
Population Pharmacokinetics and Dosing Optimization of
Vancomycin in Infants, Children, and Adolescents with
Augmented Renal Clearance

Cui-Yao He,a,g Pan-Pan Ye,b,h Bin Liu,a,g Lin Song,a,g John van den Anker,c,d,e,i,j Wei Zhaob,f,h

aDepartment of Pharmacy, Children’s Hospital of Chongqing Medical University, Chongqing, China
bShandong Provincial Qianfoshan Hospital, Shandong Engineering and Technology Research Center for Pediatric Drug Development, Shandong Medicine and Health
Key Laboratory of Clinical Pharmacy, Jinan, China

cDivision of Clinical Pharmacology, Children’s National Hospital, Washington, DC, USA
dDepartment of Pediatrics, George Washington University, School of Medicine and Health Sciences, Washington, DC, USA
eDepartment of Pediatric Pharmacology and Pharmacometrics, University Children’s Hospital Basel, University of Basel, Basel, Switzerland
fDepartment of Clinical Pharmacy, Key Laboratory of Chemical Biology (Ministry of Education), School of Pharmaceutical Sciences, Cheeloo College of Medicine,
Shandong University, Jinan, China
gNational Clinical Research Center for Child Health and Disorders, Ministry of Education Key Laboratory of Child Development and Disorders, China International Science
and Technology Cooperation Base of Child Development and Critical Disorders, Chongqing Key Laboratory of Pediatrics, Chongqing, China

hDepartment of Clinical Pharmacy, Clinical Trial Center, The First Affiliated Hospital of Shandong First Medical University, Jinan, China
iDepartment of Pharmacology and Physiology, George Washington University, School of Medicine and Health Sciences, Washington, DC, USA
jDepartment of Genomics and Precision Medicine, George Washington University, School of Medicine and Health Sciences, Washington, DC, USA

ABSTRACT Augmented renal clearance (ARC) can cause underexposure to vancomy-
cin, thereby increasing the risk of treatment failure. Our objective was to evaluate pop-
ulation pharmacokinetics and optimize the dosing regimen of vancomycin in a pediat-
ric population with ARC. Sparse pharmacokinetic sampling and therapeutic drug
monitoring (TDM) data were collected from pediatric patients with ARC treated with
vancomycin. A pharmacokinetic model was developed using NONMEM 7.2. The dosing
regimen was optimized using Monte Carlo dose simulations. A total of 242 vancomycin
serum concentrations from 113 patients (age range, 0.4 to 14.9 years; 49 females and
64 males) were available. The mean vancomycin dose was 58.8mg/kg body weight/
day (13.6mg/kg/dose), and the mean vancomycin serum trough concentration was
6.5mg/liter. A one-compartment pharmacokinetic model with first-order elimination
was developed. Body weight and age were the most significant and positive covariates
for clearance and volume of distribution. For the pediatric population with ARC, the
current recommended vancomycin dose of 60mg/kg/day was associated with a high
risk of underdosing. To reach the target area under the concentration-time curve over
24 h in the steady state divided by the MIC (AUC/MIC) ratio of 400 to 700 in these pe-
diatric patients, the vancomycin dose should be increased to 75mg/kg/day for infants
and children between 1month and 12years of age and 70mg/kg/day for adolescents
between 12 and 18years of age. In conclusion, a one-compartment pharmacokinetic
model with first-order elimination was established with body weight and age as signifi-
cant covariates. An optimal dosing regimen was developed in pediatric patients with
ARC aged 1month to 18 years.

KEYWORDS vancomycin, augmented renal clearance, children, pharmacokinetic, dose
simulation

Vancomycin is a glycopeptide antibiotic with excellent antibacterial activity against
Gram-positive bacteria, and it is still the first-line treatment for infections caused

by methicillin-resistant Staphylococcus aureus (MRSA) in children (1). Vancomycin is
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administered by intravenous infusion with a duration of at least 1 h. It is almost entirely
eliminated by the renal route.

The Infectious Diseases Society of America (IDSA) guidelines recommend the use of
vancomycin at 15mg/kg body weight/dose every 6 h to treat serious or invasive infec-
tious disease in children, but the recommended doses have not been broken down
according to age groups (2). The best index to evaluate the clinical efficacy of vanco-
mycin is the ratio of the concentration-time curve (AUC) to the MIC (AUC/MIC) (3). To
achieve the recommended target AUC/MIC of $400, the IDSA guidelines recommend
that the target vancomycin trough concentrations in adult and pediatric patients
should be 15 to 20mg/liter. However, there is evidence that this recommended dose
of 60mg/kg/day could lead to subtherapeutic trough concentrations in critically ill
patients (4–7).

Recently, the concept of augmented renal clearance (ARC) has emerged, which is
described as enhanced renal clearing capacity primarily occurring in critically ill
patients (8). It has been shown that adult patients with ARC exhibit lower vancomycin
concentrations and may have subtherapeutic concentrations with the currently recom-
mended dosing regimen (9, 10). Though a few studies demonstrated that ARC is asso-
ciated with increased vancomycin clearance in children, the optimal dose of vancomy-
cin has not been established for different age groups of pediatric patients (11). In
critically ill children with ARC, inadequate vancomycin treatment doses may lead to
increased infection-related morbidity and mortality, necessitating the optimization of
the vancomycin dosing regimen. The objective of our study was to develop a popula-
tion pharmacokinetic model of vancomycin in pediatric patients with ARC in order to
clarify the pharmacokinetic characteristics and optimize the dosing regimen for these
pediatric patients.

RESULTS
Study population. A total of 242 vancomycin plasma samples from 113 patients

(175 therapeutic drug monitoring [TDM] and 67 sparse pharmacokinetics) were
included in this investigation. Among the patients were 40 infants with an age of
,2 years, 62 children with age of 2 to ,12 years, and 11 adolescents with an age of 12
to 18 years. The median (range) age and bodyweight at the time of study were 4.5 (0.4
to 14.9) years and 15.0 (6.0 to 62.0) kg, respectively. A summary of patient characteris-
tics is presented in Table 1. The concentration range of vancomycin plasma samples
was 0.67 to 40.28mg/liter. The concentration-versus-time profile is shown in Fig. 1.

Pharmacokinetic model building. A one-compartment model with first-order
elimination provided the best fit of the drug concentration-versus-time data. The
model was parameterized in terms of clearance rate (CL) and apparent volume of dis-
tribution (V) of vancomycin. Interindividual variability of CL and V and residual variabili-
ty were best described by an exponential model. The interindividual variabilities of CL
and V declined from 55.5% and 63.3% in the base model to 22.6% and 14.7% in the
final model, respectively. The residual variability changed slightly from 31.3% in the
base model to 31.8% in the final model.

In the forward selection process, a priori, the body weight was incorporated into
the base model, which caused a significant drop in the objective function value (OFV)
of 150.295 points. Age caused an additional significant drop in OFV of 13.497 points.
Although estimated glomerular filtration rate (eGFR) was added to the model in the
forward selection process of covariates, it was eliminated in the backward selection
process. None of other tested covariates caused an additional significant decline in the
OFV. The specific covariate analysis results are shown in Table 2.

The median (range) values of estimated weight-normalized CL and V at steady state
were 0.14 (0.07 to 0.24) liters/h/kg body weight and 0.45 (0.37 to 0.48) liters/kg body
weight, respectively. Figure 2 indicates the weight-normalized CL of different age
groups. The weight-normalized CL declined with age.

Model diagnosis. Model diagnostics showed that the final model of vancomycin
had an acceptable goodness of fit. Figure 3A and B show no bias in predicting
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concentration. Figure 3C and D show that there is no trend between population pre-
dicted concentration (PRED) and conditional weighted residuals (CWRES) or between
time and CWRES. The results of normalized prediction distribution errors (NPDE) are
shown in Fig. 3E and F. The average value of NPDE was 0.123, and the variance was
1.02, which indicated that the model was consistent with individual data. In addition,
as shown in Table 3, the median values of the parameters estimated by a bootstrap
method were consistent with the corresponding values of the final model, indicating
that the final model was stable and that the parameters estimated by the population
pharmacokinetic model can be reconfirmed. The visual predictive check (VPC) result
(Fig. 4) showed that the 5th, 50th, and 95th percentiles of the observed concentrations

FIG 1 Vancomycin concentration versus time.

TABLE 1 Baseline characteristics of 113 patients

Characteristica

Value

No. Median Range
Patients 113
Infants (,2 yrs) 40
Children (2 to,12 yrs) 62
Adolescents (12 to 18 yrs) 11

Samples 242
Sex (no. of male/no. of female) 64/49
Age (yr) 4.50 0.44–14.88
Current wt (kg) 15.0 6.00–62.00
Scr (mg/dl) 0.28 0.16–0.56
eGFR 199 160–332
BUN (mmol/liter) 2.90 0.71–13.4
CysC (mg/liter) 0.75 0.52–1.28
ALB (g/liter) 35.8 21.8–67.3
AST (U/liter) 32.0 6.10–498
ALT (U/liter) 29.1 3.50–390

Primary diseases
Infection 62
Nonsolid tumor 41
Solid tumor 10

Vancomycin dose (mg/kg/day) 58.82 11.69–133.93
Vancomycin dose (mg/kg/dose) 13.64 5.00–22.32
aScr, serum creatinine concentration; eGFR, estimated glomerular filtration rate; BUN, blood urea nitrogen; CysC,
cystatin C; ALB, serum albumin; AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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were within the 95% confidence interval of predicted concentration, which proves the
accuracy and adaptability of the model.

Dosing regimen evaluation and optimization. The attainment rates of AUC/MIC
with the current dosing regimen were 28.4%, 38.2%, and 33.3% in infants, children,
and adolescents, respectively. We simulated the vancomycin dose of 40, 60, 70, 75, 80,
90, 100, and 120mg/kg body weight/day to optimize the effect and minimize toxicity.
Figure 5 illustrates the AUC/MIC of every vancomycin dose for different age groups. It
indicates that 75mg/kg/day was the optimal daily dose for infants and children, and
70mg/kg/day was the optimal daily dose for adolescents. When using a vancomycin
dosing regimen of 75mg/kg/day in infants and children with ARC, the proportion with
AUC/MIC values between 400 and 700 were 78.7% and 77.7%, respectively. For adoles-
cents, using a vancomycin dosing regimen of 70mg/kg/day, the proportion with AUC/
MIC values between 400 and 700 was 78.8%.

TABLE 2 Covariate analysis results

Selection process Covariatea
Pharmacokinetic
parameter(s)b OFVc DOFVd

Interindividual
variability (%)

Structural model 959.157 55.5

Step 1: Allometric model of wt CL, V 808.862 150.295e 27.5
Age CL 795.365 13.497f 22.6
Sex 808.843 0.019f 27.5

Step 2: Forward selection (in base of allometric model of wt) Age V 809.343 0.481f

Sex 808.852 0.01f

eGFR CL 801.794 7.068f 25.8
Scr 808.512 0.35f 27.3
BUN 806.810 2.052f 27.3
CysC 805.736 3.126f 27.4

Full model Wt CL, V 791.732 22.3
Age CL
eGFR CL

Step 3: Backward selection eGFR CL 795.364 3.632g 22.6
Final model Wt CL, V 795.364 22.6

Age CL
aeGFR, estimated glomerular filtration rate; Scr, serum creatinine concentration; BUN, blood urea nitrogen; CysC, cystatin C.
bCL, clearance; V, volume of distribution.
cOFV, objective function value.
dDOFV, variation of objective function value.
eDOFV of the allometric model of weight and the structural model.
fDOFV of allometric model in forward selection process and the allometric model of weight.
gDOFV of allometric model in backward selection process and the full model.

FIG 2 Effect of age on vancomycin clearance.
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DISCUSSION

Our study evaluated the population pharmacokinetics of vancomycin in pediatric
patients with ARC, and we have established an optimal dose regimen of vancomycin
for these patients between the ages of 1month and 18 years. ARC has been observed
in patients during the critical stages of their illness. The pediatric patients we studied
(62 with infections, 41 with nonsolid tumors, and 10 with solid tumors) represent dif-
ferent diseases that are associated with ARC.

FIG 3 Model evaluation for vancomycin. (A) Population predicted (PRED) versus observed (DV) concentrations; (B) individual
predicted (IPRED) versus DV concentrations; (C) conditional weighted residuals (CWRES) versus PRED; (D) CWRES versus time; (E) Q-
Q plot of the distribution of the normalized prediction distribution errors (NPDE) versus the theoretical N(0,1) distribution; (F)
histogram of the distribution of the NPDE, with the density of the standard Gaussian distribution overlaid.
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The high incidence of ARC in critically ill children is receiving increasing attention
(12). Van Der Heggen et al. (13) reported that 67% of critically ill children develop ARC
during their stay at the intensive care unit. Another study has shown that ARC was
identified in 1 of 10 critically ill children who were treated with vancomycin (14). In our
previous study, the incidence of ARC in children with MRSA in the intensive care unit
(ICU) was 31.7% (15). The physiological mechanism of ARC could be associated with
systemic inflammatory response syndrome (SIRS) (16–18). The mechanism of SIRS
includes not only infective factors but also noninfective factors. A large number of clin-
ical studies have confirmed that ARC can affect the pharmacokinetic characteristics of
antibiotics that are primarily cleared by the kidney, which is potentially dangerous for
patients with severe infections (19). From these investigations, it is clear that ARC can
result in subtherapeutic vancomycin concentrations (20–23). Since vancomycin is a
very important antimicrobial agent for use against Gram-positive bacteria, it is essential

TABLE 3 Population pharmacokinetic parameters of vancomycin and bootstrap results
(n= 1,000)

Pharmacokinetic parameter Value RSEa (%) Bootstrap median (5% to 95%)
CL (liters/h)b

u 1 2.27 5.9 2.30 (1.86–2.45)
u 2 0.11 28.7 0.11 (0.06–0.34)

V (liters)c

u 3 6.82 17.2 7.15 (6.04–9.35)

Interindividual variability (%)
CL 22.6 14.7 22.7 (16.6–30.9)
V 14.7 62.7 15.6 (5.1–31.7)

Residual variability (%) 31.8 7.6 31.2 (27.8–34.5)
aRSE, relative standard error of the estimate.
bCL, clearance. CL = u 1 � (wt/15)0.75� (age/4.5)u2, where wt is body weight, and age is measured in years.
cV, volume of distribution. V = u 3 � (wt/15).

FIG 4 Visual predictive check (VPC) of the final model. Black spots represent the observed vancomycin
concentrations. Solid and dashed lines represent the 50th percentile and the 5th and 95th percentiles,
respectively, of the observed concentrations; the three shaded areas represent the 95% confidence
intervals of the 5th, 50th, and 95th percentiles of the simulated concentrations.
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to have a population pharmacokinetic model of patients with ARC for an effective and
accurate dosing regimen.

In our final model, the mean values of estimated CL and V were 0.14 liters/h/kg and
0.45 liters/kg, respectively. The value of CL in our study was obviously higher than
those seen in pediatric patients in general (0.066 [0.020 to 0.112] liters/h/kg) (24), indi-
cating that the elimination of vancomycin in pediatric patients with ARC is much
higher than in those without ARC. Since high clearance results in lower blood concen-
trations, in our study, the plasma concentrations of vancomycin in 88% of patients did
not reach the desired effective value (trough concentrations at steady state [Css,min] ,
10 mg/liter), and 65.3% of patients did not reach the attainment rate (AUC/MIC . 400).
This means that the current dose of vancomycin for pediatric patients with ARC is inad-
equate. Previous studies have shown that significant covariates for vancomycin clear-
ance included weight and age (4, 24). Our covariate analysis showed similar results.
The trend of weight-normalized CL with age was similar to that of previous studies (4).
Body weight and age were directly related to children’s physical development and
drug elimination during childhood. We would like to emphasize that there was no sig-
nificant relationship between creatinine clearance and vancomycin clearance in our
study. This finding is consistent with the previously published study in adult patients
with ARC (25). We suspect that drug clearance might reach saturation when renal func-
tion is enhanced in an ARC state.

According to the 2020 revised consensus guideline of therapeutic monitoring of
vancomycin for serious MRSA infections (26), dose adjustment using the AUC is the
most accurate and optimal for vancomycin dosing. It is widely reported that an AUC/
MIC ratio of $400 is closely associated with the clinical efficacy (27–29). As shown in
simulation results, the attainment rates of AUC/MIC using current dosing regimens
were 28.4%, 38.2%, and 33.3% in infants, children, and adolescents, respectively. These
data are surprising, and it means that it is impossible to reach pharmacokinetic-phar-
macodynamic (PK/PD) efficacy targets in pediatric patients with ARC using the current
dosing regimens. On the other hand, considering that high-dose exposure of vancomy-
cin could lead to an increased risk of nephrotoxicity, an upper limit AUC value of
around 700mg/liter for 0 to 24 h of exposure has been proposed (30–32). Therefore,
we considered both the exposure effect and exposure-toxicity effect of vancomycin to

FIG 5 Box plot for AUC/MIC values of vancomycin with a MIC of 1mg/liter in children. Outliers are
marked as black circles; the gray shaded area is AUC/MICs between 400 and 700, indicating the
safety and efficacy of vancomycin doses.

PPK of Vancomycin in Children with ARC Antimicrobial Agents and Chemotherapy

October 2021 Volume 65 Issue 10 e00897-21 aac.asm.org 7

https://aac.asm.org


determine the most optimal dose of vancomycin. In our study, the recommended
doses were 75mg/kg/day for use in infants and children at ages between 1month and
12 years and 70mg/kg/day for use in adolescents. We are the first to establish a
detailed vancomycin dosing schedule for use in pediatric patients with ARC. However,
our study has several limitations. Given the limited number of patients, our model was
not validated externally, and the optimal dosing regimen derived from modeling and
simulation should be evaluated in clinical practice to confirm its clinical benefits.

Conclusion. We have established a population pharmacokinetic model of vanco-
mycin in infants, children, and adolescents with ARC. Weight and age significantly
influenced vancomycin clearance. The currently recommend dose of vancomycin for
pediatric patients with ARC is inadequate. Considering the efficacy and safety of vanco-
mycin, we established a new therapeutic regimen that advises 75mg/kg/day in infants
and children aged between 1month and 12 years and 70mg/kg/day in adolescents
aged between 12 and 18 years.

MATERIALS ANDMETHODS
Study design. Data from sparse pharmacokinetic sampling combined with therapeutic drug moni-

toring (TDM) data were included in this population pharmacokinetic study. Patients were included if
they met the following criteria: (i) age between 1month and 18 years, (ii) confirmed or suspected Gram-
positive infection, (ii) treated with intravenous vancomycin, (iv) having a serum creatinine concentration
measured close to the time (,72 h) vancomycin was measured, and (v) an estimated glomerular filtra-
tion rate (eGFR) of more than 160ml/min/1.73 m2 calculated by the Schwartz equation (33). Patients
were excluded if they were on renal replacement therapy or if serum creatinine measurements were not
available. Samples were taken during treatment with vancomycin, and 2 to 3 samples were taken from
each patient. This study was approved by the ethics committee of the Children’s Hospital of Chongqing
Medical University.

Assay of serum vancomycin and eGFR. One milliliter of venous blood was taken into the anticoa-
gulant tube, and the serum was separated for the sample. The serum concentration of vancomycin was
determined by a fluorescence polarization immunoassay method (FPIA) using an i100SR system (Abbott,
USA). The calibration curve ranges were 3 to 100mg/liter. The accuracy and coefficient of variation (CVS)
of a laboratory control (7.2, 21.4, and 35.6mg/liter) were 90% to 110% and 3.9%, respectively.

The modified Schwartz formula is as follows:

eGFR ¼ k� height
Scr

; (1)

Where k is 0.45 for infants ,1 year, 0.55 for children ,12years and adolescent females, and 0.7 for ad-
olescent males, Scr is serum creatinine concentration (mg/dl), and height is expressed in centimeters (34).

Pharmacokinetic modeling. The nonlinear mixed effects modeling program NONMEM version 7.2
(Icon Development Solutions, Columbia, MD, USA) and the first-order conditional estimation (FOCE)
method with interaction options were used to analyze and estimate the pharmacokinetic parameters
and their variability.

(i) Step 1: model building. An exponential model was used to estimate the interindividual variabili-
ty of the pharmacokinetic parameters; it was expressed as follows:

u i ¼ umean � eh i; (2)

where u i and umean are the parameter values of the ith subject and the typical parameter value in the
population, respectively, and h i is the variability between subjects (assumes a normal distribution with
a mean value of 0 and variance of v 2).

The residual variability was estimated using an exponential model, addition model, and mixed
model. The best residual model was determined by analyzing the running results and the objective func-
tion value (OFV).

Forward and backward selection were used to select covariates. A likelihood ratio was used to test
the influence of each covariate on the parameters. Bodyweight, age, gender, Scr, blood urea nitrogen
(BUN), cystatin C (CysC), and eGFR were used as potential covariates to influence pharmacokinetic pa-
rameters. In the process of forward selection, if the OFV was significantly lower than that of the basic
model (reduction . 3.84, P , 0.05), the covariate was added to the model. All statistically significant
covariates were included in the full model. Then, in order to reevaluate the importance of these varia-
bles, each covariate was removed independently from the full model. Only when the increase of OFV
was more than 6.635 (P, 0.01) was the covariate retained in the final model.

(ii) Step 2: model diagnosis. The final population pharmacokinetic model was validated based on
statistical and graphical criteria. Diagnostic scatterplots were used to evaluate the goodness of fit,
including the detection value (DV) and population predicted concentration (PRED), DV and individual
predicted concentration (IPRED), conditional weighted residuals (CWRES) and PRED, and CWRES and
time. The stability of the final model was evaluated by nonparametric bootstrap method. Resampling
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was repeated 1,000 times, and then the estimated parameters of the bootstrap process were compared
with those of the original data set. The final model was evaluated by the normalized prediction distribu-
tion errors (NPDE). The final model parameters were used to simulate the data set 1,000 times. NPDE is
expected to follow N(0,1) distribution. The results of NPDE were summarized graphically, and the final
model was evaluated by comparing whether the deviation between the actual observation and the
simulated observation conforms to the normal distribution. NPDE R package (v1.2) was used to draw the
following graphs: (i) quantile-quantile (Q-Q) plot of the NPDE and (ii) histogram of the NPDE. A visual
predictive check (VPC) was performed to evaluate the final model and parameter estimates. For VPC
method evaluation, 1,000 simulation replicates of the original data set were performed with the final
model.

Dosing regimen optimization. When vancomycin is used for MRSA with a MIC of 1 mg/liter, the
AUC should reach 400mg � h/liter. The desired pharmacokinetic-pharmacodynamic (PK/PD) relationship
of vancomycin is AUC/MIC of $400, while and AUC/MIC of .700 may cause renal toxicity (30–32).
Therefore, we took AUC/MIC values between 400 and 700 as a safety and effectiveness indicator and cal-
culated the proportion of patients with AUC/MIC values between 400 and 700. The basic information of
patients in the original data set was used to build a virtual data set. Monte Carlo simulation was used to
simulate the current dose 1,000 times. If the currently used dose is insufficient, the dosing regimen will
be adjusted by increasing the daily dose. The calculation of the AUC was as follows:

AUC ¼ dose
CL

; (3)

where the AUC is at 0 to 24 h (steady-state) after vancomycin administration, “dose” is daily dose of van-
comycin, and CL is the clearance rate for each individual obtained from the above-described pharmaco-
kinetic model of vancomycin.

Organ function changes greatly in infants and children. According to ICH guideline E11 (R1) (35), we
divided all patients into 3 groups by age: infants (age of ,2 years), children (age of 2 to ,12 years), and
adolescents (age of 12 to 18 years).
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