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High-dose methotrexate in adults with osteosarcoma:
a population pharmacokinetics study and validation of
a new limited sampling strategy
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Preoperative high-dose methotrexate (HD-MTX) with

folinic acid (leucovorin) rescue is still a mainstay in the

treatment of osteosarcoma. This anticancer agent is

characterized by a narrow therapeutic index and wide

interpatients variability. To ensure effective and safe

administration of HD-MTX, we had earlier developed an

adaptive-dosing schedule with a feedback strategy. In our

institute, the MTX dosage was tailored according to

individual pharmacokinetics parameters, determined in

real time both from two blood samples (3.5 and 4.5 h) and

from Bayesian population parameters. Up to 20 g of MTX

was safely administered as 8-h infusions. Low MTX

elimination rate has, however, been reported in 15–20% of

the patients, and forecasting the MTX elimination phase

and the management of leucovorin rescue is still a

challenging issue in clinical oncology. This study aims at

identifying the clinical or biological covariates related to

impaired MTX clearance, and at validating a new limited

sampling strategy (LSS), allowing for the accurate

prediction of the MTX terminal elimination phase. This

retrospective study was carried out on 49 patients (30 men,

19 women; mean age, 26.7 years) treated for osteosarcoma

with HD-MTX. The population and individual

pharmacokinetics parameters were computed, before the

identification of the relevant covariates. Different LSSs

were then tested, to predict accurately when the MTX

plasma concentrations would drop below 0.2 lmol/l, the

threshold associated with the end of the rescue of

leucovorin with alkaline hydration. Two main covariates

(creatinemia clearance and alanine aminotransferase)

were correlated with MTX clearance. Conversely, the

impact of body surface area on MTX pharmacokinetics was

weak, suggesting that dosing schedules based on body

surface area were inadequate and potentially hazardous. A

new LSS predicting accurately when the MTX concentration

would reach 0.2 lmol/l has been validated; blood samples

are stopped as soon as the MTX concentration drops to

1 lmol/l. With this LSS, our retrospective study suggests

that 60% of the patients would have left the hospital earlier

than they actually did owing to a better forecasting of the

MTX decrease, thus improving their quality of life while

improving the cost-effectiveness for the institute. HD-MTX

can be administered safely using an adaptive-dosing

strategy with drug monitoring. Moreover, pharmacokinetic

modeling permits the accurate forecasting of the MTX

elimination profile, thus allowing for a better management

of the postinfusion care of cancer patients treated with

particularly high doses of this drug. Anti-Cancer Drugs
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Introduction
Osteosarcoma is the most common primary malignant

bone tumor. Over the past decades, dramatic improve-

ments have been made in the treatment and the final

clinical outcomes of this highly aggressive disease. Until

the early 1970s, surgery was the only therapy available for

osteosarcoma. Even during the apparently localized stages

of the disease, radical surgery alone led to a cure, but of

very low rate, and relapse was observed in approximately

85–90% of the patients. The concept of administering

chemotherapy before definitive surgery on the primary

tumor was first introduced by Rosen et al. [1,2]. Since

then, high-dose methotrexate (HD-MTX) with folinic

acid (leucovorin) rescue is still the gold standard therapy

in the treatment of osteosarcoma. Today, with the

combination of preoperative or ‘neoadjuvant’ chemother-

apy and radical surgery, disease-free survival can reach up

to 70% [3]. The challenge that now remains is to improve
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the treatment of the 30% of the patients with poor

clinical outcomes. Various factors including the presence

of metastases, the histological response to chemotherapy

(e.g. Huvos grade) and the dose of chemotherapy have

been demonstrated to impact on the final outcomes of

osteosarcomas, regardless of their stages. Others studies

have focused on the relationship between MTX peak

serum concentration and histological tumor response or

disease-free survival [4–6]. It has been shown that MTX

antitumor efficacy mainly depends on both MTX plasma

concentration and exposure duration. Indeed, when MTX

was infused for over 6 h, it was demonstrated that the

response rate increased when an MTX serum peak level

of 700 mmol/l was reached [7]. Other studies have

suggested that an MTX concentration of 1000 mmol/l

was needed to maximize the tumor response rate [8–10].

Conversely, a decrease of overall survival was observed

when MTX serum concentrations exceeded 1500 mmol/l,

partly owing to the occurrence of morbidities linked with

the severe toxicities encountered [3]. To limit the

occurrence of such severe toxicities, rescue with leucov-

orin combined with alkaline hydration is a standard

practice with HD-MTX protocols. Considering the

narrow therapeutic index of MTX, we have developed

and validated a protocol derived from Rosen’s T10

method, using Bayesian adaptive dosing with feedback

strategy [11]. With this schedule, MTX concentrations

were accurately monitored to reach the optimal target of

1000 mmol/l; the incidence of life-threatening toxicities

dramatically decreased in our patients. This model was,

nevertheless, not designed to predict the MTX terminal

elimination phase, and the management of the leucovorin

rescue was based on the daily monitoring of the MTX

decay. Owing to the wide interpatient variability in the

MTX terminal elimination phase, the adaptation of

leucovorin doses indeed requires several, time-consuming

blood samples analyses, with the subsequent impact

on the patient’s quality of life. To improve the cost-

effectiveness of our protocol, the first goal of this study

was to identify the covariates that were potentially

implicated in the interindividual variations of the

HD-MTX pharmacokinetics (PK) profile. The next goal

was to validate a new limited sampling strategy (LSS)

enabling an easier management of the leucovorin rescue.

Patients and methods
Patients

Retrospective data from 49 patients (30 men and 19

women), treated for a newly diagnosed osteosarcoma in

the department of Medical Oncology of La Timone

University Hospital of Marseille, France, from February

1991 to January 2004, were entered in this study. The

main patient characteristics are summarized in Table 1.

Complete kinetics built from at least eight samples

were available for each patient. Only the first course was

considered for each patient. Fourteen biological and

clinical covariates, which had been collected before

the first MTX administration, are defined and coded as

follows: age (AGE); sex (SEX = 0, male; 1, female);

weight (WGT); height (HGT); body surface area (BSA);

creatinine (CREA); creatinine clearance (CRCL); aspar-

tate aminotransferase (ASAT); alanine aminotransferase

(ALAT); g-glutamyl transferase (GGT); alkaline phos-

phatase (PAL); total bilirubin (BT); hemoglobin (HB)

and neutrophil count (PNN).

CRCL was estimated using Wright’s formula [12]:

CRCL = {[6580 – (38.8� AGE)]*BSA*[1 – (0.168� SEX)]}/

CREA (male: SEX = 0; female: SEX = 1).

Real-time high-dose methotrexate monitoring

High-dose methotrexate administration

All the patients had been treated using a standardized

schedule (SO587) derived from Rosen’s T10 protocol

[13]. According to this protocol, HD-MTX with leuco-

vorin rescue was used preoperatively as a single agent.

Each course consisted of the following two phases:

K The first phase (hyperhydration and urine alka-

linization) involved a 12-h hydration period (3 l/24 h

of 5% dextrose in water with 15 ml of 10% KCl) and

urine alkalinization (360 ml of 1.4% sodium

bicarbonate). Urine pH was checked throughout this

period.

K The second phase (MTX infusion) started immediately

after the first phase if and only the pH of urine was

above 7 and urine flow was at least 200 ml/h. MTX

infusion was given through a central venous catheter at

a constant rate of 3000 mg/h for the first 6 h. The dose

was then adapted, after the Bayesian estimation of the

individual pharmacokinetics parameters from the

Table 1 Patient characteristics

Covariates Mean ± SD (Minimum–Maximum)

AGE (years) 27.58 ± 10.59 14–57
WGT (kg) 65.38 ± 11.32 45–93
HGT (cm) 173.14 ± 8.16 155–192
BSA (m2) 1.76 ± 0.17 1.46–2.00
CREA (mmol/l) 86.68 ± 28.77 54–229
Creatinine clearance (ml/min) 84.25 ± 22.41 42–160
ASAT (UI/l) 17.66 ± 11.77 5–61
ALAT (UI/l) 28.33 ± 41.42 3–95
GGT (UI/l) 31.03 ± 32.91 4–140
PAL (UI/l) 1.44 ± 2.24 0.02–10
BT (mmol/l) 9 ± 4.44 3–15
HB (g/l) 128.32 ± 17.75 92–156
PNN (103/mm3) 5.07 ± 2.01 2.64–12.58

AGE, age; ALAT, alanine aminotransferase; ASAT, aspartate aminotransferase;
BSA, body surface area; BT, total bilirubin; CREA, creatinine; GGT, g-glutamyl
transferase; HB, hemoglobin; HGT, height; PAL, alkaline phosphatase; PNN,
neutrophil count; WGT, weight.
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sixth hour to the eighth, to reach a target MTX

concentration at the end of the infusion (Cmax) of

1000 mmol/l [10].

K The last phase (leucovorin rescue) started 36 h

after the start of the MTX infusion and consisted of a

15-mg leucovorin infusion every 6 h until the MTX

concentration dropped below 0.2 mmol/l. In case of low

elimination of MTX, leucovorin doses were increased

according to standard recommendations.

Hydration and urine alkalinization were monitored for the

total duration of the three phases.

Sampling times

Venous blood samples were all collected into heparinized

tubes at the following times: before the beginning of the

infusion (T0), then 3.5 and 4.5 h into the infusion, at the

end of the MTX infusion (Cmax), 30 and 47 h after

the beginning of the infusion, and thereafter, every 24 h

until the residual MTX concentrations dropped below

0.2 mmol/l.

Methotrexate assay

Blood samples were immediately centrifuged at 3000g for

5 min at room temperature. MTX plasma concentrations

were measured by fluorescence polarization immunoassay

with a TDX FLX analyzer (Abbott Laboratories, Abbott

Park, Illinois, USA). The limit of quantification of

this assay was 0.01 mmol/l with an interday precision of

6.7% [14].

Bayesian estimation and dose adjustment

For all patients, Bayesian estimation using Apis software

[15] had been performed in real time with the two MTX

concentration values collected at 3.5 and 4.5 h and using a

reference population as described by Bruno et al. [16].

Individual PK parameters were computed, and the dose

administered from the sixth to the eighth hour was

tailored to reach the desired target Cmax.

Retrospective NONMEM analysis

Pharmacokinetic parameters

Retrospective determination of population and individual

pharmacokinetics parameters was performed with NON-

MEM 5.0 software. As recommended by Sheiner et al.
[17–19], two-compartment and three-compartment mod-

els, additive, multiplicative or mixed error models, first

order (FO) and first order conditional estimation (FOCE)

methods were tested and compared. The choice of the

best model was determined by comparisons of the

objective function criterion (decrease > 4), analyses of

the goodness of fit including observed MTX values

(dependent variable) versus population predicted values

(PRED) and individual predicted values (IPRED) and by

residuals analysis. The goodness of fit was analyzed using

Xpose (version 3.1) under S + (version 6.1) [20]. Using

the best model obtained for each patient, Bayesian

estimates were computed for clearance (CL), area under

the time-concentration curve (AUC), volume of distribu-

tion (Vd) and intercompartment constants (Kij).

Covariates analysis

Correlation between pharmacokinetics parameters and

the 14 covariates defined above were tested with Xpose

3.01 software [20], using three different statistical tools:

K General additive models (GAM), for which all

covariates that lead to a decrease of Akaike criterion

greater than 4 are considered to be significant.

K Bootstrap of the GAM (BOOT), which tests the

inclusion frequency of the covariates in linear and

nonlinear models (covariates improved the model

significantly if their inclusion frequency was greater

than 50%).

K Tree-based modeling (TREE), an algorithm that splits

the whole population into two subsets of patients in

which the mean of the PK parameter is statistically

different after the cutoff value of a covariate is reached.

All covariates statistically correlated with MTX clearance

were then integrated into the NONMEM base structural

model.

The monitoring/achievement of the target level of

0.2 mmol/l needed for leucovorin rescue

To validate the best estimation of the end time of

leucovorin rescue, we randomly split our whole data

set into a validation subset (15 patients) and a population

subset (34 patients).

We used the population model built from the pharmaco-

kinetics data of the 34 patients to perform a Bayesian

estimation of the pharmacokinetic profile of the valida-

tion subset, using two different LSS procedures:

K The first LSS retained only the concentration times

performed before T47 (h).

K The second LSS used all the samples withdrawn until

the MTX concentration was found to be equal to or

below 1 mmol/l.

The time at which the simulated MTX concentrations

reached the 0.2-mmol/l threshold was compared with the

actual time at which the concentration reached this level.

Results
Performance of tailored dosage: Cmax targeting

The mean MTX dose effectively delivered in the 49

patients was as follows: 24.4 g (range: 18–30). Clearances

ranged from 3.05 to 8.15 l/h (mean value of 6.57 ± 0.97 l/h)
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and the central volume of distribution ranged from 39.68

to 48.5 l (mean value of 42.75 ± 1.47 l).

The performance of the adaptive-dosing protocol of MTX

was determined by comparing the theoretical target

Cmax = 1000 mmol/l with the experimental one actually

assayed at the end of the infusion. The mean experi-

mental Cmax was 986.6 ± 132.3 mmol/l and the mean bias

was – 3 ± 16%, with an overall precision of 8%. No

significant difference was found between experimental

and target exposure (P = 0.24, paired t-test).

Dose adaptation scheduled for 6 h after the start of the

MTX infusion had been required in almost all patients

(n = 48). As predicted by the model, four patients had

already reached an MTX concentration above the Cmax

target at 6 h, and consequently MTX infusion was

stopped. No other patient with low MTX clearance has

been overexposed (Cmax > 1500 mmol/l), and only two

with high MTX clearances had recorded a Cmax below

700 mmol/l (630 and 660 mmol/l).

Retrospective NonMEM and Xpose analysis

NONMEM basic model

The pharmacokinetics of HD-MTX was best described

by a three-compartment model with a mixed error model,

using the FOCE method (ADVAN 11, TRANS 4; Fig. 1).

Excellent subsequent fitting of the measured concentra-

tions was achieved (Fig. 2). The basic model (i.e. without

covariates) gave a typical value of MTX clearance of

6.41 l/h with interindividual variability (CV%) of 20%.

Covariates analysis and NONMEM final model

Methotrexate clearance

Among the 14 covariates tested using GAM and bootstrap

of the GAM in Xpose v3 software, only two (ALAT and

CRCL) have been found to be correlated with MTX

clearance. It is worth noting that no relationship between

Fig. 1
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Correlation between experimental and predicted MTX concentrations in plasma (DV vs. IPRED). Graphic display of the relationship between
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the BSA and MTX clearance has been demonstrated, as

shown in Fig. 3.

Tree-based modeling demonstrated that patients with

CRCL below 89 mmol/l and those with ALAT above

20 UI/l had statistically significant decreases of MTX

clearance of 10 and 15%, respectively (Table 2).

The inclusion of ALAT [CL = y1*(1 + y7*ALAT)] or

CRCL (if CRCL r 89 mmol/l, CL = y1; if CRCL

> 89 mmol/l, CL = y3) in the NONMEM model yielded

statistically significant improvements, with respective

decreases in the objective function of – 22 and – 19

(P < 0.05).

The final model has been defined as follows: If CRCL

r 89 mmol/l, [CL = y1*(1 + y8*ALAT)] and if CRCL

> 89 mmol/l, [CL = y3*(1 + y8*ALAT)]. The inclusion

of these covariates improved the NONMEM model

significantly, with a decrease in the objective function

of – 42 (P < 0.005) and of interindividual variability

(CV% = 11.8).

Volume of distribution

Only three covariates (HGT, BSA and HB) were

correlated with the volume of distribution (Table 2).

Limited sampling strategies for leucovorin rescue

monitoring

Among the different LSSs tested, the one that used all

the samples withdrawn, until one MTX concentration

was equal to or below 1 mmol/l, gave the best results

for the estimation of the terminal elimination phase;

this LSS allowed us to determine accurately the next

time when the MTX concentrations reached 0.2 mmol/l.

Comparison between the estimated time to reach

0.2 mmol/l and the actual time to do so showed a

mean error of 0.3 h, without any statistical bias. Among

the 15 patients in our validation set, 10 would have their

hospitalization times reduced by at least 1 day (Table 3)
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Table 2 Impact of covariates on MTX clearance

Cutoff
value

< Cutoff
value

> Cutoff
value

Difference
(%)

Mean MTX clearance (l/h) when covariates are
CRCL (ml/min) 89 5.945 6.607 10
ALAT (UI/l) 20 6.671 5.692 15

Mean volume of distribution (l) when covariates are
HGT (cm) 181 21.76 22.63 4
BSA (m2) 1.64 21.35 22.08 3
HB (g/dl) 13.45 21.75 22.45 3

ALAT, alanine aminotransferase; BSA, body surface area; CRCL, creatinine
clearance; HB, hemoglobin; HGT, height; MTX, methotrexate.
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and the average reduction in the number of blood

samples would have been two.

Discussion
The introduction of HD-MTX administration with

leucovorin rescue by Jaffe in 1972 dramatically improved

the management of osteogenic sarcoma. Several studies

have demonstrated that the response to HD-MTX is

correlated with the delivered dose and the serum level of

MTX, thus stressing the need for developing adaptive-

dosing methods [3,4,6,21]. Our institute has developed

over the past decade Bayesian, dynamic adaptive dosing

with feedback methods, which can be applied to various

anticancer drugs such as CDDP, CBDCA, etoposide and

MTX [11,22–24]. Dose adjustment is normally per-

formed, to reach a predetermined plasma concentration

that is associated with optimal response and fully

manageable toxicities.

The toxicity of HD-MTX is, in main part, related to its

concentration in the terminal elimination phase [25].

Correlations between MTX PK parameters and tumor

responses have been examined in several studies [3,26].

We previously demonstrated that therapeutic drug

monitoring of HD-MTX was feasible in a routine clinical

setting in patients with inflammatory breast cancer, and

that it did indeed reduce interpatient variability [11,14].

No multivariate analysis has, however, been performed to

identify the covariates associated with MTX clearance;

unpredictably, some patients with impaired elimination

were forced to stay longer in our institute for extra

leucovorin rescue with daily sampling until the MTX

concentrations fell below 0.2 mmol/l, which is the thresh-

old usually associated with toxicity and requiring

leucovorin rescue. In this study, we retrospectively

examined the possible correlation between MTX clear-

ance, distribution volume and a number of covariates, as

an attempt to detect patients with reduced elimination

patterns.

To examine the critical terminal elimination phase, we

used a three-compartment model that takes better

account of patients with a low MTX elimination rate

[27]. Among the 14 examined covariates, only ALAT and

CRCL were correlated with MTX elimination clearance.

Importantly, we found that BSA was not correlated with

drug clearance, thus confirming that adjusting doses of

this anticancer drug with BSA is certainly not adequate:

considering the narrowness of the MTX therapeutic

window, this type of dose adjustment is potentially

hazardous for cancer patients.

Moreover, CRCL was correlated with MTX clearance. Not

surprisingly, ALAT was strongly correlated with MTX

clearance. One of the principal metabolic pathways of

MTX is hepatic, as MTX is metabolized into 7-OH-MTX,

which is a less active metabolite [28]. Regarding the impact

of ALAT on the MTX PK profile, liver dysfunction could

lead to impaired metabolism and explain the increased

toxicities (e.g. renal and hematologic) observed in patients

with liver disease. These data are fully consistent with

previous observations by Evans et al. [29], which demon-

strated that change in hepatic and renal function could

explain delayed MTX clearance, even when creatinine and

bilirubin counts were normal [30].

We found that three covariates did correlate with

distribution volume. Interestingly, the mean distribution

volume increased with hemoglobin level, thus high-

lighting the fact that erythrocytes could be considered

as storage compartments for this drug, with several

pharmacological implications. Polyglutamation of MTX

occurs via intracellular conversion. The resulting meta-

bolites are at least as potent as MTX itself in inhibiting

DHFR, but with a slower dissociation rate from this

enzyme [28,30]. Like MTX, 7-OH-MTX is also poly-

glutamylated in the cells, and the retention of these

polyglutamated forms in the erythrocytes could therefore

contribute to MTX toxicity. One of our principal aims was

to estimate when the MTX concentration dropped below

0.2 mmol/l [14,30], as soon as possible after the event.

Accurate early estimation of this reaching of the 0.2-

mmol/l threshold would indeed avoid daily sampling of the

patients. On the basis of our Bayesian prediction, we

found that 10 out of the 15 patients in our study (60%)

would have been authorized to leave the institute safely

at least 1 day before they actually did, thus improving

their quality of life and being cost-effective. Importantly,

we found that early samples collected during the infusion

were sufficient to make an accurate estimation of the late

MTX elimination phase; therefore, it would not be

necessary to sample patients on a daily basis anymore to

manage the use of leucovorin.

Table 3 Comparison between simulated 0.2 lmol/l reaching time
and actual values

Patients Theoretical
time

MTX < 0.2
(h)

Real time
MTX < 0.2

(h)

Difference
(h)

Bias (%) Real out
time (h)

Difference
(h)

1 85 95 10 10.5 124 39
2 60 60 0 0.0 76 16
3 48 48 0 0.0 52 4
4 50 50 0 0.0 76 26
5 48 48 0 0.0 76 28
6 50 48 – 2 – 4.2 76 26
7 62 59 – 3 – 5.1 76 14
8 76 72 – 4 – 5.6 76 0
9 62 56 – 6 – 10.7 76 14

10 76 74 – 2 – 2.7 82 6
11 60 60 0 0.0 76 16
12 72 70 – 2 – 2.9 76 4
13 65 63 – 2 – 3.2 76 11
14 135 145 10 6.9 172 37
15 68 65 – 3 – 4.6 76 8
Mean – 0.3 – 1.43 16.60
SD 4.4 4.92 11.69

MTX, methotrexate.
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Conclusion

Taken altogether, this study proves that it is possible to

administer HD-MTX with a good prediction of the MTX

elimination pattern, thus allowing for an early forecast of

each patient’s hospital stay, on the basis of a minimal

number of early samples. This strategy should reduce not

only the total number of samples to be withdrawn to

monitor MTX exposure, but also the overall hospital stay

in patients with osteosarcoma.
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