the children 
with ARC achieved AUC 24 > 400 μg·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 μg/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 24 
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 (6–17 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 24 > 400 μg·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 μg/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) μg/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 μg/mL to 13.0 ± 
4.8 μg/mL after dose adjustment from 43.4 ± 9.0 mg/kg to 
98.0 ± 17.9 mg/kg.

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 
24 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, t1/2 and AUC 24, 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 24 > 400 μg·h/mL was not affected by 
vancomycin binding, it is difficult to know what the implica-
tions of protein binding would be for AUC 24/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 24 was calculated in many of the studies, and this 
has come under increased focus, as adult studies suggest 
that AUC 24 > 400 μg·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 24 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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