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Vancomycin has been extensively used to treat infections caused by Gram-
positive bacteria. This antibiotic has a narrow therapeutic range, requiring
therapeutic drug monitoring (TDM) to determine the dose to maximize
therapeutic efficacy and minimize toxicity [1]. Due to significant variability
inter and intra-individuals of pediatric population, determining the right
dose for each patient could become more complicated. Recently, numerous
population pharmacokinetic (popPK) models have been established to guide
the dosing scheme in this population. This article aimed to systemically
review published pediatric popPK models and covariates responsible for
pharmacokinetic variability and dosage choices for pediatric patients. A
systemic literature search was conducted in PubMed from the inception to
August 2024 for pharmacokinetic research used popPK approaches in 1
month to 21 years old patients who were prescribed intravenous
vancomycin. This review included 37 eligible studies, which were built on
groups of children diverse in age and comorbid conditions. The majority
were one-compartment models (30/37). CL and Vd varied in a wide range,
0.06 to 0.286 L/h/kg and 0.285 to 4.63 L/kg, respectively. Pharmacokinetics
parameters were described by numerous covariates, of which age, weight,
and serum creatinine are the most common ones. This study provided a big
picture of established data on vancomycin popPK models in children.
Application of these data to identify the optimal dose needed for individual
child should be done in future researches.
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INTRODUCTION

Since 1958, vancomycin has been widely
used to treat infections caused by Gram-
positive bacteria in both adults and children.
In addition to its high bactericidal efficacy on
Gram-positive pathogens including
methicillin-resistant Staphylococcus aureus,
other notable features was its remarked
neuphrotoxicity and otoxicity. Vancomycin
showed dose-dependent efficacy and toxicity
with narrow therapeutic index feature [2]. In
addition, pharmacokinetic studies showed
large inter- and intra-individual variability
when using vancomycin in adults and
children [3, 4]. Therefore, despite its use for
nearly seven decades, optimal dosing of
vancomycin remains a challenge. These
characteristics led to the need for TDM to
ensure effectiveness and safety during the
treatment course [5]. Guidelines have been
developed for decades to guide the
monitoring of TDM treatment in both adults
and children [6]. Recently, a consensus
among the American Society of Hospital
Pharmacists, the American Society of
Infectious Diseases, the Society of Pediatric
Infectious Diseases, and the Society of
Infectious Diseases Pharmacists was issued
in 2020, recommending the implementation
of TDM aimed at reaching the target
AUC/MIC with AUC in the range of 400-600
mg.h/L in children of all ages. In addition, the
Bayesian method based on pharmacokinetic
models was also noted as a preferred
approach due to the advantage of requiring
fewer blood samples [1]. However, many
pharmacokinetic  models have been
developed for pediatric populations in
decades. Among them, which model would
be best to include as an a priori model for
Bayesian estimates in such a variable
population as children remains a question.
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This systematic review therefore was
conducted with the aim of synthesizing
population pharmacokinetic models that have
been developed in children, including
subgroups of children with specific
characteristics, and identifying the most
important covariates which can affect
vancomycin pharmacokinetic and dosing
regimen in general pediatric population as
well as each group.

METHODS

The literature screening was conducted on
the PubMed database, according to MeSH
terms appeared in any part (Any fields) of the
article. The groups of terms were determined
by the PICO question. Terms are connected
by “OR” within the same term group and
“AND” between groups. We used the filter
tool to retain full-text articles, written in
English and published before 31%, August
2024 with the searching syntax as below:

("pediatric"[Title/Abstract] OR "children"
[Title/Abstract] OR "infant"[Title/Abstract]
OR  "adolescent"[Title/Abstract] OR
"toddler" [Title/Abstract] OR "neonate"
[Title/Abstract] OR '"paediatric" [Title/
Abstract] OR "neonatal" [Title/Abstract] OR
"neonates" [Title/Abstract] OR "infants")
AND ("Vancomycin"[Title/Abstract]) AND
("kinetic"[Title/Abstract] OR "pharmacokinetics"
[Title/Abstract] OR "population pharmacokinetic"
[Title/Abstract] OR "population
pharmacokinetics"  [Title/Abstract] OR
"pharmacokinetic model"[Title/Abstract] OR
"pharmacokinetic analysis"[Title/Abstract]
OR "pharmacokinetic modeling"
[Title/Abstract] OR "popPK"[Title/Abstract]
OR "pop PK"[Title/Abstract] OR "PK
analysis"[Title/Abstract] OR "PK model"
[Title/Abstract] OR "compartmental
pharmacokinetic"  [Title/Abstract] OR
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"pharmacokinetic and pharmacodynamic
analysis"[Title/Abstract] OR  "PK/PD
analysis"[Title/Abstract] OR "non-linear
mixed effect model"[Title/Abstract] OR
"NLME"[Title/Abstract] OR "NLMIXED"
[Title/Abstract] OR "NONMEM"[Title/
Abstract] OR "Monolix"[Title/Abstract] OR
"ADAPT"[Title/Abstract] OR "WinNonMix"
[Title/Abstract] OR  "Phoenix"[Title/
Abstract] OR "MWPHARM"[Title/Abstract]
OR  "P-PHARM"[Title/Abstract] = OR
"Kinpop" [Title/Abstract] OR "Pmetrics"

[Title/Abstract] OR "pharmacometrics"
[Title/Abstract] OR "simulation"
[Title/Abstract] OR "dosing guidance"
[Title/Abstract])

All relevant articles were reviewed and
included if they developed at least one
vancomycin population pharmacokinetic
(popPK) model using nonlinear mixed-effect
(NLME) modeling approach; study subjects
were children 1 month to 21 years old using
intravenous vancomycin. Articles were
excluded if they were: (1) reviews, case
reports, guidelines; editorials, commentaries,
etc. (2) studies on other antibiotics (3) studies
on oral or inhaled vancomycin (4) full text
version not in English (5) they were
inaccessible or not downloadable (6) all
information of popPK model were not fully
provided. Risk of bias was independently
assessed by two research team members
using the National Heart, Lung and Blood
Institute Study Quality Assessment Tool for
Case Series Studies [7], which was
considered suitable for systematic reviews
that include observational studies [8, 9].
The research team also screened the searched
reviews’ to identify all related articles.
Relevant articles were also included in the
review if they met all the criteria mentioned
above.

Data was extracted by one research team
member into data collection sheets and then
were double-checked by another. Any
disagreement in bias accessing and data
extracting process was discussed to reach
final agreement. Collected data include:
publication information (author, year and
country of publication, study design),
population characteristics (population size,
age, weight, serum creatinine, patient status),
vancomycin dosing regimen and sampling
scheme, analytical assays, modeling method
(modeling software, structural models,
covariate selection method, validation
method) and the final model, typical value of
clearance and volume of distribution, inter-
individual variability (IIV), inter-occasion
variability (IOV) and residual unexplained
variability (RUV).

This article was within the framework of
the research conducted with approval from
the Vietnam National Children's Hospital
(Decision No. 5582/QD-BVNTW  on
December 8th, 2023).

RESULTS AND DISCUSSIONS

RESULTS

Of the 319 articles identified using
PubMed screening tools, 37 articles met the
research criteria (see Figure 1). All of these
studies were rated as good or fair when
assessing risk of bias and were included in the
analysis.

Study design and population characteristics

Of 37 included studies, 20/37 were
published from 2020-2024 (Table 1). Three
forth of the studies (29/37) retrieved data
retrospectively from therapeutic drug
monitoring practice, while 7 other studies
were conducted prospectively, and the newest
study was a clinical trial. These studies were
conducted in the U.S (13), China (12), other
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Reviews, case reports: 51
Including adults or neonates: 56
Studies on other antibiotics: 16
Not in English: 15

~
Articles identified after
PubMed searching
N=319
J

A

Do not propose any NLME
parametric PK model: 12
Duplicates: 4

Reviews, case reports: 1
Including adults or neonates: 12

Title/Abstract screening

\ 4

title/abstract screening
N=165

J

Do not propose any NLME
parametric PK model: 109
Full-text inaccessible: 4

A

Additional articles identified from

Full text screening

v

[ Articles retained after

other reviews: 0

~
Eligible articles
N=37
J
v
~\
Studies included in
synthesis and analysis
N =37 )

Figure 1. Screening and selecting article process

developed countries (Canada: 3, France: 2,
Japan: 1, Saudi Arabia: 1, Iran: 1, Bahrain:1)
or other low to middle income countries
(Thailand: 2, Jordan: 1). Sample sizes ranged
from 6 to 1892 patients, in which the studies
of Le et al. (2013) and Smit et al. (2021)
enrolled a significantly higher number of
patients than other studies, with 702 and 1892
patients [10, 11].

Two thirds included children of all ages
(25/37), some studies focused on specific age
groups. Zhang et al. (2016) and Li et al.
(2021) targeted the group of infants (2/37)
[12, 13] while some researched on older
children (9/37) including Lanke et al. (2016)
study, which recruited only adolescents 12 to
18 years old into the model [14]. In addition,
besides nearly half of studies included
children in general (16/37), others analyzed
groups with varying medical conditions.
Some models were established on patients
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with special physical status (obesity: 2,
augmented renal clearance: 3) or treatment
status (in pediatric intensive care unit: 5).
Others studies were conducted on patients
with infectious diseases (skin and soft tissue
infection or bone and joint infection: 1;
meningitis: 1, febrile neutropenia: 2) and/or
other comorbidities affecting
pharmacokinetic processes (cancer: 5, renal
failure: 1; cardiac diseases: 1) and/or having
interventions (ventricular assist device: 1,
hematopoietic stem-cell transplant: 1, liver
transplant: 1, neurosurgery: 1, continuous
renal replacement therapy (CRRT):1,
hypothermia: 1). The weight of study
populations varied in a wide range, notably,
the study by Lanke et al. (2016) had
significantly higher weight than other studies
with a median weight of 58.9 kg [14]. The
distribution of serum creatinine
concentrations in the studies was quite large,
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especially in the study by Moffet et al. (2020)
on CRRT patients with median of serum
creatinine concentration values of 0.72 mg/dL
(Table 1) [15].

Dosing and sampling scheme

Vancomycin was administered as
intermittent infusion (36/37) and continuous
infusion (2/37), in which the clinical trial of
Roshan et al. (2024) compared
pharmacokinetic target achievement between
intermittent and continuous infusion groups
[16]. The common dose was 40-60mg/kg/day
with a dose interval of 6h/8h/12h. Blood
samples for vancomycin quantitative assays
were typically drawn at steady state within 1
hour before the next dose (Ctrough) and/or
within 2 hours after infusion (Cpeak). The
exceptions were the samples collected right
after the first dose in the study of
Issaranggoon et al. (2020) [17] or the only
preoperative dose for surgical site
prophylaxis in the study of Brooks Peterson
(2020) [18]. The average number of samples
per patient during the vancomycin course was
1.35-7.19. Sparse-sampling strategy was
commonly applied while the dense sampling
strategy were conducted in some studies as
the study of Wrishko RE (2000) and
Issaranggoon (2020), collecting 10 samples
per patients, including 1 sample at 30 minutes
before infusion and 9 other samples after
infusion of the final dose and the first dose,
respectively  [17, 19].  Vancomycin
concentrations were measured mostly via
immunoassays such as enzyme multiplied
immunoassay technique (11/37),
fluorescence polarization immunoassay
(6/37) and chemiluminescent microparticle
immunoassay (4/37) (Table 1).

Modeling characteristics

Most of the studies used NONMEM
software (30/37 studies) to build models

while the remaining used Phoenix software
(4/17 studies) or Monolix (3/17 studies). The
first-order pharmacokinetic elimination
hypothesis was used in all analyses. Most of
the papers reported one-compartment models
(30/37) while two-compartment models were
reported in 7 other papers. All studies
described the variability in pharmacokinetic
parameters through inter-individual
variability (IIV), while inter-occasion
variability (IOV) was only mentioned in
Alsultan et al. study (2018) [20]. ITV and IOV
values are both expressed in exponential
functions in studies. The residual unexplained
variability (RUV) values were expressed
through a variety of different expressions,
including proportional (18/37), combined
additive and proportional (8/37), additive
(6/37), and exponential error model (5/37).

30/37 studies used the stepwise method to
determine factors that significantly affected
pharmacokinetic parameters, except for 7
studies that did not mention. Values of p-
index and AOFV with were used to decide to
select or eliminate covariates to models. The
most commonly cut-off value for decreased
OFV was >3.84 (p<0.05) (20/30 studies) in
forward inclusion, while for backward
elimination, OFV needed to increase more
than 6.63 or 10.83 (p<0.01 or <0.005) (17/30
studies).

The typical value of popPK parameters
varied over a wide range. In 30 one-
compartment models, estimated vancomycin
clearance (CL) values ranged from 0.06 to
0.286 L/h/kg, and volume of distribution
(Vd) ranged from 0.285 to 4.63 L/kg. The
interindividual  variability  (IIV)  of
vancomycin CL ranged from 14 to 58%, and
the IIV of Vd ranged from 12 to 77%. For
studies  establishing  two-compartment
pharmacokinetic models, estimated CL
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values ranged from 0.072 to 0.19 L/h/kg,
intercompartmental clearance (Q) ranged
from 0.13 to 8.49 L/h. Reported central
compartment volume of distribution (Vc)
fluctuated from 5.3 to 81 L and peripheral
volume of distribution (Vp) widely varied in
a range from 2.6 to 37.8 L with an extra
elevated value of 550 L in the study of Moffet
et al. (2019) on CRRT patients [15]. In two-
compartment models, IIV of CL ranged from
6-50%, 11V of V¢ from 5-147% while IIV of
Q and Vp were rarely reported (Table 2).

Weight, age, estimated glomerular
filtration rate (¢GFR) and serum creatinine
were the most common covariates recorded
in models. Weight was the selected covariate
in 35/37 studies as actual weight (33/35) or
fat free mass (FFM) in 2 studies of Moffet et
al. in 2019 on obese and CRRT patients [15,
21]. Age was included in the final model of
9/37 studies as actual age (7/9) or post
menstrual age (2/9). 10 studies identified
serum creatinine (Scr) as a factor that
significantly  influenced  vancomycin
clearance, while eGFR was recorded as a
covariate on clearance in 14 studies. Other
factors have also been retained in popPK
models, including gender, blood urea
nitrogen (BUN) concentration, serum cystatin
C, temperature, intravenous administration
route (intermittent or continuous infusion),
body surface area (BSA), ultrafiltration rate
(CRRTUF), dialysate rate (DILYSTE) and
days from liver transplant.

Internal validation was applied to all
models of which 7/37 studies were further
validated externally with independent data.
Internal validation was mainly performed
through goodness of fit (GOF), visual
predictive check (VPC), prediction-corrected
visual predictive check (pcVPC), and
normalized prediction distribution error
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(NPDE) charts. 29/37 studies used the
bootstrap method to determine the variation
range in population pharmacokinetic
parameters. Models were externally validated
based on bias and accuracy metrics.

DISCUSSIONS

The article is a compilation of research
studies focused on vancomycin
pharmacokinetics and in  pediatric
populations with varying conditions,

including renal function differences, obesity,
critical illness, and specific diseases such as
infections, cancers, etc. These studies
collectively aim to improve vancomycin
usage by using population pharmacokinetic
models and Bayesian estimation to ensure
efficacy and minimizing toxicity in children.
The number of studies published in the 2020-
2024 period is higher than during the
previous 20 years 2000-2020, in which most
of newer studies were conducted in Asian
countries rather than in American and
European countries as previously. This trend
suggests a global growing interest in
optimizing vancomycin treatment in children
following the 2020 consensus guideline [1].

Pharmacokinetic models

Most studies proposed one-compartment
model, generated from sparse sampling
strategy which may lead to not fully
describing the distribution phase of the drug
[10]. One-compartment models were largely
accepted to describe the vancomycin
pharmacokinetics in pediatric patients due to
the difficulties in collecting blood sample in
this vulnerable population [10, 22]. The 2-
compartment models were identified in
several studies by assuming 2-compartment
structural model when establishing study
methods [23] or employing dense sampling
strategy [17, 19] or collecting a wide range of
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concentrations at different time after dose
within a dosing interval [11, 15].

The estimated weight-adjusted clearance
values of the studies ranged from 0.06 to
0.286 L/h/kg, similar to the values recorded
in the previously reviews in children of
Chung et al. (2021) and Aljutayli et al.
(2021) [3, 8], but higher than the adult
values (0.0054-0.1279 L/h/kg) [4]. The most
common reported covariates on vancomycin
clearance were total body weight or FFM
(72%), estimated glomerular filtration rate
(38%), serum creatinine (27%), and
chronological age or postmenstrual age
(PMA) (24%). Although weight was the
most common predictor for CL, higher
weight-adjusted clearance in children may
not reflect true higher drug clearance than in
adult due to the influence of organ
maturation [24], presented by complex
maturation functions of weight on CL, from
a simple linear relation to a more complex
sigmoidal function (Table 2). It was also
demonstrated by allometric scaling
approach, using the theoretical power 0.75
or 1, or estimated powers, for actual body
weight, FFM or body weight corrected to 70
kg, or the mean/median body weight of
modeling data. In addition, kidney function
(expressed through Scr and eGFR) was
commonly reported as a covariate on
vancomycin clearance, in which eGFR
estimated by modified Schwartz or Traub
formula was proved to have high correlation
[25]. Recently, cystatine C attracted more
attention as a reliable predictor for
vancomycin clearance due to the stability of
this renal function biomarker [26, 27]. Le et
al. noted that age in linear function was also
a covariate of vancomycin clearance in their
serial studies [10, 25, 28-30]. In other
studies, age was also appeared in final

model, in linear, power or exponential
functions, or sigmoid function of PMA in
models for infants or younger children, to
reflect the effect of maturation on
vancomycin clearance [31].

Estimated value of the weight-adjusted
volume of distribution ranged from 0.285 to
4.63 L/kg, similar to the range published
previously [3, 8], but more largely when
compared with adult data of 0.4-1 L/kg [32].
This high variability could be attributed to the
wide range of total water content and
extracellular fluid volume in different ages
from birth to 18 years, in addition to the
diversity of disease states and renal function
in each study population. In critically ill
pediatric patients, Vd can be further altered
due to interventions that affected body fluid
during intensive care treatment [33]. Weight
was the only covariate retained on Vd in most
studies, in form of linear formula (65%) or
power formula (24%). Total body weight or
FFM itself or standardized to the study
median or to 70 kg, were utilized to express
the effect of size scaling on Vd. Based on
these results, although a 40-70 mg/kg/day
dose regimen was recommended in the
general pediatric population [34-36], other
dose regimens may be suggested in different
subgroups (see below).

Abnormal renal function

Several studies have been compared
vancomycin pharmacokinetic between renal
failure vs. normal renal function children,
showing that CL vancomycin in children with
impaired renal function is 30-80% lower than
normal group [13, 25, 34, 37]. Consequently,
AUC increased up to 1.9-2.8 times in renal
failure children, raising the ability to reach the
treatment target, but posing the patient to the
higher risk of nephrotoxicity [13]. Besides
serum creatinine and BUN, which reflect
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residual renal function, this study showed the
impact of renal replacement interventions via
dialysis flow rate, ultrafiltration rate on CL. CL
value were relatively low compared with other
studies, whereas larger Vd may be explained
by sparse sampling, large priming volumes in
continuous  veno-venous  hemofiltration
(CVVH), and fluid overload in this population
[15]. The results suggested that appropriate
initial dosing and aggressive TDM should be
considered in pediatric patients with renal
failure and dialysis [13, 15, 37].

On the other hand, the value of CL
vancomycin of augmented renal clearance
(ARC) children was 2-fold than the CL value
of normal group [38]. Covariates of CL on
ARC children included weight, age and
eGFR [12, 38, 39]. Based on these results, He
et al. (2021) proposed the initial dose 75
mg/kg/day in children 1 month - 12 years old
and 70 mg/kg/day in children 12-18 years old
[39]. For patients who had both underlying
diseases, including pediatric cancer patients,
pediatric intensive care patients and ARC
status  concurrently, a  series  of
pharmacokinetic models have also been built
to optimize the dose regimen (see below).

Obesity

Pharmacokinetic studies of vancomycin in
obese children have yielded inconsistent
results. A matched case-control study
between obese and normal-weight children
conducted by Le et al. (2015) showed that the
weight-adjusted CL and Vd of obese children
were lower than those of normal-weight
patients, by 10.8% and 2.2%, respectively.
Therefore, the authors suggested that dose
adjustment may not be necessary in obese
children. In addition, the study results also
suggested the use of weight®’® in vancomycin
popPK models of obese children [28]. When
building a model >70 kg children, Moffet et
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al. (2019) found the advantage of FFM over
actual weight in estimating pharmacokinetic
parameters. From the simulation results, the
research group proposed a dose regimen of
20 mg/kg/dose every 6 hours [21]. With a
large dataset of 1892 patients with various
degree of obesity and renal function, Smit et
al. (2021) noted the influence of actual
weight and renal function on the
pharmacokinetics of vancomycin. They
recommended a dose regimen based on both
weight and eGFR to ensure efficacy and
safety when using vancomycin, in which the
dose for children weighing >70 kg ranged
from 3-6-12-18 mg/kg every 12 hours,
corresponding to eGFR 10-30, 30-50, 50-90
and >90 ml/min/1.73 m2 [11].

Pediatric intensive care unit (PICU)

With rapidly changing pathophysiological
characteristics, including changes in plasma
protein levels, extracellular fluid volume, and
renal clearance, the intensive care pediatric
population often has higher CL and Vd than
the general population [26, 38, 40, 41].
Augmented renal clearance was often
observed in PICUs, occurring in 1 in 10
children according to a review by Avedissian
etal. (2017) [40]. As a result, vancomycin CL
in the ARC group increased up to 2-fold in
infants and 1.5-fold in older children
compared to the non-ARC group [38, 40],
lowering the ability to achieve trough
concentration and AUC targets in PICU
patients [16, 38, 40]. To address this issue,
Sridharan et al. (2021) proposed a dose of
60—80 mg/kg/day to achieve AUC/MIC > 400
[41]. Huang et al. (2022) suggested a higher
dose for infant population, up to 100 mg/kg
in the group with eGFR > 210 ml/min/1.73
m2 and noted that for premature and low birth
weight infants, the dose should be
individualized based on gestational age and
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weight [38]. Another concern raised from
some studies was the renal function
assessment formula as commonly used
Schwartz bedside formula renal did not
perform superior than others when
establishing vancomycin popPK models in
PICU patients [26, 40]. Based on a
comparison of eGFR estimates from different
formulas in the development of a suitable
pharmacokinetic model for vancomycin in
pediatric intensive care patients, Downes et
al. (2020) recommended that the use of
cystatin C-based renal function assessment
formulas may provide a better estimate of
vancomycin CL [26]. Taking a different
approach, Roshan et al. (2024) built a model
showing that continuous infusion of
vancomycin maintained a more stable AUC
and increased the likelihood of achieving the
target AUC > 400 mg.h/L to 82% compared
to 23% with intermittent infusion [16].

Cancer

In studies on children with cancers,
vancomycin CL and Vd were high and varied
over a wide range. Abdel Hadi et al. (2015)
reported CL 0.381 L/h and Vd 0.663 L in
pediatric cancer patients and suggested that
the dose should be increased higher than the
usual dose of 60 mg/kg/day [42]. In children
with hematological malignancies, both
research groups of Zhao and Wang noted CL
with high typical value and were affected by
renal clearance and weight, from which the
authors suggested increasing doses for this
group of patients, respectively 80-90
mg/kg/day and 73-106 mg/kg/day [36], [43].
Lv et al. (2020) built a popPK model on a
group of hematological cancer patients with
ARC status also found that CL vancomycin
was elevated and proposed an initial dose of
50-75 mg/kg/day [43]. Conducting a study on
both hematological and solid tumor patients,

Guilhaumou et al. (2016) found that Vd
ranged from 0.48 to 0.72 L/kg and CL ranged
from 0.08 to 0.14 L/h/kg, depending on each
subgroup of subjects (hematological
malignances using cyclosporine and not
using cyclosporine and solid tumors), thereby
proposing a weight-based dose for each

group [10].
Other populations
Some  authors have  developed

pharmacokinetic models for groups of
children with specific infectious diseases.
Xu et al. (2022) developed a popPK model
in a group of children with meningitis,
noting that only 10.7% of cases reached the
target trough concentration. They also
reported that weight and BUN were
covariates of CL and should be considered
in optimizing vancomycin doses in children
with meningitis [44]. Lv et al. (2023), when
developing an optimal dose regimen for
children with skin and soft tissue infections
and bone and joint infections, noted that CL
and Vd values were within the common
range of studies and proposed a high dose
regimen of 75-80 mg/kg/day to optimize the
ability to reach the therapeutic target
[45]. Shinamoto et al. (2021) conducted a
study on pediatric patients with febrile
neutropenia after hematopoietic stem cell
transplantation and found more than one-
third of patients had ARC and CL were
affected by weight, age, eGFR, and fever.
The research team therefore proposed to
individualize the initial dosing regimen for
each patient subgroup divided by these
factors [23].

Other researchers have developed
vancomycin popPK models in pediatric
populations undergoing medical

interventions. Zane et al. (2017) developed a
PopPK model for pediatric populations
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undergoing hypothermia for cardiac arrest,
finding that hypothermia could result in a
25% reduction in vancomycin CL in
pediatric patients with normal renal function
and up to 84% in pediatric patients with
impaired renal function [37]. Moffet et al.
(2020), in a study of pediatric patients with
ventricular assist devices (VADs), found that
this group had a 2-fold higher vancomycin
Vd than other children, suggesting that high-
dose regimens may be considered [46].
Similarly, Shoji et al., when studying the
group of children after liver transplantation,
noted a high Vd of vancomycin, which could
be explained by the large infusion volume
and the common cirrhosis after liver
transplantation, and proposed a dose regimen
of 45-80 mg/kg/day [47]. The authors all
recommended that strict TDM be performed
when using vancomycin in these special
patient groups [37, 46, 47].

Appropriate model and dosing regimen
for Vietnamese pediatric patients

From the above results, it seemed complex
to select a single popPK model and dosing
regimen for the general pediatric population.
The reasons for this include: (1) large
differences in different pediatric patient
groups in terms of age and maturity (2)
discrepancies between pediatric patient
groups with concomitant pathological
conditions and medical interventions (3) lack
of external validation studies of the
constructed models. To select an appropriate
model, further research is needed in which
models should be examined using TDM data
from local hospitals. The suitable dosage
regimens for targeted population should be
proposed based on factors related to age,
growth, physiological and pathological

factors to find a suitable dosage regimen. In
addition, Bayesian softwares and other
covariates that can be collected in medical
practice yet commonly available in routine
care such as cystaine C test results or PMA
values in Vietnam should be considered in
comming studies.

CONCLUSION

This study provides an overview of the
pharmacokinetic model of vancomycin in
children, including different pediatric
subgroups with different age, physiology and
pathology. The results show that besides the
common influencing factors including age,
weight, renal function with CL and weight
with Vd, there are many factors that can
influence  the  pharmacokinetics  of
vancomycin in pediatric groups, leading to
widely different estimates of CL and Vd
between studies. Selecting and validating a
specific popPK model into clinical practice
to optimize vancomycin dosage in children
should be carefully considered based on the
similarity of patient characteristics as well as
the model’s predictive performance for the
population of interest.

ACKNOWLEDGMENTS

We would like to thank the Vietnam
National Center of Drug Information and
Adverse Drug Reaction Monitoring, Hanoi
University of Pharmacy and the Institute of
Child Health Training and Research,
Department of General Planning, Vietnam
National Children's Hospital for method
supporting when carrying out the manuscript.

CONFLICTS OF INTEREST
None.

17



Ha T. Pham et al. JPRDI 2025, 24: 1-20

REFERENCES

1. Rybak MJ, Le J, Lodise TP, Levine DP, Bradley JS, Liu C, et al. Therapeutic monitoring of vancomycin for serious methicillin-resistant
Staphylococcus aureus infections: A revised consensus guideline and review by the American Society of Health-System Pharmacists, the
Infectious Diseases Society of America, the Pediatric Infectious Diseases Society, and the Society of Infectious Diseases Pharmacists. Am
J Health Syst Pharm. 2020; 19;77(11):835-64. DOI:10.1093/ajhp/zxaa036.

2. Rubinstein E, Keynan Y. Vancomycin revisited - 60 years later. Ffront Public Health. 2014;2:217. D0I:10.3389/fpubh. 2014.00217.

3. Aljutayli A, El-Haffaf|, Marsot A, Nekka F. An Update on Population Pharmacokinetic Analyses of Vancomycin, Part II: In Pediatric Patients.
(lin Pharmacokinet. 2022;61(1):47-70. D0I:10.1007/540262-021-01050-w.

4. Aljutayli A, Marsot A, Nekka F. An Update on Population Pharmacokinetic Analyses of Vancomycin, Part I: In Adults. Clin Pharmacokinet.
2020;59(6):671-98. DOI:10.1007/540262-020-00866-2.

5. (afaroA, Stella M, Mesini A, Castagnola E, Cangemi G, Mattioli F, et al. Dose optimization and target attainment of vancomycin in children.
(lin Biochem. 2024;125:110728. D0I:10.1016/ j.clinbiochem. 2024.110728.

6. Ye ZK, Li C, Zhai SD. Guidelines for therapeutic drug monitoring of vancomycin: a systematic review. PLoS One. 2014;9(6):€99044.
DOI:10.1371/journal. pone.0099044.

7. National HeartL, and Blood Institute,. National Institutes of Health. Quality Assessment Tool for Obser-vational Cohort and Cross-Sectional
Studies 2021 [Available from: https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools.

8. ChungE, Sen J, Patel P, Seto W. Population Pharmacokinetic Models of Vancomycin in Paediatric Patients: A Systematic Review. (lin
Pharmacokinet. 2021;60(8):985-1001. D0I:10.1007/540262-021-01027-9.

9. MaLL, WangYY,Yang ZH, Huang D, Weng H, Zeng XT. Methodological quality (risk of bias) assessment tools for primary and secondary
medical studies: what are they and which is better? Mil Med Res. 2020; 29;7(1):7. D0I:10.1186/540779-020-00238-8.

10. LeJ, Bradley JS, Murray W, Romanowski GL, TranTT, Nguyen N, et al. Improved vancomycin dosing in children using area under the curve
exposure. Pediatr Infect Dis J. 2013;32(4):e155-63. D01:10.1097/ INF.0b013e318286378e.

11. Smit C, Goulooze SC, Bruggemann RJM, Sherwin (M, Knibbe CAJ. Dosing Recommendations for Vancomycin in Children and Adolescents
with Varying Levels of Obesity and Renal Dysfunction: a Population Pharmacokinetic Study in 1892 Children Aged 1-18 Years. AAPS J.
2021; 11;23(3):53. DOI:10.1208/512248-021-00577-x.

12. LiDY,LiL, Li GZ, HuYH, Guo HL, Jing X, et al. Population Pharmacokinetics Modeling of Vancomycin Among Chinese Infants With Normal
and Augmented Renal Function. Front Pediatr. 2021;9:713588. D0I:10.3389/ fped.2021.713588.

13. Zhang H, Wang Y, Gao P, Hu J, Chen Y, Zhang L, et al. Pharmacokinetic Characteristics and Clinical Outcomes of Vancomycin in Young
Children With Various Degrees of Renal Function. J (lin Pharmacol. 2016;56(6):740-8. DOI:10.1002/jcph.653.

14. Lanke S, YuT, Rower JE, Balch AH, Korgenski EK, Sherwin CM. AUC-Guided Vancomycin Dosing in Adolescent Patients With Suspected
Sepsis. J Clin Pharmacol. 2017;57(1):77-84. D01:10.1002/jcph.782.

15. Moffett BS, Morris J, Munoz F, Arikan AA. Population pharmacokinetic analysis of vancomycin in pediatric continuous renal replacement
therapy. Eur J Clin Pharmacol. 2019;75(8):1089-97. D0I:10.1007/500228-019-02664-7.

16. Roshan NSB, Mirrahimi B, Najmeddin F, Ahmadizadeh SN, Behzad A, Hashemi SM, et al. Comparison of the Areas Under the Curve of
Vancomycin Continuous vs. Intermittent Infusion in Critically Ill Pediatrics: A Randomized Clinical Trial. /ran J Pharm Res.
2024;23(1):2145933. DOI:10.5812/ijpr-145933.

17. Issaranggoon Na Ayuthaya S, Katip W, Oberdorfer P, Lucksiri A. Correlation of the vancomycin 24-h area under the concentration-time
curve (AUC(24)) and trough serum concentration in children with severe infection: A clinical pharmacokinetic study. Int J Infect Dis.
2020;92:151-9. D0I:10.1016/ j.ijid.2019.12.036.

18. Brooks Peterson M, Cohen MN, O'Neill BR, Garg S, Child J, Henthorn TK, et al. Preoperative Vancomycin Administration for Surgical Site
Prophylaxis: Plasma and Soft-Tissue Concentrations in Pediatric Neurosurgical and Orthopedic Patients. Anesth Analg. 2020;130(5):1435-
44.D0I:10.1213/ ANE.0000000000004340.

19. Wrishko RE, Levine M, Khoo D, Abbott P, Hamilton D. Vancomycin pharmacokinetics and Bayesian estimation in pediatric patients. Ther
Drug Monit. 2000;22(5):522-31. D0I:10.1097/00007691-200010000-00004.

18



Ha T. Pham et al. JPRDI 2025, 24: 1-20

20.

21.

22.

23.

24,

25.

26.

2].

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Alsultan A, Abouelkheir M, Algahtani S, Aljabri A, Somily AM, Alsubaie S, et al. Optimizing Vancomycin Monitoring in Pediatric Patients.
Pediatr Infect Dis J. 2018;37(9):880-5. D0I:10.1097/ INF.0000000000001943.

Moffett BS, Ivaturi V, Morris J, Akcan Arikan A, Dutta A. Population Pharmacokinetic Assessment of Vancomycin Dosing in the Large
Pediatric Patient. Antimicrob Agents Chemother. 2019;63(4). D0I:10.1128/ AAC.02359-18.

Marsot A, Boulamery A, Bruguerolle B, Simon N. Vancomycin: a review of population pharmacokinetic analyses. Clinical pharmacokinetics.
2012; 1;51(1):1-13. DOI:10.2165/11596390-000000000-00000.

Shimamoto Y, Verstegen RHJ, Mizuno T, Schechter T, Allen U, Ito S. Population pharmacokinetics of vancomycin in paediatric patients
with febrile neutropenia and augmented renal clearance: development of new dosing recommendations. J Antimicrob Chemother. 2021;
11;76(11):2932-40. DOI:10.1093/jac/dkab302.

Holford N, Heo YA, Anderson B. A pharmacokinetic standard for babies and adults. J Pharm Sci. 2013;102(9):2941-52. D0I:10.1002/
jps.23574.

Le J, Vaida F, Nguyen E, Adler-Shohet FC, Romanowski G, Kim J, et al. Population-Based Pharmacokinetic Modeling of Vancomycin in
Children with Renal Insufficiency. J Pharmacol Clin Toxicol. 2014;2(1):1017-26.

Downes KJ, Zane NR, Zuppa AF. Effect of Cystatin C on Vancomycin Clearance Estimation in Critically Il Children Using a Population
Pharmacokinetic Modeling Approach. Ther Drug Monit. 2020;42(6):848-55. D0I:10.1097/ FTD.0000000000000796.

LuJJ, Chen M, Lv CL, Zhang R, Lu H, Cheng DH, et al. A Population Pharmacokinetics Model for Vancomycin Dosage Optimization
Based on Serum Cystatin C. European journal of drug metabolism and pharmacokinetics. 2020;45(4):535-46. D01:10.1007/513318-
020-00621-9.

Le J, Capparelli EV, Wahid U, Wu YS, Romanowski GL, Tran TM, et al. Bayesian Estimation of Vancomycin Pharmacokinetics in Obese
(Children: Matched Case-Control Study. Clin Ther. 2015;1;37(6):1340-51. DOI:10.1016/ j.clinthera.2015.05.006.

Le J, Ngu B, Bradley JS, Murray W, Nguyen A, Nguyen L, et al. Vancomycin monitoring in children using bayesian estimation. Ther Drug
Monit. 2014;36(4):510-8. DOI:10.1097/FTD.0000000000000039.

LeJ, Ny P, Capparelli E, Lane J, Ngu B, Muus R, et al. Pharmacodynamic Characteristics of Nephrotoxicity Associated With Vancomycin Use
in Children. J Pediatric Infect Dis Soc. 20154(4):¢109-16. D0I:10.1093/ jpids/piu110.

Anderson BJ, Allegaert K, Holford NH. Population clinical pharmacology of children: modelling covariate effects. Eurapean journal of
pediatrics. 2006;165(12):819-29. PDOI:10.1007/500431-006-0189-x.

Rybak MJ. The Pharmacokinetic and Pharmacodynamic Properties of Vancomycin. Clinical Infectious Diseases.
2006;42(Supplement_1):535-59. eng. D0I:10.1086/491712 % Clinical Infectious Diseases.

Akunne 00, Mugabo P, Argent AC. Pharmacokinetics of Vancomycin in Critically Ill Children: A Systematic Review. European journal of drug
metabolism and pharmacokinetics. 2022;47(1):31-48. D01:10.1007/513318-021-00730-z.

WangY, Gao P, Zhang H, Chen Y, Niu C, Liu M, et al. How Much Vancomycin Dose Is Enough For The MRSA Infection in Pediatric Patients
With Various Degrees of Renal Function? fran J Pharm Res. 2019;18(2):995-1009. D0I:10.22037/ ijpr.2019.1100654.

ShenX, LiX, LuJ, ZhuJ, HeY, Zhang Z, et al. Population pharmacokinetic analysis for dose regimen optimization of vancomycin in Southern
Chinese children. CPT Pharmacometrics Syst Pharmacol. 2024;13(7):1201-13. D0I:10.1002/psp4.13151.

Chuphan C, Sukarnjanaset W, Puthanakit T, Wattanavijitkul T. Population Pharmacokinetics and Pharmacodynamics of Vancomycin in
Pediatric Patients With Various Degrees of Renal Function. J Pediatr Pharmacol Ther. 2022;27(5):419-27. D0I:10.5863/1551-6776-27.5.419.
Zane NR, Reedy MD, Gastonguay MR, Himebauch AS, Ramsey EZ, Topjian AA, et al. A Population Pharmacokinetic Analysis to Study the
Effect of Therapeutic Hypothermia on Vancomycin Disposition in Children Resuscitated From Cardiac Arrest. Pediatr Crit Care Med.
2017;18(7):e290-e7. DOI:10.1097/ PCC.0000000000001198.

Huang GM, Qiu Y, Liu TT, Lu JJ. Comparison of Vancomycin Clearance Between Augmented Renal Clearance and Normal Renal Function
in Critically Ill Infants: A Population Pharmacokinetics Study. J Clin Pharmacol. 2022;62(7):863-72. D0I:10.1002/ jcph.2029.

He CY, Ye PP, Liu B, Song L, van den Anker J, Zhao W. Population Pharmacokinetics and Dosing Optimization of Vancomycin in Infants,
Children, and Adolescents with Augmented Renal Clearance. Antimicrob Agents Chemother. 2021; 17;65(10):20089721. DOI:10.1128/
AAC.00897-21.

19



Ha T. Pham et al. JPRDI 2025, 24: 1-20

40.

41.
42,

43.

45.

46.
47.
48.

49,

50.

51.

20

Avedissian SN, Bradley E, Zhang D, Bradley JS, Nazer LH, Tran TM, et al. Augmented Renal Clearance Using Population-Based
Pharmacokinetic Modeling in Critically Ill Pediatric Patients. Pediatr Crit Care Med. 2017;18(9):e388-e94. DO0I:10.1097/
PCC.0000000000001228.

Sridharan K, Abbasi MY, Mulubwa M. Population Pharmacokinetics and Dose Optimization of Vancomycin in Critically lll Children. European
journal of drug metabolism and pharmacokinetics. 2021;46(4):539-46. D0I:10.1007/513318-021-00695-z.

Abdel Hadi 0, Al Omar S, Nazer LH, Mubarak S, Le J. Vancomycin pharmacokinetics and predicted dosage requirements in pediatric cancer
patients. J Oncol Pharm Pract. 2016;22(3):448-53. D0I:10.1177/1078155215591386.

LvCL, LuJJ, Chen M, Zhang R, Li QC, ChenYY, et al. Vancomycin population pharmacokinetics and dosing recommendations in haematologic
malignancy with augmented renal clearance children. J Clin Pharm Ther. 2020;45(6):1278-87. DOI:10.1111/jcpt.13206.

. XuJ,ZhuY, Niu P, LiuY, Li D, Jiang L, et al. Establishment and application of population pharmacokinetics model of vancomycin in infants

with meningitis. Pediatr Neonatol. 2022;63(1):57-65. D0I:10.1016/j.pedneo.2021.06.018.

LvM, Yang P, Zhang S, Wang L, Sun K, Zhao L. Population Pharmacokinetics and Dosage Optimization of Vancomycin in Pediatric Patients
with Skin and Soft Tissue Infections, Bone, and Joint Infections. Antimicrob Agents Chemother. 2023; 24;67(1):e0162422. D0I:10.1128/
aac.01624-22.

Moffett BS, Humlicek T, Akcan-Arikan A, Anders M, Tume S. Population Pharmacokinetics of Vancomycin in the Pediatric Ventricular
Assist Device Population. Pediatr Crit Care Med. 2020;21(8):e566-e71. D0I:10.1097/PCC.0000000000002349.

ShojiK, Saito J, Nakagawa H, FunakiT, Fukuda A, Sakamoto S, et al. Population Pharmacokinetics and Dosing Optimization of Vancomycin
in Pediatric Liver Transplant Recipients. Microbiol Spectr. 2021, 31;9(2):e0046021. DOI:10.1128/ Spectrum.00460-21.

ZhaoW, Zhang D, Fakhoury M, Fahd M, Duquesne F, Storme T, et al. Population pharmacokinetics and dosing optimization of vancomycin
in children with malignant hematological disease. Antimicrob Agents Chemother. 2014;58(6):3191-9. D0I:10.1128/AAC.02564-13.
Guilhaumou R, Marsot A, Dupouey J, Galambrun C, Boulamery A, Coze C, et al. Pediatric Patients With Solid or Hematological Tumor
Disease: Vancomycin Population Pharmacokinetics and Dosage Optimization. Ther Drug Monit. 2016; 38(5):559-66. D0I:10.1097/
FTD.0000000000000318.

Wang H, Huang L, Wang J, NiY, Zhu Z, Gao P, et al. Population Pharmacokinetic Study of Vancomycin in Chinese Pediatric Patients with
Hematological Malignancies. Pharmacotherapy. 2020; 40(12):1201-9. DOI:10.1002/phar.2473.

ZhangT, Cheng H, Pan Z, MiJ, Dong Y, Zhang Y, et al. Desired vancomycin trough concentration to achieve an AUC(0-24) /MIC >/=400
in Chinese children with complicated infectious diseases. Basic Clin Pharmacol Toxicol. 2020;126(1):75-85. DOI:10.1111/ bept.13303.





