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Abstract-The pharmacokinetics of methotrexate and 7-hydroxy-methotrexate were studied in 
patients undergoing very high-dose methotrexate monotherapy. The patients received, jrst, two 
methotrexate intravenous bolus test doses (50 mg/m’) one with and one without concomitant 
administration of folinic acid (15 mg every 6 h) in a random sequence, and, second, an 8 h 

infusion, individualized to achieve a peak plasma concentration of 5 X 1O‘4 M methotrexate 
(infusion rates > 1000 mglh). Methotrexate and 7-hydroy-methotrexate concentrations were 
measured by specific radioimmunoassays and the data were analysed simultaneously by an 
integratedphanacokinetic model. Following test dose administration, methotrexate and ‘I-hydroxy- 
methotrexate plasma concentration kinetics were best described by assuming that methotrexate 
elimination (and 7-hydroxy-methotrexate formation) occurred from a peripheral compartment 
reaching rapid equilibrium with the plasma. Folinic acid administration did not injuence the 
disposition of either compound. Following the infusion, a significant (P < 0.01) decrease of 
methotrexate total plasmatic clearance occurred without modijicacation of 7-hydroxy-methotrexate 
formation and elimination. 

INTRODUCTION 
IDENTIFICATION of methotrexate (MTX) pharmaco- 
kinetics and plasma level monitoring arc very useful 
in providing guidelines for high-dose MTX 
infusions (HDI) and especially in optimizing the 
infusion rate, both of which are destined to prevent 
toxic side-effects and to adjust the folinic acid (FA) 
rescue [l-6]. Pharmacokinctic approaches using 
simple linear compartment models have been found 
to perform well in predicting steady-state levels 
achieved following a wide range of MTX infusion 
rates (17-650 mg/h) [3, 5,6] and, to a certain 
extent, MTX kinetics following infusion [5]. How- 
ever, limitations in predictive capabilities were 
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observed both during FA rescue [5] and in the case 
of very high infusion rates (> 970 mg/h) [6]. FA 
rescue is known to interfere with MTX transport at 
the cellular level 171; however, the influence of FL4 
on MTX kinetic behaviour has not yet been studied. 

7-Hydroxy-methotrexate (OH-MTX), the major 
circulating metabolite of MTX, is an important 
determinant of MTX toxicity [l] and even activity 
[8, 91. This metabolite has been found in relatively 
high plasma concentrations in patients [IO-131. 
Moreover metabolic saturation during very high 
MTX infusion rates (> 970 mg/h) might contribute 
to the lack of reliability in predicting MTX levels. 
Therefore OH-MTX kinetics should be taken into 
account when studying MTX phamacokinctics. 

In this paper WC assess MTX and OH-MTX 
pharmacokinetics following (i) intravenous bolus of 
MTX with and without concomitant administration 
of FA and (ii) the subsequent individualized high- 
dose infusion in order to study influences of both 
FA administration and very high-dose infusion rates 
on MTX disposition and metabolism. 
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Table 1. Patient characteristics 

Age/ 
Patient weight 

Serum 
creatinine 
(pmobt) 

Concomitant 
Sex Diagnosis medication 

1 67/60 86 M 

2 25/55 70 M 

3 65175 87 F 

4 17/72 62 M 

5 33154 55 M 

6 27156 64 M 

7 46/49 48 M 

8 41/70 181 M 

Head and neck cancer 

Soft tissue sarcoma (hand) 

Thymic carcinoma 

Osteosarcoma (femur) 

Soft tissue (foot) sarcoma 

Osteosarcoma (humerus) 

Soft tissue (leg) sarcoma 

Testicular carcinoma 

None 

Lung metastasis None 

Lung metastasis Heparin, calcium salt 
(Calciparine@) 

Lung metastasis None 

Lung metastasis None 

Lung metastasis None 

Lung metastasis Ethylbiscoumacetate 
(Tromexane@) 

Lung metastasis None 

MATERIALS AND METHODS 

Patients 
Eight patients (seven men, one woman) with 

various neoplastic diseases treated with individual- 
ized high-dose MTX monochemotherapy partici- 
pated in the study after giving informed consent. 
Patient data are listed in Table 1. Liver and renal 
functions were within the normal range for all 
patients at the time of the study, except patient No. 
8 who had slightly increased serum creatinine. 

Protocol 
MTX HDI was individualized after identification 

of the pharmacokinetic parameters for each patient 
on the basis of plasma concentrations measured 
after administration of a small test-dose (TD) intra- 
venous bolus (50 mg/m2) [3, 61. This test-dose 
protocol is a standardized procedure in high-dose 
MTX therapy in our institution. Patients received 
another 50 mg/m2 TD associated with an FA injec- 
tion (TD-FA) of 15 mg, 1 h after MTX bolus 
and then every 6 h for 48 h. TD and TD-FA 
administrations were given 1 week apart in a ran- 
dom sequence to seven out of eight patients (see 
Table 2). The first HDI, individualized to achieve 
a 5 X 10m4 M plasma MTX concentration at 8 h 
[3, 61 was administered at least 1 week following 
the last intravenous bolus to seven patients. The 
dose ranged between 1142 and 2186 mg/h for 
patients Nos. 2-7 and was 485 mg/h for patient 
No. 8. Complete information about the protocol 
especially concerning therapeutic monitoring 
hydration, urine alkalinization and folinic acid res- 
cue has been previously reported [3, 141. 

The sampling protocol was the following: time 0 
(predrug), 0.25, 0.5, 1, 3, 4, 6, 12, 24, 30, 36 and 
48 h following TD and TD-FA administration and 
time 0 (predrug) 5, 8 (end of infusion), 9, 10, 12, 
14, 24, 30, 36, 40, 48, 54, 60, 72, 80, 92 and 116 h 

following HDI. Venous blood (5 ml) was drawn 
into heparinized tubes. Plasma samples were col- 
lected and stored frozen at -30°C until analysis. 

Sample assay 
Plasma samples were assayed for MTX and 

OH-MTX by specific radioimmunoassays (RIA) . 
Coefficients of variation for duplicate determi- 
nations were less than 15% between 0.06 and 
1.2 nmol/l for MTX and between 0.08 and 9 nmol/ 
1 for OH/MTX. The cross reactivity factors were 
2.5 x lo-* and 5 X lo-“, respectively, for MTX 
in OH-MTX RIA and for OH-MTX in MTX RIA. 
In addition, results obtained by RIA and by high 
performance liquid chromatography were well cor- 
related. The characteristics of these RIA have been 
described in detail [ 151. 

Modeling 
Modeling of MTX and OH-MTX kinetics was 

performed according to the linear compartment 
models presented in Fig. 1. Two basic structures 
were considered. The first one (model I) corre- 
sponds to the classical model with elimination from 
the central compartment (No. 1). In the second 
structure (model II) it is assumed that MTX elimin- 
ation (OH-MTX formation and other elimination 
pathways) occurs from a peripheral compartment 
(No. 2). In both cases, compartments 4 and 5 
correspond to peripheral distribution compart- 
ments of MTX and OH-MTX respectively. 

The model parameters were the following: 

(i) the rate constants accounting for intercom- 
partmental mass transfer (Krz, K2r, Kr4, K41, 
Ks5, Ks3) whose identifiability depends on the 
concentration-time profiles. 

(ii) the rate constants for MTX elimination (OH- 
MTX formation and other elimination 
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Table 2. Phannacokinetic parameters for MTX and OH-MTAY 

Cl L’, Kel,,,-, K,, K,, KU Kel K,, OH 51 IX K;, 
Patient (l.h-‘i (1) (h-‘) (h-l) (h-l) (h-‘) (h-‘1 (hi’) (h-‘1 

1 TD 6.2 10.3 0.262 1.68 0.464 0.094 0.078 1.90 x 10-s 0.053 
TD + FA 1.4 6.9 0.288 3.41 0.625 0.160 0.065 1.89 x lo-’ 0.047 

2 _ TD + FA 12.1 14.3 0.365 1.79 0.407 
TD 9.9 9.8 0.254 1.99 0.249 
HDI 5.4 9.7 0.513 4.69 3.81 

0.053 
0.0042 
0.0016 

0.067 1.39 x lo-’ 
0.024 1.43 x lo-’ 
0.050 2.22 x 10.” 

0.086 
0.092 
0.102 

- - 
0.036 0.020 

0.059 1.72 x IO-’ 
0.063 1.21 x 10-3 
0.033 4.35 x lo-’ 

0.074 1.83 x lo-’ 
0.070 1.62 x lo-’ 
0.044 7.77 x lo-’ 

3 

4 

5 

6 

7 

8 

Mean 
2 S.D. 

TD 4.6 14.1 0.294 0.97 0.578 
TD + FA 3.6 12.1 0.285 0.90 0.569 
HDI 3.1 14.2 0.218 - - 

TD + FA 10.3 13.5 0.341 1.47 0.313 
TD 10.9 11.4 0.518 1.75 0.426 
HDI 4.3 2.3* 0.288 4.55 ’ 0.409 

TD 14.0 14.6 0.331 2.12 0.400 0.059 
TD + FA Il.6 17.3 0.261 2.15 0.574 0.032 
HDI 6.1 19.3 0.314 - - 0.0019 

TD 10.2 11.3 0.433 1.50 0.289 
TD + FA 14.1 14.2 0.415 1.96 0.405 
HDI 8.2 10.5 0.777 - - 

0.110 
0.083 
0.0025 

TD + FA 11.4 7.8 0.613 4.02 1.07 
TD 13.1 9.3 0.845 5.58 2.51 
HDI 6.3 17.6 0.357 - - 

0.068 
0.202 
0.0036 

TD 6.1 15.3 0.318 1.82 1.14 
HDI 5.0 26.7 0.188 - - 

0.112 
0.0087 

TD 9.4 12.0 0.407 2.18 0.757 
(3.4) (2.3) (0.198) (1.42) (0.761) 

TD + FA 10.1 12.3 0.367 2.24 0.566 
(3.5) (3.7) (0.121) (1.10) (0.249) 

HDI 5.5 16.3 0.379 - - 
(1.6) (6.3) (0.204) - - 

0.084 
(0.061) 
0.068 

(0.045) 
0.0056 

(0.0046) 

0.051 
0.057 
0.007 1 

0.024 
0.038 
0.014 

0.107 1.31 x lo-.’ 
0.023 1.47 x 10-s 
0.026 1.64 x 10-l 

0.111 1.66 x 10-s 
0.052 1.16 x lo-:’ 
0.038 2.39 x IO-’ 

0.085 9.98 x lo-’ 
0.138 9.81 x lo-’ 
0.060 2.21 x 10~’ 

0.099 2.83 x IO-’ 
0.042 6.01 x IO-* 

0.086 1.68 x lo-’ 
(0.035) (0.54 x lo-‘3) 
0.061 1.42 x lo-’ 

(0.020) (0.34 x 10-y 
0.042 1.47 x lo-’ 

(0.011) (0.85 x 10-j) 

0.084 
0.067 
0.099 

0.074 
0.080 
0.159 

0.096 
0.126 
0.064* 

- 

3.53 x IO-” 

0.090 
0.082 
0.093 

- 
0.063* 

- 

- 

0.125* 
0.126 
0.396 

0.057* 8.25 x lo-” 
- - 

0.031 0.056 

0.030 -_ - 
0.055 0.058 0.066 

0.081 
(0.029) 
0.080 

(0.026) 
0.151 

(0.125) 
0.034 

(0.015) 

- 
0.039 

(0.020) 

0.026 

- 
- 

0.018 

- 
0.027 

- 
- 

0.027 

*Parameters with high level of correlation disregarded from the mean. 

MTX OH-MTX 

MODEL I 

MODEL II 

Fig. 1. Simultaneous modeling of MTX and OH-MTX disposition according to linear compartment models. Model Iz MTX 
elimination (OH-MTXformation) from central compartment (No. 1). Model II: MTX eliminationfrom a peripheral compartment 

(No. 2). (*) compartment sampled. 
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(iii) 

(iv) 

routes), Ki, and Kio, respectively, where i = I 
for model I and i = 2 for model II, which 
are not identifiable separately. The estimated 
parameter is the overall elimination rate con- 
stant (KelMTx = K,3 + Kio). 
The OH-MTX elimination rate constant 

(KelcmMTx). 
the volumes of MTX and OH-MTX central 
compartments (VI and I’s, respectively). OH- 
MTX distribution volume (V,) is not identifi- 
able separately from the rate constant for OH- 
MTX formation (Ki3). The estimated par- 
ameter is thus the ratio K,,/V,. 

These parameters made it possible to compute 
MTX total plasmatic clearance (Cl) 

Cl = KelMTx’V, in model I 
Cl = KelMTx. VII(K2, + KelMMTx) in 
model I I. 

The choice of the model was dictated by its ability 
to fit the observed concentration-time profiles. 
Examination of the scatter of weighted residuals 
over time permitted evaluation of model validity. 

The model was fitted to MTX and OH-MTX 
data simultaneously by using the SAAM program, 
which performs the integration of the set of differen- 
tial equations describing the model [ 161. A statisti- 
cal weight was assigned at each data point, 
assuming an analytical variability with a constant 
coefficient of variation [ 171. This was done because 
of assay conditions requiring serial dilutions of 
plasma samples [ 151. 

Statistical analysis 
Influence of FA administration of model para- 

meters following intravenous administration was 
assessed by analysis of variance. Comparison of 
model parameters between TD and HDI was per- 
formed according to a paired t-test. 

RESULTS 
Figure 2 shows the fitting of model prediction on 

experimental data for a typical patient. Individual 
and mean parameter estimates are presented in 
Table 2. 

Following intravenous bolus MTX adminis- 
tration (TD and TD-FA) model I could not simul- 
taneously account for MTX and OH-MTX 
disposition kinetics and particularly, as indicated 
by the inspection of the plot of weighted residuals 
against time, it was not consistent with OH-MTX 
formation kinetics. Model II with OH-MTX forma- 
tion occurring from a MTX peripheral compart- 
ment in rapid equilibrium with the central compart- 
ment as indicated by the high values of KL2 
and K2, adequately described both MTX and OH- 
MTX data following TD and TD-FA MTX admin- 

0 10 20 30 40 hours 

b 

G I I 8 I I I I 

0 20 60 100 140 hours 

Fig. 2. Plasma concentration-time coursesfor MTX (A) and OH-MTX 
(m) following intravenous bolus (TD-FA) and high-dose infusion (HDI) 
of MTX to patient No. 3. Solid and dotted lines represent the best& of 

MTX and OH-MTX data, respective[v. 

istrations. Administration of FA was not of signifi- 
cant influence (P > 0.05) on both MTX and OH- 
MTX disposition parameters following intravenous 
bolus administration of MTX. For example, the 
mean + SD. estimation of Cl was 9.4 + 3.4 and 
10.1 ‘-+ 3.5 1 .h-’ following TD and TD-FA, respect- 
ively. 

Following HDI the data were consistent with 
model structure I in 5/7 cases. This is likely related 
to the differences in sampling protocol particularly 
during the early times of the profile (i.e. those 
characterizing OH-MTX formation kinetics). Also 
the distribution patterns of MTX and OH-MTX 
differed following HDI. Indeed the MTX peripheral 
distribution compartment (No. 4) identified was in 
slowest equilibrium with the central compartment 
as indicated by the IO-fold decreased value of 
K,, (Table 2). Moreover, a further distribution 
compartment (No. 5) was apparent on OH-MTX 
kinetic profile. This could be due to the higher doses 
administered and to the longer sampling time. 

Following HDI a significant (P < 0.01) decrease 
of Cl was observed as compared with TD value 
(5.5 2 1.6 vs. 9.4 + 3.4 l.h-‘, respectively). How- 
ever the parameters characterizing OH-MTX dis- 
position remained unchanged, particularly those 
accounting for OH-MTX formation (KJ I’?) whose 
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mean value was of 1.47 x 10.” + 0.85 X 10m3 and 
1.68 x 10.” + 0.54 X 10-s h-l.l-’ following HDI 
and TD, respectively, OH-MTX elimination con- 
stant (Kel,,_,T,) averaged 0.151 + 0.125 he’ 
following HDI and 0.081 -+ 0.029 h-’ following 

TD. 

DISCUSSION 

The simultaneous modeling of MTX and OH- 
MTX data provides an integrated approach to 
assess the disposition of both compounds. This 
approach performs well in estimating the disposition 
parameters of a metabolite and particularly its 
elimination constant whatever the dosing protocol 
(intravenous bolus, infusion) and the disposition 
pattern. This would have not been possible using a 
model independent approach. Model I is the clas- 
sical compartmental structure used in describing 
MTX pharmacokinetics [3-6, 12, l&20]. Herein 
model II was justified as it accounts for OH-MTX 
kinetics. 

Intravenous bolus (TD) of MTX were adminis- 
tered to estimate MTX clearance in order to individ- 

ualize HDI [3, 6, 141. The simultaneous admini- 
stration of FA (TD-FA) had no influence on MTX 
nor on OH-MTX disposition kinetics. Consc- 
quently the identification of MTX pharmacokinct- 
its following TD administration should allow for 
prediction of MTX levels not only during HDI 

[3, 5, 61 but also following HDI during FA rescue. 

We showed in a retrospective study [6] the good 
performance of the TD protocol in predicting a wide 

range of infusion rates (17-650 mg/h) to achieve 
target MTX concentrations during various HDI 

protocols. However, we observed a trend to ovcr- 

estimate dosage requirements for very high rates of 
infusion (> 970 mgh). This would be due to the 
significant decrease of MTX plasmatic clcarancc 

between TD and HDI observed in this study. This 
might be explained by a saturation ofan elimination 

process of MTX at such a high rate of delivery 
(> 1000 mg/h except for patient No. 8). Our pre- 

sent results indicate that the OH-MTX pathway is 

not responsible for this phenomenon which might 
instead bc due to the renal clcarancc of MTX as 
previously reported [l 1, 21-251. This is consistent 

with the results of Winograd el al. [26] who have 

demonstrated that renal clearance of MTX during 
the period of an infusion determines the overall 
body exposure to MTX. However this limitation of 

the TD protocol in predicting very high MTX 

infusion rates could be overcome by a feedback 
control of infusion rate using Baycsian estimation 

[191. 
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