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Background: The main challenges faced when using sirolimus in children with
vascular anomalies (VAs) still include significant pharmacokinetic (PK) variability,
uncertainty in the target concentration range, as well as inconsistencies in initial
dosing and dosing frequency. The aim of this study is to establish a new
population pharmacokinetic (PPK) model for children with VAs to guide the
individualized use of sirolimus.

Methods: A PPK study was performed using data from children with VAs who
received sirolimus between July 2017 and April 2022. A nonlinear mixed-effect
modeling with a one-compartment model structure was applied. Monte Carlo
simulation was employed to propose specific dosing recommendations to
achieve the target trough concentrations (Ctrough) of 5–15 ng/mL.

Results: In total, 134 blood concentrations from 49 pediatric patients were used
to characterize the sirolimus pharmacokinetics. Covariate analysis identified body
weight (BW) as a significant factor affecting clearance (CL) in the final PPK model.
The typical clearance rate and distribution volume, standardized to a BW of 16 kg,
were 4.06 L/h (4% relative standard error, RSE) and 155 L (26% RSE), respectively.
Optimal dosing regimens were simulated for different BWs. For a twice-daily
regimen, the recommended doses were 0.05, 0.06, 0.07, and 0.08mg/kg/day for
BWof <10, 10–20, 20–40, and ≥40 kg, respectively; for a once-daily regimen, the
recommended doses were 0.06, 0.07, 0.08, and 0.09 mg/kg/day for BW of <10,
10–30, 30–50, and ≥50 kg, respectively. Notably, sirolimus Ctrough could be
maintained between 5–15 ng/mL across various dosing frequencies based on the
recommended dosing regimen.
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Conclusion: We established a PPK model of sirolimus for children with VAs and
proposed an initial dosing strategy. Integrating initial dose and medication
frequency recommendations into sirolimus’ guidelines will broaden its clinical
options and simplify the clinical management for childhood VAs.

KEYWORDS

sirolimus, population pharmacokinetics, vascular anomalies, children, dosing
recommendation

1 Introduction

Sirolimus, also known as rapamycin, is an immunosuppressive
drug initially approved for use in renal transplantation (FDA, 2024).
By blocking downstream protein synthesis and subsequent cell
proliferation and angiogenesis through the PI3K/AKT/mTOR
pathway (Queisser et al., 2021), sirolimus has shown promising
effects in treating vascular anomalies (VAs) including tufted
angioma, kaposiform hemangioendothelioma, lymphatic and
venous malformations in recent years (Sandbank et al., 2019;
Freixo et al., 2020).

Despite the increasingly widespread clinical use of sirolimus,
clinical challenges persist, possibly due to its significant
pharmacokinetic (PK) variability (Goyal et al., 2013). An 4.5-fold
variability in sirolimus clearance (CL) was observed among stable
renal transplant patients (Zimmerman and Kahan, 1997). Moderate
liver impairment caused a 53% decrease in the oral apparent CL rate
(CL/F) of sirolimus (Kovarik et al., 2001), while severe liver
impairment patients experience a decrease of up to 67%
(Zimmerman et al., 2008). However, these findings are mostly
derived from transplant patients, rarely from patients with VAs,
and reports in pediatric patients with VAs are rarer. Moreover, it has
also been reported that PK parameters of sirolimus varied among
races (Zimmerman and Kahan, 1997). In the Asian and Caucasian
populations, ABCB1 C1236T polymorphism had a significant
impact on the C0/D ratio of sirolimus in Caucasians but nor in
Asians (Shao et al., 2020).

Sirolimus has a narrow therapeutic window, typically 8–12 ng/
mL or 5–15 ng/mL (Shen et al., 2023; Zhang et al., 2023). It is
generally considered that trough concentrations (Ctrough) exceeding
15 ng/mL are associated with an increasing risk of sirolimus-induced
thrombocytopenia, leukopenia, and hypertriglyceridemia, while
concentrations below 5 ng/mL correlate with insufficient
therapeutic effects (Kahan et al., 2000). Therefore, therapeutic
drug monitoring (TDM) is commonly recommended in clinical
practice (FDA, 2024).

Notwithstanding, significant individual differences in the
pharmacokinetics, tolerability, and effectiveness of sirolimus
treatment persist. Part of the reason for this can be attributed to
the only moderate correlation between its steady-state Ctrough and
the complete area under the plasma concentration-time curve (Shen
et al., 2023). In this case, transitioning from single TDM to model-
guided precision dosing becomes particularly necessary. Population
pharmacokinetics (PPK) modeling can compensate TDM’s
limitations by identifying sources of variability and quantifying
the impact of each covariate, providing estimates of PK
parameters and their inter-and intra-variability in specific
populations (Mould and Upton, 2013). This helps in

understanding differences and variations among target
populations, thereby assisting in the determination of safe and
efficacious drug administration (Chen J. et al., 2023).

Indeed, some researchers have already endeavored to develop
PPKmodels for sirolimus in children with VAs (Mizuno et al., 2017;
Wang et al., 2019; Chen et al., 2020; 2021) (Supplementary Table
S1). However, these models either suffer from limitations such as
small sample sizes (e.g., the studies by Chen andWang included only
14 to 17 subjects) or inapplicability to the Chinese pediatric
population (e.g., Mizuno’s work focused on United States
populations). Therefore, a PPK model with a large sample size is
warranted to explore the individualized dosing of sirolimus in
Chinese children with VAs.

Of note, the initial dose and dosing frequency of sirolimus are also
clinical issues that deserve attention. For the treatment of children
with VAs, consensus on initial sirolimus dosing is lacking, with
reported initial doses ranging from 0.6 mg/m2 twice daily to
1.6 mg/m2/d and 0.08 mg/kg/d (Sandbank et al., 2019; Maruani
et al., 2021; Wiegand et al., 2022). Furthermore, there is no
agreement on the frequency of administration. While several
studies advocate for twice-daily administration for children due to
the shorter half-life of sirolimus compared to adults (Schachter et al.,
2004; FDA, 2024), once-daily administration is also prevalent in
clinical practice (Schachter et al., 2006; Zhang et al., 2022). Indeed,
individualized initial dosing strategy can be achieved through model-
based simulations, allowing plasma concentrations to quickly reach
the target range, thereby improving tolerability and effectiveness in
pediatric patients. This approach has been successfully applied in
multiple populations (Dai et al., 2022; Chen L. et al., 2023).

Hence, we are attempting to establish a new PPK model of
sirolimus specifically for Chinese children with VAs. Notably,
through Monte Carlo simulations, we aimed to develop optimal
dosing strategies and provide new insights into individualized
sirolimus administration for the treatment of childhood VAs.

2 Methods

2.1 Patients and data collection

This retrospective study was conducted at the Children’s
Hospital of Nanjing Medical University. Pediatric patients
diagnosed with VAs who received oral sirolimus treatment and
carried out TDM between July 2017 and April 2022 were enrolled.
The common initial dosing regimen was 0.08 mg/kg/d, with dosing
intervals of either 12 or 24 h. Exclusion criteria included values
beyond the detection limit, as well as ongoing serious infections or
multiple organ injuries.
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The study was approved by the Ethics Committee of the
Children’s Hospital of Nanjing Medical University (protocol
number: 202206114-1). Written consents were exempted in the
ethical approval documents due to the nature of the retrospective
study design.

Clinical and laboratory data, including age, sex, body weight
(BW), high-density lipoprotein cholesterol (HDL), alanine
aminotransferase (ALT), aspartate amino-transferase (AST), total
bilirubin (TBIL), direct bilirubin (DBIL), red blood cell count (RBC),
hemoglobin (HGB), white blood cell count (WBC), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin
concentration (MCHC), hematocrit (HCT), albumin (ALB),
blood urea nitrogen (BUN), serum creatinine (SCR), cystatin-C
(CYSC), and uric acid (UA) were extracted from the hospital’s
information system.

2.2 Sample analyzing and genotyping

Indeed, the whole blood samples are routinely transported to
our laboratory for monitoring plasma sirolimus levels in children
with VAs. Briefly, the whole blood samples (1–2 mL) were collected
into the EDTA K2 anticoagulant tube for routine TDM at least
7 days after the start of sirolimus therapy, specifically 30 min before
the next maintenance dose. After concentration measurement, the
left-over samples were separated by centrifugation for collecting
plasma and blood cell sediment and then stored at −80°C for
subsequent analysis. Enzyme multiplied immunoassay technique
(Emit® 2000; SIEMENS, Munich, Germany) with the calibration
range of 3.5–30 ng/mL was employed for the quantitative analysis
for sirolimus (Zhao et al., 2022). To ensure accuracy and precision,
three levels of quality control samples with a deviation of ± 15%were
utilized. The deviations of quality control samples over the period of
clinical sample collection and detection were from −13.2% to 14.8%.

The blood samples used for genotyping were fromTDM residual
samples. DNA was extracted by using a DNA kit (Zhongkebio Med
Technol, Nanjing, China). The analysis was conducted by BGI
Technologies (Shenzhen, China) using the Agena MassARRAY
platform 4.0 with iPLEX gold chemistry (Agena Bioscience, Inc.,
CA, United States). More genotyping data can be found in
Supplementary Table S2. The Hardy-Weinberg equilibrium was
evaluated using the chi-square goodness-of-fit test to scrutinize
deviations in allele and genotype frequencies across different genes.

2.3 PPK modeling

Parameter estimation was carried out using a nonlinear mixed
effects model program (NONMEM, v7.3.0, Icon Inc., PA,
United States) and a first-order conditional estimation method
with interaction (FOCE-I). Data processing and visualization
were performed with R (v4.3.1) and Prism 9 (v9.5.0). Pirana
software (Version 2.9.7) served as the workbench of NONMEM.

2.3.1 Base model
A one-compartment model with first-order elimination was

suitable to describe sirolimus’ pharmacokinetics since all the
concentrations in this study were trough concentrations. The

apparent volume of distribution (V/F) and CL/F were described.
Due to the absence of observations during the absorption phase,
absorption rate constant (Ka) was established at 0.485 h−1 according
to previously reports in the literature (Wang et al., 2020; Chen
et al., 2022).

Exponential model was chosen to evaluate inter-individual
variability of the PK parameters and was described as Equation 1.

Pi � TV P( ) × eηi (1)
where Pi represents the individual parameter value; TV(P)
represents the typical individual parameter value; and ηi
represents the variability between subjects.

Additive (Equation 2), exponential (Equation 3), and mixed
error (Equation 4) models were evaluated to describe the
residual variance.

Y � IPRED + ε (2)
Y � IPRED × eε (3)

Y � IPRED × 1 + ε1( ) + ε2 (4)
where Y represents the individual observation; IPRED represents the
individual prediction; and ε represents a randomly
distributed variable.

2.3.2 Covariate model
Since age and weight have been wildly recognized in previous

studies as important variables influencing the PK parameters of
sirolimus in children (Sabo et al., 2021; Li et al., 2022), these two
covariates were initially evaluated in a series of size and
maturation models (Anderson and Holford, 2008; Holford
et al., 2013). The maturation model that achieved the smallest
objective function values (OFV) was further developed as the
intermediate model. The general maturation model (Equation 5)
was as follows:

Pi � TV P( ) × BW

BWmedian
( )m

× MF (5)

where m is the exponent of weight and MF is a maturation factor
with the following five forms:

Model I: simple exponential model (Equations 6, 7), exponents
m and n are estimated

CL/F � TV CL( ) × BW

BWmedian
( )m

(6)

V/F � TV V( ) × BW

BWmedian
( )n

(7)

Model II: fixed allometric exponent model (Equations 8, 9)

CL/F � TV CL( ) × BW

BWmedian
( )0.75

(8)

V/F � TV V( ) × BW

BWmedian
( ) (9)

Model III: sigmoid maturation model (Equation 10), where
TM50 is the age at which CL maturation reaches half of the
adult’s CL, and Hill is the slope parameter for the sigmoid Emax

maturation model
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CL/F � TV CL( ) × BW

BWmedian
( )0.75

× MF,MF � 1

1 + Age
TM50( )Hill

(10)
Model IV: weight dependent exponent model (Equation 11)

CL/F � TV CL( ) × BW

BWmedian
( )m

,m � k0 − Kmax × BWHill

K50
Hill + BWHill

(11)

Model V: age dependent exponent model (Equation 12)

CL/F � TV CL( ) × BW

BWmedian
( )m

,m � k0 − Kmax × AgeHill

K50
Hill + AgeHill

(12)

In models IV and V, k0 is defined as an exponent at a theoretical
weight of 0 or at an age of 0 years, respectively. Kmax represents the
maximum reduction of the exponent. The Hill coefficient
determines the steepness of the sigmoid decline. k50 indicates the
weight (in Model IV) or age (in Model V) at which there is a 50%
decrease relative to the maximum decrease.

Other potential covariates including ALT, AST, HDL, TBIL,
DBIL, RBC,WBC, HGB,MCH,MCHC, HCT, ALB, SCR, BUN, UA,
CYSC, single nucleotide polymorphisms (SNPs) of CYP3A4
(i.e., rs4646437 and rs2242480), SNPs of CYP3A5 (rs776746),
SNPs of mTOR (i.e., rs1883965, rs2076655 and rs2300095), SNPs
of ABCB1 (rs1128503), SNPs of ABCC2 (rs717620), SNPs of
CYP3A7 (i.e., rs12360, rs10211, and rs2257401), SNPs of POR
(rs10578680), SNPs of IL10 (rs1800896), SNPs of IL18
(rs5744247), SNPs of SUM04 (rs237024), SNPs of NR1I2
(rs3814055 and rs6785049), and SNPs of TCF7L2 (rs7903146)
were investigated. Linear model, power model, and exponential
model (Equations 13–15, respectively) were used to describe the
continuous covariates, while the additive model and proportional
model (Equations 16, 17, respectively) were used to describe
categorical covariates.

Pi � TV P( ) + θ ×
COV

COVmedian
( ) (13)

Pi � TV P( ) × COV

COVmedian
( )θ

(14)

Pi � TV P( ) × e
θ × COV

COVmedian
( ) (15)

Pi � TV P( ) + θ × COVFi (16)
Pi � TV P( ) × 1 + θ × COVFi( ) (17)

where θ is the estimate of the effect of the covariate on the parameter.
The covariates were screened in a stepwise way with forward

inclusion and backward exclusion. A decrease in the OFV of at least
3.84 (P < 0.05, df = 1) and an increase in the OFV of at least 10.84
(P < 0.001, df = 1) were considered as the standard to include or to
retain significant covariates, respectively. Notably, if a significant
correlation was observed between covariates, only one was included
in the subsequent modeling (Bonate, 1999). Additionally, the
accuracy and physiological rationality of the parameters were
considered throughout the stepwise process.

2.3.3 Model evaluation
The performance of the final model was visually assessed using

goodness-of-fit (GOF) plots and normalized prediction

distribution error (NPDE). The statistical tests of NPDE were
conducted through the NPDE R package (Comets et al., 2008). The
precision of model parameter estimates was assessed based on the
standard errors calculated using the covariance matrix method,
which is the default setting in NONMEM (R−1 SR−1). The
predictive capability of the final model was further validated by
using numerical predictive check (NPC) and visual predictive
check (VPC), each performed with 1,000 simulations.
Additionally, bootstrap with repetition of 1,000 runs was
applied to evaluate the stability and reliability of the final
estimates. Finally, the precision of the model was estimated by
the mean prediction error (MPE), mean absolute prediction error
(MAPE), mean relative prediction error (MPE%), mean relative
absolute prediction error (MAPE%), root mean squared prediction
error (RMSE), and composite indices F20 and F30, which represent
the percentage of prediction errors within ± 20% and ± 30%,
respectively.

Equations 18–21 are as follows:

PE% � pred − obs

obs
× 100% (18)

MPE � 1
N
∑N

1
predi − obsi( );

MPE% � 1
N
∑N

1

predi − obsi
obsi

( ) × 100%
(19)

MAPE � 1
N
∑N

1
predi − obsi
∣∣∣∣ ∣∣∣∣;

MAPE% � 1
N
∑N

1

predi − obsi
∣∣∣∣ ∣∣∣∣

obsi
( ) × 100%

(20)

RMSE �



















1
N
∑N

1
predi − obsi( )2√

(21)

2.3.4 Simulations
Monte Carlo simulations were carried out using NONMEM

(v7.3.0, Icon Inc., PA, United States) to identify the optimal initial
sirolimus dose to achieve its targeted Ctrough of 5–15 ng/mL
(Lackner et al., 2015; Ozeki et al., 2019; Sandbank et al., 2019).
A total of 1,000 simulations were conducted for each clinical
scenario. The dosing regimens ranged from 0.04 to 0.12 mg/kg/
d at 0.01 mg interval were evaluated to identify the optimal dose in
pediatric patients at different BW groups (<10, 10–20, 20–30,
30–40, 40–50, and ≥50 kg), respectively. We also performed a
simulation for a virtual 25-kg pediatric patient with VAs
(0.07 mg/kg/d, monotherapy) to generate a concentration-time
curve, thereby illustrating the changes in plasma sirolimus
concentration under different dose intervals (12 h or 24 h)
based on clinical dosing practice. The evaluation criteria were
the probabilities of achieving concentrations within the
target range.

3 Result

3.1 Subjects

The model included 49 children with VAs, of whom 24 were
males. A total of 134 concentrations were collected. The median BW
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of all subjects was 16 kg, ranging from 3.3 to 65 kg. The dose of
sirolimus was ranged from 0.018 to 0.152 mg/kg/d. Table 1
summarizes the main demographic and clinical characteristics.
The detailed information of subject characteristics obtained for
subsequent PPK modeling is shown in Supplementary Table S3.

3.2 Model development

Since only Ctrough were applied in the study, the inter-
individual variability of V/F was not estimated. The residual
variability was best described by an additive error model
(Equation 2). Among five different maturation models, the OFV
values of Model I was the lowest (Supplementary Table S4).
Therefore, the simple exponential model was selected for
further covariate screening. However, no other covariates
showed significant influence on sirolimus CL/F during forward
inclusion and backward exclusion phase. Details of the covariate

screening process are shown in Supplementary Table S4. The finial
model (Equations 22, 23)was as follows:

CL/F � 4.06 ×
BW

16
( )1.23

(22)

V/F � 155 ×
BW

16
( )1.62

(23)

3.3 Model evaluation

GOF plots of the base model and the final model are shown in
Figure 1. The prediction performances of the final model were
significantly improved compared to the base model with no obvious
bias or significant trends that were deviated from y = x or y = 0. Most
of the conditional weighted residuals (CWRES) were randomly
distributed around zero line and most of the residuals
were within ± 2.

TABLE 1 Demographic, laboratory, and genotype data of enrolled subjects.

Characteristic Median (range)

Demographic

Sex, male/female 24/25

Age, y 3.5 (0.08–12)

WT, kg 16 (3.3–65)

Laboratory parameter

RBC (1012/L) 4.64 (2.73–5.9)

WBC (109/L) 8 (4.33–17.14)

HGB (g/L) 122 (77–172)

MCH (pg) 26.7 (19.4–30.6)

MCHC (g/L) 330 (213–361)

HCT (%) 36.8 (24.2–49.4)

ALB (g/L) 44.8 (37.2–52.2)

ALT (U/L) 12 (5–34)

AST (U/L) 27 (17–52)

HDL (mmol/L) 1.38 (0.6–2.15)

TBIL (μmol/L) 5.5 (1.6–16)

DBIL (μmol/L) 1.97 (0–7.3)

Genotype

CYP3A4

rs4646437 (%) GG/GA/AA 34/12/3

rs2242480 (%) CC/CT/TT 28/15/6

CYP3A5

rs776746 (%) TT/CT/CC 5/22/22

Abbreviations: BW, total body weight; RBC, red blood cell count;WBC, white blood cell count; HGB, hemoglobin; MCH,mean corpuscular hemoglobin;MCHC,mean corpuscular hemoglobin

concentration; HCT, hematocrit; ALB, albumin; ALT, alanine aminotransferase; AST, aspartate amino transferase; HDL, high-density lipoprotein cholesterol; TBIL, total bilirubin; DBIL, direct

bilirubin.
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NPD plot is shown in Figure 2. No trends were observed in the
scatterplots and the statistical tests of NPDE showed a normal
distribution with a theoretical mean of 0.035 and variance of
1.036. The VPC plot, shown in Figure 3, indicated good
predictive performance of the final model, as most of the
observations were included in the 95% prediction intervals
derived from the simulation data. NPC result, as a numerical
statistical supplement to VPC, is shown in Supplementary Table S5.

The parameter estimates of the final model and bootstrap
analysis are presented in Table 2. The median values of bootstrap
estimation were close to the respective values of the final model, with
all the biases being less than 5%, and all the final model estimates fell
within the 95% CI of the bootstrap estimates. The success rate of
1,000 times bootstrap runs was 96.8%, indicating that the model was
stable and reliable. As presented in Table 3, the prediction errors
were small in final model with MPE% 3.51% ≤ ±20%, MAPE%
2.42% ≤ 30%, F20 38.81% ≥ 35%, and F30 55.22% ≥ 50%, respectively.

3.4 Simulation and optimization

Simulations were conducted to determine the optimal initial
dose for pediatric patients with varying weight according to the
target trough concentration of 5–15 ng/mL. The results of the
simulation are presented in Figure 4. The recommended doses
are shown in Table 4. With an increase in BW, a higher BW-
normalized sirolimus dose was required.

As shown in Figure 5, the predicted sirolimus concentration-
time profiles in children with BW of 25 kg under the recommended
dose of 0.07 mg/kg/d were simulated. Under both dosing intervals,

steady-state concentrations achieved within 7–8 days. Although the
plasma concentration of sirolimus exhibited reduced fluctuation
with a dosing interval of 12 h, it remained within the target
concentration range even when the dosing interval was extended
to 24 h. This suggests that sirolimus maintains therapeutic levels
despite alterations in dosing frequency.

4 Discussion

The considerable inter- and intra-individual variability in
pharmacokinetics, its narrow therapeutic range, and the
correlation between dosage and adverse reactions of sirolimus
highlight the pressing need for establishing a rational initial
dosing regimen for treating children with VAs (Shen et al.,
2023). By establishing a PPK model for sirolimus in children
with VAs, we proposed a detailed dosing strategy for pediatric
patients based on their BWs. To the best of our knowledge, this
study is the largest PPK modeling study on Chinese
children with VAs.

In this study, BW as an important covariate was found in the
final model. Indeed, we observed a nonlinear increase in CL/F with
BW gain, which was line with prior PPK studies on sirolimus in
children with VAs (Mizuno et al., 2017; Chen et al., 2020; 2021)
(Supplementary Table S1). Children are in the growth and
development stage, which is the main physiological feature that
distinguishes them from adults. It has been widely known that drug
elimination in children mainly increases with their BW and age
(Bartelink et al., 2006; Anderson and Holford, 2008; Dai et al., 2022).
To assess the impact of BW and age on the PK parameters of

FIGURE 1
Goodness-of-fit (GOF) plots of base model and final model. (A) Dependent variable (DV) vs. Population prediction (PRED); (B) DV vs. Individual
prediction (IPRED); (C) CWRES vs. PRED; (D) Conditional weighted residuals (CWRES) vs. Time after first dose.
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sirolimus, five maturation models were examined, among which
model I using allometric scaling of BW demonstrated the lowest
OFV. Due to the significant correlation between age and BW
(correlation coefficient, r = 0.86), age was excluded in the
subsequent covariate inclusion process to avoid collinearity and
instability in parameter estimation. Indeed, apart from BW, the
previous models’ evaluation has included covariates like age
(postmenopausal age), sex, ALT, and CYP3A5 gene
polymorphism (Supplementary Table S3). However, all these
covariates failed to be included in our study. Of note, since BW
was the only covariate ultimately included, this model could be more
widely applied in clinical practice.

Apart from BW, we explored other potential factors influencing
sirolimus pharmacokinetics, such as liver function, red blood cells,
and lipoproteins (McCune et al., 2016; Hartinger et al., 2022).
Sirolimus is primarily distributed in red blood cells and shows
concentration-dependent binding to lipoproteins in the whole
blood compartment (Stenton et al., 2005). It undergoes major
metabolism in the liver. Surprisingly, none of these factors
demonstrated a significant influence on its CL/F and were
therefore not included in the final model. This exclusion may be

attributed to the insufficient number of patients with liver
impairment in our dataset, as well as the fluctuation of blood
cells and lipoproteins within normal ranges.

Sirolimus is metabolized by CYP3A4, CYP3A5, and CYP2C8,
with CYP3A4 playing the most significant role, followed by
CYP3A5 and then by CYP2C8 (Emoto et al., 2013; 2015). It is
also a substrate of P-glycoprotein (Moes et al., 2015). However, there
is still controversy regarding the impact of CYP3A4 and CYP3A5
gene polymorphisms on sirolimus metabolism. Studies have
indicated that specific SNPs of CYP3A4 (*1G and *1B) and
CYP3A5 (*1 and *3) can affect the metabolic activity and oral
CL/F of sirolimus (Anglicheau et al., 2005; Le Meur et al., 2006).
However, other studies have found that SNPs of CYP3A4 (*22) and
CYP3A5 (*3) are not significantly correlated with sirolimus dose,
Ctrough, and Ctrough/dose ratio in kidney transplant patients
(Woillard et al., 2013).

In our modeling, we failed to include the genetic polymorphisms
of CYP3A4 and CYP3A5 as covariates. This could be attributed to
the wide age distribution of our study population (0.08–12 years
old), which may lead to varying levels of maturity of CYP3A protein
at different developmental stages (de Wildt et al., 1999; Lang et al.,

FIGURE 2
Normalized prediction distribution (NPD) plots of the final model. (A)Q-Q plot of the distribution of the NPD vs. theoretical normal distribution; (B)
histogram of the distribution of the NPD; (C) NPD vs. time after first dose; (D) NPD vs. population prediction.
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FIGURE 3
Visual predictive check (VPC) plot of the final model. Circles represent the observed concentrations. The red solid line represents the median of the
prediction-corrected concentrations. The blue solid lines represent the 2.5% and 97.5% of the prediction-corrected concentrations, respectively. The
shaded areas represent the 95% confidence interval of each line.

TABLE 2 Final estimates and bootstrap analysis of final model.

Parameter Final model Bootstrap Bias (%)

Estimate RSE% [%shrinkage] Median 95%CI

CL/F (L/h) 4.06 4 4.03 3.58–4.39 −0.84

V/F (L) 155 26 160 60–246 3.00

m 1.23 8 1.22 0.98–1.43 −0.42

n 1.62 13 1.59 1.09–2.07 −1.56

Ka (h−1) 0.485 fixed 0.485 — —

ωCL (%) 25.94 32 [17] 24.90 14.58–33.97 −4.04

σ (ng/mL) 3.41 14 [13] 3.36 2.83–3.88 −1.34

Bias (%) = (Median - Estimate)/Estimate × 100%.

Abbreviations: CL/F, apparent clearance; V/F, apparent distribution volume; ωcl, inter-individual variability in CL; σ, residual variability; RSE%, relative standard error; 95% CI, 95% confidence

interval.

TABLE 3 The prediction performance of the final model.

MPE MPE% MAPE MAPE% RMSE F20%
a F30%

a Fi20%
b Fi30%

b

−0.19 3.51 2.42 20.95 2.96 38.81 55.22 59.7 78.36

Abbreviations: MPE, mean prediction error; MAPE, mean absolute prediction error; RMSE, root mean square error.
aPE% between ± 20% and ± 30% based on population prediction.
bPE% between ± 20% and ± 30% based on individual prediction.
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FIGURE 4
Stacked bar graph of the probability of Sirolimus Ctrough at steady state above range (>15 ng/mL), below range (<5 ng/mL), or within range (5–15 ng/
mL). (A) Pediatric patients weighing <10 kg. (B) Pediatric patients weighing 10–20 kg. (C) Pediatric patients weighing 20–30 kg. (D) Pediatric patients
weighing 30–40 kg. (E) Pediatric patients weighing 40–50 kg. (F) Pediatric patients weighing ≥50 kg.

TABLE 4 Optimal dosing regimens for targeted Ctrough between 5 ng/mL and 15 ng/mL.

Body weight (kg) Dose (mg/kg/d) % Ctrough

<5 ng/mL 5–15 ng/mL >15 ng/mL

Interval: 12 h

<10 0.05 13.76 76.27 9.97

10–20 0.06 12.64 77.26 10.10

20–30 0.07 10.87 77.33 11.80

30–40 0.07 13.72 78.34 7.94

40–50 0.08 10.33 78.80 10.87

≥50 0.08 13.65 78.61 7.74

Interval: 24 h

<10 0.06 18.39 72.83 8.78

10–20 0.07 14.90 75.05 10.04

20–30 0.07 12.74 75.38 11.88

30–40 0.08 14.55 76.32 9.14

40–50 0.08 14.42 78.18 7.40

≥50 0.09 13.73 77.24 9.03
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2021). For example, CYP3A4 activity increases rapidly after birth
but only reaches about half of adult levels at 6–12 months. Similarly,
there are significant individual differences in CYP3A5 expression
and activity at various developmental stages (de Wildt et al., 1999).
The variation in enzyme activity at different developmental stages
may contribute to the model’s inability to accurately estimate the
impact of genetic polymorphism. In addition, CYP3A4
polymorphisms contribute only to a minor extent or only in
relatively rare cases to the interindividual differences of the
CYP3A4 phenotype (Werk and Cascorbi, 2014). Impressively,
previous study by Wang et al. (2020) also failed to incorporate
CYP3A4 and CYP3A5 polymorphisms into their PPK models of
sirolimus in children with tuberous sclerosis.

In clinical practice, common medication regimens for pediatric
patients with VAs involve both twice-daily and once-daily
administrations. Simulations based on the recommended optimal
dosage demonstrate a higher probability of reaching the target
concentration twice daily compared to the once-daily regimen
across varying BWs (Table 4). However, statistical analysis
reveals no significant difference between the two regimens
(P = 0.053).

Medication adherence poses considerable challenges within the
pediatric population. Studies indicate a medication adherence rate of
only 50%–60% among pediatric patients with chronic illnesses (El-
Rachidi et al., 2017). Low adherence elevates the risks associated
with medication usage and contributes to disease progression. It has
been reported that medication adherence is related to
administration frequency, with higher frequencies correlating
with decreased adherence rates (Bender, 2002; Kardas et al.,
2013). Thus, we proposed that patients who can tolerate adverse
reactions from a single dose consider a once-daily dosing regimen.
This approach may minimize dosing frequency, potentially reduce
inconvenience for pediatric patients, and enhancing overall
patient adherence.

Our research has several limitations. Firstly, this is a
retrospective study, despite our efforts to encompass an extensive
array of covariates, certain potential influencing factors, such as the
impact of food on sirolimus metabolism (Mizuno et al., 2019),
remain beyond our inclusion. Additionally, important covariates
like liver function and genetic polymorphisms were failed to be
included in the model, which might contribute to an incomplete
explanation of the inter-individual variability in the CL/F of
sirolimus. Notably, the inclusion of BW only explained 58.67% of
this variability. Secondly, Ka was fixed at 0.485 h−1 due to a lack of
information on the absorption phase. Previous studies have reported
a wide range of estimated Ka from 0.0535 to 2.77 h−1 in kidney
transplant patients and blood and marrow transplant patients
(Ferron et al., 1997; Goyal et al., 2013). However, the differences
in Ka across studies could not be clearly explained (Methaneethorn
et al., 2022). Further studies in this field are warranted. The Ka used
in our study was derived from several previous PPK studies on
sirolimus (Chen et al., 2020; 2021; Wang et al., 2020), which were
also performed in Chinese children with VAs. Nevertheless, it must
be acknowledged that different Ka values can have a certain impact
on the PK parameters estimation. Therefore, we recommend
exercising caution when applying our model to other racial groups.
Thirdly, while the sample size has been augmented, the rarity of VAs
as a disease restricts the available pool of participants, thereby
resulting in a relatively modest sample size. Consequently, there
remains a compelling necessity for large-scale investigations to
enhance our understanding of the population’s characteristics
comprehensively. Fourthly, it is important to highlight that while
many studies, including Italian guideline for VAs (Stillo et al., 2022),
suggested a target Ctrough range of 5–15 ng/mL for symptomatic,
progressive, and refractory cystic lymphatic malformations, there
remains no consensus on the appropriate Ctrough range for the
broader VAs population. Various prospective clinical studies (Ji
et al., 2021; Maruani et al., 2021; Harbers et al., 2023; Seront et al.,

FIGURE 5
Predicted distribution of sirolimus concentration-time profiles in 1,000 simulated pediatric patients weighing 25 kg. The solid lines depict the
median of the simulated data, and the shaded areas represent the 80% prediction interval for the simulated individuals and the dashed lines indicate the
lower and upper boundaries of the target range of 5–15 ng/mL.
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2023) have proposed differing target ranges, such as 10–15 ng/mL,
4–10 ng/mL, and 4–12 ng/mL. Therefore, further prospective
randomized controlled trials are required to establish the optimal
therapeutic target for sirolimus in this population. Lastly, it is
important to note that our study did not determine recommended
doses through pharmacokinetic-pharmacodynamic (PK-PD) analyses
but rather relied solely on the Ctrough of sirolimus mainly because we
did not have access to matching PD data. Therefore, further clinical
research is warranted to validate the recommended dosing regimens
and their impact on treating children with VAs.

5 Conclusion

In conclusion, this study has successfully developed and validated
a PPK model of sirolimus for children with VAs. Integrating initial
dose and medication frequency recommendations into sirolimus
guidelines will broaden its clinical options and simplify the clinical
management of children with VAs.

5.1 Study highlights

5.1.1 What is the current knowledge on the topic?
Themain challenges faced when using sirolimus in children with

VAs still include significant pharmacokinetic (PK) variability as well
as inconsistencies in initial dosing and dosing frequency.

5.1.2 What question did this study address?
Is it possible to describe the inter- and intra-individual

variability of sirolimus via PPK model, and then simulate initial
dosing and administration frequency through the model?

5.1.3 What does this study add to our knowledge?
This is to date the biggest PPK study on Chinese pediatric

patients with VAs. It supplements the sirolimus PK characteristics
and provides recommended initial dosing regimens based on BW.
This study suggests that sirolimus maintains therapeutic levels
despite alterations in dosing frequency.

5.1.4 How might this change drug discovery,
development, and/or therapeutics?

Integrating initial dose and medication frequency
recommendations into sirolimus guidelines will broaden its clinical
options and simplify the clinical management of children with VAs.
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