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Model-Informed Vancomycin Dosing 
Optimization to Address Delayed Renal 
Maturation in Infants and Young Children with 
Critical Congenital Heart Disease
Yuko Shimamoto1,2, Keizo Fukushima3, Tomoyuki Mizuno3,4 , Hajime Ichikawa5, Kenichi Kurosaki6, 
Shinichiro Maeda7 and Masahiro Okuda2,*

Ensuring safe and effective drug therapy in infants and young children often requires accounting for growth and 
organ development; however, data on organ function maturation are scarce for special populations, such as infants 
with congenital diseases. Children with critical congenital heart disease (CCHD) often require multiple staged 
surgeries depending on their age and disease severity. Vancomycin (VCM) is used to treat postoperative infections; 
however, the standard pediatric dose (60–80 mg/kg/day) frequently results in overexposure in children with CCHD. 
In this study, we characterized the maturation of VCM clearance in pediatric patients with CCHD and determined the 
appropriate dosing regimen using population pharmacokinetic (PK) modeling and simulations. We analyzed 1,254 
VCM serum concentrations from 152 postoperative patients (3 days–13 years old) for population PK analysis. The PK 
model was developed using a two-compartment model with allometrically scaled body weight, estimated glomerular 
filtration rate (eGFR), and postmenstrual age as covariates. The observed clearance in patients aged ≤ 1 year and 
1–2 years was 33% and 40% lower compared with that of non-CCHD patients, respectively, indicating delayed renal 
maturation in patients with CCHD. Simulation analyses suggested VCM doses of 25 mg/kg/day (age ≤ 3 months, 
eGFR 40 mL/min/1.73 m2) and 35 mg/kg/day (3 months < age ≤ 3 years, eGFR 60 mL/min/1.73 m2). In conclusion, 
this study revealed delayed renal maturation in children with CCHD, could be due to cyanosis and low cardiac output. 
Model-informed simulations identified the lower VCM doses for children with CCHD compared with standard pediatric 
guidelines.

Received July 25, 2023; accepted October 29, 2023. doi:10.1002/cpt.3095

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
	; The maturation of kidney function can significantly influ-

ence optimal dosing regimens for renally eliminated drugs in 
young children. However, maturation data are often lacking 
for young children with rare disease conditions, such as criti-
cal congenital heart disease (CCHD). Children with CCHD 
require multiple staged surgeries and antibiotic therapy is cru-
cial after surgery, nonetheless, there are no specific vancomycin 
(VCM) dose guidelines for this population.
WHAT QUESTION DID THIS STUDY ADDRESS?
	; This study characterized the unique maturation of VCM 

clearance in pediatric patients with CCHD to determine ap-
propriate dosing regimens for this special population.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
	;We developed a pediatric CCHD-specific VCM popula-

tion pharmacokinetic model and demonstrated that VCM 

clearance is consistently lower in patients with CCHD aged 
0–3 years compared with data generated using a previously pub-
lished model for non-CCHD patients. Age- and renal function-
appropriate VCM dosing regimens were determined based on 
simulations, which address the observed delayed renal matura-
tion in children with CCHD.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
	; This study highlights the importance of understanding the 

varying maturation of organ function to provide precision dos-
ing in young children with special disease conditions. The de-
veloped dosing regimens may provide more effective and safer 
antibiotic therapy for children with CCHD. In addition, the 
observed delayed maturation of VCM clearance may inform 
optimal dosing strategies for other renally eliminated drugs in 
children with CCHD and provide valuable insights for studies 
on the maturation of kidney function.
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Ensuring safe and effective drug therapy for infants and young 
children often requires accounting for growth in body size and the 
development of organ function, as rapid and dynamic physiologi-
cal changes can affect drug disposition, exposure, and response. To 
date, several studies have characterized renal function maturation 
to provide optimal dosing strategies for renally eliminated drugs 
in infants and young children.1–5 These maturation profiles have 
been successfully incorporated into population pharmacokinetic 
(PK) and pharmacodynamic models for various drugs to identify 
age-appropriate dosing regimens through model-informed pre-
cision dosing.6–10 However, these studies were primarily focused 
on relatively healthy subjects. Characterizing renal maturation in 
special populations, such as infants with congenital diseases, re-
mains an important unmet need for providing precision therapeu-
tic strategies for these individuals.

Congenital heart disease is the most common congenital anom-
aly, which affects ~ 1% of liveborn children.11 Critical congenital 
heart disease (CCHD) comprises ~ 20–25% of congenital heart 
disease and can lead to significant morbidity and mortality, requir-
ing surgery or intervention.11 Neonates with CCHD have a higher 
risk of low birth weight, premature birth, and low body weight at 
gestational age.12,13 Although the etiology of CCHD in children is 
poorly understood, abnormal circulatory physiology in fetuses with 
CCHD may contribute to poor growth and preterm labor.14,15

Children with CCHD often require multiple staged surgeries 
depending on the disease condition and age. After cardiac surgery, 
these patients are at high risk for acute kidney injury resulting from 
various factors, such as low cardiac output syndrome, venous con-
gestion, and reduced renal blood flow.16 Consequently, appropriate 
antibiotic therapy is required to prevent severe postoperative infec-
tions in children following surgery in the intensive care unit. The pe-
diatric vancomycin (VCM) dosage recommended by the Infectious 
Diseases Society of America (IDSA) guidelines is 60–80 mg/kg/
day for all degrees of renal function when targeting an area under 
the curve/minimum inhibitory concentration (AUC/MIC) ratio 
of 400–60017; however, this recommended dosage often results 
in overexposure and requires dose reduction in infants and young 
children with CCHD at our institution. Currently, there are no 
specific dosing guidelines for this population.

In this study, we characterized the maturation of VCM clearance 
in infants and young children with CCHD and determined an 
age-appropriate dosing regimen for this special population using 
population PK modeling and simulations.

MATERIALS AND METHODS
Study design and patient selection
This was an observational PK study collecting data from electronic med-
ical records (EMRs) and using an opportunistic sampling strategy from 
patients who provided informed consent. Patient inclusion criteria were: 
aged younger than 18 years old, and postoperative patients with CCHD 

who underwent VCM treatment in the intensive care unit. All patients 
on renal replacement therapy at the time of VCM treatment were ex-
cluded. The study protocol was approved by the Institutional Research 
Ethics Board at the National Cerebral and Cardiovascular Center, 
Osaka, Japan (R22018).

Data collection
Clinical and laboratory data were retrieved from EMRs and included de-
mographics, physical parameters, VCM dosage, and concomitant treat-
ments. The VCM trough concentrations measured for clinical routine 
therapeutic drug monitoring (TDM) were obtained from the EMR. 
Furthermore, residual samples obtained for laboratory tests or gas anal-
ysis were collected with no intervention and observationally for VCM 
measurement to enrich the PK data from patients who provided in-
formed consent (n = 54, 247 samples). The patients’ demographics were 
not significantly different between these two cohorts (Table S1). The 
estimated glomerular filtration rate (eGFR) was calculated using the re-
vised Schwartz equation, as described previously.3

where the derived k values in the equation were 0.244 for low birth 
weight infants (< 1 year, body weight (BW) < 2.5 kg), 0.277 for 
non-low birth weight infants (< 1 year, BW ≥ 2.5 kg), and 0.296 
for children (1–12 years).

Postmenstrual age (PMA) was calculated for all patients as follows:

Vancomycin serum concentration measurement
VCM concentrations for clinical routine TDM and residual samples were 
measured using a Cobas 6000 (Roche Diagnostics, Tokyo, Japan) and liq-
uid chromatography–tandem mass spectrometry (LC–MS/MS; Shimadzu 
Corporation, Kyoto, Japan), respectively (see details in Supplementary 
Material). A mean proportional difference between VCM concentrations 
measured by Cobas 6000 and LC–MS/MS was within 10%.

Population PK modeling
Population PK modeling and simulation were performed using a non-
linear mixed effect modeling software, Phoenix NLME 8.4 (Certara, 
Princeton, NJ). To account for the effect of body size differences, the 
allometrically scaled body weight was applied to volumes of distribution 
(V) and clearance (CL) in the base model with power coefficients of 1.0 
and 0.75, respectively18–20:

where Vi and CLi are individual V and CL, and Vpop and CLpop are 
the population mean of V and CL, respectively; BW represents in-
dividual body weight.

eGFR
(

mL∕min∕1.73 m2
)

= k ×
height (cm)

serum creatinine
(

mg∕dL
)

PMA (week) = Gestational age (week) + postnatal age (week)

Vi = Vpop ×
(

BW

70

)1.0

CLi = CLpop ×
(

BW

70

)0.75
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Covariate analysis and model development and validation
Patient demographics and laboratory parameters were evaluated as can-
didate covariates on PK parameters using an exponential model. GFR 
increases rapidly during the first days of life and then steadily increases 
until adult values are reached at 8–12 months of age.21,22 To explain 
the developmental change, the maturation function (Fmat) described by 
PMA was evaluated as a covariate on CL as follows:

where TM50 is the PMA at which 50% of the maturation ef-
fect is reached and Hill is a slope of the maturation profile. 
Univariate analysis was conducted by individually incorporating 
each candidate covariate into the base model (see details in the 
Supplementary Material).

Comparison of vancomycin clearance maturation between 
CCHD and non-CCHD pediatric patients
To evaluate the differences in VCM CL between pediatric patients 
with and without CCHD, two published VCM population PK mod-
els for non-CCHD pediatric patients, Colin and Kloprogge models, 
were used for simulation.23,24 The Colin model was developed using 
pooled data from 14 pediatric and adult studies with an age range of 
1 day to 101 years old. The Kloprogge model was developed with data 
from 616 pediatric patients with an age range of 1 day to 21 years old. 
Both models exhibited similar PK parameters and covariate struc-
tures, including a 2-compartment model structure with allometric 
body weight scaling, Fmat, and renal function described by serum 
creatinine. The simulated CLs in the non-CCHD pediatric patients 
corresponding to patients in the present study were generated using 
the Colin and Kloprogge models with individual covariate values ob-
served in this study (BW, PMA, and serum creatinine). The simulated 
non-CCHD CLs were compared with observed CL in pediatric pa-
tients with CCHD. To compare the maturation profiles of the three 
models (i.e., Colin, Kloprogge, and our final models), relative CL to 
the value at a PMA of 40 weeks for individuals was calculated based on 
the following formula:

where Fmat,i and ηCLi are individual maturation effect and ηCL 
value, respectively, and Fmat,40 is the maturation effect at a PMA of 
40 weeks. Similarly, to facilitate a comparison between models, the 
maturation functions in the final, Colin, and Kloprogge models 
were normalized to the corresponding values at a PMA of 40 weeks 
and overlaid on the relative CLs observed in the present study.

Age and renal function appropriate dosing design based on 
model-informed simulations
To obtain the target attainment rate in the dosing simulation, a realistic 
virtual CCHD pediatric population was generated based on the age vs. 
body weight distribution observed in patients with CCHD. The observed 
age-matched body weight was modeled with a Box-Cox power exponen-
tial distribution using generalized additive modeling for location, scale, 
and shape (GAMLSS) strategy as implemented in the R software package 
library GAMLSS (version 4.3-8 under R.4.0).25 The virtual age-matched 
body weight dataset (e.g., virtual CCHD pediatric population) was gen-
erated by the fitted model at 5 patients per 0.01 month up to 36 months 
(18,000 patients in total). The VCM CL in the virtual CCHD pediatric 
population was estimated by the developed population PK model at any 
given eGFR value. The daily steady-state AUC for a given daily VCM 

dose was then calculated by dividing the daily dose by CL. A target AUC/
MIC ratio of 400 and 600 were used for the efficacy and safety target, re-
spectively,17 and the target attainment rate was calculated at a given eGFR 
and a given daily VCM dose. An MIC of 1 mg/L was used for the sim-
ulation because it is the most frequently reported MIC for methicillin-
resistant Staphylococcus aureus (MRSA) in the European Committee on 
Antibacterial Susceptibility Testing (EUCAST) database.26

Age stratification was performed based on whether improvement in the 
target attainment rate in an age group exceeded 5% when dividing into 2 
smaller groups. Finally, the daily dose that maximized the target attain-
ment rate for a given eGFR value in each age group was considered the 
recommended daily dose.

RESULTS
Patient demographics and clinical characteristics
The demographics and clinical characteristics of the patients are 
summarized in Table 1. Of 152 patients enrolled in this study, 
136 were younger than 3 years old. Body weight and height in 74% 
and 64% of all patients, respectively, were less than the fifth per-
centile in the growth charts of the Centers for Disease Control 
and Prevention (CDC).27 The enrolled population included 37% 

Fmat =
PMAHill

TM50
Hill + PMAHill

Relative CLi =
Fmat,i × eηCLi

Fmat,40

Table 1  Patient characteristics and vancomycin dosing and 
concentrations

Median IQR Range

Number of patients, n 152

Gender, n

Male 74

Female 78

Age, year 0.33 0.09–1.31 0.01–13.53

PMA, week 55.2 43.5–107.1 37.9–744.7

BW, kg 4.6 3.1–7.9 1.8–38.7

Height, cm 57.5 48.5–72.3 41.0–153.0

SCr, mg/dL 0.32 0.25–0.39 0.11–1.06

eGFR, mL/
min/1.73 m2

55.2 40.7–71.7 11.7–159.9

EF, % 68 60–77 31–93

POD, day 0 0–6 0–31

CPB (%) 82.2

CPB time, minutes 206 144–273 40–575

Lowest BT during 
CPB, °C

27 24–28 13–35

Vancomycin dosing

Number of dosing, n 1790

Dose amount, mg/kg 13.2 10.5–18.5 2.8–41.0

Dosing interval, hours 12.0 10.5–13.3 2.7–167.9

Infusion time, hours 2 2–2 2–2

Vancomycin concentrations

Number of observa-
tions, n

1,254

Concentration, mg/L 12.0 8.6–17.2 1.7–70.0

Sampling time after 
dosing, hours

9.6 7.2–10.5 1.2–71.1

BT, body temperature; BW, body weight; CPB, cardiopulmonary bypass; EF, 
ejection fraction; eGFR, estimated glomerular filtration rate calculated by the 
revised Schwartz equation3; IQR, interquartile range; PMA, postmenstrual age; 
POD, postoperative day; SCr, serum creatinine.

ARTICLE
 15326535, 2024, 2, D

ow
nloaded from

 https://ascpt.onlinelibrary.w
iley.com

/doi/10.1002/cpt.3095 by O
saka U

niversity, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



VOLUME 115 NUMBER 2 | February 2024 | www.cpt-journal.com242

of patients with single ventricle physiology, who had severe low 
cardiac output and cyanosis, and 58% with two-ventricle CCHD 
who had low cardiac output (Table S2).

Vancomycin concentrations and population PK model 
development
A total of 1,254 VCM serum concentrations from 152 patients 
were collected (Figure 1). Most patients received VCM twice a 

day at a median dose of 13.2 mg/kg (Table 1). In addition to the 
trough concentration, the data included concentrations less than 
6 hours after dosing obtained using an opportunistic sampling ap-
proach (n = 251, 20% of all observations), enabling a description 
using a 2-compartment model. The results of a univariate analysis 
revealed statistically significant covariates for CL in the following 
order: eGFR, serum creatinine (SCr), PMA, ejection fraction (EF), 
and cardiopulmonary bypass (CPB; Table S3). Including eGFR as 

Figure 1  Observed VCM concentration vs. time following administration to pediatric patients with CCHD. CCHD, critical congenital heart 
disease; VCM, vancomycin.

Table 2  Final population PK structure and estimates and bootstrap validation (n = 1,000)

Original data set Bootstrap replication, n = 1,000

Estimate RSE, % Median 2.5th 97.5th Bias, %

Final model structure

V1 = �
V1

×
(

BW

70

)

CL=�
CL
×
(

BW

70

)0.75

×
(

eGFR

120

)�eGFR

×
(

PMA
Hill

TM50

Hill+PMA
Hill

)

V2 = �
V2

×
(

BW

70

)

CL2 = �
CL2

×
(

BW

70

)0.75

Population mean

�
V1

, L 21.6 9.5 21.6 17.9 25.7 0.02

�
CL

, L/h 4.88 7.8 4.87 4.15 6.21 0.06

�
V2

, L 21.7 8.0 21.8 18.3 25.3 −0.50

�
CL2

, L/h 2.95 15.6 2.93 2.14 3.96 0.59

�
eGFR

0.551 7.2 0.545 0.454 0.622 1.05

Hill 1.73 30.1 1.74 0.87 5.84 −0.60

TM50, week 36.9 9.3 38.4 32.4 53.6 −4.21

Interindividual variability

ω
CL

, % 22.7 20.9 22.5 17.7 27.5 1.03

�
V2

, % 41.5 24.9 43.0 30.3 55.2 −3.56

Residual variability

Additive, mg/L 0.975 24.5 0.950 0.063 1.482 2.52

Proportional, % 24.1 4.5 23.9 21.6 26.2 0.68

Bias = (estimated value from original data set − median estimated value from bootstrap replications)/estimated value from original data set × 100; BW, body 
weight (kg); CL, clearance; eGFR, estimated glomerular filtration rate calculated by the revised Schwartz equation3; Hill, Hill coefficient; PK, pharmacokinetic; 
PMA, postmenstrual age (weeks); RSE, relative standard error; TM50, postmenstrual age at which 50% of adult clearance is reached; V, volume of distribution.
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a covariate improved the model fit better than SCr (Table S3). 
The inclusion of EF as a covariate on CL also resulted in model 
improvement by univariate analysis, but not after the inclusion 
of eGFR due to the collinearity (Tables S3, S4). No statistically 
significant covariates on V were identified. For the stepwise for-
ward inclusion, eGFR and PMA were selected in the full model, 
whereas eta CL2 and eta V1 were fixed at 0 in the backward elim-
ination (Table S4). The goodness-of-fit plots and prediction-
corrected visual predictive check (pcVPC) are shown in Figures 
S1 and S2, respectively. The final model structure and estimates as 
well as the bootstrap validation results are summarized in Table 2. 
The estimated Hill coefficient (1.73) in the maturation function 
was 40% lower compared with that reported by Colin et al. (2.89), 
indicating delayed renal maturation.

Comparison of vancomycin clearance maturation between 
CCHD and non-CCHD pediatric patients
The observed CL in this population and the simulated CL from 
the Colin and Kloprogge model up to 200 weeks (~ 3 years old) are 
shown in Figure 2a, and pcVPC of VCM CL by 2 models are shown 
in Figure S3. The mean observed CL at age ≤ 1 year (~ 100 weeks) 
was 33% ± 18 and 47% ± 13 (mean ± standard deviation) lower 
compared with those simulated by Colin and Kloprogge models, 
respectively. The observed maturation effects, normalized to the 
CL value at a PMA of 40 weeks, were well-described by the mat-
uration curve of the final model, most of which were lower com-
pared with those of the Colin and Kloprogge models (Figure 2b).

Dosing simulation and target attainment analysis
The body weight of the virtual CCHD pediatric patients gen-
erated from this population and the corresponding VCM CL 
normalized to an eGFR of 120 mL/min/1.73 m2 are shown in 
Figure 3. The body weight distribution of the virtual patients 

was in good agreement with the observations in CCHD pa-
tients under 36 months of age (Figure 3a). The simulated 
VCM CLs for the virtual CCHD pediatric patients were also 
consistent with the observations for patients under 36 months 
old (Figure 3b). An example distribution for the daily AUC 
at steady-state at a VCM dose of 25 mg/kg/day simulated in 
virtual CCHD pediatric patients with an eGFR of 40 mL/

Figure 2  Comparison of VCM CL (a) and maturation functions (b) observed in pediatric patients with CCHD to predictions in the literature up 
to 200 weeks. In the left panel, open circles represent observed clearances in this population. Triangles and squares represent predicted 
clearances by the Colin or Kloprogge model23,24 using individual values observed in the present study (BW, PMA, and serum creatinine), 
respectively. In the right panel, open circles represent the observed maturation effects in this study normalized to the clearance value at 
a PMA of 40 weeks: 

(

F
mat,i × eηCLi

)

∕F
mat,40. Blue, green, and pink lines represent the maturation curves normalized to the value at a PMA of 

40 weeks in this population, the Colin model, and the Kloprogge model, respectively. BW, body weight; CCHD, critical congenital heart disease; 
VCM, vancomycin; CL, clearance; Fmat, maturation function; PMA, postmenstrual age.

Figure 3  Distributions of body weight (a) and eGFR-normalized VCM 
CL (b) in observed and virtual CCHD pediatric patients. Dark blue and 
pale blue symbols represent the observations in this population and 
virtual patients (n = 18,000), respectively. BW, body weight; CCHD, 
critical congenital heart disease; CL, clearance; eGFR, estimated 
glomerular filtration rate; VCM, vancomycin.

ARTICLE
 15326535, 2024, 2, D

ow
nloaded from

 https://ascpt.onlinelibrary.w
iley.com

/doi/10.1002/cpt.3095 by O
saka U

niversity, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



VOLUME 115 NUMBER 2 | February 2024 | www.cpt-journal.com244

min/1.73 m2 is shown in Figure S4. The virtual CCHD 
pediatric patients were divided into 2 groups based on age: 
age ≤ 3 months and 3 months < age ≤ 36 months. No further 
subdivision of the age groups resulted in > 5% improvement in 
the target attainment rate. Figure 4 shows a summary of the 
dosing simulations for both age groups with eGFR ranging 
from 20 to 120 mL/min/1.73 m2. At any given eGFR value in 
each age group, the target attainment rate was ~ 60% at the rec-
ommended dose. The recommended doses are summarized in 
Table 3. The recommended doses for a representative patient 
in each age group (age ≤ 3 months, eGFR 40 mL/min/1.73 m2; 
3 months < age ≤ 36 months, eGFR 60 mL/min/1.73 m2) were 
25 and 35 mg/kg/day, respectively, which are lower compared 
with the 60–80 mg/kg recommended dosages based on an 
AUC/MIC 400–600 in the guidelines.17

DISCUSSION
In this study, VCM population PK and the delayed maturation 
profile of renal CL have been characterized in pediatric patients 
with CCHD. The age- and renal function-appropriate VCM dos-
ing regimens were determined based on simulations to address the 
observed delayed renal maturation in children with CCHD.

Congenital heart disease involves structural abnormalities of 
the heart or great vessels, which occurs during fetal development. 
Single ventricle physiology is CCHD, which includes hypoplas-
tic left heart syndrome and heterotaxia syndrome results in cy-
anosis and low cardiac output. In the present study, 37% of the 
patients had single ventricle physiology and 58% had low cardiac 
output (2 ventricles). Thus, 95% of the patients exhibited low 
cardiac output (Table S2). Cyanosis results in low blood oxygen 

levels and reduces the amount of oxygen delivered throughout 
the body. Low cardiac output results in reduced blood flow to 
the brain and other vital organs. CCHD affects brain develop-
ment and abnormal brain maturation in neonates because the 
brain receives reduced amounts of oxygen-saturated blood from 
the right ventricle as a consequence of dysfunctional fetal circu-
lation. Neurodevelopmental disabilities affect > 50% of infants 
with CCHD and involve multiple domains, including motor 
function, learning, social behavior, and executive function.28–31 
Furthermore, neuroimaging studies using magnetic resonance 
imaging indicate delayed brain growth and structural brain injury 
due to a lack of brain oxygen resulting from heart malformations 
in children with CCHD.15,32–35

In the present study, we observed delayed maturation of 
renal function in children with CCHD based on a PK model 
for VCM. To our knowledge, there are no previous reports of 
the maturation of clearance for other renally eliminated drugs 
or abnormal maturation of kidney function in this population. 
Nephrogenesis begins in the embryo at approximately week 5 and 
appears to be anatomically complete at gestation week 36, when 
there are ~ 1,000,000 nephrons in each kidney.36 Subsequent 
maturation is associated with the prolonged maturation of renal 
tubules, an increase in renal blood flow, and improvement of 
the filtration coefficient. GFR increased steadily during the first 
9 weeks of life.37 There is rapid maturation of GFR during the 
early neonatal period, which may be initiated by hemodynamic 
factors, such as cardiac output, vascular resistance, and mean 
arterial blood pressure.38 In the circuitry of the cardiovascular 
system, the distribution of cardiac output to the kidneys is 25%, 
which is the highest volume of blood flow compared with the 

Figure 4  Summary of dosing simulations to virtual CCHD pediatric patients at age ≤ 3 months (a) and 3 months < age ≤ 36 months (b) at given 
eGFR values. The top horizontal box plots show the observed eGFR values for each age group. The vertical box plots are AUCs simulated using 
the dose and eGFR value represented on the x-axis. The corresponding TAR percentage is shown at the bottom. AUC, area under the curve; 
CCHD, critical congenital heart disease; eGFR, estimated glomerular filtration rate; TAR, target attainment rate.
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other organs.39 For fetal physiological-based PK modeling, the 
percentage of cardiac output to the kidneys is the third highest 
followed by the brain and lungs.40 Scholes et al.41 reported that 
the kidney length of newborns with CCHD on average is larger 
than normal and renal alternations are present at birth; however, 
the basis for this increased tissue and its subsequent clinical sig-
nificance remains unknown. Based on these reports, blood flow 
to the kidneys is affected by decreased cardiac output resulting 
from CCHD. Decreased blood oxygen levels in the kidneys due 
to cyanosis and decreased renal blood flow resulting from low 
cardiac output may cause delayed maturation and impaired de-
velopment of renal function. In the present study, VCM CL in 
pediatric patients with CCHD was lower compared with that 
predicted by population PK models in non-CCHD pediatric pa-
tients (Colin and Kloprogge models; Figure 2a). The estimated 
Hill coefficient for maturation function in this study (1.73 with 
relative standard error (RSE) 30.1%) was smaller compared with 
that in both models (2.89 in the Colin model and 3.52 in the 
Kloprogge model),23,24 although the difference was not statisti-
cally significant due to a relatively high RSE. These results sug-
gested a delayed maturation of renal function in this population.

The recommended VCM dosages for representative chil-
dren with CCHD based on the final model are 25 and 35 mg/
kg/day for patients ≤ 3 months of age with an eGFR of 40 mL/
min/1.73 m2 and 3 months < age ≤ 36 months with an eGFR of 
60 mL/min/1.73 m2, respectively (Table 3), and the dosage are 
considerably lower compared with the 60–80 mg/kg/day dos-
age in the guidelines.17 The US Food and Drug Administration 
(FDA) label recommends the initial dose (for loading) should 
be no less than 15 mg/kg in patients with any degree of renal im-
pairment to achieve prompt therapeutic drug concentrations,42 
whereas the dose recommendation in this study was a mainte-
nance dose (not for loading) and subsequent dose adjustment by 
TDM is required.

AUC/MIC simulations using the observed CL in children 
with CCHD at the lowest guideline-recommended daily dose of 
60 mg/kg/day,17 assuming an MIC of ≤ 1 mg/L exhibited a median 
of 962.5 (interquartile range: 787.8–1275.0) and 93% of pediat-
ric patients with CCHD with AUC/MIC > 600, suggesting dose 
optimization for pediatric patients with CCHD to prevent acute 
kidney injury resulting from overexposure.17 The recommended 
dosage for children with CCHD in this study was close to the em-
piric VCM dosage at our institution (26.4 mg/kg/day; Table 1). 
Children with CCHD following cardiac surgery are at risk for 
acute kidney injury for many reasons, including low cardiac output 
syndrome, venous congestion, and impaired kidney perfusion.16 
Moreover, cyanosis and low cardiac output lead to decreased renal 

blood flow and renal failure,43,44 and tubular and glomerular injury 
have been reported in children with CCHD during infancy and 
early childhood.45 These findings may explain, in part, the delayed 
maturation and impaired development in VCM CL observed in 
this study, which indicates the need for precision dosing in chil-
dren with CCHD. Dose individualization, based not only on age 
but on eGFR, using our population PK model contributes model-
informed precision dosing for this special population.

The estimated dosing regimens in the present study were lower 
compared with those previously reported in the same popula-
tion. Moffett et al.46 found that a dosing regimen of 20 mg/kg/
dose every 8 hour (60 mg/kg/day) was most likely to achieve a 
target AUC/MIC > 400 for children with CCHD following 
cardiac surgery. The patients examined by Moffett et al. received 
a higher VCM daily dose (43.5 mg/kg/day assuming 8-hour dos-
ing) compared with that observed at our institution (29.2 mg/kg/
day assuming 12-hour dosing) to maintain similar trough levels 
(~ 10–15 mg/L), which resulted in a higher CL estimation (7.86 
vs. 4.88 L/h/70 kg). Although patient demographics were com-
parable, there were some differences between the two studies. In 
particular, we used a two-compartment model based on rich data, 
whereas Moffet et al. used a one-compartment model with mostly 
through concentrations. Another reason may be differences in in-
stitutional treatment strategies for patients with CCHD, such as 
anesthetic management during surgery and postoperative manage-
ment in the intensive care unit, which requires further study.

The strength of this study was that we obtained rich data from pa-
tients with CCHD, which represents a rare and unique population. 
The majority of the data were obtained from children under 3 years 
old. This enabled us to characterize CL maturation in this unique 
population of young children, whereas the data from older patients 
were sparse. Therefore, we performed dosing simulations only for pa-
tients under 3 years of age. This may be considered a limitation of the 
study, but also a limitation of this patient population, as patients with 
CCHD have a high mortality rate without surgery and most patients 
receive surgery during their early years of life. It should be noted that 
our model specifically focuses on the first few years and older patients 
with CCHD may have different VCM PK properties. Another lim-
itation of this study is that most patients started VCM after cardiac 
surgery (149 out of 152 patients). Therefore, the potential influence 
of cardiac surgery on VCM PK47 could not be entirely distinguished 
from the effect of disease in this study and the influence of cardiac 
surgery may contribute to the decreased VCM CL. However, the 
covariate analyses indicated that the surgery-related parameters (i.e., 
post operative day (POD), with/without CPB, CPB time, and the 
lowest body temperature during CPB) did not influence VCM CL, 
suggesting the observed decreased VCM CL in this population is 

Table 3  Dose recommendation of daily VCM dose (mg/kg/day) for pediatric patients with CCHD

eGFR (mL/min/1.73 m2)

20 30 40 50 60 70 80 90 100 110 120

Age (months) ≦ 3 17.5 20 25 25 30 35 35 35 40 40 45

> 3, ≦ 36 20 25 30 30 35 40 40 45 45 50 50

CCHD, critical congenital heart disease; eGFR, estimated glomerular filtration rate; VCM, vancomycin.
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likely attributed to the disease population. Further study is warranted 
to verify the findings in this study and evaluate the renal maturation 
before cardiac surgery in patients with CCHD.

CONCLUSION
This is the first study to describe the delayed maturation and 
impaired development of VCM CL in pediatric patients with 
CCHD. The developed CCHD-specific PK model was used for 
model-informed dosing simulations to identify age- and eGFR-
appropriate dosing regimens in this population. The study high-
lights the importance of understanding the varying maturation 
of organ functions to provide precision dosing for young children 
with rare disease conditions, such as CCHD. Future studies should 
focus on a prospective evaluation of the developed dosing regimens 
to validate their effectiveness and safety.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).

ACKNOWLEDGMENTS
The authors thank Takaya Hoashi for supporting this work and Taku 
Tsukamoto and Yuki Sato for establishing an analysis method for 
vancomycin concentration using LC–MS/MS.

FUNDING
This work was supported by a research grant from the Japan Research 
Foundation for Clinical Pharmacology to Y.S., a research grant from the 
Miyata Cardiac Research Promotion Foundation to Y.S., and a research 
grant from the Policy-based Medical Services Foundation to Y.S.

CONFLICT OF INTEREST
The authors declared no competing interests for this work.

AUTHOR CONTRIBUTIONS
Y.S., K.F., T.M., H.I., K.K., S.M., and M.O. wrote the manuscript. Y.S. 
designed the research. Y.S. and H.I. performed the research. Y.S., K.F., 
and T.M. analyzed the data.

© 2024 The Authors. Clinical Pharmacology & Therapeutics published by Wiley 
Periodicals LLC on behalf of American Society for Clinical Pharmacology and 
Therapeutics.

This is an open access article under the terms of the Creative Commons 
Attribution-NonCommercial License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited 
and is not used for commercial purposes.

[Correction added on 29 January 2024, after first online publication: The 
legal statement was changed.]

	 1.	 Schwartz, G.J., Haycock, G.B., Edelmann, C.M. & Spitzer, A. A 
simple estimate of glomerular filtration rate in children derived 
from body length and plasma creatinine. Pediatrics 58, 259–263 
(1976).

	 2.	 Schwartz, G.J. et al. Improved equations estimating GFR in children 
with chronic kidney disease using an immunonephelometric 
determination of cystatin C. Kidney Int. 82, 445–453 (2012).

	 3.	 Zhang, Y. et al. Creatinine-based renal function assessment in 
pediatric drug development: an analysis using clinical data for renally 
eliminated drugs. Clin. Pharmacol. Ther. 109, 263–269 (2021).

	 4.	 Schwartz, G.J. et al. New equations to estimate GFR in children 
with CKD. J. Am. Soc. Nephrol. 20, 629–637 (2009).

	 5.	 Kearns, G.L., Abdel-Rahman, S.M., Alander, S.W., Blowey, D.L., 
Leeder, J.S. & Kauffman, R.E. Developmental pharmacology—drug 

disposition, action, and therapy in infants and children. N. Engl. J. 
Med. 349, 1157–1167 (2003).

	 6.	 Välitalo, P., Kokki, M., Ranta, V.P., Olkkola, K.T., Hooker, A.C. & 
Kokki, H. Maturation of oxycodone pharmacokinetics in neonates 
and infants: a population pharmacokinetic model of three clinical 
trials. Pharm. Res. 34, 1125–1133 (2017).

	 7.	 Anderson, B.J. & Larsson, P. A maturation model for midazolam 
clearance. Paediatr. Anaesth. 21, 302–308 (2011).

	 8.	 Mahmood, I. Evaluation of a morphine maturation model for the 
prediction of morphine clearance in children: how accurate is the 
predictive performance of the model? Br. J. Clin. Pharmacol. 71, 
88–94 (2011).

	 9.	 van Hoogdalem, M.W. et al. Physiologically-based pharmacokinetic 
modeling to investigate the effect of maturation on buprenorphine 
pharmacokinetics in newborns with neonatal opioid withdrawal 
syndrome. Clin. Pharmacol. Ther. 111, 496–508 (2022).

	10.	 Sandra, L., Smits, A., Allegaert, K., Nicolaï, J., Annaert, P. & 
Bouillon, T. Population pharmacokinetics of propofol in neonates 
and infants: gestational and postnatal age to determine 
clearance maturation. Br. J. Clin. Pharmacol. 87, 2089–2097 
(2021).

	11.	 Stallings, E.B. et al. Prevalence of critical congenital heart defects 
and selected co-occurring congenital anomalies, 2014–2018: 
a U.S. population-based study. Birth Defects Res. 114, 45–56 
(2022).

	12.	 Levy, R.J., Rosenthal, A., Fyler, D.C. & Nadas, A.S. Birthweight 
of infants with congenital heart disease. Am. J. Dis. Child. 132, 
249–254 (1978).

	13.	 Tanner, K., Sabrine, N. & Wren, C. Cardiovascular malformations 
among preterm infants. Pediatrics 116, e833–e838 (2005).

	14.	 Ho, D.Y. et al. Mid-gestational fetal placental blood flow is 
diminished in the fetus with congenital heart disease. Prenat. 
Diagn. 40, 1432–1438 (2020).

	15.	 Miller, S.P. et al. Abnormal brain development in newborns with 
congenital heart disease. N. Engl. J. Med. 357, 1928–1938 
(2007).

	16.	 Blinder, J.J. et al. Acute kidney injury after pediatric cardiac 
surgery: a secondary analysis of the safe pediatric euglycemia 
after cardiac surgery trial. Pediatr. Crit. Care Med. 18, 638–646 
(2017).

	17.	 Rybak, M.J. 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. Clin. Infect. Dis. 71, 1361–1364 
(2020).

	18.	 Anderson, B.J. & Holford, N.H. Mechanism-based concepts of size 
and maturity in pharmacokinetics. Annu. Rev. Pharmacol. Toxicol. 
48, 303–332 (2008).

	19.	 Anderson, B.J. & Holford, N.H. Mechanistic basis of using body 
size and maturation to predict clearance in humans. Drug Metab. 
Pharmacokinet. 24, 25–36 (2009).

	20.	 Vinks, A.A. & Barrett, J.S. Model-informed pediatric drug 
development: application of Pharmacometrics to define the 
right dose for children. J. Clin. Pharmacol. 61(Suppl 1), S52–S59 
(2021).

	21.	 van den Anker, J.N. et al. Ceftazidime pharmacokinetics in preterm 
infants: effects of renal function and gestational age. Clin. 
Pharmacol. Ther. 58, 650–659 (1995).

	22.	 Arant, B.S. Developmental patterns of renal functional maturation 
compared in the human neonate. J. Pediatr. 92, 705–712 (1978).

	23.	 Colin, P.J. et al. Vancomycin pharmacokinetics throughout life: 
results from a pooled population analysis and evaluation of 
current dosing recommendations. Clin. Pharmacokinet. 58, 
767–780 (2019).

	24.	 Kloprogge, F. et al. Revising pediatric vancomycin dosing 
accounting for nephrotoxicity in a pharmacokinetic-
pharmacodynamic model. Antimicrob. Agents Chemother. 63, 
e00067-19 (2019).

	25.	 Mouksassi, M.S., Marier, J.F., Cyran, J. & Vinks, A.A. Clinical 
trial simulations in pediatric patients using realistic covariates: 
application to teduglutide, a glucagon-like peptide-2 analog in 

ARTICLE
 15326535, 2024, 2, D

ow
nloaded from

 https://ascpt.onlinelibrary.w
iley.com

/doi/10.1002/cpt.3095 by O
saka U

niversity, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 115 NUMBER 2 | February 2024 247

neonates and infants with short-bowel syndrome. Clin. Pharmacol. 
Ther. 86, 667–671 (2009).

	26.	 The European Committee on Antimicrobial Susceptibility Testing 
(EUCAST). Antimicrobial wild type distributions of microorganisms 
(Staphylococcus aureus MRSA) <https://​mic.​eucast.​org>. (2023) 
Accessed 10 April 2023.

	27.	 <https://​www.​cdc.​gov/​growt​hchar​ts/​clini​cal_​charts.​htm>. 
Accessed 20 March 2023.

	28.	 Morton, P.D., Ishibashi, N. & Jonas, R.A. Neurodevelopmental 
abnormalities and congenital heart disease: insights into altered 
brain maturation. Circ. Res. 120, 960–977 (2017).

	29.	 McQuillen, P.S. et al. Temporal and anatomic risk profile of brain 
injury with neonatal repair of congenital heart defects. Stroke 38, 
736–741 (2007).

	30.	 Donofrio, M.T. & Massaro, A.N. Impact of congenital heart 
disease on brain development and neurodevelopmental outcome. 
Int. J. Pediatr. 2010, 1–13 (2010).

	31.	 Marelli, A., Miller, S.P., Marino, B.S., Jefferson, A.L. & Newburger, 
J.W. Brain in congenital heart disease across the lifespan: the 
cumulative burden of injury. Circulation 133, 1951–1962 (2016).

	32.	 Clouchoux, C. et al. Delayed cortical development in fetuses with 
complex congenital heart disease. Cereb. Cortex 23, 2932–2943 
(2013).

	33.	 Limperopoulos, C. et al. Brain volume and metabolism in fetuses 
with congenital heart disease: evaluation with quantitative 
magnetic resonance imaging and spectroscopy. Circulation 121, 
26–33 (2010).

	34.	 De Asis-Cruz, J., Donofrio, M.T., Vezina, G. & Limperopoulos, C. 
Aberrant brain functional connectivity in newborns with congenital 
heart disease before cardiac surgery. Neuroimage Clin. 17, 31–42 
(2018).

	35.	 Jaimes, C. et al. Association of Isolated Congenital Heart Disease 
with fetal brain maturation. AJNR Am. J. Neuroradiol. 41, 1525–
1531 (2020).

	36.	 Chen, N., Aleksa, K., Woodland, C., Rieder, M. & Koren, G. 
Ontogeny of drug elimination by the human kidney. Pediatr. 
Nephrol. 21, 160–168 (2006).

	37.	 Sonntag, J., Prankel, B. & Waltz, S. Serum creatinine 
concentration, urinary creatinine excretion and creatinine 
clearance during the first 9 weeks in preterm infants with a birth 
weight below 1500 g. Eur. J. Pediatr. 155, 815–819 (1996).

	38.	 Cuzzolin, L. et al. Postnatal renal function in preterm newborns: 
a role of diseases, drugs and therapeutic interventions. Pediatr. 
Nephrol. 21, 931–938 (2006).

	39.	 Costanzo, L.S. Cardiovascular physiology. In Costanzo Physiology 
Seventh edn. (Elsevier, Amsterdam, The Netherlands, 2022).

	40.	 Abduljalil, K., Pan, X., Clayton, R., Johnson, T.N. & Jamei, M. Fetal 
physiologically based pharmacokinetic models: systems information 
on fetal cardiac output and its distribution to different organs during 
development. Clin. Pharmacokinet. 60, 741–757 (2021).

	41.	 Scholes, G.B., Zannino, D., Kausman, J.Y. & Cheung, M.M.H. 
Altered in utero kidney development in newborns with congenital 
heart disease. Pediatr. Res. 85, 644–649 (2019).

	42.	 FDA approval vancomycin label. <https://​www.​acces​sdata.​
fda.​gov/​drugs​atfda_​docs/​label/​​2021/​21389​5s000​lbl.​pdf>. 
Accessed 16 October 2023.

	43.	 Zheng, J., Yao, Y., Han, L. & Xiao, Y. Renal function and injury in 
infants and young children with congenital heart disease. Pediatr. 
Nephrol. 28, 99–104 (2013).

	44.	 Sun, B.K. et al. Blockade of angiotensin II with losartan 
attenuates transforming growth factor-beta1 inducible  
gene-h3 (betaig-h3) expression in a model of chronic  
cyclosporine nephrotoxicity. Nephron Exp. Nephrol. 99,  
e9–e16 (2005).

	45.	 Agras, P.I. et al. Effect of congenital heart disease on  
renal function in childhood. Nephron Physiol. 99, p10–p15  
(2005).

	46.	 Moffett, B.S., Resendiz, K., Morris, J., Akcan-Arikan, A. & 
Checchia, P.A. Population pharmacokinetics of vancomycin in the 
pediatric cardiac surgical population. J. Pediatr. Pharmacol. Ther. 
24, 107–116 (2019).

	47.	 Saet, A.V. & Tibboel, D. The influence of cardiopulmonary bypass 
on pediatric pharmacokinetics. Expert Opin. Drug Metab. Toxicol. 
19, 333–344 (2023).

ARTICLE
 15326535, 2024, 2, D

ow
nloaded from

 https://ascpt.onlinelibrary.w
iley.com

/doi/10.1002/cpt.3095 by O
saka U

niversity, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://mic.eucast.org
https://www.cdc.gov/growthcharts/clinical_charts.htm
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/213895s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/213895s000lbl.pdf

	Model-­Informed Vancomycin Dosing Optimization to Address Delayed Renal Maturation in Infants and Young Children with Critical Congenital Heart Disease
	MATERIALS AND METHODS
	Study design and patient selection
	Data collection
	Vancomycin serum concentration measurement
	Population PK modeling
	Covariate analysis and model development and validation
	Comparison of vancomycin clearance maturation between CCHD and non-­CCHD pediatric patients
	Age and renal function appropriate dosing design based on model-­informed simulations

	RESULTS
	Patient demographics and clinical characteristics
	Vancomycin concentrations and population PK model development
	Comparison of vancomycin clearance maturation between CCHD and non-­CCHD pediatric patients
	Dosing simulation and target attainment analysis

	DISCUSSION
	CONCLUSION
	ACKNOWLEDGMENTS
	FUNDING
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS


