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Aims: No population pharmacokinetic studies of high-dose methotrexate (HDMTX)
have been conducted in infants with brain tumours, which are a vulnerable popula-
tion. The aim of this study was to evaluate HDMTX disposition in these children to
provide a rational basis for MTX dosing.

Methods: Patients received 4 monthly courses of HDMTX (5 g/m? or 2.5 g/m? for
infants aged <31 days) as a 24-h infusion. Serial samples were analysed for MTX by
an enzyme immunoassay method. Pharmacokinetic parameters were estimated using
nonlinear mixed effects population modelling. Demographics, concomitant medica-
tions and genetic polymorphisms were considered as pharmacokinetic covariates
while MTX exposure and patient age were considered as covariates for Grade 3 and
4 toxicities.

Results: The population pharmacokinetics of HDMTX were estimated in 178 patients
(age range 0.02-4.7 years) in 648 courses. The population clearance and volume
were 90 mL/min/m? and 14.4 L/m?, respectively. Significant covariates on body sur-
face area adjusted MTX clearance included estimated glomerular filtration rate and
co-treatment with dexamethasone or vancomycin. No significant association was
observed between MTX toxicity and MTX exposure, patient age, leucovorin dosage
or duration. MTX clearance in infants <31 days at enrolment was 44% lower than in
older infants, but their incidence of toxicity was not higher since they also received a
lower MTX dosage.

Conclusions: By aggressively following institutional clinical guidelines, HDMTX-
related toxicities were low, and using covariates from the population pharmacoki-
netic model enabled the calculation of a rational dosage for this patient population

for future clinical trials.
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1 | INTRODUCTION

Current standard of care for children with medulloblastoma includes
surgical resection, craniospinal irradiation, and adjuvant chemother-
apy. For the youngest patients, long-term neurocognitive and endo-
crine sequelae frequently occur with craniospinal irradiation.'? To
mitigate these toxicities, investigators have implemented high-dose
methotrexate (HDMTX; MTX) dosages >500 mg/m? in paediatric
brain tumour protocols in lieu of intensive craniospinal irradiation.3
Besides treating paediatric brain tumours, MTX is also an integral
component of therapy for several childhood malignancies, including
acute lymphoblastic leukaemia,®” non-Hodgkin lymphoma® and oste-
osarcoma.’ However, despite its long-term use, few data are available
to support age-appropriate dosing across children. HDMTX dosing in
infants and very young children is specifically complicated because of
the physiological changes that occur during development, especially
during the first year of life.)® Pharmacokinetic data in very young
infants (i.e. <6 months) and infants up to 2 years and older children
are critical to appropriately evaluate potential differences in MTX
exposure and the need for adjusted dosages. However, data describ-
ing MTX pharmacokinetics in infants remain limited. Only 1 popula-
tion pharmacokinetic study including infants <6 months has been
published, but it was in patients with acute lymphoblastic leukaemia,
had a small patient population of infants only (n = 17), and had limited
covariates (weight, age, body surface area and sex).!! Other pharma-
cokinetic studies in infants have been published but often with con-
tradictory pharmacokinetic results.?>*® These limited evaluations
have been inadequate, suffering from small numbers of infants, and
heterogeneous enrolment criteria and treatment strategies.
Considering the importance of HDMTX to treat infants and
young children with brain tumours and the influence of the develop-
ing infant physiology on HDMTX disposition, the present study aims
to characterize HDMTX pharmacokinetics in a large population of
infants and young children with malignant brain tumours treated on a
risk-adapted clinical trial. The objectives of the study were to develop
a population pharmacokinetic model for HDMTX, to identify the
sources of interpatient and interoccasion pharmacokinetic variability,
to test whether MTX systemic exposure related to toxicity as a step
towards improving the safety of future therapy with HDMTX for this
vulnerable patient population, and to use these results to recommend
HDMTX dosages to treat infants and young children with brain

tumours in future clinical trials.

2 | PATIENTS AND METHODS

2.1 | Overview of therapy

This population pharmacokinetic study was conducted as a compo-
nent of SJYCO7 (NCT00602667), a multi-institutional clinical trial
implementing risk-adapted therapy for children aged <5 years with
newly diagnosed brain tumours. Only patients enrolled at St. Jude

were included in this analysis. The details of this clinical trial,
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What is already known about this subject

e To mitigate the toxicities of craniospinal irradiation, high-
dose methotrexate is used in infants and young children
with brain tumours.

¢ No methotrexate population pharmacokinetic study has
been conducted in these patients to support age-
appropriate dosing.

e Rapid age-related physiological changes occur during
early childhood that could significantly impact methotrex-
ate disposition.

What this study adds

o Methotrexate clearance in infants <31 days old 44%
lower than in older infants.

e Methotrexate clearance related to renal function and
concomitant dexamethasone or vancomycin.

e The initial methotrexate dosage for infants <6 months is

2.5 g/m? with close clinical monitoring.

published elsewhere, will be summarized here.}* Patients enrolled
received no systemic prior therapy other than corticosteroids, and
upon entry onto the study were stratified into 1 of 3 risk groups (low,
intermediate or high) depending on diagnosis, evidence of metastasis,
and degree of tumour resection. Irrespective of risk group patients
received 4 cycles of induction chemotherapy that included HDMTX.
The St. Jude Institutional Review Board approved this study and

parental consent was obtained before patient enrolment.

2.2 | HDMTX administration, monitoring and
leucovorin rescue

Per the clinical protocol, the HDMTX dosage for infants <31 days at
enrolment was 2.5 g/m?/dosage, while all other patients received
5 g/m?/dosage. HDMTX was administered as an intravenous infusion
over 24 h on day 1 of each of the 4 induction cycles. A loading dose
(10% of the HDMTX dosage) was given over the first hour and the
remaining 90% infused over 23 h.

Standard of care for all patients on SJYCO7 included pre-HDMTX
hydration and urine pH adjustment. The details of the hydration regi-
men and leucovorin rescue have been previously published and are

included in the Supplemental Materials.

2.3 | Pharmacokinetic sampling and bioanalysis,
and genotyping

Serial blood samples for HDMTX pharmacokinetic studies were col-
lected pre-infusion and at 6, 23, 42 and 66 h postinfusion. Patients
with any evidence of fluid collection, nephrotoxicity, or mucositis had
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plasma concentrations monitored until below 0.1 pM for 2 consecu-
tive results at least 24 h apart. If clinical toxicity was present, patients
had additional samples obtained until they were below the lower limit
of quantitation (LLOQ = 0.03 uM) for MTX for 2 consecutive results
at least 24 h apart. Plasma was assayed for MTX on a TDx-FLx clinical
instrument using validated fluorescence polarization immunoassay
technology.'® The antibody employed had no cross-reactivity with the
primary MTX metabolite, 7-OH methotrexate.

In consenting patients, samples were collected for isolation of
germline DNA. Genome-wide genotyping was completed using
lllumina Infinium Omni2.5Exome-8 BeadChip (illumina Inc., San Diego,
CA, USA). (See Supplemental Materials for details related to the
genotyping studies.)

2.4 | Population pharmacokinetic analysis
Methotrexate population pharmacokinetics were estimated using a
nonlinear mixed-effects model implemented in NONMEM 7.3
(ICON Dev. Soln., Elliot City, MD, USA) using the iterative 2-stage,
stochastic approximation expectation maximization, and importance
sampling methods, sequentially. The body surface area (BSA)
normalized dose was used as input and a linear 2-compartment
model was selected to fit the data. The parameters estimated
were: CL, clearance (L/hr/m?); V, volume (L/m?); and, kiz, ko1,
intercompartmental rate constants (L/hr).

Model variability and random effects were classified as 1 of 3
types of error: between subject variability (BSV), interoccasion vari-
ability (IOV), and residual unexplained variability. BSV and IOV were
assumed log-normally distributed according to Equation (1):

P; = Bpop x €rer (1)

where P; is the pharmacokinetic parameter of the it" individual, Opop 1S

the population mean for P, and 5 represents the normally distributed
BSV with a mean of zero and a variance of »?. Additive and/or pro-
portional or exponential residual unexplained variability error models
were evaluated. The final model used a combined additive and pro-
portional model of the form:

Y=Yy X (1+ €prop) + £add (2)

where Yj is the observed concentration for the it individual at time i
V,j is the individual predicted concentration, and e,,, and eqqq4 repre-
sent the normally distributed proportional and additive error terms,
respectively, both of which were assumed to have a mean of zero and
variance of 62. The additive error was fixed to 0.001 pM.

Patient covariates were evaluated for their influence on MTX
pharmacokinetic parameters. Demographic and lab chemistries tested
as covariates included weight, BSA, estimated glomerular filtration
rate (eGFR) estimated via the 5 covariate (i.e. height, serum creatinine,
age, blood urea nitrogen) St. Jude equation,16 total bilirubin, alanine

aminotransferase, age as a continuous covariate, and age as a

categorical covariate (<31 days at time of HDMTX treatment,
between 31 days and 6 months, 6 months and 1 year, 1 and 2 years,
and >2 years old). Concomitant medications evaluated as covariates
were administered within 48 h of the initiation of the HDMTX
infusion, and are listed in Supplemental Table 2. Concomitant
medications were included as a dichotomized variable with a yes or no
for each course of MTX therapy. All continuous covariates were
evaluated as a power model centred on the covariate mean and all
categorical covariates were evaluated as exponential models. Forward
addition was utilized to identify significant covariates. A decrease in
the objective function value 23.84 was considered significant for 1
degree of freedom at P = .05 based on the %2 distribution. After
all significant covariates were identified, backward elimination
was used to remove covariates from the model with an increase in
the objective function value 26.63 corresponding to 1 degree of
freedom at P = .01.

Final models were evaluated using goodness-of-fit plots.
Observed drug concentrations were inspected for their correlation
with predicted concentrations. The —2 and + 2 region criterion was
used to assess the exact weighted residuals (EWRES) plots. Uncer-
tainty in pharmacokinetic parameter estimates was quantitatively
assessed by calculating standard errors and 95% confidence intervals
for parameter estimates. Further internal validations were completed
using a bootstrap based on 1000 simulated data sets. Normalized pre-
diction distribution errors vs population-predicted and time after dose
were also utilized for model evaluation.

2.5 | Toxicity analysis

Methotrexate toxicity was monitored and graded according to the
Cancer Therapy Evaluation Program, Common Terminology Criteria
for Adverse Events, version 3.0. Toxicities were included in the
analysis if they were grade 3 or above, were at least possibly attrib-
uted to MTX therapy, and occurred after the initiation of MTX infu-
sion, but before the administration of the next treatment drug
(excluding leucovorin). The only exception was for neurotoxicity,
which can be a delayed complication. Selected MTX dose limiting
toxicities included infection/febrile neutropenia, dermatology/skin,
gastrointestinal (including ulcerative stomatitis and severe diarrhoea),
and metabolic/laboratory (including elevated serum creatinine).
Model-derived MTX area under the plasma concentration curve
(AUCy..) calculated per course was explored for its association with
MTX toxicity. Additionally, the association between MTX toxicity
(i.e. yes/no) and leucovorin dosage (mg/m?), leucovorin duration
(days), start of leucovorin relative to start of HDMTX (yes/no: yes if
leucovorin started <30 h from the HDMTX start, a patient cycle
would be classified as yes, otherwise no), and patient age (years)
were evaluated. All statistical analyses were completed using SAS
(SAS Institute, Cary, NC, Windows version 9.4) where random
intercept logistic regression models were used allowing for
subject-specific intercepts. A significance threshold of 0.05 was

used throughout the analysis without adjusting for multiplicity.
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2.6 | HDMTX dosing simulations TABLE 1 Baseline patient demographics and laboratory values
Patient characteristics n Mean (SD)  Median (range)
In this patient population, a decision to decrease the MTX dosage for Age (y) 178 172(097) 18(002-47)
infants <31 days was made at the beginning of the protocol and not 2
_ ) BSA (m?) 178  052(0.12) 0.53(0.2-0.82)
based upon data. The results of the present population analysis pro-
. L. ) . Height (cm) 178 81.0(12.8) 82.0(48.0-82.0)
vided pharmacokinetic parameters that enabled simulations to sup- )
port such dosing decisions. To achieve the median MTX systemic BRI Ly Isges)  ALS(2ED-AYY)
exposure observed in this study, a simulation study was performed SCr (mg/dL) 178 0.20(0.05) 0.20(0.10-0.40)
using 2 different approaches: (i) fixed BSA normalized dosing (all Bilirubin (mg/dL) 178 0.20(0.12) 0.20(0.1-1.0)
patients receive 5 g/m?); and (i) MTX population pharmacokinetic ALT (units/L) 178 19(17) 15(0-172)
model adjusted dose (dosage determined to maintain the median eGFR normalized 178 1289 127.9
. 2
MTX AUC value observed in children receiving full dose MTX). (mL/min/m?) (36.5) (33.2-263.5)
Male 98
Race®
3 | RESULTS European/white 135
African 18
3.1 | Population pharmacokinetic analysis Asian 9

Between 27 November 2007 and 11 August 2016, 178 patients
received 653 courses of MTX with 3916 observations (i.e. MTX
plasma concentrations). Five courses (38 observations) were removed
due to uncertainty in the amount of drug delivered (e.g. patient
removing intravenous access for unknown period of time). Addition-
ally, MTX concentration-time data after 66 h were not included in the
analysis, since these samples were only collected in cases of delayed
excretion and inclusion of these data could potentially bias the analy-
sis. Furthermore, 20 MTX concentrations with [EWRES| > 10 were
censored, resulting in a final data set with 178 patients, 648 courses
and 2623 observations (18 observations were below the assay LLOQ
and were excluded for analysis).

The baseline patient demographics and laboratory values are
listed in Table 1. The average and median patient age at the time of
the first MTX course was approximately 20 months with 31% of the
patient population aged <1 year. Four infants were age <31 days at
enrolment and 3 were age <31 days when they received their first
course of HDMTX therapy.

The population PK parameters for the base model are presented
in Table 2. All additional covariates were evaluated relative to this
model.

HDMTX clearance and volume were both BSA-adjusted. The
covariate analysis revealed that MTX clearance increased with eGFR
(P < 1077; Table 2; Figure 1A). The inclusion of eGFR to the base
model explained 10% of the BSV on MTX clearance. When comparing
age to BSA-normalized MTX clearance, a linear relationship was
observed until age about 1 year (Figure 1B). However, after account-
ing for BSA and eGFR in the model, the addition of age, either as a
continuous or categorical covariate, did not explain additional inter-
individual variability. Lastly, a small increase in MTX clearance (~20%)
and volume (~27%) was associated with concomitant dexamethasone
or vancomycin administration (Figures 1C and D).

A total of 162 patients consented to pharmacogenetic studies
and were included in the pharmacogenetic analysis (Supplemental

Table S1). The pharmacogenetic data for the genes tested did not

20nly available for the 162 patients with germline DNA for genotype
testing.

SD; standard deviation; BSA; body surface area; SCr; serum creatinine;
ALT; alanine aminotransferase; eGFR; estimated glomerular filtration rate

significantly improve the model fit as no single nucleotide polymor-
phism was associated with MTX clearance, regardless of the inheri-
tance model used.

The final covariate model (Table 2) was:

S\ 01 )
CL;=CLpop><< BSA; > < eGFR;

)
DEX Vanc
sn-) *(somms) X0 x (@)™ (@

BSA; \”
Vi =Vpop X <_BSA,,;,,) x (86)P% x (67)V" 4)

where CL; and V; are the individual clearance and volume, CL,,, and
Vpop are the estimated mean population clearance and volume. BSA;
and eGFR; are the individual BSA and eGFR, BSA,,, and eGFR,,, are
the mean population BSA and eGFR. #; and 05 are the estimated
exponents for the effect of BSA on MTX clearance and volume,
respectively. 0, is the estimated exponent for the effect of eGFR on
MTX clearance. 85 and 8, are the effects of dexamethasone and van-
comycin on MTX clearance, and 84 and 6 are the effects of dexa-
methasone and vancomycin on MTX volume of distribution,
respectively.

Diagnostic plots were visually inspected to confirm the selection
of the final model (Figures 2), demonstrating reasonable agreement in
the population and individually predicted concentrations with the
observed concentrations. Additionally, a Visual Predictive Check along
with individual weighted residuals, EWRES, conditional weighted
residuals, and normalized prediction distribution errors were plotted
vs either individual- or population-predicted MTX concentrations,

time after dose or BSA (Supplemental Figure 1). The data were
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FIGURE 1 Covariates related to methotrexate clearance. (A) Methotrexate (MTX) systemic clearance increased as estimated glomerular

filtration rate (eGFR) increased. The curve is the model estimated covariate relation between systemic clearance and eGFR. The horizontal dashed
line in panels (A) and (B) depicts the MTX clearance in standard/high-risk leukaemia patients who also received 5 g/m? high-dose MTX

(105 mL/min/m?).Y” (B) Methotrexate systemic clearance increased as age increased. The curve is the model estimated covariate relation
between systemic clearance and age. Although initially patient age was a significant covariate in the univariate analysis, after inclusion of BSA and
eGFR in the model, age was no longer a significant covariate, probably due to the inclusion of age in the 5-covariate St. Jude equation used to
estimate GFR in infants and young children. (C) concomitant administration of dexamethasone increased MTX clearance by 19%. (D)
Concomitant administration of vancomycin increased MTX clearance by 21%. For panels C and D, the shaded boxes represent concomitant

therapy

normally distributed around zero and were in the —2 and + 2 range,
demonstrating acceptable model agreement and prediction and no
bias over the concentration range, time after dose, or BSA. Further-
more, the bootstrap procedure yielded similar parameter estimates as
the final model, with tight 95% confidence intervals (Table 2).

The median MTX clearance in very young infants <6 months
(n = 23 courses; median age 0.24 years) was almost half that of older

infants and children (n = 625 courses; median age 1.9 years), median

=

150

100

50

Population Predicted Conc. ( M)

O e A T
0 50 100 150 200
Observed Conc. ( zM)

posthoc estimated clearance: 54 vs 97 mL/min/m?, respectively
(P < 10719, likelihood ratio test; Figure 3A). Therefore, the infants
<31 days receiving the half-dosage (e.g. 2.5 g/m?) had similar AUC
values compared to older children receiving full dosage, median post-
hoc estimated AUC: 46 vs 51 mg min/mL, respectively (P = .1, likeli-
hood ratio test; Figure 3B). The 42-h MTX concentrations were higher
in the infants <31 days who received the lower dosage compared to

those >31 days, median measured concentration: 0.83 vs 0.62 uM,

(B)
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100
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v e b L 1y
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(O e o e LI B e e o e LA
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FIGURE 2 Diagnostic plots for methotrexate population pharmacokinetic modelling. (A) Observed vs population predicted methotrexate
concentrations and (B) observed vs individual predicted methotrexate concentrations



PANETTA ET AL.

BRITISH
368 PHARMACOLOGICAL
SOCIETY

(A)

200 -

=

150

150 -

-
I

I

100 |

CL (ml/min/m 2)
AUC (mg-min/ml)

50 -

o

S

42 hr Conc (uM)

o T

T T
Very Young Infants Older Infants

Very Young Infants

T o T

T
Older Infants Very Young Infants Older Infants

FIGURE 3 Use of methotrexate population pharmacokinetic model to estimate clinical parameters. (A) Model estimated methotrexate
systemic clearance for very young infants (median age 0.24 years) vs older infants (median age 1.9 years). (B) Methotrexate area under the plasma
concentration curve (AUC) values in very young infants vs older infants. (C) Methotrexate 42-h concentration in very young infants vs older

infants

respectively (P = .002, likelihood ratio test; Figure 3C). However, the
percentage of courses above the threshold concentration of 1 uM did
not reach statistical significance between infants on the lower dosage
and those on the full dosage: 35 vs 21%, respectively (P = .1).

3.2 | Toxicity analysis

A total of 52 adverse events defined as grade 3 or 4 were reported
from 38 unique patients in the 648 evaluable MTX courses for a toxic-
ity rate of 8.0%. Presented in Supplemental Table 3 is a summary of
the grade of adverse event, attribution to MTX therapy, category of
adverse event, and which course these adverse events occurred. The
vast majority (88.5%) of the adverse events were grade 3, with possi-
ble attribution to MTX therapy. Additionally, the majority (n = 41 or
78.8%) were gastrointestinal disturbances with relatively equal distri-
bution over courses of therapy.

The results of the random intercept logistic regression analysis
showed that toxicity was not associated with cycle of therapy
(P = .45) or MTX AUC (P = .58). Higher leucovorin dosage (P = .07)
and longer leucovorin therapy (P = .07) might be associated with a
higher probability of MTX associated toxicity, but neither relation-
ship was statistically significant. Furthermore, toxicity was not asso-
ciated with age at time of MTX treatment in each cycle of therapy
(P = .34).

(A) (B)

200 200

150 150

=
1 _ .
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g

@
38
1

SN

3.3 | HDMTX dosing simulations

Since the toxicity rate in this study was low (8%), the MTX exposure
in these patients was judged as tolerable. Using a simulation study, we
showed that after the same fixed BSA-normalized dosage of 5 g/m?,
infants <0.5 years would have had 47 and 76% higher MTX AUC than
children between 0.5 and 2 years, and children between 2 and 5 years,
respectively (P < 1077 Figure 4A). We performed another simulation
study where the MTX dosage was adjusted based upon the covariates
identified by this population analysis, and the dosages identified were
a median of 2.8 g/m? for infants <0.5 years, 4.3 g/m? for children
aged 0.5-2 years, and 5.1 g/m? for children aged >2 years. This
yielded AUC values for infants aged <0.5 years old similar to the older
groups (P > .1; median AUC: 4% and 6% higher than ages between 0.5
and 2 years, and between 2 and 5 years, respectively; Figure 4B).

The percentage of results with 42 h MTX concentration > 1.0 uM
(clinical criteria for delayed excretion and additional leucovorin doses)
was also simulated for each proposed dosing approach (i.e. fixed and
covariate; Supplemental Figure 2). These simulations show that over
all age groups, 23 and 18% of the courses would have 42-h MTX con-
centration > 1.0 uM given fixed BSA-normalized dosing and popula-
tion pharmacokinetic model adjusted dosing, respectively (P = .02; Xz).
However, this percentage was significantly higher in infants aged
<0.5 years when fixed BSA normalized dosing was used compared to
the covariate model approach (P < .007, X2 61 vs 33%).
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FIGURE 4 Use of methotrexate population pharmacokinetic model to simulate dosing scenarios. (A) Results of high-dose methotrexate
(HDMTX) dosing simulations for MTX area under the plasma concentration curve (AUC) using fixed body surface area-normalized dosage
(5 g/m?) in all age groups. (B) Results of HDMTX dosing simulations for MTX AUC using covariates (e.g. age, estimated glomerular filtration rate,

concomitant drugs) to determine HDMTX dosage
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4 | DISCUSSION

This is the largest study of the population pharmacokinetics of
HDMTX in infants and young children with brain tumours, including 4
infants aged <31 days at the time of enrolment. A 2-compartment
pharmacokinetic model best fit the data, resulting in a final population
MTX clearance estimate of 90 mL/min/m? that increased with
increasing BSA, eGFR and concurrent use of dexamethasone or van-
comycin. This population average was slightly lower than that
reported from a recent study evaluating MTX clearance in
standard/high-risk leukaemia patients who also received 5 g/m?
HDMTX (105 mL/min/m?).Y” However, that population of patients
did not include infants aged <1 year.

As previously noted, no data exist for MTX therapy in infants and
young children with brain tumours. Zemer and colleagues reported
the association between serum and cerebrospinal fluid (CSF) MTX in
35 children with brain tumours treated with a 6-h MTX infusion over
a range of dosages (5-20 g/m?).1® They found a linear relationship
between MTX serum and CSF concentrations that reached a plateau
at a MTX dosage of 15 g/m?. Using a target therapeutic MTX concen-
tration of 1 pM at 24 h, based upon data from the leukaemia

literature, 1?21

this concentration was achieved in children receiving
over 10 g/m? and in children who received radiation and HDMTX
5 g/m2. Moreover, others have reported a MTX dosage of 5 g/m?
over 24 h was associated with a median CSF MTX concentration
above 1 pM, which is currently the best clinical approximation to brain
extracellular fluid MTX concentrations.22?® The MTX CSF exposure
after the 24-h MTX infusion is related to the MTX plasma AUC, which
is a function of the MTX dosage and systemic clearance, which we
have now clearly defined for infants and young children with brain
tumours.

As observed in our study, the median MTX systemic clearance in
very young infants <6 months (median age: 2.9 months) was 44%
lower than their older counterparts (median age: 1.9 years) who
received 5 g/m? (Figure 3). As the MTX systemic clearance decreases,
the plasma AUC will increase, resulting in higher MTX CSF exposures
as well as potential increased risk of toxicity. To reduce the inter-
patient variability in MTX AUC, we used simulations based on our
covariate analysis to determine the MTX dosage that would attain
similar plasma exposures across age groups. In line with the observed
association between clearance and age, the simulations showed that
lower dosages should be used for infants <6 months, and infants
between 6 months and 2 years, compared to children greater than
2 years. These results also supported the decision that was made in
the SJYCO7 protocol to decrease the MTX dosage for infants
<31 days. This was initially determined without data but is now justi-
fied and further adjusted.

Of the concomitant drugs evaluated as covariates (see Supple-
mental Table 2) for their influence on MTX pharmacokinetics, only
2 were identified as significant, dexamethasone and vancomycin.
Interestingly, few published reports of MTX population analyses
(n = 18; See Supplemental Table 4) have included a formal analysis

of concomitant medications as a covariate (n = 5), and of those
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only 2 studies had positive results. Co-treatment with benzimid-
azoles (e.g. omeprazole), nonsteroidal anti-inflammatory drugs (e.g.
ibuprofen), and penicillins have been shown to increase MTX clear-
ance.2*2> However, in our analysis the power to detect a relation-
ship for these drugs was low due to small numbers of patients
receiving them.

In our study, concomitant administration of dexamethasone or
vancomycin was associated with a small increase in MTX clearance
(~20%). Cotreatment with dexamethasone explained a small percent-
age (~4%) of the IOV in MTX clearance consistent with most of the
co-treatment occurring during the early cycles of therapy. Although
glucocorticoids effects are complex, administration could increase
GFR or induce aldehyde oxidase, which is responsible for metabolism
of MTX to 7OH-MTX. Both these situations could lead to an increase
in MTX clearance. Similar to dexamethasone, vancomycin only
explained ~5% of the IOV. Moreover, since few patients received van-
comycin and primarily in cycle 1 it is difficult to interpret the clinical
relevance of this finding especially since vancomycin is known to
decrease GFR consistent with the findings of decreased MTX clear-
ance after vancomycin therapy in 2 patients reported by Blum and
colleagues.?® The most likely explanation for the present observation
is that it is an indirect finding attributed to the clinical condition of the
patients such as increased fluid administration or increased heart rate
leading to an increased GFR and an increased MTX clearance.

Genotypes previously shown to relate to MTX toxicity were eval-
uated in this study, and regardless of the genetic inheritance models
evaluated none of the variants tested were associated with a higher
probability of MTX-related toxicity. This finding could be due to the
small numbers of variant alleles or toxicity events observed in these
patients. Another consideration is that the gene products (e.g.
enzymes) of these alleles have yet to be expressed in infants and
young children or what has been referred to as developmental
pharmacogenetics.?”

Even though a low toxicity rate was observed during the induc-
tion phase of treatment (Supplemental Table 3), we explored potential
covariates related to MTX toxicity. Only 52 of the 648 total courses
(8%) recorded a grade 3 or higher toxic event attributable to MTX
treatment, which is quite remarkable. This was largely due to the use
of clinical guidelines developed at St. Jude for managing patients
receiving HDMTX. These guidelines have been developed from years
of experience monitoring patients receiving HDMTX in leukaemia
patients, including infant leukaemia patients.?” Previous studies in the
literature have documented an increased risk for toxicity when the

M,?82? and therefore, clinical

42-h MTX concentration exceeds 1 p
guidelines for monitoring HDMTX along with leucovorin rescue have
been routinely incorporated into clinical trials. This low toxicity rate
associated with HDMTX in the present study is consistent with previ-
ously published toxicity data (8.5%) from other studies from this
institution.'”

When focusing specifically on the youngest infants in the pro-
tocol (i.e. 4 infants <31 days at the time of enrolment), 1 of these
patients received the full 5-g/m? dosage of MTX, but experienced

very high early exposures leading to an early discontinuation of
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the drug during that course of therapy. However, it is likely that
toxicities were avoided in this child because of the proactive clini-
cal management that was taken as described in the Methods. The
remaining 3 infants aged <31 days at the time of enrolment
received 2.5 g/m?, and no grade 3 or 4 toxicities were noted, even
though 35% of their 42-h concentrations exceeded 1 pM. This is
probably attributable to the aggressive clinical support that these
patients received.

In conclusion, this was the largest population pharmacokinetic
study evaluating HDMTX disposition in infants and young children
with brain tumours. Significant covariates on BSA adjusted MTX
clearance included eGFR and co-treatment with dexamethasone or
vancomycin. This study demonstrated a low incidence of toxicity,
largely owing to aggressive clinical support these patients received.
The results from our simulation studies based upon the covariates
from our population analysis provide rational age-appropriate
HDMTX dosing recommendations. In all cases, active monitoring of
HDMTX pharmacokinetics is essential to guide appropriate hydration
and leucovorin dosing to maintain low toxicity rates.
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