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Aims: High-dose methotrexate (HDMTX) is an essential part of the treatment of

several adult and paediatric malignancies. Despite meticulous supportive care during

HDMTX administration, severe toxicities, including acute kidney injury (AKI), may

occur contributing to patient morbidity. Population pharmacokinetics provide a

powerful tool to predict time to clear HDMTX and adjust subsequent doses. We

sought to develop and validate pharmacokinetic models for HDMTX in adults with

diverse malignancies and to relate systemic exposure with the occurrence of severe

toxicity.

Methods: Anonymized, de-identified data were provided from 101 US oncology

practices that participate in the Guardian Research Network, a non-profit clinical

research consortium. Modelled variables included clinical, laboratory, demographic

and pharmacological data. Population pharmacokinetic analysis was performed by

means of nonlinear mixed effects modelling using MonolixSuite.

Results: A total of 693 HDMTX courses from 243 adults were analysed, of which

62 courses (8.8%) were associated with stage 2/3 acute kidney injury (43 stage

2, 19 stage 3). A three-compartment model adequately fitted the data.

Time-dependent serum creatinine, baseline serum albumin and allometrically scaled

bodyweight were clinically significant covariates related to methotrexate clearance.

External evaluation confirmed a satisfactory predictive performance of the model in

adults receiving HDMTX. Dose-normalized methotrexate concentration at 24 and

48 hours correlated with AKI incidence.

Conclusion: We developed a population pharmacometric model that considers

weight, albumin and time-dependent creatinine that can be used to guide supportive

care in adult patients with delayed HDMTX elimination.
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1 | INTRODUCTION

Methotrexate (MTX), a folate antimetabolite that inhibits DNA

synthesis and cellular replication, is an essential component of therapy

for the treatment of numerous malignancies including acute lympho-

blastic leukaemia (ALL), non-Hodgkin lymphoma (NHL), osteosarcoma

and primary central nervous system (CNS) cancers in paediatric and

adult patients. Intravenous infusions of doses higher than 500 mg/m2,

commonly referred to as high-dose MTX (HDMTX), are used for pro-

phylaxis or treatment of patients with CNS involvement because of

the ability of MTX to penetrate the blood–brain barrier at high

doses.1,2

MTX disposition varies greatly among individuals, and prolonged

exposure to high concentrations results in serious adverse events that

can delay or interrupt subsequent anticancer therapy and compromise

patient outcomes. Depending on the treatment protocol, quality of

supportive care and other factors, between 0.5% and 30% of patients

develop HDMTX-induced acute kidney injury (AKI),3 which further

impairs elimination, prolongs systemic exposure, and may result in

therapy delay, dose reduction or even interruption of further MTX

treatment, hampering treatment efficacy.4 Unfortunately, it is difficult

for clinicians to predict which patients are at higher risk of HDMTX-

induced severe toxicities.

Model-informed analysis and Bayesian forecasting can support

the individualization of clinical decisions, including MTX dose

selection, optimization of folinic acid (leucovorin) rescue, enforced

hydration and urine alkalinization, and provide guidance for the timing

of other rescue therapies, such as glucarpidase administration, ulti-

mately leading to safer HDMTX treatment. This approximation offers

several advantages over the interpretation of a single concentration in

relation to a specific target associated with efficacy or toxicity, allow-

ing characterization and prediction of pharmacokinetic and pharmaco-

dynamic outcomes at the individual level, integrating relevant patient

characteristics and collected data. Therefore, adequate individualized

MTX elimination forecasting may lead to better dose adjustment

and supportive care for the patients, resulting in shorter hospital

stays, improved quality of life and more convenient cost-effective

therapy.

Model-informed precision dosing is supported by the population

approach, which leverages individual characteristics as parameters to

predict more precisely the pharmacokinetic and pharmacodynamic

outcomes and quantify the risk of severe adverse events.5 Several

HDMTX population pharmacokinetic models have been reported for

paediatric patients, mainly with ALL or osteosarcoma,6-20 others were

developed for adult patients,21-30 and few have described HDMTX

pharmacokinetics in children and adults simultaneously.27,31-34 To

date, these models reflect the high inter- and intraindividual variability

linked to chemotherapeutic protocols and patient physiological and

pathophysiological characteristics.

This study analysed retrospectively collected data from a large

and heterogeneous adult patient population treated with HDMTX

at multiple centres in the US for osteosarcoma, NHL or ALL to

characterize HDMTX pharmacokinetics recognizing clinically relevant

covariates using a model-based approach and relate MTX exposure to

the occurrence of severe adverse events.

2 | METHODS

2.1 | Patient population

We included data from adults who received courses of HDMTX as

part of standard of care treatment at 101 US community oncology

programs that participate in the Guardian Research Network (GRN,

https://www.GuardianResearch.org), a non-profit consortium of

oncology practices in the US (see Supplementary Material for detailed

description of data management). Eligibility criteria for this analysis

included patients aged 18 years or older at the time of cancer diagno-

sis (NHL, ALL or osteosarcoma) and administration of at least one

course of HDMTX. All eligible patients with concentration-versus-

time data were included in the analysis.

2.2 | Drug administration and sampling

MTX was administered as 3-, 4-, or 24-hour infusions according to

the disease and treatment protocol. Infusion lengths were grouped as

short infusions (SI, n = 466) for those with HDMTX administered for

4 hours or less, and long infusions (LI, n = 227) for those administered

What is already known about this subject

• High-dose methotrexate (HDMTX) is an essential part of

the treatment of several adult and paediatric

malignancies.

• Up to 30% of patients develop HDMTX-induced acute

renal dysfunction.

• Model-informed precision dosing (MIPD) is emerging as

an important approach to inform rescue therapy and dose

adjustment in HDMTX.

What this study adds

• Bodyweight, time-varying creatinine and albumin were

recognized as clinically relevant covariates for HDMTX

pharmacokinetics in our adult cohort.

• 24- and 48-hour dose-corrected MTX concentrations are

more sensitive in detecting AKI than partial AUCs and

non-corrected concentrations.

• PopPK HDMTX models should be validated at each cen-

tre before routine implementation of MIPD.
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over 24 hours. Dosages ranged from 0.5 to 13.4 g/m2 in the SI group

and from 0.5 to 7.2 g/m2 in the LI group.

Blood plasma MTX concentrations were sampled up to 400 hours

from the beginning of the infusion. Most samples corresponded to

standard HDMTX monitoring times collected at: 24, 48 and 72 hours

from the start of the infusion; however, additional samples were also

obtained at various intermediate times and many samples were col-

lected at the end of SI. Since these data were collected during routine

MTX therapeutic monitoring, an increase in the proportion of patients

with delayed elimination is expected to characterize the dataset for

times beyond 72 hours due to the censoring of MTX levels from

patients with normal elimination. To reduce the impact of this data

censoring on the population analysis, only levels reported up to

100 hours after the start of the infusion were considered for model

development.

2.3 | Safety data

Except for AKI, all adverse events were assessed for each HDMTX

course and graded according to the National Cancer Institute (NCI)

Common Terminology Criteria for Adverse Events (CTCAE) version

5.0.35 AKI was graded according to the Acute Kidney Injury Network

(AKIN) criteria36 and incidence was determined based on serum creat-

inine. Description of the timing for each laboratory analysis used in

the study is described in the Supplementary Material.

2.4 | Pharmacokinetic modelling

Data were analysed using nonlinear mixed effects modelling imple-

mented in MonolixSuite® 2020R1 (Lixoft SAS, Antony, France) to esti-

mate HDMTX population and individual pharmacokinetic parameters

and assess the quantitative impact of individual characteristics. The

stochastic approximation expectation maximization algorithm (SAEM)

was used combined with a Markov chain Monte Carlo method

(MCMC) for the estimation of model parameters.

Two- and three-compartment distribution models with first-order

and nonlinear capacity-limited (Michaelis–Menten) elimination were

tested as structural models describing plasma concentration-versus-

time data. Inter-individual (IIV) and inter-occasion (IOV) variability

were tested (see Supplementary Material).

The analysis was performed using log-transformation of MTX

concentrations. Different models were evaluated to describe the

residual unexplained variability, including an exponential and a

combined error model.

The model-building process was driven by several diagnostic

metrics, the corrected Bayesian Information Criterion (BIC), and the

uncertainty in parameter estimation expressed as relative standard

error (RSE). Basic goodness-of-fit plots in addition to simulation-based

diagnostics, including prediction-corrected visual predictive check

(pcVPC) and normalized prediction distribution errors (NPDE), were

also taken into account.

2.5 | Covariate analysis

Individual and treatment characteristics recorded at each HDMTX

course evaluated as potential covariates on the base model included:

size descriptors (body surface area or BSA and bodyweight or BW),

baseline serum creatinine (SCRb), time-varying serum creatinine

(SCRt), age, sex, baseline liver enzymes (alanine aminotransferase or

ALT, aspartate aminotransferase or AST), body mass index (BMI), body

fat percentage, average blood urea nitrogen (BUN), average urine pH

at each MTX course, total bilirubin (Tbili), albumin (ALB), ethnicity, AKI

in the previous course of HDMTX, course number, concomitant

administration of antibiotics, diuretics, proton pump inhibitor adminis-

tration, previous administration of platinum-based antineoplastic

drugs, and HDMTX infusion length categorized in LI and SI. Data man-

agement for the covariate parametrization and analysis is described in

the Supplementary Material. Inclusion of continuous variables as

model covariates was performed with centring SCRb and SCRt to the

expected values reported by Junge et al.,37 while AGE was centred on

60 years, ALB on 4 mg/dL, BUN on 14 mg/dL and Tbili on 0.3 mg/dL.

Correlation among individual characteristics was assessed to

avoid collinearity. Individual covariates were added in a forward step-

wise approach if we observed a reduction of the objective function

value (OFV) by at least 3.84 units (P < .05) and a decrease in the IIV of

the estimate parameter, if the estimated parameter was significantly

different from 0 (P < .05, Wald test), and according to graphic

diagnostics.

2.6 | Missing data

As SCR has been extensively reported as a key covariate on MTX

CL,6,9,11,13,15,21,23-25,28,30-33,38 the following imputation rules were

implemented: when SCR was unavailable for a given patient in any

HDMTX course, the value was imputed as the mean value for healthy

adult subjects (0.92 mg/dL and 0.77 mg/dL for male and female

patients, respectively). If SCR was absent for a given HDMTX course

but available on any other occasion, a mean value for that subject was

imputed. For the inclusion of SCR as a time-varying covariate, imputa-

tion was performed for intermediate missing data using linear interpo-

lation between previous and posterior values or directly imputing the

nearest reported SCR value (if only a previous or a posterior SCR

observation was available).

2.7 | External model evaluation

Two datasets were used for external validation: the dataset support-

ing the population model developed by Kawakatsu et al.33 and a data-

set provided by Barreto et al.3 as detailed in Supplementary Tables S1

and S2.

The global fit of the final developed model was evaluated graphi-

cally with pcVPCs and basic goodness-of-fit plots. The relative bias

(rBias) and precision (relative root mean square error, rRMSE) of
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model-predicted MTX concentrations were calculated as described in

the Supplementary Material.39,40 We defined an acceptable bias and

imprecision of 25%, based on: (i) the most widely implemented analyt-

ical method for MTX quantification (Fluorescence Polarization Immu-

noassay TDx/TDxFLx, Abbott Laboratories) claims an allowable error

of 10% in terms of relative deviation (accuracy) and coefficient of vari-

ation (precision); (ii) there is an additional experimental error given by

the sampling time and additional sample preparation (e.g., dilution);

and (iii) such bias and imprecision are considered acceptable for the

use of population pharmacokinetic models in dose forecasting of

HDMTX in clinical practice.

2.8 | Exposure-toxicity analysis

Individual parameter estimates were obtained for the final model and

used along with individual characteristics to simulate individual MTX

concentration-versus-time data and the following exposure metrics

were computed applying non-compartmental analysis (NCA) to the

simulated concentrations obtained using a simulation time step of

0.1 hour: area under the plasma concentration-versus-time curve

between zero and the end of infusion (AUC0–inf), between zero and

24 hours (AUC0–24), between zero and 48 hours (AUC0–48), and

between zero and 72 hours (AUC0–72) after the start of the infusion;

MTX plasma levels at 24, 48 and 72 hours after the start of the infu-

sion; and the maximum MTX concentration (Cmax). Simulations and

NCA were performed using MonolixSuite® modules Simulx and

Pkanalix, respectively.

The analysis of the predictors of AKI was performed by logistic

regression using R 4.1.141 and included clinical, biochemical, demo-

graphic and MTX-exposure parameters.

3 | RESULTS

A total of 318 adult patients with courses of HDMTX were identified

in the GRN dataset. Of those, 243 patients with 693 courses had

available MTX concentrations and were therefore included in the pre-

sent analysis. Five patients received at least one dose of glucarpidase

during an HDMTX course. MTX concentrations reported after the

time of glucarpidase administration were not considered in the phar-

macokinetic analysis.

An average of three samples per course (range: 1–8) was avail-

able. Observations included data reported as below the lower limit

and above the upper limit of quantification. In addition, reported MTX

levels below 0.04 μM were flagged as censored data. Both left and

right censored data were handled using the M4 method as described

by Beal.42

Patient demographic and clinical data as well as a description of

concomitant medication are detailed in Table 1. MTX dosage ranged

from 0.5 to 13.4 g/m2 given over 3 to 24 hours.

A total of 143 patients with 466 HDMTX courses corresponding

to 67% of the total dataset received MTX at dosages between 0.5 and

13.4 g/m2 infused over 3 to 6 hours (short infusions) while

115 patients in 227 courses (33%) received MTX at dosages between

0.5 and 7.2 g/m2 infused over 24 hours (long infusions).

MTX concentration–time data were best described by a three-

compartment model with first-order elimination using an exponential

residual model (ΔOFV = �256, Supplementary Table S2). Inclusion of

IOV was not supported by the data and therefore model building was

performed considering each HDMTX course independently. Then, IIV

accounted for both between-patient and between-course variability

and was precisely estimated for MTX clearance (CL) and for the vol-

ume of distribution of the central compartment (V1).

All MTX disposition parameters were scaled by bodyweight

using a three-quarters power model for elimination and distribution

clearances (CL, Q1 and Q2) and a linear model for volumes of dis-

tribution (V1, V2, V3). These effects were centred so that the typi-

cal reported values corresponded to a 70 kg patient. Including an

effect of bodyweight on pharmacokinetic disposition parameters

improved the fit of the data, changing the OFV by �7 points. On

the contrary, accounting for the effect of BSA did not improve the

model (ΔOFV = 9). Thus, a three-compartment model including the

effect of bodyweight on all parameters was considered as the base

model.

In the univariate analysis, we identified 10 covariates to be sig-

nificantly related to MTX CL, including SCRb, SCRt, AGE, Tbili, previ-

ous administration of platins, concomitant diuretics, concomitant

tyrosine kinase inhibitors (TKI, dasatinib and imatinib), infusion length,

BUN, ALB, and AKI in the previous HDMTX course (complete infor-

mation of the model building process is detailed in Supplementary

Table S3). Among these covariates, the following significant correla-

tions were identified (P < .05, R2 > 0.3) and therefore considered in

the covariate model building so as to avoid collinearity: AGE with

ALB, SCRb with BUN, and SCRt with BUN. Accounting for the effect

of SRCt on CL led to a better fit than including SCRb or BUN and

thus SCRt was retained in the model. Subsequently, the effects of

ALB, Tbili, previous platin-based therapy, AKI in the previous HDMTX

course, AGE, infusion length, concomitant TKIs and concomitant

diuretics on CL were tested in the forward analysis. Despite a signifi-

cant reduction in MTX clearance for administration at shorter infu-

sion lengths (�12%), for occasions with previous AKI (�8%), and for

patients with increasing age, the clinical impact was considered to be

low and therefore these effects were excluded from the final model.

Of the remaining individual characteristics, only the effect of ALB on

MTX CL was retained. Thus, the final model for CL is shown in the

following equation:

CLi ¼CLpop � WTi

70

� �0:75

� SCRpop

SCRit

� �βSCRt

� ALBi

4

� �βALB

were CLi is the ith individual predicted MTX CL, CLpop the typical MTX

CL (i.e., the predicted MTX CL for a subject with bodyweight 70 kg,

SCR equal to SCRpop, and ALB equal to 4 mg/dL), WTi the ith individ-

ual bodyweight, SCRit the SCR for the ith SCR value at time t, βSCRt the

coefficient for the effect of SCRt on CLi, ALBi the ith individual average

4 IBARRA ET AL.



blood albumin, and βALB the coefficient for the effect of ALB on CLi.

For the volume of distribution, no significant covariate effect was

detected beyond bodyweight.

Table 2 summarizes the population pharmacokinetic modelling

results, and Figure 1 shows the prediction-corrected visual predictive

check (pcVPC) for the final model. Additional goodness-of-fit plots

(Supplementary Figures S1–S4), a scheme with highlights of covariate

model building (Supplementary Figure S5) and a table detailing quanti-

tative aspects of this process (Supplementary Table S3) are included

in the Supplementary material.

TABLE 1 Patient demographic and clinical data and concomitant medication

Panel A: Comparison of patient characteristics and baseline laboratory values by duration of high-dose methotrexate infusions

All patients (n = 243) 2 to 6 h (n = 140) 24 h (n = 103)

Sex

Female 108 70 38

Male 135 70 65

Malignancy type

Acute lymphoblastic leukaemia 14 2 12

Non-Hodgkin lymphoma 173 122 51

Others 56 16 40

Age at the time of the first methotrexate dose (years)a 60 (18–88) 64 (18–88) 52 (20–76)

Weight (kg)a 79.9 (43.9–161.6) 80.6 (43.9–161.6) 77.79 (47.1–145.8)

Height (cm)a 170.2 (142.2–200.7) 170.2 (142.2–198.1) 170.2 (152.4–200.7)

Body surface area (m2)a 1.92 (1.43–2.72) 1.92 (1.44–2.72) 1.94 (1.43–2.55)

Initial dose of HDMTXa (mg/m2) 3174 (511–13 419) 4237 (511–13 419) 1731 (521–7256)

Serum creatinine at baseline (mg/dL)a 0.74 (0.20–1.78) 0.71 (0.20–1.42) 0.78 (0.32–1.78)

Missing (n) 4 3 1

Aspartate aminotransferase at baseline (U/L)a 19 (4–291) 19.5 (4.0–146.0) 19 (6–291)

Missing (n) 33 18 15

Alanine aminotransferase at baseline (U/L)a 30 (5–451) 30 (8–320) 31 (5–451)

Missing (n) 49 29 20

Total bilirubin at baseline (mg/dL) 0.3 (0.1–1.7) 0.3 (0.1–1.7) 0.3 (0.1–1.3)

Missing (n) 8 5 3

Albumin at baseline (g/dL) 3.3 (1.9–4.7) 3.3 (2.3–4.4) 3.3 (1.9–4.7)

Missing (n) 29 15 14

Panel B: Concomitant medications used during high-dose methotrexate infusions

All courses (n = 693) 2 to 6 h (n = 466) 24 h (n = 227)

Tyrosine kinase inhibitors

No 673 (97%) 466 (100%) 207 (91%)

Yes 20 (3%) 0 (0%) 20 (9%)

Prior therapy with platins (up to 45 days before HDMTX)

No 673 (97%) 451 (97%) 222 (98%)

Yes 20 (3%) 15 (3%) 5 (2%)

Proton pump inhibitors

No 496 (72%) 354 (76%) 142 (63%)

Yes 197 (28%) 112 (24%) 85 (37%)

Diuretics

No 593 (86%) 408 (88%) 185 (81%)

Yes 100 (14%) 58 (12%) 42 (19%)

Antibiotics

No 665 (96%) 447 (96%) 218 (96%)

Yes 28 (4%) 19 (4%) 9 (4%)
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3.1 | External model validation

Two external datasets obtained from different clinical centres were

used to assess the predictive performance of the model. For the data-

set from Kawakatsu et al.,33 consisting of 135 patients and

454 HDMTX courses from adult patients, a priori rBias and rRMSE

(i.e., prediction based only on individual characteristics) were �3.73%

and 66.4%, respectively. Both metrics improved substantially a poster-

iori (after accounting for MTX concentrations to estimate individual

parameters) resulting in rBias and rRMSE of �0.047% and 17.6%,

respectively. In the case of the dataset from Barreto et al.3 (80 patients

and 80 HDMTX courses), a priori rBias and rRMSE were 6.78% and

84.1%, respectively, whereas a posteriori rBias and rRMSE were

3.34% and 57.7%, respectively. Even though the a priori rBias of both

datasets was far below the threshold of 25% established as an accu-

rate model predictive performance, in both cases a priori rRMSE was

higher than the cut-off (>25%) indicating high uncertainty for model

predictions if MTX blood concentrations are not considered. How-

ever, the a posteriori rRMSE (i.e., considering patient MTX data) was

substantially improved in both datasets but reached an acceptable

value only for the Kawakatsu et al. dataset. The pcVPCs for the model

fit on both datasets (Supplementary Figure S6) are in accordance with

these metrics. Overall, these results indicate that, despite an excellent

mean prediction error, the model's predictive performance for

HDMTX concentrations might be centre-dependent, most probably

related to differences in HDMTX clinical management.

TABLE 2 Population
pharmacokinetic parameter estimates for
the final model of high-dose
methotrexate

Parameter Value Standard error Relative standard error (%)

CLpop (L/h) 5.92 0.44 7.38

βSCRt 0.694 0.0434 6.25

βALB 0.594 0.103 17.3

V1 (L) 14.4 1.73 12.0

Q2 (L/h) 0.571 0.127 22.2

V2 (L) 3.55 0.570 16.1

Q3 (L/h) 0.0365 0.00542 14.9

V3 (L) 2.09 0.505 24.1

IIV CL (%) 25.4 1.60 6.23

IIV V1 (%) 90.0 4.70 5.22

Residual variability 0.751 0.0154 2.06

Abbreviations: CLpop, population estimate of clearance; V1, V2, V3: volume of the central and peripheral

compartments, respectively; Q2, Q3: intercompartmental clearances; IIV CL, IIV V1: inter-individual

variability in clearance and volume of distribution in the central compartment, respectively.

F IGURE 1 Prediction-corrected visual
predictive check (pcVPC) for the final
model. Blue dots represent observed
MTX levels, blue lines represent the 5th,
50th and 95th percentiles for the
observed MTX levels, dashed black lines
represent the 5th, 50th and 95th
percentiles for the simulated MTX levels,
while the shaded areas correspond to the

prediction interval for each percentile
(blue for 5th and 95th, pink for the
median). Dots with red outline show
misspecifications (observed percentiles
outside the corresponding prediction
interval).
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TABLE 3 Comparison of methotrexate course characteristics, toxicity and exposure by length of high-dose methotrexate infusions

All courses (n = 693) 2 to 6 h (n = 466)

24 h

(n = 227) P-value

Dosage (mg/m2)

Median (range) 3431 (511–13 419) 3533 (511–13 419) 1004 (521–7256) <0.001a

Dose (mg)

Median (range) 6300 (948–27 240) 7052 (955–27 240) 1950 (948–15 520) <0.001a

Length of hospital stay

Median (range) 4.46 (0.15–26.66) 4.35 (0.15–23.05) 5.08 (0.99–26.66) 0.058a

Acute kidney injury grade (AKIN criteria)

0 501 (72%) 329 (71%) 171 (75%) 0.512b

1 130 (19%) 91 (19%) 40 (18%)

2 43 (6%) 31 (7%) 12 (5%)

3 19 (3%) 15 (3%) 4 (2%)

Blood bilirubin increased

0 621 (90%) 431 (92%) 190 (84%) <0.001b

1 44 (6%) 25 (5%) 19 (8%)

2 24 (3%) 9 (2%) 15 (7%)

3 4 (1%) 1 (0%) 3 (1%)

Neutrophil count decreased

0 240 (64%) 153 (67%) 87 (60%) <0.001b

1 78 (21%) 53 (23%) 25 (17%)

2 13 (3%) 10 (4%) 3 (2%)

3 9 (2%) 2 (1%) 7 (5%)

4 33 (9%) 11 (5%) 22 (15%)

Missing (n) 320 237 83

Platelet count decreased

0 295 (45%) 266 (59%) 29 (14%) <0.001b

1 154 (24%) 127 (28%) 27 (13%)

2 39 (6%) 25 (6%) 14 (7%)

3 38 (6%) 15 (3%) 23 (11%)

4 127 (19%) 16 (4%) 111 (54%)

Missing (n) 40 17 23

Alanine aminotransferase increased

0 391 (58%) 256 (56%) 135 (60%) 0.636b

1 204 (30%) 141 (31%) 63 (28%)

2 37 (5%) 26 (6%) 11 (5%)

3 43 (6%) 28 (6%) 15 (7%)

4 3 (0%) 3 (1%) 0 (0%)

Missing (n) 15 12 3

Aspartate aminotransferase increased

0 455 (66%) 293 (63%) 162 (72%) 0.031b

1 180 (26%) 129 (28%) 51 (23%)

2 16 (2%) 15 (3%) 1 (0%)

3 29 (4%) 18 (4%) 11 (5%)

4 9 (1%) 8 (2%) 1 (0%)

Missing (n) 4 3 1

(Continues)
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3.2 | Exposure-toxicity analysis

There were no therapy-related deaths. Stage 2/3 AKI developed in

62 courses and was detected during the first HDMTX course in

30 patients (13.2% considering first-courses only, n = 227), and

14 (8.5%) and 5 (4.5%) during the second (n = 164) and third courses

(n = 111), respectively. In 32 courses, patients experienced stage 2/3

AKI and did not proceed to the next course (4.6% of total courses). In

the other 30 courses when patients developed stage 2/3 AKI but con-

tinued HDMTX, 21 patients were given a similar dosage to that

administered for the course immediately before the renal injury event

but nine of the cases received a reduced HDMTX dosage of between

11.6% and 57.9%.

The most common severe toxicity was stage 2/3 AKI in 9.9%

patients administered with short HDMTX infusions (less than 6 h)

while haematological toxicity manifested as grade 3/4 platelet

decrease (59%) and neutrophil decrease (12.8%) was the most fre-

quent severe adverse event observed in patients that received

HDMTX in long infusions (Table 3, Supplementary Table S3).

The exclusion of 75 out of 314 patients due to absence of MTX

plasma concentrations may introduce a bias to the reported propor-

tions of adverse events, since this loss of information could be attrib-

uted to a clinical decision of not monitoring MTX levels given a good

clinical evolution informed with serum creatinine values. However,

this variable was also missing in more than 70% of the excluded

patients, preventing the estimation of AKI incidence. Nonetheless, in

excluded patients with enough data, this variable showed similar

results to those reported for the patients included in the study.

As shown in Table 4, we found a significant correlation between

dose-normalized MTX concentrations at 24 hours (C24/D) and at

48 hours (C48/D) with the incidence of AKI for patients receiving

MTX at both short and long infusion lengths. These parameters were

associated with an increased risk of stage 2/3 AKI in both short

(OR 1.16, 95% CI 1.09–1.24, and OR 1.57, 95% CI 1.25–2.03, respec-

tively; P < .05) and long infusion HDMTX courses (OR 1.08, 95% CI

1.02–1.14, and OR 1.72, 95% CI 1.36–2.24, respectively; P < .05).

Boxplots showing the distribution of these variables are included in

Supplementary Figures S7 and S8. No association was observed

between the development of stage 2/3 AKI and MTX AUC.

4 | DISCUSSION

We developed a population pharmacokinetic model for HDMTX ther-

apy in adult patients with different malignancies treated at multiple

clinical centres in the US and we identified individual patient charac-

teristics with clinical relevance in MTX pharmacokinetics. To our

knowledge, this is the largest sample size used for MTX

TABLE 3 (Continued)

All courses (n = 693) 2 to 6 h (n = 466)

24 h

(n = 227) P-value

AUC0–inf (μM*h)

Mean (range) 2709 (256–13 166) 3426 (256–13 166) 1238 (289–5808) <0.001c

AUC0–24 (μM*h)

Mean (range) 2548 (246–12 658) 3282 (255–12 658) 1041 (246–4870) <0.001c

AUC0–48 (μM*h)

Mean (range) 2677 (255–13 033) 3392 (255–13 033) 1210 (288–5728) <0.001c

AUC0–72 (μM*h)

Mean (range) 2696 (256–13 091) 3411 (256–13 091) 1227 (289–5781) <0.001c

Cmax (μM)

Mean (range) 427 (12–2175) 604 (43–2175) 64 (12–256) <0.001c

Abbreviations: AUC0–inf, AUC0–24, AUC0–48, AUC0–72: area under the concentration-versus-time profile between the start and the end of infusion, and 24,

48 and 72 hours after the start of the infusion, respectively; Cmax: MTX concentration at maximum level.
aA t-test was applied for comparison;
bPearson's chi-squared test was considered for comparison;
cWilcoxon rank-sum test.

TABLE 4 Model-estimated dose-normalized MTX concentrations at 24 and 48 hours for short and long HDMTX infusions, with and without
acute kidney injury. Results shown as median predicted values (interquartile range). The P-value corresponds to the comparison between with
and without AKI

Short infusions with
AKI

Short infusions without
AKI P-value

Long infusions with
AKI

Long infusions without
AKI P-value

C24/D (μM/g/m2) 1.82 (0.99–7.00) 0.82 (0.49–2.00) 0.00362 27.3 (22.8–31.7) 18.9 (13.8–26.9) 0.00181

C48/D (μM/g/m2) 0.165 (0.078–0.844) 0.064 (0.039–0.143) 0.0253 1.92 (0.53–4.60) 0.265 (0.152–0.595) 0.0147
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pharmacokinetic modelling in adults. In addition to time-varying serum

creatinine, we found that MTX CL increased with individual albumin

levels showing the importance of albumin monitoring in MTX dose

management.

The pharmacokinetics of MTX was adequately described with a

three-compartment model consistent with previous reports in chil-

dren6 and adults,21,23,26 despite most authors reporting that a two-

compartment model was adequate enough to describe MTX disposi-

tion.18,22,24,29,31,32 The discrepancy may be attributed to the available

data used for model building in each case as HDMTX therapeutic drug

monitoring usually ends 72 hours after the start of the infusion.43

Although our original dataset included MTX plasma observations up

to 14 days post-dose, we analysed data up to 100 hours after the

start of the infusion to reduce the impact of data censoring with nor-

mal elimination. Data recorded at longer times could be a result of

drug release from ‘third spaces’ like pleural effusions and ascitic

fluid.44 Our final model characterized MTX disposition in three

phases, with half-lives of 1.5 hours, 4.9 hours and 40 hours, acknowl-

edging the existence of a third compartment with a slow disposition

half-life. The typical CL for a 70 kg patient with normal SCR and

albumin was estimated at 5.9 L/h, similar to published reports in

adults21-25,27,29,30 but lower than in other studies.26,31,32 The esti-

mated volume of distribution at steady state was 20 L for a 70 kg

patient, which is slightly above the extracellular water volume

(20–35% of bodyweight). Although we observed within-patient

variability in the different courses, our data did not support the dis-

crimination between IOV and IIV in the model but allowed the quanti-

fication of both as one random effect on CL and on V1. We observed

high IIV in V1 (90%), for which bodyweight remained in the final

model as the only covariate. For CL, we identified three covariates

that explained 39% of the IIV parameter.

Although MTX dosing is usually based on body surface area

(BSA), we found a better correlation between MTX disposition and

bodyweight, as reported elsewhere.19,23,31,45 For MTX CL, this corre-

lation was described with an allometric model using the three-

quarters coefficient.46,47 Given the non-proportional relation between

BSA and bodyweight,48 a direct interpretation of this finding may be

that BSA-guided dosing could be inaccurate. However, this is not

reflected in our population since there was similar mean drug expo-

sure throughout the BSA range.

HDMTX CL showed an inverse relation with SCRt, in line with a

strong dependence on renal function for drug elimination. The imple-

mentation of SCRt to describe the temporal change in MTX CL

achieved a superior data description compared to only accounting for

the baseline value (SCRb). Moreover, this approximation provides

higher flexibility for changes in MTX elimination to be estimated dur-

ing the same course of drug administration.

A novel contribution of this analysis is the quantitative characteri-

zation of the correlation between albumin and MTX CL. As a weak

acid, MTX circulates in the bloodstream 50–60% bound to albumin,

and only the unbound drug enters cells by transport and diffusion.

First, we highlight the importance of hypoalbuminaemia as it was pre-

sent in 68% of the courses in our cohort. Hypoalbuminaemia is a

frequent characteristic reported in cancer patients that can be a

reflection of the extent of the disease, resulting in higher vascular per-

meability and protein leaking into extracellular spaces. Also, reduced

albumin synthesis or augmented proteolysis secondary to the release

of proinflammatory cytokines has been reported.49-51 Lastly, hypoal-

buminaemia may result from previous treatment with asparagi-

nase.52,53 The impact of hypoalbuminaemia on individual MTX CL was

significant: mean MTX CL reductions of 15, 25 and 34% are expected

based on our estimations for blood albumin levels of 3.0, 2.5 and

2.0 g/dL, respectively. The underlying mechanisms for the relation

between hypoalbuminaemia and reduced MTX CL have yet to be

defined. Nonetheless, it may result in local kidney toxicity and

reduced CL consequent to a higher unbound fraction. Lower serum

albumin has been reported to be related to renal hypoperfusion54 and

was found to be an independent predictor of AKI, indicating that

hypoalbuminaemia may causally contribute to renal failure.55-57 Over-

all, these findings may have an important impact on HDMTX treat-

ment management and, therefore, we urge clinicians to routinely

assess serum albumin levels prior to HDMTX to inform dosing and

reduce the probability of drug-induced toxicity.

Other important individual characteristics that showed a correla-

tion with MTX CL but were not retained in the final model due to sta-

tistical reasons included concomitant administration of diuretics and

TKIs, previous administration of platin-based chemotherapy, develop-

ment of AKI in previous courses and age. The association with

diuretics, specifically furosemide, and MTX toxicity is already

described.57 It is unclear whether the association of the administration

of diuretics and MTX CL is because of the nephrotoxicity caused by

diuretics or due to MTX-induced nephrotoxicity that triggers the clini-

cal use of diuretics. The association between an increase in MTX CL

and concomitant use of TKIs has also been described previously58,59

and has caused some paediatric hospitals to hold TKIs from the start

of HDMTX until it is cleared. This drug–drug interaction may be medi-

ated by the SLCO1B1 transporter because both MTX and TKIs are

substrates of the transporter and the TKIs may also regulate the trans-

porter's function.60-62 Previous administration of platin-based chemo-

therapy and prior AKI may predispose the patient to MTX-induced

AKI requiring more frequent kidney function monitoring. We

observed that patients with AKI showed a �20% reduction in CL for

subsequent courses, putting them at higher risk for toxicity as detailed

before.4,63 Although age did have a small influence on MTX CL, it was

not retained in the final model due to its correlation with creatinine.

Validation results indicate that the predictive performance of the

model can be dependent on the evaluated population since variables

such as the rescue protocol can influence MTX pharmacokinetics. The

a priori use of the model (i.e., only using individual characteristics to

predict the pharmacokinetic outcome) achieved an adequate mean

prediction error but was imprecise. However, in the larger dataset

reported by Kawakatsu et al.,33 the model achieved a very good fit to

the data after individual observations were considered. Thus, the

model was successful in characterizing HDMTX disposition and we

emphasize the need to measure MTX concentrations together with

SCR and albumin to predict individual MTX pharmacokinetics.
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HDMTX is associated with serious toxicities despite routine drug

monitoring and supportive therapy. In adult patients, a wide range of

AKI incidence is reported with values up to 60%.64-66 In our popula-

tion we observed that stage 2/3 AKI developed in 8.8% of the total

courses with a higher incidence during the first and second infusions

(13% for the first and 8.5% for the second course), which may be

related to a genetic predisposition to AKI.67 The clinical impact of

developing stage 2/3 AKI is clear as half of the courses in which this

severe event occurred, no further HDMTX courses were administered

and 14% of the patients underwent a dose reduction that globally

may decrease antitumour efficacy.

The incidence of stage 2/3 AKI was higher in short infusions com-

pared to long infusions. Specifically, HDMTX-induced AKI episodes

occurred in 0.5%–1.0% of courses in children with ALL receiving long

infusions but doubled in patients with osteosarcoma most commonly

treated with short HDMTX infusions.4,67,68 The difference in the rate

of nephrotoxicity could be explained by a saturation of renal elimina-

tion when high concentrations are reached during short infusions,

resulting in direct tubular toxicity.

The relationship between HDMTX exposure and AKI has been

previously reported. In our cohort, dose-corrected MTX concentra-

tions at 24 hours (C24/D) and 48 hours (C48/D) were significantly

correlated with the occurrence of stage 2/3 AKI, showing a superior

performance over non-corrected concentrations (C24 and C48) which

are often used to assess the individual MTX clearance without consid-

ering the dose nor the infusion length.

Limitations of the present study are inherent to the use of real-

world data (RWD).69 Available data were sparse and sampling times

were variable throughout different courses, which may have increased

experimental error. We mitigated missing data by imputing values,

which may also have introduced error. These limitations have proba-

bly contributed to the high residual unexplained variability estimated

in the final model. As this translates into uncertainty for individual

predictions, translation into clinics should be done carefully including

model validation stages using data from the targeted population. Our

intention is to apply and further evaluate the developed population

pharmacokinetic model in the clinical setting to provide real-time and

individual patient-adapted guidance based on clinically relevant vari-

ables for adequate management of HDMTX infusions by caregivers.

5 | CONCLUSION

The developed population model characterized MTX pharmacokinet-

ics in a large population of adult patients with various malignancies

and dosing schemes. Bodyweight, time-varying serum creatinine and

serum albumin explained significant interindividual and longitudinal

variability in HDMTX pharmacokinetics and proved to be clinically rel-

evant covariates to optimize MTX dosing and supportive care. This

study expands the current knowledge of MTX population pharmacoki-

netics, a key step towards the development of a clinical pharma-

cotherapeutic decision support tool for adult patient management of

HDMTX.
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