Cancer Chemotherapy and Pharmacology (2019) 84:1339-1348
https://doi.org/10.1007/500280-019-03966-4

ORIGINAL ARTICLE q

Check for
updates

Population pharmacokinetic analysis of high-dose methotrexate
in pediatric and adult oncology patients

Sonoko Kawakatsu' - Mina Nikanjam? - Mark Lin® - Sonny Le* - lla Saunders’ - Dennis John Kuo®* -
Edmund V. Capparelli’

Received: 30 May 2019 / Accepted: 24 September 2019 / Published online: 4 October 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Purpose High-dose methotrexate (HD-MTX) is widely used in pediatric and adult oncology treatment regimens. This study
aimed to develop a population pharmacokinetic model to characterize pediatric and adult MTX exposure across various
disease types and dosing regimens, and to evaluate exposure—toxicity relationships.

Methods MTX pharmacokinetic data from pediatric and adult patients were collected. A population pharmacokinetic model
was developed to determine the effects of age, liver function, renal function, and demographics on MTX disposition. The final
model was used in Monte Carlo simulations to generate expected exposures for different dosing regimens. The association
of toxicity, determined through chart review, and MTX area under the curve (AUC) was modeled using logistic regression.
Results The analysis included 5116 MTX concentrations from 320 patients (135 adult, age 19-79 years; 185 pediatric, age
0.6-19 years). Estimated glomerular filtration rate (¢GFR) and treatment cycle number were independent predictors of clear-
ance (CL). CL varied 2.1-fold over the range of study eGFR values and increased 14% for treatment cycle numbers greater
than 7. Higher MTX AUC was associated with higher risk of nephrotoxicity in adults, and neurotoxicity and hepatotoxicity
in pediatrics.

Conclusions This study represents one of the most comprehensive evaluations of HD-MTX PK across a wide range of ages
and disease types. After accounting for differences in renal function, age did not impact CL, although toxicity patterns dif-
fered by age. The model allows for early identification of patients with slowed MTX clearance and at higher risk of toxicity.
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Introduction

Methotrexate (MTX) is a folate antimetabolite that inhibits

DNA synthesis, repair, and cellular replication [1]. High-

dose methotrexate (HD-MTX) is defined as a dosage higher

. . . . . than 500 mg/m? and has a broad range of antitumor activity.
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and acute lymphoblastic leukemia (ALL) therapy [2]. How-
ever, HD-MTX can cause significant toxicities including
acute kidney injury, myelosuppression, mucositis, neuro-
toxicity, and hepatotoxicity, which can lead to significant
morbidity and treatment delays [3]. Supportive care includ-
ing aggressive intravenous hydration, urine alkalinization,
rescue with leucovorin administration, and serial measure-
ments of serum methotrexate, serum creatinine (SCR), and
urine output is crucial for preventing toxicity [4, 5].

MTX drug levels can vary widely between patients even
after accounting for renal function, subject size and other
factors [6]. There is a nomogram published in 1983 that only
covers a single dosing regimen for expected time-dependent
decrease in MTX levels, with higher levels indicating an
increased risk of toxicity [7]. The nomogram represents clin-
ical data from nine patients, aged 9-26 years. Many treat-
ment protocols reference this nomogram in serial monitor-
ing of MTX levels to dictate the degree of supportive care
needed following HD-MTX administration. The generaliz-
ability of the nomogram, however, is limited due to small
sample size, narrow age range, and inclusion of only a single
MTX dosage, whereas current methotrexate dosing regi-
mens are used across a broad age range. While subsequent
population PK models have been developed for HD-MTX,
they have similar limitations in sample size, age range, and
dosage range. The exact relationship between MTX levels
and toxicity across various treatment regimens and patient
populations also remains unclear. Additional information on
the effects of age, renal function, and baseline demographics
on MTX PK would be beneficial for assessing MTX dosing
and toxicity.

Despite protocols for aggressive intravenous fluid hydra-
tion and urine alkalinization during HD-MTX therapy,
renal dysfunction develops in 2-12% of patients [8]. Renal
toxicity leads to impaired MTX clearance and prolonged
exposure to toxic concentrations, which can further worsen
renal function and non-renal adverse events. Toxic levels of
MTX can be rapidly and effectively decreased by intrave-
nous administration of glucarpidase, an enzyme that cleaves
MTX into nontoxic metabolites, but the cost of a single dose
can range from $100,000 to $200,000 [9, 10]. The dosing
of glucarpidase is based on expected MTX exposure for a
given MTX dose; however, information on expected MTX
exposures is limited [11]. A robust population PK model
with Monte Carlo simulations of various dosing regimens
and patient populations can generate the expected range of
MTX concentrations throughout therapy in diverse settings
and can assist in predicting patients at highest risk for severe
toxicity.

The current study aimed to develop a broadly applicable
population PK model for HD-MTX from childhood into the
adult years, and to examine the association between MTX
exposure and toxicity. The final population PK model was
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used in simulations to help generate an updated profile of
expected exposures for different MTX dosing regimens and
age groups.

Materials and methods
Patient population

The MTX dataset represented all adult and pediatric oncol-
ogy patients treated with intravenous HD-MTX with MTX
dosing information and concentrations measured as part
of standard of care oncology treatment from Jan 1, 2009
through Jan 1, 2017 at the University of California, San
Diego Health and Rady Children’s Hospital San Diego
(RCHSD). HD-MTX was defined as a dose greater than or
equal to 500 mg/m?. The protocol was approved by the Uni-
versity of California San Diego Institutional Review Board.
Because this was a retrospective chart review, informed con-
sent was not feasible and this requirement was waived.

Electronic extraction and chart review

MTX doses, MTX concentrations, laboratory values (SCR,
ALT, total bilirubin), and demographics (age, weight,
height, gender, disease type) were electronically extracted
from electronic medical records (EMR) at the University
of California, San Diego Health and RCHSD. For MTX
assays, the ARK method was used in the CAPS/CLIA cer-
tified laboratory of both institutions. At the University of
California, San Diego Health, the precision ranged from
11.1 to 12.5% across MTX concentrations from 0.07 to
0.80 uM, and at RCHSD the precision ranged from 3.4 to
13% across MTX concentrations from 0.07 to 50 pM. Prior
to 2017, the RCHSD laboratory used the FPIA method with
a precision of < 10%. Toxicity data were collected by manual
chart review of the EMR. All patient notes were reviewed
from the date of first intravenous HD-MTX administration to
3 months after the final MTX administration to evaluate for
the occurrence of nephrotoxicity, mucositis, neurotoxicity,
myelosuppression, and hepatotoxicity. Only toxicities diag-
nosed and documented by the patient’s physician in chart
notes as clearly attributable to HD-MTX were included for
the analysis. The dataset was assembled using the statistical
software R (version 3.4.1).

Pharmacokinetic analysis

Population PK modeling was completed with NONMEM
(v. 7.3). The first-order conditional estimation method
with interaction (FOCEI) was used. A two-compartment
PK structural model (ADVAN3, TRANS4 subroutine)
with linear elimination was used to describe the data. An
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exponential-normal distribution error model was used for
between-subject variability.

Potential covariates were evaluated in a forward selection
approach, with covariates that resulted in a reduction in the
objective function value (OFV) of greater than 4 (p < ~0.05)
being retained in the multivariate assessment. The multi-
variate assessment utilized a forward selection approach
where covariates found to reduce the OFV by greater than
8 (p <~0.005) were retained in the final model. PK param-
eters were scaled by subject size before evaluation of other
potential covariates. An allometric approach was used with
CL and Q scaled by allometric weight [(WT/70)*7°] and vol-
ume of distribution scaled by weight [(WT/70)!°]. SCR, age,
estimated glomerular filtration rate (eGFR), liver function
(ALT, total bilirubin), disease type, treatment cycle number,
and male gender were evaluated as potential covariates for
CL, V1, and V2. SCR and eGFR were evaluated as time-var-
ying covariates while the baseline values per cycle for other
covariates were used. eGFR for adults was calculated using
Cockeroft—-Gault and normalized to a BSA of 1.73 m? [12].
Pediatric eGFR was estimated using the Bedside Schwartz
equation [13]. Time-varying SCR values were used in the
eGFR calculations.

Empiric Bayesian estimates of the individual pharma-
cokinetic parameters were generated from the final model
using the POSTHOC routine. A 1000-sample bootstrap
assessment of the final model was performed using Wings
for NONMEM (v. 7.4.1).

Exposure—toxicity analysis

Logistic regression (SAS v. 9.4) was used to determine the
relationship between HD-MTX cycle 1 exposure and occur-
rence of toxicity. HD-MTX area under the curve (AUC)
was calculated from individual Bayesian estimates from the
final population PK model as MTX dosage divided by clear-
ance. p values less than or equal to 0.05 were considered
significant.

Monte Carlo simulations

Monte Carlo simulations were performed using the final
population PK model to compare differences in HD-MTX
elimination between different age groups, disease types, and
baseline renal function. Concentration profiles were gener-
ated for four age groups (0-5 years, 6-11 years, 12-16 years,
and adults), and three disease types (ALL, lymphoma,
osteosarcoma) with each age group-disease type combi-
nation represented by 1000 virtual subjects each (12,000
total). The adult age group was represented by subjects aged
20-60 years. Each subject was assigned the median eGFR
values for each age group with a 25% variance applied in
NONMEM. Uniform height and weight distributions for

pediatric patients in the simulations were derived from CDC
50th percentile weights. All adults were assigned a height
of 170 cm, and a uniform weight distribution was derived
from summary statistics of the study population. Standard
MTX dosages for adult and pediatric ALL, lymphoma, and
osteosarcoma were used and were as follows:

ALL (pediatric): 500 mg/m? over 0.5 h, then 4500 mg/m?>
over 23.5 h (total 5000 mg/m2 over 24 h).

ALL (adult): 200 mg/m? over 2 h, then 800 mg/m? over
22 h (total 1000 mg/m2 over 24 h).

Lymphoma: 3000 mg/m? over 3 h.

Osteosarcoma: 12,000 mg/m2 over 4 h.

Expected exposures for HD-MTX were generated using
the median and 95% range of concentrations from the simu-
lations for each unique combination of age group and disease

type.

Results
Patients

The study population included 320 patients (135 adult,
185 pediatric). The majority of patients received multiple
cycles of HD-MTX therapy and had multiple MTX con-
centrations measured in each cycle. The median number of
MTX cycles per patient was 4, and the median number of
MTX concentrations per cycle was 4. In the study, 18% of
patients had only one cycle, and 3% of cycles had only one
sample. Table 1 summarizes patient characteristics at first
cycle of HD-MTX therapy. MTX concentrations for adults
are shown in Fig. 1a and pediatric patients are in Fig. 1b.
Of the total 5116 samples, 282 samples (5.5%) were drawn
during the MTX infusion. MTX dosage ranged from 734 to
12,312 mg/m?>.

Population pharmacokinetic analysis

A two-compartment structural model described the data
well. Attempts to simplify the model to one compartment
resulted in a poor fit to the data. After allometric scaling
for weight, the following were significant covariates in
the univariate screen: CL: eGFR, SCR, ALT, age, treat-
ment cycle number; V1: age, osteosarcoma, eGFR, ALT;
V2: ALT, total bilirubin, age, osteosarcoma. While eGFR
and SCR were both identified as potential covariates in the
univariate screen, eGFR was retained in the multivariate
screen as it resulted in a more dramatic decrease in the OFV
and better accounts for changes in renal function across the
broad age spectrum of the study. Age was also no longer a
significant covariate for clearance, once renal function was
accounted for in a robust manner with eGFR. For treatment
cycle number, a cut-off of greater than 7 cycles was used
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Table 1 Study population demographics

N Age (years) SCR (mg/dL) eGFR (mL/ Weight (kg) BSA (m?) Dosage (mg/mz) Number of
min/1.73 m?) cycles per
patient
Adults
Leukemia 49 44.5(19.9-68.7) 0.69 (0.43-1.46) 125 (49.9-295) 77.4 (46.0-154) 1.9 (1.4-2.6) 1020 (912-4972) 2 (1-11)
Osteosarcoma 4 29.1 (19.1-36.6) 0.91 (0.78-1.20) 103 (83.0-118) 75.8(47.3-94.7) 1.9(1.5-2.2) 10,482 (9050-11,918) 4 (2-6)
Lymphoma 75  49.0 (18.6-78.6) 0.69 (0.23-1.55) 113 (40.0-387) 72.3 (49.6-145) 1.9 (1.5-2.6) 2985 (734-8364) 2 (1-8)
Other 7 60.6 (29.0-74.6) 0.77 (0.54-1.00) 94.5 (77.7-138) 84.0 (56.5-109) 2.0(1.6-2.1) 3559 (1014-5971) 3 (1-8)
All adults 135 47.9 (18.6-78.6) 0.70 (0.23-1.55) 115 (40.0-387) 74.2 (46.0-154) 1.9 (1.4-2.6) 2392 (734-11,918) 2 (1-11)
Pediatrics
Leukemia 119 8.1(0.6-19.4) 0.35(0.10-0.80) 146 (74.3-324) 26.7 (7.8-93.3) 1.0 (0.38-2.2) 4921 (935-8427) 4(1-9)
Osteosarcoma 17  14.9 (6.1-18.4) 0.50 (0.24-0.70) 130 (90.6-201) 49.9 (18.2-163) 1.5(0.77-3.0) 12,000 (9346-12,312) 11 (2-13)
Lymphoma 30 14.8(4.6-18.3) 0.50(0.19-0.89) 129 (80.3-327) 53.6 (17.5-103) 1.6 (0.71-2.2) 3038 (2844-8468) 4 (1-6)
Other 19 3.7(0.9-17.2) 0.30(0.20-0.70) 137 (82.6-223) 16.4(8.4-76.9) 0.67 (0.41-1.9) 5000 (4762-12,220) 4 (1-12)
All pediatrics 185  9.5(0.6-19.4) 0.38 (0.10-0.89) 141 (74.3-327) 29.2 (7.8-163) 1.0 (0.38-3.0) 4924 (935-12,312) 4 (1-13)
Combined adults and pediatrics
320 16.4 (0.6-78.6) 0.50 (0.10-1.6) 133 (40.0-387) 56.7 (7.8-163) 1.6 (0.38-3.0) 4779 (734-12,312) 4(1-13)

Median (range): age, SCR (serum creatinine mg/dL), eGFR (mL/min/1.73 m?), ALT (alanine aminotransferase units/L), weight (kg), body sur-
face area (m%), MTX dosage (mg/m?) for first cycle of therapy, number of samples per cycle, and number of cycles per subject. eGFR is esti-
mated using the Cockcroft—-Gault equation for adult patients, and the Bedside Schwartz equation for pediatric patients. The study included a total

of 1192 cycles and 5116 samples

based on visual inspection of differences in CL ETA distri-
butions across treatment cycles. After multivariate screen-
ing, significant covariates retained in the final model were
eGFR and treatment cycle number on CL, age and ALT on
V1, and ALT and osteosarcoma on V2. The covariates were
not correlated. The strongest correlation was eGFR and age
at R? of 0.45, but age was part of the eGFR calculation.
The next strongest correlation was total bilirubin and age
at R? of 0.17. Between-subject variability after inclusion of
significant covariates on CL, V1, and V2 ranged from 37.3
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Fig. 1 Summary of high-dose methotrexate concentrations separated
by a adult and b pediatric data. Solid black line represents median
concentrations. Dotted black lines represent 95% range of concentra-
tions. The wide range of concentrations represents different dosing
regimens and infusion times included in the study. Horizontal grey
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to 57.4%. Inter-occasion variability (IOV) assessed on CL
was 23.8%. The residual variability was best described by a
combined proportional and additive error model.

eGFR modeled as a linear function of CL had the largest
effect on CL. After eGFR was included as a covariate in the
multivariate screen, age was no longer a significant covariate
on CL. CL varied 2.1-fold over the range of eGFR values
seen in the study, and CL increased by 14% for treatment
cycle numbers greater than 7 (see Table 2, equations). After
accounting for renal function, variability on CL was 37.3%.
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line represents a methotrexate level of 0.1 uM. Time after dose is the
time (h) after the beginning of the first infusion in a treatment cycle.
Higher MTX concentrations are observed in pediatric patients com-
pared to adult patients due to the use of higher MTX dosages in this
population
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The final population pharmacokinetic model described
the data without significant bias as shown in Fig. 2a, b. The
model fit the data well other than for samples drawn during
infusion, the majority of which came from a single proto-
col. Shrinkage estimates for between-subject variability were
12.7% (V1), 5.6% (CL), and 33.9% (V2). Final model param-
eter and variance estimates are shown in Table 2. Bootstrap
evaluation of the final model successfully converged with
significant digits greater than or equal to 3.0 for 67% of the
runs, and with significant digits greater than or equal to 2.0
for 79% of the runs. Parameter estimates for the two signifi-
cant digit cut-offs were almost identical. Estimation results

are summarized in Table 2. The median bootstrap parameter
estimates were nearly identical to the final model. The 95%
confidence intervals were reasonably tight for all parameters
and the primary CL covariate of eGFR.

Exposure—toxicity analysis

Table 3 summarizes the toxicities seen in the study. A total of
230 toxicities were reported in the study population. A larger
percentage of pediatric patients had reported toxicities than
adults (74% vs. 64%). Hepatotoxicity (43%) was the most com-
mon toxicity in adult patients, and mucositis (67%) was the

Table 2 Population pharmacokinetic final model parameter estimates: thetas, variability, and error with relative standard errors

Parameter Value Relative standard error (%) Bootstrap estimates
(median and 95% CI)

0, (CL) 12.0 24 11.9 (9.7 to 13.5)

0, (V1) 52.1 33 51.9 (40.8 to 59.7)

05 (V2) 5.64 18.9 5.56 (3.66 to 7.53)

0, (0) 0.13 24 0.13 (0.08 to 0.18)

05 (GFR on CL) 0.48 8.5 0.48 (0.37 to 0.59)

0s (AGE on V1) -0.13 —-10.9 —0.13 (-0.16 to —0.10)

6, (OST on V2) 0.63 8.2 0.63 (0.52to 3.4)

03 (ALT on V2) -0.05 —-374 —0.06 (—=0.12 to —0.01)

6y (ALT on V1) —0.06 —14.2 —0.06 (—0.09 to —0.03)

0,0 (CYCLE on CL) 1.14 6.0 1.15 (1.03 to 1.33)

Variability Value (%) Relative standard error (%)

Between-subject (CL) 37.3 2.2 37.3 (26.0to 42.4)

Between-subject (V1) 414 33 41.4 (0.20 to 50.4)

Between-subject (V2) 57.4 3.8 56.8 (46.4 to 77.9)

Between-subject covariance (CL-V1) 34.9 2.6 79.5 (—54.7 to 88.1)

Between-subject covariance (CL-V2) -20.7 39 —20.7 (—60.3t0 8.2)

Between-subject covariance (V1-V2) 26.8 4.5 29.6 (—25.6t099.9)

Inter-occasion between cycles 23.8 2.0 23.7 (19.7 t0 29.1)

Error Value Relative standard error

Proportional 43.4% 1.9% 43.5 (39.5-48.5)

Additive 0.004 pg/mL 0.0006 pg/mL 0.004 (0.003-0.007)

Equations for clearance (CL), volume of distribution of central compartment (V1), and volume of distribution of peripheral compartment (V2),

and inter-compartmental clearance (Q)

LEU=1 in leukemia patients and LEU=0 in all other patients. OST =1 in osteosarcoma patients and OST =0 in all other patients. CYCLE=0
if the treatment cycle number is less or equal to 7 and CYCLE =1 if the treatment cycle number is greater than 7

WT represents weight in kilograms, SCR represents serum creatinine in mg/dL, GFR represents estimated glomerular filtration rate in mL/

min/1.73 m?, and AGE represents age in years

cL(£)=120x (‘j—J)O75 T

aGE \ 013 ALT \ ~0-06
47

0.48
x (ﬂ) X (1.14 if cycle greater than 7)
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Fig.2 Population pharmacokinetic final model. a Plasma methotrex-
ate concentrations from the study are compared with individual pre-
dictions for methotrexate levels. The dotted line represents the line
of unity and demonstrates that the model describes the data without
bias. The regression line is represented by the solid line. b The dis-

Table 3 Logistic regression analysis of the correlation between cycle
1 methotrexate exposure and reported toxicity

Toxicity Number of  Odds ratio* (95% CI)  p value
patients (%)
Adult
Any 93 (64) 3.1 (0.96-10.0) 0.06
Myelosuppression 14 (10) 0.64 (0.12-3.5) 0.61
Mucositis 35(24) 1.4 (0.56-3.6) 0.46
Neurotoxicity 4(3) 0.37 (0.01-26.3) 0.65
Nephrotoxicity 26 (18) 7.1 (2.4-20.8) 0.0004
Hepatotoxicity 63 (43) 1.7 (0.69-4.0) 0.8
Pediatric
Any 137 (74) 1.2 (0.65-2.0) 0.63
Mucositis 123 (67) 0.89 (0.54-1.5) 0.66
Neurotoxicity 10 (5) 2.7 (1.2-5.8) 0.01
Nephrotoxicity 11 (6) 1.8 (0.78-4.0) 0.17
Hepatotoxicity 33(18) 2.5(1.4-4.4) 0.001

Bold rows represent statistically significant relationships between
AUC and occurrence of toxicity

*Correlation reported as odds ratio per 1000 increase in methotrexate
area under the curve (AUC, ug X h/mL)

most common toxicity in pediatric patients. Myelosuppression
was inconsistently documented for pediatric patients and was
not included in the analysis.

Logistic regression results are summarized in Table 3.
Odds ratios represent differences in risk for each 1000 pg xh/
mL increase in AUC. MTX exposure was associated with an
increased risk of nephrotoxicity (OR 7.1, p=0.0004) in adult
patients, and with an increased risk of neurotoxicity (OR 2.7,
p=0.01) and hepatotoxicity (OR 2.5, p=0.001) in pediatric
patients.
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tribution of conditional weighted residuals (CWRES) over time from
the final model is plotted and shows that the model describes the data
with minimal bias over time. An early elevation in CWRES is seen
due to the limited availability of early time points and collection dur-
ing drug infusion

Monte Carlo simulations

Monte Carlo simulations demonstrate decreasing CL with
decreased eGFR, with only a minor additional age effect
(Fig. 3a). When eGFR decreased from 91-120 to 60-90 mL/
min/1.73 m? median CL values showed a decrease of
11.1-25.5% that varied by age group. Median and 2.5-97.5
percentile MTX concentrations for four age groups (0-5 years,
6-11 years, 12—16 years, and adults) and three disease types
(ALL, lymphoma, osteosarcoma) are presented in Supple-
mental Fig. 1. Supplemental Fig. 2 represents the percentage
of subjects from the simulation that have achieved a MTX
value of less than 0.1 uM at each time interval. Figure 3b is
the expected exposure percentile profile for a typical pediatric
patient receiving an ALL regimen.

Discussion

The current study represents one of the most comprehen-
sive evaluations of HD-MTX PK to date representing a wide
range of ages and disease types. HD-MTX population PK
were well characterized by a two-compartment model. eGFR
and cycle number were independent predictors of MTX
clearance. eGFR was a better predictor of clearance than
serum creatinine and the time-varying eGFR was a better
predictor of clearance than baseline eGFR given the changes
in renal function with therapy. The final model was used
in simulations to generate expected exposures for different
methotrexate dosing regimens and age groups given their
differing renal functions. In simulations, clearance decreased
with worsening renal function and placed patients at higher
risk of toxicities. The cycle 1 AUC was found to relate to
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Fig.3 Monte Carlo simula- a
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regimen. Simulated standard

dose for acute lymphoblas-

tic leukemia. The solid line b
represents the median line, and
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merular filtration rate (eGFR,
mL/min/1.73 m?) greater than
or equal to 60
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increased risk of neurotoxicity and hepatotoxicity in pediat-
ric patients, and nephrotoxicity in adult patients.

There have been multiple prior population pharmacoki-
netic studies of HD-MTX. These 18 studies are summarized
in Supplemental Table 1. The majority of prior studies were
focused on pediatric ALL and osteosarcoma. The current
study included all patients at UCSD and Rady Children’s
Hospital receiving high-dose methotrexate thus includes
ALL, lymphoma, and osteosarcoma in both pediatric and
adult patients. Given the wide range of dosages adminis-
tered in these cancer types, the pediatric population received
MTX dosages between 935 and 12,312 mg/mz, and the adult
population received dosages between 734 and 11,918 mg/
m?. This provides a broader applicability for our model to
all cancer patients receiving HD-MTX. The CL estimate for
the current study is 0.25 L/h/kg for a typical patient in our
population (56.7 kg). This is consistent with the published
range of 0.10-0.42 L/h/kg from previous HD-MTX popula-
tion PK models.

Q \ Q \
(9 N (9 N

eGFR (mL/min/1.73 m?)

Acute Lymphoblastic Leukemia, 0 to 16 years old
(500 mg/m? over 0.5 hours, 4,500 mg/m? over 23.5 hours)

Time After Dose Start (hours)

Renal function has been found to be an independent pre-
dictor of clearance in several prior studies. Baseline serum
creatinine was found to be significant in 4 studies [14—18],
while baseline eGFR was found to be significant in 3 stud-
ies [19-21]. A separate study used a time-varying serum
creatinine as a model for MTX clearance. The current study
used eGFR calculated using a time-varying serum creati-
nine. We found this better predicted CL than a baseline
eGFR or serum creatinine. Because the body’s endogenous
creatinine production differs in adult and pediatric popula-
tions, serum creatinine alone, relative to eGFR, is a weak
biomarker for renal function. eGFR is normalized to BSA
and better accounts for age and size-related differences in
renal function. Treatment cycle number was tested due to
the potential effect of repeated MTX exposure on CL. It
was also found by Zhang et al. to have an effect on CL [14].
In both the current model and the model by Zhang et al.,
CL appears to increase with increasing MTX cycle number.
This finding may be due to patients with higher MTX CL
being able to tolerate more cycles of MTX therapy, with the
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resultant exclusion of patients with lower MTX CL from the
later cycles. Prior studies also found that BSA [18], AST
[17], ALT [20], hematocrit [22], hemoglobin [17] have an
impact on MTX clearance. While ALT in the current study
did not significantly impact CL, it did significantly impact
V1 and V2. Elevated ALT is an indicator of liver dysfunc-
tion, which may lead to decreased albumin production. MTX
binds to proteins in plasma and tissue, and therefore altera-
tions in liver function tests may affect methotrexate binding
and affinity in plasma and tissue. Hemoglobin and hemato-
crit values were not routinely available for all patients, so we
did not test these variables in the model.

The incidence of methotrexate toxicity in the literature
varies widely, with reported incidence ranging from 26 to
90% [23, 24]. A total of 64% of adult and 74% of pediatric
patients in the current study had documented toxicities. We
included all adverse events attributed to MTX reported in
physician notes, while many other studies limited toxicity
to higher grade toxicity which may account for the higher
incidence seen in the current study. It is unclear if the higher
incidence in pediatric than adult patients is a true difference
or reflects documentation practices of physicians. Myelosup-
pression was notably excluded in the pediatric patients as a
toxicity because the etiology was not clearly documented as
attributable to MTX in physician notes. In adults, hepatotox-
icity (43%) was the most common toxicity. This incidence
is consistent with the range of 33—67% reported in literature
for hepatotoxicity [24-27]. In pediatrics, mucositis (67%)
was the most common toxicity, and is slightly higher than
the range of 33-52% reported in literature, but these studies
only included ALL and lymphoma patients [24-27].

The nomogram published by Abelson et al. suggests
an increased risk of toxicity with higher MTX concentra-
tions [7]. Studies have correlated MTX exposure with tox-
icities including neurotoxicity [28], hepatotoxicity [29, 30],
mucositis [16], myelosuppression [17, 30], and nephrotoxic-
ity [17]. We examined cycle 1 AUC to allow for early iden-
tification of patients at risk for toxicity in later cycles. AUC
was found to be significantly correlated with nephrotoxicity
in adults and with neurotoxicity and hepatotoxicity in pedi-
atrics. No significant differences were found for mucositis or
myelosuppression. Of the toxicities, prevention of nephro-
toxicity and neurotoxicity are of particular clinical interest
for early identification because nephrotoxicity may increase
the risk for worsening renal function and non-renal adverse
events, and neurotoxicity may manifest as seizures and leu-
koencephalopathy. The study by Comandone et al., which
observed a correlation between nephrotoxicity and MTX
exposure in adult osteosarcoma patients, included only grade
4 renal toxicity in the analysis. Bhojwani et al. observed
a correlation between neurotoxicity and MTX exposure in
pediatric ALL patients, and included leukoencephalopa-
thy confirmed using brain MRIs. Despite differences in
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definition of adverse events between the current study and
published studies, the current results are consistent with
prior studies: nephrotoxicity is correlated with MTX expo-
sure in the adult population, and neurotoxicity is correlated
with MTX exposure in the pediatric population.

There are several limitations to the current study. Due
to opportunistic utilization of clinical MTX concentration
measurements, many patients were lacking full profiles and
we had limited early time points. Many of the early time
points came from pediatric data thus the estimation of the
central volume of distribution is driven largely by pediatric
data. In addition, a proportion of early concentrations were
measured during MTX infusion. The difficulty of collecting
accurate samples during drug infusion may contribute to the
underprediction of early MTX concentrations by the final
model. While we had osteosarcoma patients in the study,
they were underrepresented compared to other disease
types. The use of eGFR as an indicator of renal function in
the current studies accounts for the filtration component of
renal elimination, but not the renal excretion. While ALT
and total bilirubin were included in covariate analysis, AST
and alkaline phosphatase were not included. It is important
to note the subjective nature of MTX toxicity reports in the
current study that make the results susceptible to differences
in physician judgment and documentation of toxicities. Due
to the retrospective nature of this study, we were not able
to form an adjudication panel to determine the validity of
toxicity attribution.

While the retrospective design limited the exposure—tox-
icity analysis, the criteria of a physician chart note with an
explicit statement of toxicity and causality, in addition to
changes in laboratory values or symptoms, allowed for the
exclusion of toxicities that may be caused by concomitant
medications. This stringent requirement ensured that tox-
icities included in the study were clinically relevant and
attributable to MTX therapy. In the toxicity analysis, while
calculating AUC for the first cycle only had the potential to
yield a weaker correlation, this approach was used to allow
for prediction of toxicity. In addition, compared to published
studies, different neurotoxicity endpoints and MTX param-
eters were used in our toxicity analysis, making a direct
comparison between odds ratios of the current study and
other studies difficult.

The current study developed a composite population PK
model for HD-MTX from childhood into the adult years, and
described the association between methotrexate exposure
and toxicity. The final population PK model was used to sim-
ulate the expected exposure of MTX based on dosage regi-
men and patient characteristics. Because the current glucarp-
idase package insert recommends dosing based on expected
MTX exposure, the simulation results can be applied to
decision-making in glucarpidase dosing. The results of this
study and the generated expected MTX exposures based on
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a broad study population will allow for more granular assess-
ment of individual MTX concentrations in clinical practice
and could improve early identification of patients at risk for
slowed MTX clearance and toxic exposures.
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