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High-dose methotrexate (HD-MTX) is widely used in pediatric acute lymphoblastic
leukemia (ALL) treatment regimens. In this study, we aimed to develop a population
pharmacokinetic (PK) model of HD-MTX in Chinese pediatric patients with ALL for
designing personalized dosage regimens. In total, 4,517 MTX serum concentration
data for 311 pediatric patients with ALL, aged 0.75–15.2 years and under HD-MTX
treatment, were retrospectively collected at a tertiary Children’s Hospital in China. The
non-linear mixed-effect model was used to establish the population PK model, using
NONMEM software. The potential covariate effects of age, body weight, and biochemical
measurements (renal and liver function) on MTX PK disposition were investigated. The
model was then evaluated using goodness-of-fit, visual predictive check. MTX PK
disposition was described using a three-compartment model reasonable well. Body
weight, implemented as a fixed allometric function on all clearance and volume of
distribution parameters, showed a substantial improvement in model fit. The final
population model demonstrated that the MTX clearance estimate in a typical child with
body weight of 19 kg was 6.9 L/h and the central distribution of volume estimate was
20.7 L. The serum creatinine significantly affected the MTX clearance, with a 0.97%
decrease in clearance per 1 μmol/L of serum creatinine. Other covariates (e.g., age,
sex, bilirubin, albumin, aspartate transaminase, concomitant medication) did not
significantly affect PK properties of MTX. The proposed population PK model could
describe the MTX concentration data in Chinese pediatric patients with ALL. This
population PK model combined with a maximum a posteriori Bayesian approach could
be used to estimate individual PK parameters, and optimize personalized MTX therapy in
target patients, thus aiming to reduce toxicity and improve treatment outcomes.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) is themost common pediatric
hematological cancer, accounting for 26–30% of all cancers
diagnosed in children up to 14 years of age and contributing to
approximately 80% of all childhood leukemia cases (Desantis et al.,
2014; Pavlovic et al., 2019). Methotrexate (MTX) is a folate analog
widely used as the first-line chemotherapy in high-dose (HD)
consolidation and low-dose maintenance therapy for childhood
ALL. The antileukemic effect of MTX is attributed to its
competitive inhibition of dihydrofolate reductase (Galivan, 1980;
Schmiegelow, 2009). HD-MTX is defined as a dose higher than
500 mg/m2, which could elicit a broad range of antitumor activities
(Evans et al., 1986; Howard et al., 2016; Kawakatsu et al., 2019; Shi
et al., 2020). It has been reported that HD-MTX can reduce the
relapse rate, increase the event-free survival rate, and suppress the
development of central nervous system (CNS) leukemia in
childhood ALL (Balis et al., 1985; Evans et al., 1986).

However, approximately 75% of the pediatric patients with
ALL experienced therapy-related adverse effects (Gervasini and
Vagace, 2012; Kawakatsu et al., 2019; Panetta et al., 2020), among
them, 1–2% of the patients died from chemotherapy-associated
toxicities (Hunger and Mullighan, 2015). Although the patients
were provided aggressive folate supplementation, intravenous
fluid hydration, and urine alkalinization during the course of
HD-MTX therapy, the renal toxicity (i.e., renal dysfunction), at
an approximate frequency of 1.8%, was observed often
(Widemann et al., 2004). Renal toxicity leads to impaired
MTX clearance and prolonged exposure to toxic
concentrations, which can further deteriorate renal function
and cause non-renal adverse events (AEs). Exposure to HD-
MTX is highly associated with toxicity, including neurotoxicity
(Bhojwani et al., 2014), hepatotoxicity (Cheng, 2008; Hegyi et al.,
2012), mucositis (Cheng, 2008; Johansson et al., 2011),
myelosuppression (Comandone et al., 2005; Joerger et al.,
2010), and nephrotoxicity (Comandone et al., 2005;
Yarlagadda and Perazella, 2008; Howard et al., 2016). These
AEs often result in interruption or discontinuation of
chemotherapy and increase relapse risks (Schmiegelow et al.,
1989; Schmiegelow and Pulczynska, 1990; Schmiegelow, 2009).

MTX is primarily eliminated through the kidneys (up to 90%
of the intravenous dose within 24 h) (Bleyer, 1978). It is
metabolized to 7-hydroxy-MTX in the liver, which contributes
to MTX activity (Csordas et al., 2013), and a small part of MTX is
excreted in the bile with partial intestinal reabsorption. Several
efflux and uptake transporters (e.g., BCRP, MRP2, MRP3, MRP4,
OAT1, and OAT3) are involved in the pharmacokinetic (PK)
disposition process of MTX, which could lead to substantial
variability in PK exposure (Treviño et al., 2009; Leveque et al.,
2011; Ramsey et al., 2013; Schulte et al., 2021). Recent studies
suggested that MTX elimination varied significantly between
HD-MTX courses, and extremely delayed MTX elimination
was observed in approximately 0.5% of pediatric patients with
ALL (Svahn et al., 2017). The routine therapeutic drug
monitoring for MTX has been strongly recommended to
reduce the incidence of AEs in the target patient population,
as suggested by several clinical guidelines and drug labeling.

In general, conventional PK studies require the collection of a
series of PK blood samples to compute the PK exposure
parameters (i.e., Cmax, AUC) using a non-compartmental
analysis approach. However, this approach is inapplicable for
routine clinical therapeutic drug monitoring, especially in the
pediatric population, since only sparse PK concentrations is
available. The population PK approach has advantages such as
unitizing sparse PK data in addition to quantifying and
analyzing the covariate effect, and therefore is widely used in
individual therapy. Although a number of population PK
models of MTX have been established previously in various
clinical settings, the extrapolation of the previous population PK
models to a new clinical setting remains highly uncertain (as
shown in the cases of vancomycin and ciclosporin) (Deng et al.,
2013; Mao et al., 2018). Additionally, previous PK studies on
MTX have suggested that more population PK studies are still
needed due to the variation in patient demographic data and
dosage regimens.

Considering these factors, the main objective of this study is to
develop a population PK model of HD-MTX infusion in Chinese
pediatric patients with ALL and to explore the potential effect of
covariates that could affect MTX PK profiles.

MATERIALS AND METHODS

Study Population
The study protocol and collection of retrospective clinical data
were approved by the Research Ethics Committee of Children’s
Hospital of Fudan University [No (2020) 444]. The study
population identified was Chinese pediatric patients (≤ 18 years
old) diagnosed with ALL who received HD-MTX at the Children’s
Hospital of Fudan University, Shanghai, from January 2014 to
December 2019.

ALL Treatment Regimen
The pediatric patients with ALL were diagnosed and treated in
accordance to the guidelines outlined in the China Children’s
Leukemia Group (CCLG) ALL-2008 protocol (Cui et al., 2018)
and China Children’s Cancer Group (CCCG) ALL-2015 protocol
(Zhu et al., 2020). Children diagnosed with ALL were classified
into the low-risk (LR), intermediate-risk (IR), and high-risk (HR)
groups. MTX was administered as intravenous (IV) infusion over
24 h at a dosage regimen of 3 g/m2 in the LR group and 5 g/m2 for
both IR and HR groups, respectively. Ten percent of the total dose
was administered as a loading dose (0.5 h), followed by infusion
of the remaining 90% of the dose over 23.5 h. In addition, after
1–2 h of starting MTX infusion, 6–12.5 mg dose (according to the
patients’ age) of MTX was administered via intrathecal injection
to prevent CNS ALL. The patients were also orally administered
6-mercaptopurine 25 mg/m2 daily for 14 days. The MTX dose for
pediatric patients was reduced to a lower level in case of
substantial delay in elimination in previous MTX
chemotherapy. Biochemical tests (e.g., liver and renal function)
were routinely conducted before (baseline), 48 h after, and at the
end of MTX chemotherapy. According to clinical practice,
findings of the renal and liver function tests for pediatric
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patients must be roughly normal (e.g., SCr) before MTX
chemotherapy.

Pharmacokinetic Sampling Collection
Routine samples for MTX concentration measurement for
therapeutic drug monitoring were collected from the patients
according to the clinical practice in hospital. As per clinical
guidelines, delayed serum excretion was defined as an MTX
concentration greater than 1.0 μmol/L at 42 h after the
initiation of MTX infusion. Standard leucovorin rescue was
administered at 15 mg/m2/dose (intravenous) starting at 42 h
and administered every 6 h, and was modified according to MTX
serum concentrations until the MTX concentration at 48 h was
less than 0.25 μmol/L. If MTX serum concentrations were higher
than 0.4 μmol/L, leucovorin rescue was continued every 6 h until
the MTX concentration was less than 0.25 μmol/L. Therefore, the
PK blood samples were routinely collected at 24, 42, and 48 h after
the treatment, and additional PK samples were collected every
24 h afterward if clinically indicated. The majority of patients
received multiple cycles of HD-MTX therapy and multiple MTX
concentrations were measured in each cycle.

Demographic data, including age at treatment, sex, body weight,
body surface area (BSA), bodymass index, time-varying laboratory
tests, including data on serum creatinine levels (SCr), alanine
transaminase (ALT), aspartate transaminase (AST), alkaline
phosphatase (ALP), total bilirubin (TBIL), direct bilirubin, and
albumin, were collected. PK data, including the date and time of
dosage administration and PK collection, as well as MTX
concentrations were collected and appended to the demographic
data of each patient. MTX serum concentrations were measured by
fluorescence polarization immunoassay. The concomitant
medication during the MTX chemotherapy was recorded in the
medical record of the hospital’s HIS system. Medications known to
alter MTX PK behaviors (e.g., dasatinib, imatinib, penicillin,
omeprazole, and non-steroidal anti-inflammatory drug
(NSAIDs)) during the MTX chemotherapy were selected for
covariate analysis.

Population Pharmacokinetic Analysis
A total of 311 children were enrolled in this population PKmodeling
analysis. A total of 4,517 blood samples were collected for MTX
concentration measurements. Population PK analysis was
performed using non-linear mixed-effects model in the
NONMEM® software (version 7.4, ICON Development Solutions,
Ellicott City, MD, United States) and data were compiled using
gFortran (version 4.60). Perl-speaks-NONMEM (PsN; version 4.6.0)
and R language (version 3.4.0, http://www.r-project.org/) were used
to visualize the outputs. The first-order conditional estimation
algorithm with η-ε interaction (FOCE-I) was used throughout
the model-building procedure. Discrimination between models
during the model-building process was based on standard visual
diagnostics and the objective function value (OFV), which were
calculated to be proportional to twice the log-likelihood (−2LL). A
decrease in OFV (ΔOFV) of 6.64 was considered a significant
improvement of model fit (p < 0.01) between the two
hierarchical models after inclusion of one additional parameter
(one degree of freedom difference).

MTX concentrations were logarithmically converted. A base
model without incorporating any covariates and capable of
describing the data appropriately was selected. During this
step of analysis, all possible structural compartments were
investigated, i.e., one-, two-, and three-compartment
disposition models.

Inter-individual variability (IIV) was added exponentially to
all PK parameters (Eq. 1).

θi � θ · exp(ηi,θ) (1)

where θi is the individual parameter estimate for the ith
individual, θ is the population estimate of the investigated PK
parameter, and ηi,θ is the IIV of the investigated PK parameter,
assumed to be normally distributed with a zero mean and
variance ω2. The residual unexplained variability, assumed to
be normally distributed with a zero mean and variance σ2, was
modeled with an additive error on the natural log-transformed
concentrations, which was approximately equivalent to an
exponential residual error on an arithmetic scale.

Covariate Modeling
Demographic data on body weight were added in the model as a
simultaneous incorporation of an allometric function on all
clearance and distribution volume parameters (Eq 2, 3,
respectively).

CLi � CLtypical · ( BWi

BWmedian
)

0.75

· exp(ηi,CL), (2)

Vi � Vtypical · ( BWi

BWmedian
) · exp(ηi,V), (3)

where BWi is the individual body weight and BWmedian is the
median body weight of the patients (i.e., 19 kg) in this study CLi
andVi are the individually predicted clearance and distribution of
volume, respectively. CLtypical and Vtypical are the typical clearance
and distribution of volume value of the population, respectively.

The effect of age-related maturation on clearance was then
evaluated using a saturation-type Emax function (Eq. 4).

CLi � CLtypical · Age
Age50 + Age

· ( BWi

BWmedian
)

0.75

· exp(ηi,CL), (4)

where Age50 is the age associated with reaching 50% of the
clearance maturation.

Other covariates (e.g., sex, liver function, renal function, and
concomitant drugs) were investigated for all model parameters
using a forward selection (p � 0.01) and backward elimination
(p � 0.001) procedure. The concomitant drugs used in ≥5% of
patients were evaluated for covariate effects.

In addition to statistical significance, the explanation of the
variability by inclusion of a covariate was considered. A covariate
was excluded from the model if the reduction in variability
was <5%.

Model Evaluation
Basic goodness-of-fit diagnostic plots were used to evaluate
systematic errors and model misspecifications. The sampling
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importance resampling (SIR) was used to calculate parameter
uncertainty in the final population PK model (samples � 2,000,
resamples � 1,000). The overall predictive performance of the
final model was evaluated using simulation-based diagnostics
(i.e., using prediction-corrected visual predictive checks
(Bergstrand et al., 2011), n � 1,000 simulations).

RESULTS

The PK data of 311 pediatric patients were included in the
population PK modeling analysis. All patients received a total
of 1,250 cycles of MTX chemotherapy. Demographic
characteristics of the patients are shown in Table 1.

An OFV of 7,229.251 was yielded when one disposition
compartment model was used to fit MTX concentration-time
data. By employing a two-compartment model, the model fit was
improved significantly (ΔOFV � −5,912.277), and the three-
compartment model further improved the model fit
substantially (ΔOFV � −274.754).

Body weight, implemented as a fixed allometric function on all
clearance and volume of distribution parameters, showed a
substantial improvement in model fit (ΔOFV � −268.666).
Inclusion of age-related maturation effect on CL did not show
a significant improvement in model fit further.

Inclusion of SCr in a linear function on clearance significantly
improved model fit (ΔOFV � −284.008), with slope estimates of
−0.0097, and reduced the variability of Q1 by 29.2% (CV% of IIV

from 37.7 to 26.7%). Adding TBIL on clearance (ΔOFV �
−30.975) and albumin in the central volume of distribution
(ΔOFV � −36.722) using linear function improved model fit
significantly, with slope estimates of −0.0044 and −0.070,
respectively. However, these two covariates did not
substantially reduce either the inter-individual or residual
variability further (i.e., <5%), as defined above and, therefore,
were not included in the model. Other covariates (e.g., sex, AST,
and ALT) did not significantly affect MTX PK properties.

The covariate effects of omeprazole (co-medicated in 19.0% of
patients and 11.4% of total chemotherapy courses) and NSAIDs
concomitant medication (co-medicated in 7.7% of patients and
2.0% of total chemotherapy courses) were investigated. Their
inclusion on clearance improved model fit significantly (ΔOFV �
−64.331 and −42.874, respectively); however, the reduction in
either inter-individual or residual variability was minimal
(<1.1%). Therefore, these two co-medications were not
retained in the final model. Only 13 (4.2%) and 4 (1.3%)
pediatric patients with BCR-ABL1-positivity received
treatment with dasatinib and imatinib, respectively, and six
pediatric patients received penicillin, which are known to
delay MTX elimination. However, the effect of this
concomitant therapy was not investigated in the covariate
analysis due to the small number of patients (<4.2%) receiving
these medications.

The final parameter estimates showed good precision with
relatively small standard errors (<15%), confirming the stability
of the model (Table 2). The final parameter estimates described
the expected distribution and elimination processes, as well as the
associated unexplained variability in the study population.
Goodness-of-fit diagnostic plots (Figure 1) and visual
predictive checks (Figure 2) demonstrated a good description
of the observed data and adequate predictive performance of the
final model. Only 7 (0.15%) predictions lied outside the 5 to −5
CWRES for both the population predictions and time graphs. The
R2 values for OBS vs. PRED and IPRED were 0.882 and 0.925,
respectively.

DISCUSSION

The dataset used herein is one of the largest pediatric ALL
datasets for Chinese patients receiving HD-MTX
chemotherapy, has a good depth of data collected at or
beyond 96 h after the start of MTX infusion, and is suitable
for determining whether there is an association between AEs and
therapeutic outcomes.

HD-MTX remains an important chemotherapy regime for the
treatment of patients with ALL. HD-MTX with leucovorin rescue
regimen aims to increase MTX concentrations in specific
pharmacological sanctuaries (e.g., CNS and testes), results in
subsequently increase in cellular MTX uptake in resistant
tumor cells, and to overcome intracellular resistance
mechanisms (Ackland and Schilsky, 1987). It is a well-
established fact that efficacy and toxicity are highly related to
drug exposure in a list of chemotherapies. Seidel et al. (1997)
found that higher MTX clearance was associated with poorer

TABLE 1 | | Demographic characteristics of 311 pediatric patients with ALL.

Characteristics Median (range)

Demographics
Male (n, %) 197 (63.3)
Age, years 5.0 (0.75–15.2)
Height, cm 112 (67–175)
Body weight, kg 19.0 (4.5–113.0)
Biochemical test
Albumin, g/L 43.4 (23.8–56.5)
Total protein, g/L 63.4 (17.4–78.6)
Total bilirubin, µmol/L 5.9 (1.5–114.0)
Direct bilirubin, µmol/L 1.9 (0.1–45.0)
AST, U/L 22.6 (7.0–319.0)
ALT, U/L 16.0 (2.0–390)
Serum creatinine, µmol/L 26.0 (8.0–135.0)

MTX dosage regimen [n (course)]
5 g/m2 142 (464)
4 g/m2 47 (84)
3 g/m2 154 (524)
2 g/m2 42 (107)
1 g/m2 28 (71)

Concomitant medication [n (course)]
Dasatinib 13 (48)
Imatinib 4 (14)
Omeprazole 59 (142)
Sulphonamides 14 (15)
NSAIDs 24 (25)
Penicillin 6 (6)

Notes: The demographic data were summarized from 1,250 cycles of MTX
chemotherapy. ALT: alanine transaminase, AST: aspartate transaminase.
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TABLE 2 | | Final population PK parameter estimates of methotrexate in children with ALL.

Parameters NONMEM estimates SIR median (95%CI) CV for IIV SIR median (95%CI)

CL (L/h) 6.9 (2.5) 6.9 (6.62–7.19) 17.5 (5.8) 17.6 (16.0–19.7)
VC (L) 20.7 (4.9) 20.5 (18.5–22.4) — —

Q1 (L/h) 0.255 (7.4) 0.258 (0.232–0.285) 26.2 (17.2) 26.2 (18.4–33.6)
VP1 (L) 41.0 (11.4) 42.1 (34.4–51.3) — —

Q2 (L/h) 0.217 (8.7) 0.224 (0.193–0.260) — —

VP2 (L) 3.17 (9.8) 3.28 (2.75–3.88) — —

SCr on CL (%) −0.97 (4.7) −0.96 (−0.91 to −1.00) — —

σ 0.354 (4.3) 0.350 (0.336–0.366) — —

CL is elimination clearance. VC is the central volume of distribution. Q is the inter-compartmental clearance. VP is the peripheral volume of distribution. σ is the additive residue error on the
log scale.
Population estimates in Table 2 are given for a “typical” child with body weight of 19 kg. Body weight, was implemented as a fixed allometric function on all clearance and volume of
distribution parameters using exponent of 0.75 and 1.0, respectively.
The coefficients of variation for inter-individual variability (IIV) were calculated as 100 × (evariance)1/2. The relative standard errors (%RSE) were calculated as 100 × (standard deviation/mean).
The SCr was implemented on CL as a linear function [CL � CLtypical × ((SCr-26) × 0.0097)].
SIR: Sampling importance resampling approach. The uncertainty was derived from the SIR, with options of 2,000 samples and 1,000 resamples.

FIGURE 1 | Goodness-of-fit of the final population pharmacokinetic model describing MTX. Conditionally weighted residuals vs. population predicted
concentrations (A); conditionally weighted residuals vs. time (B). Observed plasma concentrations vs. population predicted concentrations (C); Observed plasma
concentrations vs. individually predicted concentrations (D); Solid red lines represent locally weighted least squares regressions.
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treatment outcomes in patients with childhood ALL. MTX
mainly underwent renal elimination and displayed a high IIV
in PK exposure (Evans et al., 1986; Evans et al., 1997; Evans et al.,
1998; Schmiegelow, 2009). The population PK model allows the
determination of the PK parameters as well as identification of the
source of variability. The previous population PK models
suggested that a list of covariates [e.g., age (Aumente et al.,
2006; Thompson et al., 2007; Colom et al., 2009), body weight
(Aumente et al., 2006; Colom et al., 2009), renal function (Dupuis
et al., 2008; Fukuhara et al., 2008; Mao et al., 2014), and
polymorphisms of transporters (Kim et al., 2012; Liu et al.,
2017)] were related to MTX PK exposure.

Unlike the previously published population PK models using
the two-compartment disposition model (Wall et al., 2000;
Aumente et al., 2006; Faltaos et al., 2006; Piard et al., 2007;
Min et al., 2009; Buitenkamp et al., 2010; Jönsson et al., 2011;
Watanabe et al., 2014; Beechinor et al., 2019), the current study
based on 311 pediatric patients enabled to fit the MTX
concentration-time data by using a three-compartment
disposition model. The final model demonstrated that the
MTX clearance estimate in a typical child with a body weight
of 19 kg was 6.9 L/h. This value was similar to those reported
previously: 8.8 L/h in 79 ALL pediatric patients with an average
body weight of 25.3 kg by Piard et al. (Piard et al., 2007), 7.87 L/h
in 64 ALL pediatric patients with an average body weight of 25 kg
(Faganel et al., 2011), and 7.73 L/h in 36 ALL pediatric patients
with an average body weight of 23.4 kg (Hui et al., 2019). The
central distribution of volume estimate in current study was
20.7 L, which was similar to that reported by a previous study
(16.7 L) involving 64 pediatric patients with ALL/ML (Faganel
et al., 2011) and somewhat higher than that reported by another
pediatric study (9.3 L for a typical child with body weight of
20 kg) (Aumente et al., 2006).

Previous MTX population PK studies showed that body
weight was more frequently included in the model, even

though BSA has been reported as a significant covariate in
some studies (Ruhs et al., 2012). Aumente et al. (2006)
showed that the body weight was proportional to the MTX
clearance with the slope estimate of 0.15, in pediatric patients
aged more than 10 years, while in an over proportional manner
using an allometric power function with an exponent estimate of
0.876 in those aged less than 10 years. Colom et al. (2009)
indicated that the clearance was proportional to the body
weight, with 0.55 L/h increase per 1 kg increase in body
weight. In current study, body weight was allometrically
implemented on all clearance and volume parameters using a
fixed exponent of 0.75 and 1.0, respectively, as proposed
previously (Holford et al., 2013). This could have significantly
improved the model fit.

Since MTX was mainly eliminated through the kidneys, renal
impairment could affect the elimination and increase the systemic
PK exposure of MTX sequentially. Previous population PK
studies on MTX chemotherapy in patients with cancer have
reported significant effects of creatinine clearance (CRCL) or
SCr on MTX clearance (Fukuhara et al., 2008; Ruhs et al., 2012;
Mao et al., 2014). A study on pediatric lymphoblastic
malignancies indicated that plasma MTX concentration at 48 h
was positively correlated with 24 and 48 h SCr levels, but
negatively correlated with 24 and 48 h CRCL (Mao et al.,
2014). By using a power function in population PK modeling
analysis, Fukuhara et al. found that CRCL was positively
correlated with MTX clearance (Fukuhara et al., 2008), with
the exponent estimate of 0.112. In current study, SCr was
identified as a statistically significant covariate on clearance of
MTX, which corresponded with above studies. Moreover, a recent
population PK model utilizing approximately 32,000 MTX
concentration data from a large-scale pediatric patient
population receiving MTX chemotherapy (Taylor et al., 2020)
found a non-linear relationship between time-varying SCr and
clearance. In the current study, we were unable to find a non-
linear relationship between time-varying SCr and clearance; this
might be due to the narrow distribution of SCr and the small
sample size compared to those of the previous study. Moreover,
we predicted the effect of SCr on clearance based on the SCr
distribution in our study using the equation used by Taylor et al.
The predicted SCr effect on clearance was around ±20%, which
was consistent with findings from current modeling analysis.

A few reports indicated that concomitant medication, such as
penicillin and NSAIDs, could decrease MTX clearance by 61%
and 16%, respectively (Kim et al., 2012). It has been reported that
omeprazole could decrease MTX clearance by 27% (Joerger et al.,
2006). In the current study, the inclusion of omeprazole and
NSAIDs concomitant medication resulted in a statistically
significant improvement in model fit. However, the effect of
these drugs on MTX PK parameters was not retained in the
final model due to a minimal reduction in either the inter-
individual or residual variability.

This study had some limitations. 1) The MTX concentration
data were obtained retrospectively from a single center, while the
data from a multi-center clinical study would be considered to
improve the accuracy of population PK modeling analysis. 2)
Polymorphisms of transporters (e.g., SLC19A1, SLCO1B1,

FIGURE 2 | Prediction- and variability-corrected visual predictive check
of the final population pharmacokinetic model for methotrexate. Based on
1,000 stochastic simulations. Open circles represent the observations, and
solid lines represent the 5th, 50th, and 95th percentiles of the observed
data. The shaded areas represent the 95% confidence intervals around the
simulated 5th, 50th, and 95th percentiles.
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ABCB1, and ABCG2) have been demonstrated to play a role in
MTX PK disposition and could improve the model prediction.
However, these polymorphisms were not detected in the current
retrospective study and need to be investigated in the future.

CONCLUSION

In this study, MTX PK profiles were accurately captured using the
proposed population PK model. The body weight and SCr were
significant covariates on the PK disposition of MTX. The proposed
model combined with the maximum a posteriori Bayesian
approach could estimate individual PK parameters and optimize
personalized MTX therapy for pediatric patients with ALL.
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Levêque, D., Santucci, R., Gourieux, B., and Herbrecht, R. (2011). Pharmacokinetic
Drug-Drug Interactions with Methotrexate in Oncology. Expert Rev. Clin.
Pharmacol. 4, 743–750. doi:10.1586/ecp.11.57

Liu, S.-G., Gao, C., Zhang, R.-D., Zhao, X.-X., Cui, L., Li, W.-J., et al. (2017).
Polymorphisms in Methotrexate Transporters and Their Relationship to
Plasma Methotrexate Levels, Toxicity of High-Dose Methotrexate, and
Outcome of Pediatric Acute Lymphoblastic Leukemia. Oncotarget 8,
37761–37772. doi:10.18632/oncotarget.17781

Mao, J.-J., Jiao, Z., Yun, H.-Y., Zhao, C.-Y., Chen, H.-C., Qiu, X.-Y., et al. (2018).
External Evaluation of Population Pharmacokinetic Models for Ciclosporin in
Adult Renal Transplant Recipients. Br. J. Clin. Pharmacol. 84, 153–171.
doi:10.1111/bcp.13431

Mao, J., Zhang, L., Shen, H., Tang, Y., Song, H., Zhao, F., et al. (2014). Creatinine
Clearance Rate and Serum Creatinine Concentration Are Related to Delayed
Methotrexate Elimination in Children with Lymphoblastic Malignancies. neo
61, 77–82. doi:10.4149/neo_2014_011

Min, Y., Qiang, F., Peng, L., and Zhu, Z. (2009). High Dose Methotrexate
Population Pharmacokinetics and Bayesian Estimation in Patients with
Lymphoid Malignancy. Biopharm. Drug Dispos. 30, 437–447. doi:10.1002/
bdd.678

Panetta, J. C., Roberts, J. K., Huang, J., Lin, T., Daryani, V. M., Harstead, K. E., et al.
(2020). Pharmacokinetic Basis for Dosing High-dose Methotrexate in Infants
and Young Children with Malignant Brain Tumours. Br. J. Clin. Pharmacol. 86,
362–371. doi:10.1111/bcp.14160

Pavlovic, S., Kotur, N., Stankovic, B., Zukic, B., Gasic, V., and Dokmanovic, L.
(2019). Pharmacogenomic and Pharmacotranscriptomic Profiling of
Childhood Acute Lymphoblastic Leukemia: Paving the Way to Personalized
Treatment. Genes 10, 191. doi:10.3390/genes10030191

Piard, C., Bressolle, F., Fakhoury, M., Zhang, D., Yacouben, K., Rieutord, A., et al.
(2007). A Limited Sampling Strategy to Estimate Individual Pharmacokinetic
Parameters of Methotrexate in Children with Acute Lymphoblastic
Leukemia. Cancer Chemother. Pharmacol. 60, 609–620. doi:10.1007/
s00280-006-0394-3

Ramsey, L. B., Panetta, J. C., Smith, C., Yang,W., Fan, Y., Winick, N. J., et al. (2013).
Genome-wide Study of Methotrexate Clearance Replicates SLCO1B1. Blood
121, 898–904. doi:10.1182/blood-2012-08-452839

Rühs, H., Becker, A., Drescher, A., Panetta, J. C., Pui, C.-H., Relling, M. V., et al.
(2012). Population PK/PDModel of Homocysteine Concentrations after High-
Dose Methotrexate Treatment in Patients with Acute Lymphoblastic Leukemia.
PLoS One 7, e46015. doi:10.1371/journal.pone.0046015

Schmiegelow, K. (2009). Advances in Individual Prediction of Methotrexate
Toxicity: a Review. Br. J. Haematol. 146, 489–503. doi:10.1111/j.1365-
2141.2009.07765.x

Schmiegelow, K., and Pulczynska, M. (1990). Prognostic Significance of
Hepatotoxicity during Maintenance Chemotherapy for Childhood Acute
Lymphoblastic Leukaemia. Br. J. Cancer 61, 767–772. doi:10.1038/bjc.1990.172

Schmiegelow, K., Schrøder, H., Pulczynska, M. K., and Hejl, M. (1989).
Maintenance Chemotherapy for Childhood Acute Lymphoblastic Leukemia:
Relation of Bone-Marrow and Hepatotoxicity to the Concentration of
Methotrexate in Erythrocytes. Cancer Chemother. Pharmacol. 25, 65–69.
doi:10.1007/BF00694341

Schulte, R. R., Choi, L., Utreja, N., Van Driest, S. L., Stein, C. M., and Ho, R. H.
(2021). Effect of SLCO1B1 Polymorphisms on High-Dose Methotrexate
Clearance in Children and Young Adults with Leukemia and Lymphoblastic
Lymphoma. Clin. Transl. Sci. 14, 343–353. doi:10.1111/cts.12879

Seidel, H., Nygaard, R., Moe, P. J., Jacobsen, G., Lindqvist, B., and Slørdal, L. (1997).
On the Prognostic Value of Systemic Methotrexate Clearance in Childhood
Acute Lymphocytic Leukemia. Leuk. Res. 21, 429–434. doi:10.1016/s0145-
2126(96)00127-0

Shi, Z. Y., Liu, Y. O., Gu, H. Y., Xu, X. Q., Yan, C., Yang, X. Y., et al. (2020).
Population Pharmacokinetics of High-dose Methotrexate in Chinese Pediatric
Patients with Medulloblastoma. Biopharm. Drug Dispos. 41, 101–110.
doi:10.1002/bdd.2221

Svahn, T., Mellgren, K., Harila-Saari, A., Åsberg, A., Kanerva, J., Jónsson, Ó., et al.
(2017). Delayed Elimination of High-Dose Methotrexate and Use of
Carboxypeptidase G2 in Pediatric Patients during Treatment for Acute
Lymphoblastic Leukemia. Pediatr. Blood Cancer 64, e26395, doi:10.1002/
pbc.26395

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 7014528

Gao et al. HD-MTX Population PK in Children

https://doi.org/10.1016/s0145-2126(96)00128-2
https://doi.org/10.1056/NEJM199802193380803
https://doi.org/10.1007/s00228-011-1046-z
https://doi.org/10.1007/s00280-006-0202-0
https://doi.org/10.1111/j.1365-2710.2008.00966.x
https://doi.org/10.3389/fgene.2012.00249
https://doi.org/10.1007/s00432-012-1214-2
https://doi.org/10.1002/jps.23574
https://doi.org/10.1634/theoncologist.2015-0164
https://doi.org/10.1002/jcph.1349
https://doi.org/10.1056/NEJMra1400972
https://doi.org/10.1038/sj.bjc.6605559
https://doi.org/10.1111/j.1365-2125.2005.02513.x
https://doi.org/10.1097/FTD.0b013e31823615e1
https://doi.org/10.1002/pbc.22999
https://doi.org/10.1007/s00280-019-03966-4
https://doi.org/10.1016/j.clinthera.2012.06.022
https://doi.org/10.1016/j.clinthera.2012.06.022
https://doi.org/10.1586/ecp.11.57
https://doi.org/10.18632/oncotarget.17781
https://doi.org/10.1111/bcp.13431
https://doi.org/10.4149/neo_2014_011
https://doi.org/10.1002/bdd.678
https://doi.org/10.1002/bdd.678
https://doi.org/10.1111/bcp.14160
https://doi.org/10.3390/genes10030191
https://doi.org/10.1007/s00280-006-0394-3
https://doi.org/10.1007/s00280-006-0394-3
https://doi.org/10.1182/blood-2012-08-452839
https://doi.org/10.1371/journal.pone.0046015
https://doi.org/10.1111/j.1365-2141.2009.07765.x
https://doi.org/10.1111/j.1365-2141.2009.07765.x
https://doi.org/10.1038/bjc.1990.172
https://doi.org/10.1007/BF00694341
https://doi.org/10.1111/cts.12879
https://doi.org/10.1016/s0145-2126(96)00127-0
https://doi.org/10.1016/s0145-2126(96)00127-0
https://doi.org/10.1002/bdd.2221
https://doi.org/10.1002/pbc.26395
https://doi.org/10.1002/pbc.26395
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Taylor, Z. L., Mizuno, T., Punt, N. C., Baskaran, B., Navarro Sainz, A., Shuman,W.,
et al. (2020). MTXPK.org: A Clinical Decision Support Tool Evaluating High-
Dose Methotrexate Pharmacokinetics to Inform Post-Infusion Care and Use of
Glucarpidase. Clin. Pharmacol. Ther. 108, 635, 643. doi: doi: doi:10.1002/
cpt.1957

Thompson, P. A., Murry, D. J., Rosner, G. L., Lunagomez, S., Blaney, S. M., Berg, S.
L., et al. (2007). Methotrexate Pharmacokinetics in Infants with Acute
Lymphoblastic Leukemia. Cancer Chemother. Pharmacol. 59, 847–853.
doi:10.1007/s00280-006-0388-1

Treviño, L. R., Shimasaki, N., Yang, W., Panetta, J. C., Cheng, C., Pei, D., et al.
(2009). Germline Genetic Variation in an Organic Anion Transporter
Polypeptide Associated with Methotrexate Pharmacokinetics and Clinical
Effects. Jco 27, 5972–5978. doi:10.1200/JCO.2008.20.4156

Wall, A., Gajjar, A., Link, A., Mahmoud, H., Pui, C.-H., and Relling, M. (2000).
Individualized Methotrexate Dosing in Children with Relapsed Acute
Lymphoblastic Leukemia. Leukemia 14, 221–225. doi:10.1038/sj.leu.2401673

Watanabe, M., Fukuoka, N., Takeuchi, T., Yamaguchi, K., Motoki, T., Tanaka, H.,
et al. (2014). Developing Population Pharmacokinetic Parameters for High-
Dose Methotrexate Therapy: Implication of Correlations Among Developed
Parameters for Individual Parameter Estimation Using the Bayesian Least-
Squares Method. Biol. Pharm. Bull. 37, 916–921. doi:10.1248/bpb.b13-00672

Widemann, B. C., Balis, F. M., Kempf-Bielack, B., Bielack, S., Pratt, C. B., Ferrari, S.,
et al. (2004). High-dose Methotrexate-Induced Nephrotoxicity in Patients with
Osteosarcoma. Cancer 100, 2222–2232. doi:10.1002/cncr.20255

Yarlagadda, S. G., and Perazella, M. A. (2008). Drug-induced crystal Nephropathy:
an Update. Expert Opin. Drug Saf. 7, 147–158. doi:10.1517/14740338.7.2.147

Zhu, Y., Yang, R., Cai, J., Yu, J., Tang, Y., Chen, Y., et al. (2020). Septicemia after
Chemotherapy for Childhood Acute Lymphoblastic Leukemia in China: A
Multicenter Study CCCG-ALL-2015. Cancer Med. 9, 2113–2121. doi:10.1002/
cam4.2889

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Gao, Qian, Zhu, Yu, Miao, Meng, Jiang, Wang and Zhai. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 7014529

Gao et al. HD-MTX Population PK in Children

https://doi.org/10.1002/cpt.1957
https://doi.org/10.1002/cpt.1957
https://doi.org/10.1007/s00280-006-0388-1
https://doi.org/10.1200/JCO.2008.20.4156
https://doi.org/10.1038/sj.leu.2401673
https://doi.org/10.1248/bpb.b13-00672
https://doi.org/10.1002/cncr.20255
https://doi.org/10.1517/14740338.7.2.147
https://doi.org/10.1002/cam4.2889
https://doi.org/10.1002/cam4.2889
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Population Pharmacokinetics of High-Dose Methotrexate in Chinese Pediatric Patients With Acute Lymphoblastic Leukemia
	Introduction
	Materials and Methods
	Study Population
	ALL Treatment Regimen
	Pharmacokinetic Sampling Collection
	Population Pharmacokinetic Analysis
	Covariate Modeling
	Model Evaluation

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


