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Abstract Purpose: A population pharmacokinetic model
was developed to describe dose-exposure relation-
ships of methotrexate (MTX) in adults with lymphoid
malignancy; this is in order to explore the interindi-
vidual variability in relationship with the different
physiopathological variables. The final model was
applied to the Bayesian estimation of MTX concen-
trations using two blood samples. Methods: Fifty-one
patients receiving 136 courses of MTX (1–6 per patient)
were included in this study. The data was analysed
using NONMEM software. A linear two-compartment
model with linear elimination best described the data.
Setting mean parameters values and variabilities to
population values, we obtained Bayesian prediction of
MTX pharmacokinetic parameters and concentrations.
The predictive performance was evaluated by compar-
ing the Bayesian estimated and observed concentrations

and the Bayesian estimated parameters with the indi-
vidual final model estimated parameters. Results: The
population pharmacokinetic parameters and the inter-
subject variablities expressed as coefficient of variation
were: the total body clearance CL, 7.1 l h�1 (22%), the
volume of the central and peripheral compartments V1,
25.1 l (22.5%), V2, 2.7 l (64%), respectively, and the
transfer constant Q, 2.7 (51%) l h�1. Inter-course var-
iability was only significant on CL. Age and serum
creatinine had significant effects on CL and was in-
cluded in the final model. A good correlation was
obtained between Bayesian estimated and experimental
concentrations (r2=0.85).
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Introduction

Methotrexate (MTX) is an analog of aminopterine, a
folinic acid antagonist, used as an anticancer agent
since 1948. High dose methotrexate regimen (HDMTX:
1–8 g/m2 IV injection) with folinic acid rescue is used in
the treatment of lymphoid malignancy (Burkitt’s lym-
phoma, large cell lymphoma and acute lymphoblastic
leukemia) [1–4]. HDMTX enhances the prognosis of
these patients by preventing the neuromeningeal local-
ization of the lymphoid malignancy. The therapeutic
drug monitoring is essential for clinical management of
patients receiving HDMTX. This is due to the wide
inter and intra individual variabilities, as well as the
well established relationship between HDMTX efficacy,
toxicity and pharmacokinetics. Concerning its efficacy,
the plasma maximal concentration (Cmax) and the area
under the time-concentration curve (AUC) are the
major prognosis factors in histological response and
disease free survival [5–7]. In addition, a steady state of
concentration greater than 16 lmol l�1 is associated
with decrease risk of relapse [8]. On the other hand, the
systemic toxicity has been demonstrated to be directly
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Paris 6 University, Paris, France

V. Morel Æ V. Leblond
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Paris 6 University, Paris, France

C. Fernandez
Department of Pharmacy, Pharmacokinetics and
Therapeutic Drug Monitoring, Pitié-Salpêtrière University
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related to MTX plasma concentrations, exposure time
and the AUC [9, 10]. It also depends on to the dose
adjustment and administration schedule of folinic acid
rescue. This explains the importance of the strict
monitoring of plasma concentrations during hospital-
ization until reaching a level below the threshold value
of 0.05 lmol l�1.

In our institution, HDMTX monitoring consists on
measuring MTX concentration every 24 h until it falls
bellow 0.05 lmol l�1. This allows the determination of
the folinic acid doses and schedule. However, this pre-
defined sampling strategy can result in additional hours
of hospitalization in patients whose concentration will
reach 0.05 lmol l�1 before the next sampling time but
also in many unnecessary controls for patients whose
concentration will remain a longer time before reaching
this threshold.

The objectives of our study were to (1) develop a
population pharmacokinetic model of HDMTX in
patient with lymphoid malignancy, (2) investigate the
influence of different physiopathological factors on
the HDMTX pharmacokinetics in order to identify the
population at high risk (delayed clearance), (3) to
develop a Bayesian tool for individual pharmacokinetic
prediction. This would enable the clinician to adjust the
folinic acid rescue dose and schedule and to predict
hospitalization duration so as to improve the patient
health care provision.

Materials and methods

Patients and treatment

This study included hospitalized large cell lymphoma,
Burkitt’s lymphoma and acute lymphoblastic leukemia
patients receiving HDMTX and treated in the hema-
tology and neurology departments of Pitié Salpétrière
hospital.

Fifty-one patients with median age of 62 years were
recruited between October 2003 and July 2005. A total
number of 136 courses (1–6 per patient) were available
for analysis. The patients with any of the following
conditions were excluded: renal dysfunction (serum
creatinine >3 N), hepatic dysfunction (ASAT, ALAT
and GGT values >3 N), respiratory insufficiency,
pregnancy and breastfeeding. Any treatments known to
be modifying: the MTX renal excretion (cisplatin, sal-
icylates) or the MTX plasma protein binding (barbi-
turates, anxiolytics, phenytoin and salicylates) were
contraindicated. Informed consent was obtained from
all patients. Each patient included in this study only at
one HDMTX course and then the data for other
courses were collected from the patient files and no
extra tests or blood sampling were done during these
courses. Clinical and hematological tolerance were
closely observed. The number of courses was deter-
mined by the physician.

HDMTX administration

Pre-hydration and urine alkalinization with intravenous
sodium bicarbonate were performed and the HDMTX
was administered only if the urine was alkalinized to a
pH>7. To maintain hydration and alkalinization a
continuous perfusion of 1.4% sodium bicarbonate and
(5% glucose, 2 g l�1 KCl 4 g l�1 NaCl, 30–40 ml/kg/
24 h) was administered from the start of the HDMTX
infusion up to 72 h. The dose of HDMTX (from 1 to
8 g/m2) was administered as an intravenous infusion of
1–6 h. Folinic acid rescue 50 mg intravenous adjusted to
MTX concentrations according to protocol guidelines
[11] was given at 24 h after the start of HDMTX infu-
sion and repeated every 6 h for 72 h or until MTX
concentration falls bellow 0.05 lmol l�1.

This study was approved by the Ethic Committee of
Pitié-Salpêtrière hospital (CCPPRB) according to the
requirement of French law on clinical research.

Measurement of HDMTX concentrations

Several blood samples were collected from all patients.
The usual protocol sampling was at H24 and H48 h
from the beginning of the infusion. Two supplementary
blood samples were collected for this study: at the end
of the infusion and between H8 and H12 from the
beginning of the infusion. Eventual follow up plasma
level determination was done at H72, H96 or more, if
the MTX was not yet eliminated (MTX concentration
remains >0.05 lmol l�1). The first two supplementary
blood samples were obtained only during the duration
of patients’ participation to the clinical study (one cycle
only).

Methotrexate concentrations were determined by
EMIT (enzymatic multiplied immunoassay technique),
with a centrifugal COBAS�analyser. The limit of
quantification was (LOQ) of 0.03 lmol l�1. Quality
control assessments were done during the whole study
period. As 42 concentrations were below the quanti-
fication limit (BQL), we have deleted all but the first
in each continuous series of BQL observations, fixed
the remaining (first) one to 0.015 lmol l�1; DV=
LOQ/2. Then an additive plus proportional error
model was used with the standard deviation (SD) of
the additive part fixed to (LOQ/22). This is to preserve
the information that might add the LOQ values to the
model.

Population model building

Data were analysed using the nonlinear mixed effect
modelling software program NONMEM (version V,
level 1.1, double precision) with the DIGITAL FOR-
TRAN compiler [12]. The first order conditional estimate
(FOCE) method was used for the parameters estimation.
After investigation of two and three compartment
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models, the time course of MTX concentrations was
described by a linear two-compartment model with linear
elimination. The model parameters were the volume of
the central compartment V1, the total body clearance
CL, the inter-compartment clearance Q and the volume
of the peripheral compartment V2.

Several error models were investigated (i.e., propor-
tional, exponential and additive error models) to de-
scribe inter-subject (ISV) and residual variabilities. The
random effect was modelled with unstructured (block)
covariance. The inter-occasion variability (IOV) was
also considered.

The influence of continuous covariates was modelled
according to the following equation, using CL for
example,

CL ¼ TVCL� age=median ðageÞf g hage

where TVCL is the typical value of CL for a patient with
the median covariate value and hage is the estimated
influential factor for age. Such covariates included:
bodyweight, height, body surface area, age, serum cre-
atinine, creatinine clearance (calculated according to the
Cockcroft and Gault formula), ASAT, ALAT, Gamma
GT, total bilirubin, alkaline phosphatase, proteinemia
and lactate dehydrogenase. The influence of gender was
modelled according to the following equation,

CL ¼ TVCL� hGENDER;

where 0 or 1 denotes male or female gender respectively.
Covariates were selected and retained in the population
model if (1) their effect was biologically plausible,
(2) they produced a minimum reduction of 4 U of the
objective function value (OFV) and (3) they produced a
reduction in the variability of the pharmacokinetic
parameter, assessed by the associated inter-subject var-
iability. Then, all covariates identified as potentially
relevant were included in a full model. The final model
was then obtained by dropping all non-significant
covariates i.e., producing a reduction of less than 8 U of
the OFV.

To evaluate the goodness-of-fit, the following graphs
were compared: observed concentrations versus predic-
tions (PRED-OBS), weighted residuals (WRES) versus
time and weighted residuals versus PRED (WRES-
PRED) as well as the corresponding graphs issued from
the POSTHOC estimation step. Diagnostic graphics and
distribution statistics were obtained using the R program
[13].

The accuracy and robustness of the final population
model were then assessed using a bootstrap method
[14]. From the original data set of patients, 1,000
bootstraps were drawn with re-sampling. For each of
the 1,000 bootstrap sets, the population parameters
were estimated. Then the mean, median and SD of
these 1,000 estimates were compared to those obtained
in the original population set. The model was con-
sidered validated if no significant differences were
observed.

Bayesian estimation

The Bayesian estimation was performed in 32 patients,
from the original population, using two or three samples
strategy. For each patient a file was generated from the
original data set including the entire population and for
these patients only the sets of sampling times to be tested
was determined. The choice of the sampling time was
based on the available observations. All the possible two
and three sampling time combinations were tested. Indi-
vidual predictions were obtained using the ‘‘POSHOC’’
option without the estimation step (MAXEVAL=0),
setting mean parameters values, and variabilities to
population values obtained previously.

The predictive performance of the Bayesian method
was evaluated by comparing the Bayesian predicted and
observed concentrations and by comparing individual
parameters with the ones obtained using the Bayesian
approach. The evaluating criteria was the bias estimated
by mean error (me), which assesses the accuracy of
estimation [15]:

me ¼ 1=n�
X

pei;

where n is the number of observations, pei is the pre-
diction error:

pei ¼ prediction� observation:

The precision of the prediction was estimated by the
root mean squared error (rmse):

mse ¼ 1=n
X
ðPeiÞ2 and rsme ¼

ffiffiffiffiffiffiffiffi
mse
p

The limited sampling strategy was validated by means
of the program OSP-Fit [16]. Given the population
pharmacokinetic parameters, the theoretical optimal
sampling times were determined, based on the random
search and stochastic gradient algorithms. A constraint
was that only two samples were allowed from the clinical
staff.

Results

Data description

Fifty-one patients (28 males and 23 females) were
included in the study (where 44 patients with large cell
lymphoma, 3 patients with Burkitt’s lymphoma and
2 patients with acute lymphoblastic leukemia (see
Table 1). A total of 496 MTX concentrations were
obtained. A wide interpatient variability was noticed at
each time normalized concentration. Figure 1 shows
that the concentrations at 24 h ranged between (0.05–
14.26 lmol l�1) and at 48 h (0.015–1.62 lmol l�1). The
number of samples was 2–11 samples per course. Sev-
eral patients did not reach the threshold of
0.05 lmol l�1 before 72 h, thus their monitoring time
was increased.
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Population pharmacokinetics

The MTX time-concentrations courses were best de-
scribed by a linear two-compartment model. The three-
compartment model led to the imprecise parameter
estimates and did not improve the diagnostic plots.

Inter-subject variabilities could be estimated for CL,
V1, V2 and Q and were best described using an expo-
nential error model. A full omega matrix was tested;
addition of covariances terms between CL and V1 and
between Q and V2 decreased significantly the OFV and
were accurately estimated.

The residual variability was best described by a
combined model with an exponential component and an
additive component fixed to the square of the LOQ2.

This part was added due to the wide range of quan-
tified concentrations including very low concentrations.
Inter-occasion variability was investigated on CL, V1, Q
and V2 and was only significant on CL, resulting in a
95 U decrease of the OFV, it also decreased the residual
variability from 58 to 46%.

The correlation between predicted and observed
MTX concentration was 0.87, and the correlation be-
tween individual predicted and observed MTX concen-
tration was 0.94 (see Fig. 2).

In the final model, only age and serum creatinine had
significant effect on CL and were retained. The incor-
poration of age and serum creatinine decreased the in-
tersubject variability by 5 and 3%, respectively, and
decreased the OFV (see Fig. 3). The final equation
describing their effect on the CL is:

CL ¼ TVCL� 62=ðageÞf ghage � 67=ðscrÞf ghscr;

where scr denotes serum creatinine
None of the other covariates had any significant effect

on Q, V1 or V2. The model building process for cova-
riates is summarized in Table 2.

The final model was subjected to a bootstrap analysis
(1,000 replicates). Table 3 summarizes the results pre-
sented as medians and 95% confidence intervals (2.5th
and 97.5th percentiles). Bootstrap medians and param-
eter estimates from the original dataset were reasonably
similar and indicated acceptable precision.

Evaluation of the Bayesian pharmacokinetic
parameter prediction

The Bayesian prediction based on two or three early
(before H48) blood sampling strategy could not give a
precise prediction of the following concentrations val-
ues. The addition of H48 in a two samples strategy [H24,
H48] improved the Bayesian prediction. The choice of
this limited sampling strategy was confirmed by the use
of the program OSP-Fit. Given the final population
model, with fixed allowed time range between 1 and 96 h
post-infusion, the two theoretical optimized sampling
times were 21.9 and 42.3 h post-infusion, which com-
pares well with our proposal of [H24 and H48].

The mean and standard error of estimate (SE) values
of the Bayesian parameters were: CL, 7.1 (1.7) l h�1; V1,
25.7 (2.6) l; Q, 0.14 (0.03) l h�1; V2, 2.7 (1.2) l. These
values were calculated using population characteristics
and the two theoretical sampling at H24 and H48, (see
Table 4). These values were close to those determined
using the reference method of CL, 7.1 (0.6) l h�1; V1,
25.1(2.8) l; Q, 0.15 (0.03) l h�1; V2, 2.7 (0.4) l, respec-
tively. A satisfactory correlation was obtained between
all the observed concentrations and those predicted by
the Bayesian two point [H24, H48] estimates (r2=0.84,
Fig. 4).

Table 1 Baseline characteristics

Characteristics Median or n Interquartilea

MTX dose 3
Gender (male/female) 28/23 2.9–3.1
Body weight (kg) 67 55–76
Age (years) 62 39–72
Height (cm) 169 163–172
Body surface area (m 2) 1.8 1.6–1.9
Serum creatinine (lmol l�1) 71 63–88
Creatinine clearance (ml min�1) 106 54–149
Protein (g l�1) 64 60–68
Albumin (g l�1) 35 35–37
ASAT (IU l�1) 23 19–29
ALAT (IU l�1) 33 21–47
Alkaline phophatase (IU l�1) 68 64–74
GGT (IU l�1) 40 22–59
Total bilirubin (lmol l�1) 9 6–12
Lactate dehydrogenase (IU l�1) 410 370–481

a25th–75th percentile
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Fig. 1 Dose normalised MTX concentrations from a total number
of 136 courses in 51 patients (range 1–6 course per patient)
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The performance of the Bayesian estimation in
pharmacokinetic parameter prediction, in the subset of
32 patients from the original population, was expressed
by bias (mean prediction error and 95% CI) and preci-
sion (rmse and 95% CI) and the results are given in
Table 4. Using the predicted individual Bayesian time
concentration curves, the time to reach the HDMTX
threshold 0.05 lmol l�1 was determined graphically and
compared to the actual time. In 81% of the cases the
time was predicted correctly.

This Bayesian procedure allowed the estimation of
pharmacokinetic parameters with biases not signifi-
cantly different from zero (t test showed that CIs
included zero), and with a good precision.

Discussion

In the present study we developed a population phar-
macokinetic model for adults with lymphoid malig-
nancies. In agreement with the previous studies, we
observed a high inter and intra individual pharmaco-
kinetic variability for HDMTX [17–19]. The two-com-
partment model revealed to be the best model
describing the pharmacokinetics of HDMTX. This
model was previously used by many authors [18–21].

The clearance and central volume of distribution typi-
cal values CL, 7.1(0.6) l h�1; V1, 25.1 (2.8) l estimated
by NONMEM were close to values reported in other
population pharmacokinetic studies as the values re-
ported by Rousseau et al. [19]; CL, 7.4(3.2) l h�1; V1,
18.2 (9.9) l and by Pignon et al. [22]; V1, 21.8(7.9) l;
CL, 5.8 (1.3) l h�1.

In the final model HDMTX clearance decreased with
markers of renal function, age and serum creatinine.
Many studies have also shown a correlation between age
and HDMTX clearance. Bacci et al. [23] found a sig-
nificant relationship between the delayed elimination of
HDMTX (concentration >5 mol l h�1 after 24 h) and
the patients’ age. Another study by Donelli et al. [24]
revealed that the elimination half-lives were greater in
the older group and the clearance was inversely pro-
portional to age.

Several studies have also established a correlation
between HDMTX elimination and renal function and
confirmed the necessity of rigorous serum creatinine
monitoring as a predictor of methotrexate elimination
[25, 26]. Skäry et al. [27], have demonstrated in a
study on 247 children a correlation between the
number of days with serum creatinine level ‡1.5 times
the normal and the HDMTX elimination time thus the
authors proposed elevation serum creatinine level by
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‡50% as an early predictor of delayed HDMTX
elimination.

Otherwise our modelling did not show any effect of
gender, bodyweight, body surface area, ASAT, ALAT,
GGT, total bilirubin, alkaline phosphatase, proteinemia,
on the pharmacokinetic parameters. The effect of these
factors was previously investigated by different authors
using different approaches and similar conclusions were
reported [19, 21, 24].

The Bayesian prediction of the individual time-con-
centration curves would be helpful in decreasing the
number of blood sampling and the follow-up period.
The Bayesian method provided a reasonable predictive
performance and could be applied to routine clinical
care. The two sampling strategy including only H24 and
H48 gave a satisfactory prediction of HDMTX phar-
macokinetics with a non-significant bias. Earlier sam-
pling strategies did not reach the desired accuracy and
precision and we preferred not to increase the number of
blood samples.

This approach may have advantages over the current
monitoring as it may allow early identification of pa-
tients with delayed elimination, so it can save those
patients from numerous unnecessary blood samplings. It
is also an alerting tool so that the proper measures
(increasing the dose of folinic acid, urine alkalinization
and intravenous hydration) could be taken earlier.
However, the present results must be confirmed and
tested prospectively in a larger population.

Conclusion

The pharmacokinetic parameters of HDMTX were
accurately estimated. Serum creatinine and age influ-
enced the HDMTX clearance, so they should be taken
into account in the choice of the dose regimen. Our
Bayesian approach enabled a satisfactory estimation of

40 50 60 70 80 90 100

4
6

8
10

12
14

16
4

6
8

10
12

14
16

serum creatinine, µmol/L

C
L,

 L
/h

C
L,

 L
/h

20 30 40 50 60 70 80

AGE, years

Fig. 3 Individual predicted MTX clearance versus age and serum
creatinine (SCR)

Table 2 Summary of the model building

Steps OFV DOFV Description of each step Significant
Y/N

�90 Base NONMEM model without covariates
1 �90 0 Effect of BW, BSA and Height, on CL and V1 N
2 �90 0 Effect of ASAT, ALAT, GGT, albumin,

alkaline phosphatase, Total Bilirubin,
Protein and LDH on CL

N

3 �98 �8 Effect of gender on V1 Y
4 �102 �12 Effect of age on CL Y
5 �120 �30 Effect of serum creatinine on CL Y
6 �129 �39 Full model with effect of serum creatinine,

age on CL and gender on V1
7 �129 �39 Final model with the effect of

serum creatinine and age on CL

BW body weight, BSA body surface area, CL total body clearance, V1 volume of the central compartment, LDH lactate dehydrogenase
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HDMTX concentrations. After prospective validation,
this can be a valuable tool in the clinical practice as it
uses limited sampling strategy, allows management and
prediction of toxic events.

References

1. Locatelli F, Zecca M, Messina C et al (2002) Improvement over
time in outcome for children with acute lymphoblastic leukemia
in second remission given hematopoietic stem cell transplan-
tation from unrelated donors. Leukemia 16:2228–2237

2. Mantadakis E, Cole PD, Kamen BA (2005) High-dose meth-
otrexate in acute lymphoblastic leukemia: where is the evidence
for its continued use? Pharmacotherapy 25:748–755

3. Patte C, Michon J, Frappaz D et al (1994) Therapy of Burkitt
and other B-cell acute lymphoblastic leukaemia and lymphoma:
experience with the LMB protocols of the SFOP (French
Paediatric Oncology Society) in children and adults. Baillieres
Clin Haematol 7:339–348

Table 3 Parameter estimates from the final population model and results of the bootstrap analysis

Parameters Final model Bootstrapa

Estimate (SE) Median 2.5th–97.5thb

Fixed effects
V1(l) 25.1±2.8 25 20–30
CL (l h�1) 7.1±0.6 7 5.7–8.4
Q (l h�1) 0.15±0.03 0.13 0.09–0.19
V2 (l) 2.7±0.4 2.7 1.9–4
AGE on CL �0.22±0.09 �0.19 �0.37–0.06
SCR on CL �0.43±0.10 �0.40 �0.64–0.23
Random effects
Intersubject variability exponential modelc

ISV (V1) (%) 22.5±17 30 11–45
ISV (CL) (%) 22±12 20 9–32.5
ISV (Q) (%) 51±32 56 6–91
ISV (V2) (%) 64±29 66 29–89
Inter-occasion variability on CL (%) 16.5±6 15.5 8.5–23
Residual variability combined model
Exponential part (%) 46±6 56 49–63
Additive part (lmol l�1) 0.015 fixed NA NA

SE Standard error of estimate, CL total body clearance, V1 volume of the central compartment, Q inter compartment clearance, V2
volume of the peripheral compartment, SCR serum creatinine, ISV intersubject variability, NA not applicable
aStatistics on 806 successful bootstrap runs (1,000 programmed)
bNon parametric 95% confidence interval based on the 2.5th–97.5th percentiles
cCorrelations between ISV terms, corr(V1, CL)=0.98±0.50 and corr(Q, V2)=0.79±0.45

Table 4 Statistical analysis after Bayesian estimation of the MTX pharmacokinetic parameters and concentrations

V1 (l) CL (l h�1) Q (l h�1) V2 (l) MTX (lmol l�1)

Mean (SD)
[min–max]

25.672 (2.558)
[19.849–29.978]

7.094 (1.666)
[3.148–10.086]

0.144 (0.032)
[0.102–0.230]

2.714 (1.176)
[1.244–6.051]

[0.004–0.582]

Bias
(95% CI)

0.746a

(�0.890, 2.382)
0.127a

(�0.365, 0.620)
�0.003a
(�0.019, 0.013)

�0.155a
(�0.575, 0.264)

�0.035
(�0.051, �0.019)

Precision
(95% CI)

4.632
(3.763, 6.293)

1.381
(1.122, 1.877)

0.045
(0.036, 0.061)

1.183
(0.961, 1.608)

0.074
(0.063, 0.090)

CL total body clearance, V1 volume of the central compartment, Q inter compartment clearance, V2 volume of the peripheral com-
partment, min minimum value, max maximum value, CI confidence interval
aNot significantly different from 0

–50

0

50

100

150

200

250

300

B
ay

es
ia

n 
pr

ed
ic

te
d 

co
nc

en
tr

at
io

ns
 (

µm
ol

.l-
1)

–50 0 50 100 150 200 250 300 350 400 450

Observed concentration (µmol.l-1)

Fig. 4 Correlation between: experimental and Bayesian estima-
tions of high dose MTX concentrations (lmol l�1) using two
sampling times H24 and H48 (r2=0.84)

632



4. Shipp MA, Yeap BY, Harrington DP et al (1990) The m-BA-
COD combination chemotherapy regimen in large-cell lym-
phoma: analysis of the completed trial and comparison with the
M-BACOD regimen. J Clin Oncol 8:84–93

5. Aquerreta I, Aldaz A, Giraldez J et al (2004) Methotrexate
pharmacokinetics and survival in osteosarcoma. Pediatr Blood
Cancer 42:52–58

6. Crews KR, Liu T, Rodriguez-Galindo C et al (2004) High-dose
methotrexate pharmacokinetics and outcome of children and
young adults with osteosarcoma. Cancer 100:1724–1733

7. Graf N, Winkler K, Betlemovic M et al (1994) Methotrexate
pharmacokinetics and prognosis in osteosarcoma. J Clin Oncol
12:1443–1451

8. Evans WE, Crom WR, Abromowitch M et al (1986) Clinical
pharmacodynamics of high-dose methotrexate in acute lym-
phocytic leukemia. Identification of a relation between con-
centration and effect. N Engl J Med 314:471–477

9. Ferreri AJ, Guerra E, Regazzi M et al (2004) Area under the
curve of methotrexate and creatinine clearance are outcome-
determining factors in primary CNS lymphomas. Br J Cancer
90:353–358

10. Sterba J, Valik D, Bajciova V et al (2005) High-dose metho-
trexate and/or leucovorin rescue for the treatment of children
with lymphoblastic malignancies: Do we really know why,
when and how? Neoplasma 52:456–463

11. Evans WE, Crom WR, Abromowitch M et al (1986) Clinical
pharmacodynamics of high-dose methotrexate in acute lym-
phocytic leukemia. Identification of a relation between con-
centration and effect. N Engl J Med 314:471–477

12. Beal SL, Sheiner LB (1998) NONMEM user’s guide; NON-
MEM project group. University of California, San Francisco

13. Ihaka R, Gentleman R (1996) R: a language for data analysis
and graphics. J Comput Graphic Statistics 5:299S

14. Parke J, Holford NH, Charles BG (1999) A procedure for
generating bootstrap samples for the validation of nonlinear
mixed-effects population models. Comput Methods Programs
Biomed 59:19–29

15. Sheiner LB, Beal SL (1981) Some suggestions for measuring
predictive performance. J Pharmacokinet Biopharm 9:503–512

16. Tod M, Rocchisani JM (1997) Comparison of ED, EID, and
API criteria for the robust optimization of sampling times in
pharmacokinetics. J Pharmacokinet Biopharm 25:515–537

17. Iliadis A, Bachir-Raho M, Bruno R et al (1985) Bayesian
estimation and prediction of clearance in high-dose metho-
trexate infusions. J Pharmacokinet Biopharm 13:101–115

18. Monjanel-Mouterde S, Lejeune C, Ciccolini J et al (2002)
Bayesian population model of methotrexate to guide dosage
adjustments for folate rescue in patients with breast cancer.
J Clin Pharm Ther 27:189–195

19. Rousseau A, Sabot C, Delepine N et al (2002) Bayesian esti-
mation of methotrexate pharmacokinetic parameters and area
under the curve in children and young adults with localised
osteosarcoma. Clin Pharmacokinet 41:1095–1104

20. Joerger ADRH M van den Bongard HJGD, Baas P,
Schornagel JH, Schellens JHM, Beijnen JH (2006) Determi-
nants of the elimination of methotrexate and 7-hydroxy-
methotrexate following high-dose infusional therapy to cancer
patients. Br J Clin Pharmacol online early

21. Odoul F, Le Guellec C, Lamagnere JP et al (1999) Prediction of
methotrexate elimination after high dose infusion in children
with acute lymphoblastic leukaemia using a population phar-
macokinetic approach. Fundam Clin Pharmacol 13:595–604

22. Pignon T, Lacarelle B, Duffaud F et al (1995) Dosage adjust-
ment of high-dose methotrexate using Bayesian estimation: a
comparative study of two different concentrations at the end of
8-h infusions. Ther Drug Monit 17:471–478

23. Bacci G, Ferrari S, Longhi A et al (2003) Delayed methotrexate
clearance in osteosarcoma patients treated with multiagent
regimens of neoadjuvant chemotherapy. Oncol Rep 10:851–857

24. Donelli MG, Zucchetti M, Robatto A et al (1995) Pharmaco-
kinetics of HD-MTX in infants, children, and adolescents with
non-B acute lymphoblastic leukemia. Med Pediatr Oncol
24:154–159

25. Abelson HT, Fosburg MT, Beardsley GP et al (1983) Metho-
trexate-induced renal impairment: clinical studies and rescue
from systemic toxicity with high-dose leucovorin and thymi-
dine. J Clin Oncol 1:208–216

26. Comandone A, Passera R, Boglione A et al (2005) High dose
methotrexate in adult patients with osteosarcoma: clinical and
pharmacokinetic results. Acta Oncol 44:406–411

27. Skarby T, Jonsson P, Hjorth L et al (2003) High-dose metho-
trexate: on the relationship of methotrexate elimination time vs
renal function and serum methotrexate levels in 1164 courses in
264 Swedish children with acute lymphoblastic leukaemia
(ALL). Cancer Chemother Pharmacol 51:311–320

633


	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Sec11
	Tab1
	Fig1
	Sec12
	Fig2
	Sec13
	Fig3
	Tab2
	Bib
	CR1
	CR2
	CR3
	Tab3
	Tab4
	Fig4
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


