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Abstract
Purpose To develop a population pharmacokinetic (PPK) model for methotrexate (MTX) dosage for all ages, assess the 
association between concentration and clearance, and determine covariates affecting MTX disposition.
Methods We compared MTX PK profiles among neonates, children, and adults by performing a systematic literature search 
for published population MTX models and conducted a Monte Carlo-based meta-analysis. Subsequently, we evaluated study 
quality and covariates significantly affecting dosage regimens and compared LDMTX and HDMTX PK profiles.
Results Of the total 40 studies included, 34 were HDMTX, and six were LDMTX studies. For HDMTX, three studies involv-
ing neonates reported estimated apparent clearances (median, range) of 0.53 (0.27–0.77) L/kg/h; for 14 studies involving 
children, 0.23 (0.07–0.23) L/kg/h; and for 13 involving adults, 0.11 (0.03–0.22) L/kg/h. Neonates had a higher volume of 
distribution than children and adults. For LDMTX studies, apparent clearance was 0.085 (0.05–1.68) L/kg/h, and volume 
of distribution was 0.25 (0.018–0.47) L/kg, lower than those of HDMTX studies, with large between-subject variability. 
Bodyweight significantly influenced apparent clearance and volume of distribution, whereas renal function mainly influ-
enced clearance. Mutations in certain genes reduced MTX clearance by 8–35.3%, whereas those in others increased it by 
15–48%. Body surface area (BSA) significantly influenced apparent clearance with a median reduction of 51% when BSA 
increased in pediatric patients.
Conclusions Methotrexate dosage regimens were primarily based on body surface area and renal function. Further stud-
ies are needed to evaluate MTX pharmacokinetics and pharmacodynamics in both children (especially infants) and adults.

Keywords Methotrexate · Population pharmacokinetics · Apparent clearance · Volume of distribution

Introduction

Methotrexate (MTX), a folate antimetabolite, can be admin-
istered over a broad range of doses via different routes for 
its antitumor and anti-inflammatory effects [1]. An MTX 

dosage < 50 mg/m2 is defined as low-dose MTX (LDMTX) 
and is mainly used for the treatment of rheumatoid arthritis 
(RA), breast cancer, and prevention of acute graft-versus-
host disease (aGVHD) [2]. Dosages of MTX > 500 mg/
m2 are defined as high-dose MTX (HDMTX) and are used 
effectively to treat infant, pediatric, or adult patients with 
acute lymphoblastic leukemia (ALL), osteosarcoma (OS), 
or lymphoma malignancies [3].

Methotrexate can be administered orally, subcutaneously, 
intramuscularly, or intravenously. Oral MTX absorption is 
highly variable, ranging from 23 to 95% in the dose range 
used to treat RA, with a dose-dependent response [4]; its 
absorption declines at higher doses, especially at > 40 mg/m2 
for pediatric patients and > 80 mg/m2 for adult patients [5]. 
However, MTX absorption is complete after intramuscular 
injection. The time-to-peak for oral administration is 0.7–4 h 
for children and 0.75–6 h for adults; for intramuscular admin-
istration, it is 30–60 min for both children and adults. MTX 
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penetrates slowly into third-space fluids (e.g., pleural effusions 
and ascites) and exits more slowly from these compartments 
than from plasma.

Major side effects of LDMTX include nausea, stomatitis, 
abnormal liver chemistry, and rash [6]. HDMTX is associ-
ated with toxicity, including acute kidney injury (AKI), oral 
mucositis, hepatotoxicity, and myelosuppression [7]. The 
activity and toxic effects of MTX are closely related to the 
dosage regime and the duration of exposure above the thresh-
old concentration. There is also a higher probability of disease 
relapse among patients with rapid clearance [8]. These effects 
are not readily distinguishable between HD and LD indica-
tions. As the MTX dose affects both its PK and pharmaco-
dynamics (PD), various pharmacogenetic associations may 
also have an impact. HDMTX in chemotherapy and LDMTX 
in immunosuppression therapy have different mechanisms of 
action. For LDMTX, the PK may be nonlinear and exhibit 
large heterogeneity, indicating that accurate LDMTX dosing 
is complicated [9]. To ensure the safety and effectiveness of 
MTX, therapeutic drug monitoring (TDM) can be employed to 
measure the MTX plasma concentration [10]. However, most 
TDM has been focused on HDMTX, which is guided by popu-
lation means reflected in nomograms, and is not based on the 
individual characteristics of patients [11].

The population pharmacokinetic model (PPK) is used to 
analyze sparse TDM data for highly diverse populations, esti-
mate intra- and inter-individual variability, and identify the 
impact of covariates. Bayesian estimation using PPK param-
eters has been effectively applied for dosage adjustment to 
avoid under or overestimating MTX concentrations [12, 13]. 
Although many PPK studies have been conducted to quanti-
tatively describe the pharmacokinetic characteristics of MTX, 
these studies have mainly focused on identifying covariates 
with potentially significant effects on MTX PK.

The overarching aim of our analysis was to perform a Monte 
Carlo simulation of concentration-time profiles to assess the 
statistical and structural models within each MTX PPK model 
[14]. A robust PPK model with Monte Carlo simulation of 
various dosing regimens and patient populations can gener-
ate the expected range of MTX concentrations throughout the 
therapy and assist in predicting the therapeutic effect and risk 
of MTX toxicity in patients. Further, we aimed to compare 
the clearance (CL) of the included MTX models via formal 
meta-analysis, analyze the covariates significantly affecting 
MTX PK, and identify challenges that remain to be explored.

Methods

Information sources and search strategy

A systematic literature search for data published on PPK 
models for MTX until December 31, 2022, was conducted 

using the following electronic databases: PubMed, Embase, 
and MEDLINE. The language was limited to English. The 
PPK studies on MTX were searched using the following 
terms: “methotrexate,” “population pharmacokinetic,” “phar-
macokinetic modeling,” “nonlinear mixed effect model,” 
“nonmem or P-metrics,” “WINNONMIX,” “ADAPT,” 
“P-PHARM,” “nlmixed,” “NLME,” “USC*PACK,” “MON-
OLIX,” or “Bayes,” and “adult,” “adolescent,” “children,” or 
“infant.” We also checked the references of related studies. 
The literature search was performed by two authors, and 
a senior researcher was consulted to resolve discrepancies.

All relevant articles selected from the databases and ref-
erence lists were screened to evaluate their eligibility for 
inclusion, according to the following inclusion criteria: 
(1) patients receiving MTX; (2) MTX dosage, administra-
tion route, and sampling time provided; (3) use of the PPK 
method to analyze data; and (4) availability of essential PK 
parameters. The following studies were excluded: (1) the 
article was a review or external evaluation article; (2) the 
PK parameters were incomplete; (3) the articles were dupli-
cated; (4) the full text could not be obtained; and (5) non-
English articles.

Data extraction

We extracted the following information from the included 
articles: (1) basic demographics, including dosage regimens 
(e.g., MTX dosage, administration route), age, weight, diag-
nosis, study design (e.g., study type, number of patients and 
sample points, and sampling time), and (2) information on 
PPK-related parameters that contained the PPK formula, 
model evaluation methods, structural models, between-
subject variability (BSV), and residual unexplained vari-
ability (RUV).

Study comparison

The concentration–time profiles of the virtual patients 
were generated based on the final PPK models. For 
HDMTX-based articles, we performed 2000 simulations 
in three age groups (infants, children, and adults) with 
three disease types (OS, ALL, or malignant lymphoma); 
for LDMTX used to treat RA or breast cancer or prevent 
aGVHD, we simulated 2000 virtual adult male patients 
each. They received intravenous or oral MTX at different 
dosage regimes, and we simulated the MTX concentra-
tion at the end of the administration and elimination phase. 
Patients were assumed to have received monotherapy if 
they reached a steady state for oral administration, with 
MTX plasma measured in μmol.

Standard HDMTX doses for ALL, lymphoma, and OS were 
determined according to the following relevant guidelines:
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ALL: 500 mg/m2 over 0.5 h, followed by 4500 mg/m2 
over 23.5 h, as per the ALL BFM95 [15].
Malignant lymphoma: 3000 mg/m2 for 6 h infusion, 
according to the guidelines of lymphoma [16].
OS: 12,000 mg/m2 for 6 h infusion [8].

Standard LDMTX doses for breast cancer, aGVHD, and 
RA were administered according to the following guidelines:

Breast cancer: 40 mg/m2 intravenously for 6–12 cycles [17].
Hematopoietic stem cell transplant (HSCT):15 mg/m2 on 
day 1 and 10 mg/m2 on days 3, 6, and 11 after HSCT for 
aGVHD [18].
RA: 7.5 mg oral dose once weekly [19].

The simulation profiles were plotted according to the 
established PPK models, as follows: neonates (3 kg, post-
menstrual age [PMA] 36 weeks), serum creatinine (SCr) set 
to 0.5 mg/dL; children (10 years, 30 kg), SCr set to 0.5 mg/
dL, according to a multicenter study of children [20]; and 
adults (40 years, 70 kg), SCr set to 1 mg/dL, according to the 
mean estimated glomerular filtration rate of 120 mL/min for 
patients between 20 and 60 years [21].

We analyzed the effects of the potential covariates 
retained in the included PPK studies on MTX CL; the results 
are represented using a forest map. Continuous covariates 
(e.g., weight, age, creatinine clearance [CrCL], and body 
surface area [BSA]) were standardized to the same range for 
comparison. The weight ranges were 16–40 kg for children 
and 40–100 kg for adults. The CrCL range was 20–200 mL/
min/1.73  m2. For some continuous covariates that were 
retained in only one study (e.g., hematocrit), the minimum 
and maximum values were obtained from the study. For 
binary covariates, such as sex, 0 and 1 were used. We tested 
the range of covariates in each study and the calculated mini-
mum and maximum apparent clearance (CL) values; CL was 
normalized to the median covariate values in each study. 
We defined effects on CL greater than 80–125% to have a 
significant clinical correlation [22].

We conducted simulations using NONMEM (version 7.4; 
ICON Development Solutions, Ellicott City, MD, USA). R 
(version 3.5.1; http:// www.r- proje ct. org/) was used to gener-
ate concentration–time profiles and forest plots.

Results

Study identification

We preliminarily screened 1085 articles identified using the 
search strategy from PubMed (n = 263), Embase (n = 104), 
and Medline (n = 718). Twelve additional articles were iden-
tified using the reference lists of the selected articles. After 

removing the duplicates, 154 studies were screened, and 63 
full-text articles were retrieved for a more detailed evalu-
ation of eligibility. After literature retrieval and screening 
(Fig. 1 and Online Resource S1), we finally included 40 
articles containing 34 studies on HDMTX and six studies 
on LDMTX for evaluation.

Study characteristics

The HDMTX studies all applied an infusion time of 
1–24 h to treat ALL, OS, and lymphoma; four of these 
were for infants [23–26], 14 for adults [27–40], 11 for 
children [41–51]; the remaining five addressed both chil-
dren and adults [52–56]. The LDMTX studies were all 
conducted using adults [57–62]. Of the HDMTX PPK 
studies, seven addressed only ALL [24, 41, 44, 47–50]; 
eight, only primary central nervous system lymphoma 
(PSCNL) [23, 25, 26, 34, 36, 39, 40, 53]; four, only OS 
[42, 46, 52, 54]; and one, only non-Hodgkin lymphoma 
(NHL) [35]. The remaining studies addressed two or more 
diagnoses. For LDMTX, three studies used oral MTX for 
patients with RA [57, 59, 62], two used intravenous MTX 
for breast cancer [58, 60], and one used intravenous MTX 
for preventing aGVHD [61]. Nine articles were prospec-
tive studies [24, 29, 31, 46, 48, 52, 53, 59, 61], and the 
rest were retrospective studies.

Only three articles were multicenter studies [25, 46, 53]; 
the remainder were single-center studies. Ten studies were 
conducted in China [26, 29, 34, 35, 40, 45, 47, 50, 51, 54], 
nine in the USA [23–25, 33, 36, 49, 55–57], five in France 
[27, 30, 31, 37, 46], four in Japan [28, 32, 39, 59], two in 
Spain [41, 42], two in the UK [52, 58], and one each in 
Slovenia [43], Switzerland [53], Germany [38], India [60], 
Korea [61], México [48], and Egypt [44].

Thirteen of the studies, all using HDMTX, had > 100 sub-
jects [25, 26, 37, 38, 46, 47, 49–51, 53–56], and one [53] 
was a PK/PD study. The number of patients in each study 
ranged from 14 and 772, with MTX observations per indi-
vidual ranging from 1 to 10. The daily dose of intravenous 
MTX ranged between 15 and 18,000 mg/m2 and the oral 
dose between 7.5 and 15 mg weekly. Four articles did not 
mention the MTX bioassay method [33, 36, 44, 45]. Fluo-
rescence polarization immunoassay (FPIA), enzyme multi-
plied immunoassay technique (EMIT), aldo–keto reductase 
(AKR), chemiluminescent immunoassay (CMIA), high-
performance liquid chromatography(HPLC) with an ultra-
violet detector, a special mode of HPLC called ultra-high 
performance liquid chromatography with tandem mass spec-
trometry (UPLC–MS/MS), and liquid chromatography with 
tandem mass spectrometry (LC–MS/MS) were employed as 
the MTX bioassay methods. The lowest limit for quantitative 
assays ranged between 0.238 and 5000 nM. The modeling 

http://www.r-project.org/
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strategies and final PPK parameters of each study are sum-
marized in Tables 1 and 2.

In these studies, a two-compartment model with first-
order elimination (FOCE) was used in most of the included 
studies; four used a three-compartment model [31, 38, 49, 
50], and only one used a compartment model [26, 62].

Comparison of studies

For HDMTX, three studies were conducted in neonates, with 
an estimated CL (median, range) of 0.53 (0.27–0.77) L/kg/h; 
14 articles addressed children with estimated CL (median, 
range) of 0.23 (0.07–0.23) L/kg/h; and 13 addressed adults 
with estimated CL (median, range) of 0.11 (0.03–0.22) L/
kg/h. The median CL was higher in neonates than in children 
and adults. The volume of distribution  (Vd) was determined 
as 1.51 (0.91–1.82) L/kg for neonates, 0.51 (0.19–1.22) L/
kg for children, and 0.37 (0.03–1.13) L/kg for adults.  Vd was 
also higher for neonates than for children and adults. For 
the six studies that applied LDMTX in adults, the estimated 
CL (median, range) was 0.085 (0.05–1.68) L/kg/h,  Vd was 
0.25 (0.018–0.47) L/kg, and the BSV was large. The median 
CL values were lower for LDMTX than for HDMTX stud-
ies. The concentration–time profiles of these six studies are 
presented in Fig. 2.

In all the included studies, BSV was described mainly 
using exponential models. For CL and  Vd, the BSV median 

(range) was as follows: CL 22.9% (0.3–81.73%) [n = 39],  Vd 
25.9% (0.03–116%) [n = 30]. The RUV, commonly described 
using proportional models, ranged from 2 to 67.7%. In one 
study, the median RUV in patients receiving LDMTX was 
considerably lower than that in patients receiving HDMTX 
(18.6% vs. 33.94%, respectively).

Comparison of different dosing regimens 
for HDMTX

HDMTX over-exposure was defined as a serum MTX con-
centration > 1.0 μM at 48 h (MTX  C48h) and > 0.1 μM at 72 h 
(MTX  C72h) and was associated with increased MTX-related 
toxicity [39].

OS patients

Recent studies have reported that a serum MTX concen-
tration of 700 μM after a 6 h (MTX  C6h) infusion can 
achieve good efficacy in treating OS, while a higher inci-
dence of MTX-induced side effects was associated with 
MTX  C6h > 1000 μM [63]. Three studies, by Johansson 
et al. [52], Zhang et al. [54], and Kawakatsu et al. [55], 
included both children and adults, and their concentra-
tion–time profiles differed substantially. However, two 
studies, by Johansson et al. [52] and Watanabe et al. [32], 

Fig. 1  PRISMA flow diagram 
for identification of Methotrex-
ate PPK studies. (n number of 
articles returned by search)
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revealed that the target  Cmax values were not achieved in 
either adults or children.

For patients with OS, MTX concentrations were higher in 
adults than in pediatric patients. In six studies of OS in chil-
dren, MTX  C6h (median, range) was 702 μM (475–1199 μM), 
with large BSV. Three studies of patients with OS defined 
MTX C6h < 700 μM as subtherapeutic, and one defined 
MTX C6h > 1000 μM as supratherapeutic. Four studies 
simulated adults with MTX  C6h (median, range) of 877 μM 
(566–1006 μM). MTX  C72h (median, range) was 0.17 μM 
(0.06–0.28 μM) in children and 0.21 μM (0.055–0.267 μM) 
in adults (Fig. 3).

ALL patients

For ALL patients receiving 24 h infusion, target MTX 
concentrations were defined based on previous literature, 
which suggested a serum MTX concentration after 24 h 
infusion (MTX  C24h) < 16 μM as subtherapeutic with risk 
of relapse and MTX  C24h > 100 μM as supratherapeutic 
and associated with increased toxicity [64].

Nader et  al. [33] studied ALL in Middle Eastern 
populations, for CL in this article was higher than that 
estimated in other PPK studies of non-Middle Eastern 
populations (Fig. 4). Our simulation results revealed that 
dosing regimens of 5 g/m2 provided sufficient MTX expo-
sure based on the 24-h MTX target of 16 μM. However, 
eight of the ALL simulation studies [44–51] examined 
supratherapeutic MTX concentrations (> 100 μM) at 24 h. 
Our results revealed that only one study was conducted 
in infants with supratherapeutic MTX  C24h for the simu-
lated treatment period, suggesting the need for further 
research in this special population. The simulated MTX 
concentrations at 24, 48, and 72 h were higher in children 
than in adults, indicating that children are more likely to 
experience MTX toxicity.

Lymphoma malignancy

There are no studies regarding the optimal effective target 
MTX concentration in patients with lymphoma malig-
nancy (Fig. 5). For PSCNL patients, Joerger et al. [53] 
found that MTX  C24h of 4.0–5.0 μM could achieve a tar-
get area under the concentration–time curve (AUC) of 
1000–1100 μM at an MTX dose ≥ 3000 mg/m2 admin-
istered via 4- or 6-h infusions. Three studies were for 
adults with PCNSL; the MTX  C24h in Pai et al. [36] was 
supratherapeutic, whereas that in the others was subthera-
peutic (Fig. 6).
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Comparison of studies for covariates

All of the included PPK studies were used to identify 
potential covariates to describe the BSV of MTX PK. Three 
studies did not report covariates [24, 32, 60]. The most fre-
quently identified covariates were CrCL, SCr, BSA, and 
weight. CrCL significantly influenced MTX PK. Fifteen 

studies retained CrCL as a significant predictor of MTX CL 
[25, 26, 28, 30, 31, 35, 39, 40, 45, 53–55, 57, 58, 61]. For 
adults, most of these applied the Cockcroft–Gault formula, 
while Yang et al. [35] used the Chronic Kidney Disease Epi-
demiology Collaboration 2009 SCr formula; Johansson et al. 
[52] used the Rhodin formula [65]; and Batey et al. [58] used 
an estimate of CrCL obtained from the EDTA PPK model 

Fig. 2  Concentration–time profiles of LDMTX for HSCT patients 
(a), breast cancer patients (b), and RA patients (c), respectively. The 
solid line represents the median of the simulated concentration–time 

profile, and the light shadows represent the 10th–90th percentiles of 
the simulated concentration–time profiles
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[66]. For pediatric patients, most of the studies applied the 
Schwartz formula, while Panetta et al. [25] used the St. Jude 
equation, and Johansson et al. [52] used a linear extrapola-
tion based on the oldest pediatric group predicted by Ceriotti 
et al. [67]. For patients with renal impairment (CrCL 20 mL/
min), the median CL (range) was 52.5% (40–85%), lower 
than for those with median renal function.

Eight studies of HDMTX that retained SCr as significant 
revealed that HDMTX CL decreased as SCr increased [27, 
29, 34, 36, 38, 49, 50, 52]. Taylor et al. [49] reported a non-
linear relationship between SCr and MTX CL that varied 
with time. Some studies were unable to detect a nonlinear 
relationship between SCr and CL, possibly owing to the nar-
row distribution of SCr or small sample size. Three studies 
revealed an effect of SCr on CL exceeding 40%. Based on 
these studies, for patients with renal failure (SCr > 3 mg/dL), 
the median estimated CL was 58% lower than in patients 
with median SCr (Fig. 7).

HDMTX dosage is calculated based on the patient’s BSA. 
Eight studies retained BSA as a covariate; in all cases, it 
was positively correlated with CL [25, 34, 38, 44, 45, 47, 
48, 53]. Five studies of pediatric patients revealed that BSA 
significantly influenced CL, with a median decline of CL 
51% (range 37–77.8%). Therefore, it is necessary to consider 
the influence of BSA influence on CL in pediatric patients.

Seven studies retained gene polymorphism as a covari-
ate and identified several genes that contribute to the vast 
variability in MTX PK. These included MTHFR 677C > T 
(rs1801133) [43], a folate pathway gene associated with 
MTX; MTX-related transporter genes including ABCC2 
(rs717620) [30], ABCB1 (rs1045642) [61], ABCG2 
(rs13120400) [46], ABCC3 (rs4148416) [51], the SLCO1B1 
521 T > C (rs4149056) and SLCO1B1 388A > G (rs2306283) 

variants which encodes OATP1B1 [56], SLC19A1 
(rs17004785) [51], and OATP1B1 (rs2306283) [62]. Our 
results revealed that a mutation in MTHFR reduced enzyme 
activity, thus reducing MTX CL by ca. 26.2%. Mutations in 
ABCG2, SLCO1B1 388A > G, and OATP1B1 reduced MTX 
CL. Patients carrying the OATP1B1 388A > G mutation 
exhibited a 35.3% reduction in CL, which has clinical signifi-
cance. Expression of ABCC2, ABCC3, and ABCB1 increased 
CL by 43%, 48%, and 30%, respectively, demonstrating that 
all of these genes have clinically significant effects.

Seven articles reported the effects of bodyweight on 
CL; of these, six addressed HDMTX in children and young 
adults [26, 41–43, 52, 56, 57], and one addressed LDMTX 
in adults [57]. These studies all revealed that MTX CL 
increased with bodyweight. Aumente et al. [41] showed 
that, for children, age is closely related to weight. Our 
results revealed that, for the same weight (40 kg), children 
younger than 10 years had 24% higher CL than those older 
than 10 years. This is consistent with the findings of Donelli 
et al. [66], who reported that in children older than 10 years, 
the drug reached higher plasma concentrations and was 
cleared at a lower rate.

Seven studies retained age as a covariate, and six studies of 
adults found that age was negatively associated with CL [23, 
27, 36–38, 40, 42]. One study of children and one of infants 
revealed that age was positively correlated with CL [23].

Four studies revealed that co-medication influenced MTX 
CL, with inhibition of transporters involved in MTX uptake 
as the potential mechanism. HDMTX combined with both 
benzimidazoles and β-lactams [31] reduced MTX CL by 11%, 
whereas co-administration of penicillin reduced it by 38.7% 
[61]. Dexamethasone [25, 26] and vancomycin [25] were 
associated with a small increase in MTX clearance (ca. 20%).

Fig. 3  Concentration–time profiles of HDMTX for a children and b 
adults with OS patients in retrieved studies. The solid line represents 
the median of the simulated concentration–time profile, and the 

light shadows represent the 10th–90th percentiles of the simulated 
concentration–time profiles
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Three studies retained sex as a significant covariate, find-
ing that CL was higher for males than females. Two of these 
included patients with OS. One LDMTX study found that 
MTX dosage increased the clinical significance of MTX CL.

Other covariates retained as significant for CL included 
hematocrit (HCT) [33], urine volume to hydration (UV/HV) 
[39], vertebral body height (VBH) [36], difference in the 
urinary coproporphyrin I (UCP I): UCP I + III ratio between 

hospital discharge and methotrexate infusion (DP3) [33], and 
albumin (ALB) [36, 40].

Seven articles retained bodyweight as a covariate of MTX 
CL [29, 33, 41–44, 48]. Bodyweight was positively corre-
lated with  Vd; therefore, bodyweight affected both MTX 
distribution and elimination. One study fixed  Vd at 32.8 L/
kg [26] because it could not be accurately estimated owing 
to the lack of distribution of blood collection points. The 

Fig. 4  Concentration–time profiles of HDMTX for a infant, b chil-
dren, and c adults with ALL in retrieved studies. The solid line rep-
resents the median of the simulated concentration–time profile, and 

the light shadows represent the 10th–90th percentiles of the simulated 
concentration–time profiles
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inter-individual variability in  Vd was partially explained 
by the fact that this parameter was weight-dependent, sup-
porting the need for dose adjustment following significant 
weight gain or loss. Other covariates of  Vd included age [34, 
41] BSA [25, 45], alanine aminotransferase (ALT) [55], and 
co-medication with dexamethasone and vancomycin [50].

Several age-dependent factors can influence the distribu-
tion of drugs in the body, most notably of drugs with high 
plasma protein levels [68]. Age positively influenced  Vd in 
the study of Mei et al. [34], with a median age of 57.16 years. 
In the study by Kawakatsu et al. [55] (median age 15 years), 
age was negatively correlated with  Vd. The reason for this 
inconsistency may be that bodyweight increases with age in 
patients ≤ 50 years, decreasing after 50 years. The distribu-
tion of MTX and accumulation of MTX-polyglutamate in 
erythrocytes increases with age [69]. Two studies of pedi-
atric patients by Hui et al. [45] and Panetta et al. [25] found 
that  Vd was significantly related to BSA because of the rapid 
increase in body size as children grow. Hui et al. [45] found 
that height influenced  Vd in patients with OS. Panetta et al. 

[25] found that dexamethasone and vancomycin use influ-
enced  Vd, probably as an indirect result of the patient’s clini-
cal care and conditions, such as increased fluid administra-
tion and increased MTX  Vd.

Kawakatsu et  al. [55] found that ALT significantly 
affected  Vd and  Vp, suggesting that ALT is an indicator 
of liver dysfunction and that increased ALT could lead to 
decreased albumin production. Changes in liver function 
may affect MTX binding and affinity in plasma and tissue. 
Gallais et al. [37] and Schulte et al. [56] found that  Vp was 
directly correlated with weight, implying that the higher the 
weight, the longer the MTX half-life. Simon et al. [30] found 
that ABCC2 24C > T was involved in MTX elimination and 
distribution, although the mechanism underlying the asso-
ciation between ABCC2 and MTX PK remains unclear. For 
the HDMTX peripheral clearance rate  (QP), age influenced 
 Qp in patients with ALL, and weight influenced  Qp in those 
with OS. Yang et al. [35] and Zhang et al. [54] found that 
BSA was positively correlated with  Qp, and Hui et al. [45] 
found that age influenced  Qp in patients with ALL.

Fig. 5  Concentration–time profiles of HDMTX for a children and b 
adults with Lymphomas in retrieved studies. The solid line represents 
the median of the simulated concentration–time profile, and the light 

shadows represent the 10th–90th percentiles of the simulated concen-
tration–time profiles
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Discussion

Our study reveals that, after administering MTX at a fixed 
dose for the same diagnosis, MTX CL exhibited substantial 
inter- and intra-patient variability, varying tenfold in patients 
with normal renal function, and MTX plasma concentra-
tion varied substantially between individuals. The selected 
HDMTX studies, of infants, children, and adults, reported 
different concentration–time profiles. MTX CL varied sub-
stantially between the LDMTX and HDMTX studies. Since 
MTX is contraindicated during pregnancy, none of the stud-
ies included this special population.

Based on our findings, HDMTX should be applied in 
conjunction with TDM to optimize initial dosing regimens 
to reach target concentrations and achieve elimination-phase 
concentrations. This will guide rescue strategies to prevent 
MTX-induced toxicity. In contrast, it is unnecessary to per-
form TDM routinely for LDMTX, except in cases of MTX-
related toxicity and suspected ineffective MTX treatment.

Although some PPK studies have been conducted for 
adult and pediatric patients, most of these were single-center 
studies that were limited by not fully investigating the fac-
tors that may affect MTX PK. Our study is one of the most 
comprehensive evaluations of MTX PK to date, representing 

Fig. 6  Concentration–time profiles of HDMTX for a infants and 
b adults with PCNSL in retrieved studies. The solid line represents 
the median of the simulated concentration–time profile, and the light 

shadows represent the 10th–90th percentiles of the simulated concen-
tration–time profiles
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a wide range of ages and disease types. Our findings can 
potentially help in optimizing initial MTX dosing regimens 
for patients with different physical characteristics.

Our results revealed that HDMTX CL was higher in 
infants than in children and adults, because renal excre-
tion is its primary route of elimination, accounting for ca. 
70–90% of MTX clearance [8]. The reduction in HDMTX 
CL with age is due to the maturation of renal tubule func-
tion, glomerular filtration rate, and renal blood flow [24], 
and to the increase in CL in the first year of life as the 

metabolic pathways mature. CL gradually declines after 
the first year of life, reaching the adult level in adolescence 
[70]. However, for infants, the concentration profiles illus-
trate that BSA influences MTX pharmacokinetics.; infants 
had significantly lower MTX elimination than children and 
adults, with a greater possibility of metabolic delays. For 
infants aged < 1 year, further PK data is required to describe 
MTX disposition in this vulnerable population. Future 
studies are therefore needed to elucidate the relationship 
between MTX efficacy and toxicity in infants, and the use 

Fig. 7  Covariate effect on the clearance of MTX. The horizontal bars 
represent the covariate effect on clearance in each study. The typical 
value of clearance in each study was considered to be 1. The effect 

of each covariate for clearance is displayed by the ratio of clearance 
in the range each covariate to the typical clearance value. The shade 
area ranges from 80 to 125%
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of BSA-dependent dosing for infants should be re-evaluated. 
Children exhibit higher renal function than adults, poten-
tially explaining the difference in CL between children and 
adults [70]. Our Monte Carlo simulations revealed consid-
erable variation in blood MTX levels within individuals. 
Therefore, to ensure that all patients achieve similar plasma 
MTX, we propose individualizing MTX dosing via TDM, 
which involves determining the individual MTK PK.

We found that adults had lower  Vd than children, poten-
tially because body water content declines with age. More-
over, substantial amounts of MTX can be distributed into 
third-space fluids [8], potentially affecting its disposition in 
infants, who are known to undergo significant changes in 
total body water content, from ca. 75% during the neona-
tal period to 55% in adulthood [25]. Furthermore, MTX is 
50% protein-bound, and glomerular filtration is limited to 
unbound drugs; as infants’ physiological parameters poten-
tially alter the plasma protein-binding of drugs, they exhibit 
lower total plasma protein than adults [70]. Therefore, prior 
knowledge of age- and weight-related changes would be use-
ful for designing pediatric clinical trials and defining the ini-
tial MTX dose to be administered in the pediatric population.

The aim of reviewing these PPK studies was to identify 
potential covariates describing the BSV of MTX PKs. Two 
of the selected studies included ethnicity as a covariate, find-
ing no significant associations [25, 56]. However, CL and 
 Vd were reportedly higher in Middle Eastern populations 
than in other populations [33], indicating that ethnicity may 
influence the MTX PK; this requires further study.

Renal function parameters (CrCL and SCr) signifi-
cantly influence MTX CL. One of the selected trials (of 
adults receiving HDMTX for ALL) recommended that the 
HDMTX dose should be based on SCr on the day of treat-
ment [71] and suggested reducing the dose to 50% of the 
usual dose if SCr is greater than 2.0 mg/dL. Our results 
showed that, for adults, when SCr was increased from 1 to 
3 mg/dL, the CL of MTX for Faltaos et al. [27] and Mei 
et al. [34] decreased by 33% and 36%, respectively. The opti-
mal CrCL-based MTX dose adjustment is unclear because 
there is no consensus on the optimal dose-reduction scheme 
and institutional practices vary. Our results reveal that MTX 
CL was 24% lower in patients with renal insufficiency 
(eGFR < 60 mL/min/1.73  m2) and 47.5% lower in those 
with renal impairment (eGFR < 20 mL/min/1.73  m2) than in 
those with normal renal function (eGFR > 90 mL/min/1.73 
 m2). Therefore, for patients with renal impairment, the MTX 
dosing regimen must be adjusted before infusion. A pooled 
HDMTX PPK model is needed to analyze the relationship 
between age and renal function to achieve individualized 
MTX dosing. Monitoring of SCr alone is inadequate for this 
purpose because there are large inter-individual variations 
in MTX clearance. If the patient develops HDMTX-related 
nephrotoxicity during treatment, SCr should be serially 

monitored, and MTX administration should be paused until 
SCr has returned to baseline.

Until now, dose adjustment for hepatic impairment has 
not been provided in the MTX drug insert. Hepatic elimina-
tion is estimated to account for only 5–10% of MTX elimi-
nation, and no studies have considered the effects of hepatic 
function on CL (such as by measuring serum bilirubin or 
transaminase). The liver plays a key role in the metabolic 
conversion of MTX to 7-hydroxy-MTX via aldehyde oxi-
dases [3]. Two studies conducted on children found that 
HDMTX co-administration with dexamethasone increased 
HDMTX CL by 19%, potentially because dexamethasone 
may induce aldehyde oxidase. The SLCO1B1 gene encod-
ing the basolateral hepatocellular transporters (OATPs) is 
almost exclusively expressed in the liver. Schulte et al. [56] 
found that genetic variation in SLCO1B1 was associated 
with reduced MTX clearance, consistent with the findings 
of a systematic review by Taylor et al. [49], which revealed 
that SLCO1B1 was the only gene that influenced MTX PK. 
These results indicate that for patients co-administrated 
dexamethasone and MTX and possessing the SLCO1B1 
gene mutation, hepatic function may be impaired; such 
patients, and especially children, may require MTX dosage 
adjustment.

Among the selected studies, only a study addressing HCT 
[33] revealed that it had a clinically significant impact on 
CL. Our simulation results revealed that MTX  C72h was 
highest in adults with ALL. Because MTX can be distrib-
uted into red blood cells, erythrocytes could be considered 
storage compartments for MTX, with several pharmacologi-
cal implications [72]. Hemoglobin is highly correlated with 
HCT levels. Similar to MTX, 7-OH-MTX is also polygluta-
mylated in cells, and the retention of these polyglutamated 
forms in erythrocytes may contribute to MTX toxicity. Dif-
ferences in HCT levels between patients, or changes in HTC 
within the same patient during treatment, may necessitate 
dose adjustments. The effects of HCT and hemoglobin on 
MTX CL require further study [73, 74].

Of the selected studies, two studies of patients with OS 
found that MTX dosage influenced CL. Hui et  al. [45] 
found that the ratio of the MTX dose to BSA was positively 
associated with MTX CL. Fukuhara et al. [28] showed that 
MTX dosage was the most influential categorical covariate 
for MTX CL; MTX dose ≥ 10 g resulted in a difference in 
non-renal clearance of MTX. First, patients receiving higher 
doses of MTX are likely to frequently require extra hydration 
and urine alkalinization, which may increase CL. Second, 
HDMTX increases CL via a compensatory clearance mecha-
nism caused by saturation of the process involving active 
tubular secretion [75], indicating that MTX is secreted, 
and not reabsorbed, by the renal tubules. However, tubu-
lar secretion is saturated at higher plasma concentrations, 
playing only a minor role in MTX elimination during and 
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immediately after HDMTX infusion [76]. Further explora-
tion of the potential nonlinearity of HDMTX PK is required. 
An LDMTX study of patients with RA found that the CL 
was lower after single-dose administration than multiple 
doses (single-dose, 0.39 L/kg; multiple doses, 1 L/kg).

Our results confirm that HDMTX PK parameters are 
influenced by the type of disease, MTX dosage, and the 
duration of infusion [55]. It demonstrates that the treatment 
response at the end of infusion and HDMTX toxicity in the 
terminal elimination phase vary significantly with MTX 
serum concentration, thus emphasizing the need to develop 
adaptive dosing methods [77].

Our study had some limitations. The primary limitation is 
that our study is based on sparse data. Furthermore, only articles 
published in English were included, and we excluded articles 
that were missing PK parameters. In most of the selected stud-
ies, the data were collected retrospectively from routine TDM.

Conclusion

MTX PK differed among infants, children, and adults with 
different diagnoses. Infants showed higher CL and  Vd than 
adults and children following HDMTX administration at 
the same dosage per kilogram bodyweight. These findings 
reveal that MTX dose individualization should depend 
on both renal function and BSA. Further PPK studies are 
required to characterize the MTX PK in infants. Prospective 
MTX PK/PD studies should be conducted to clarify how 
the MTX exposure–response relationship varies between 
patients.
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