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                                                                                                                        Abstract

                                                            Background Children with Down syndrome have an increased risk of developing acute lymphoblastic leukemia and a poor tolerance of methotrexate. This latter problem is assumed to be caused by a higher cellular sensitivity of tissues in children with Down syndrome. However, whether differences in pharmacokinetics play a role is unknown.Design and Methods We compared methotrexate-induced toxicity and pharmacokinetics in a retrospective case-control study between patients with acute lymphoblastic leukemia who did or did not have Down syndrome. Population pharmacokinetic models were fitted to data from all individuals simultaneously, using non-linear mixed effect modeling.Results Overall, 468 courses of methotrexate (1–5 g/m2) were given to 44 acute lymphoblastic leukemia patients with Down syndrome and to 87 acute lymphoblastic leukemia patients without Down syndrome. Grade 3–4 gastrointestinal toxicity was significantly more frequent in the children with Down syndrome than in those without (25.5% versus 3.9%; P=0.001). The occurrence of grade 3–4 gastrointestinal toxicity was not related to plasma methotrexate area under the curve. Methotrexate clearance was 5% lower in the acute lymphoblastic leukemia patients with Down syndrome (P=0.001); however, this small difference is probably clinically not relevant, because no significant differences in methotrexate plasma levels were detected at 24 and 48 hours.Conclusions We did not find evidence of differences in the pharmacokinetics of methotrexate between patients with and without Down syndrome which could explain the higher frequency of gastrointestinal toxicity and the greater need for methotrexate dose reductions in patients with Down syndrome. Hence, these problems are most likely explained by differential pharmaco-dynamic effects in the tissues between children with and without Down syndrome. Although the number of patients was limited to draw conclusions, we feel that it may be safe in children with Down syndrome to start with intermediate dosages of methotrexate (1–3 g/m2) and monitor the patients carefully.
                                                            
                                                            Introduction
Down syndrome (DS) is one of the most common congenital chromosome abnormalities, with a prevalence of 16 per 10,000 live births in the Netherlands.1 Children with DS have an increased risk of developing both acute myeloid leukemia, as well as acute lymphoblastic leukemia (ALL).2
DS-ALL patients differ in presenting characteristics from ALL patients without DS (non-DS-ALL). For instance, a lower frequency of T-cell ALL2–5 and CD10-negative ALL (pro-B-cell ALL) is found in DS-ALL.4 Moreover, there are differences in the distribution of genetic abnormalities, with lower frequencies of unfavorable characteristics such as MLL-AF4 and the Philadelphia-chromosome, as well as lower frequencies of favorable characteristics such as high hyperdiploidy and TEL-AML1 in DS-ALL cases.2,3,6
Several studies indicate that the prognosis of children with DS-ALL is poorer than that of non-DS-ALL patients.2,3,7 Whitlock et al. reported that children with DS-ALL treated according to the National Cancer Institute’s standard-risk arm in Children’s Oncology Group protocols had a worse outcome compared to children with non-DS-ALL.2 In contrast, DS-ALL and non-DS-ALL patients stratified in the National Cancer Institute’s high-risk arm did not show significant differences in outcome. This suggests that DS-ALL cells are relatively resistant to chemotherapy and that intensification of therapy for DS-ALL patients may be warranted.2 Furthermore, this study suggests that the National Cancer Institute classification may not be appropriate for risk-group stratification in DS-ALL. Preliminary results of the ALL-BFM 2000 study showed no significant differences in minimal residual disease levels in the first 3 months of treatment between DS-ALL and non-DS-ALL children, nor in relapse risk (6.1% in DS patients versus 11.4% in non-DS patients).8,9 Of interest, the risk of serious adverse events was significantly higher in DS-ALL patients (23.4%) than in non-DS-ALL (6%) patients, as was the cumulative incidence of treatment-related deaths (9% versus 2%).8,9 These data suggest that treatment intensification in DS-ALL patients needs to be carefully balanced against the risk of enhanced toxicity and a potential excess in treatment-related mortality.
One of the key agents used in the treatment of ALL is methotrexate. Methotrexate inhibits dihydrofolate reductase, leading to inhibition of DNA synthesis. Methotrexate polyglutamylation increases the intracellular retention of the drug, which is an important parameter of methotrexate’s efficacy.10–13 Methotrexate is associated with side effects, especially mucositis, liver toxicity and myelosuppression. Patients can be rescued from excessive toxicity with leucovorin, which is routinely administered following the infusion of higher dosages of methotrexate. It is well-known that DS-ALL patients are more susceptible to methotrexate-induced side-effects than non-DS-ALL patients,14,15 which is due to the higher cellular sensitivity of tissues affected by methotrexate, such as the mucosa and bone marrow. This vulnerability often results in reductions of the methotrexate dose. It is not known whether the differences in toxicity between DS and non-DS children also reflect differences in methotrexate pharmacokinetics. The only available study, by Garré et al., showed that methotrexate plasma concentrations 42 h after the start of infusion were significantly higher in five DS-ALL patients than in three non-DS-ALL patients.16
We performed a retrospective case-control study of 44 children with DS-ALL and 87 non-DS-ALL controls, enrolled in Dutch Childhood Oncology Group (DCOG) studies. The aim of this study was to identify differences in methotrexate pharmacokinetics between DS and non-DS children, and whether any differences found were related to side effects.
Design and Methods
Patients
We identified all DS-ALL patients enrolled in three consecutive DCOG treatment protocols: DCOG ALL-8, −9 and −10 studies, conducted between November 1991 and December 2006. The children were enrolled in the eight participating University Hospitals in the Netherlands. Only children who were treated according to the protocols and in complete remission after induction therapy were included. For each DS-ALL case, we selected two non-DS-ALL controls who were matched for treatment protocol, sex and body surface area.
Treatment protocols and methotrexate administration
From 1991 until January 1997, children with newly diagnosed ALL were enrolled in the BFM-based treatment protocol DCOG-ALL-8.17 Patients were stratified into three risk groups: standard, medium and high risk. Patients with standard and medium risk received high-dose methotrexate courses (5 g/m/course in 24 h), given every 2 weeks for a total of four courses, combined with intrathecal triple therapy consisting of methotrexate/Di-Adreson Faquosum/cyatrabine, and oral 6-mercaptopurine (25 mg/m/day) given once daily for 8 weeks. Patients in the medium-risk group were randomized to receive this block with either oral low-dose 6-mercaptopurine or intravenous high-dose 6-mercaptopurine (1300 mg/m, directly following the methotrexate infusions) every 2 weeks. High-risk patients received high-dose methotrexate (5 g/m/course in 24 h) in two of the three high-risk blocks. Three doses of leucovorin rescue (standard-risk group: 15 mg/m; medium and high-risk groups: first dose 30 mg/m; subsequent doses 15 mg/m) were given every 6 h, starting 36 h after the start of the methotrexate infusion for standard-risk patients, and at 42 h for medium and high-risk patients.
The DCOG-ALL-9 protocol (1997–2004) stratified children into two risk groups; non-high-risk and high-risk. Non-high-risk patients received three high-dose methotrexate courses (2 g/m/course in 24 h) given once weekly and high-risk patients received four high-dose methotrexate courses (3 g/m/course in 24 h), given every 2 weeks. High-dose methotrexate courses were combined with intrathecal therapy at the start of every methotrexate infusion. Children in the non-high-risk group were not given 6-mercaptopurine; those in the high-risk group received oral 6-mercaptopurine (50 mg/m, once daily) for 8 weeks. Leucovorin rescue therapy (15 mg/m) was initiated 36 h after the start of the infusion, and was administered every 6 h for three doses.18
From November 2004 onwards, children with ALL were treated according to the DCOG-ALL-10 protocol, which is ongoing. Patients were stratified into three risk groups; standard, medium and high-risk. Standard- and medium-risk patients received high-dose methotrexate courses (5 g/m/course in 24 h), given every 2 weeks for a total of four courses. These high-dose methotrexate courses were combined with intrathecal therapy and oral 6-mercaptopurine (25 mg/m, once daily) for 8 weeks. Leucovorin rescue (15 mg/m) was given every 6 h starting 42 h after the beginning of the methotrexate infusion, for a minimum of three doses. High-risk patients received three blocks with high-dose methotrexate (5g/m/course in 24 h) after which they eligible for stem cell transplantation or three further high-risk courses if they did not have suitable donors. Leucovorin rescue therapy (15 mg/m) was initiated 42 h after the start of the infusion and was given every 6 h.
All protocols used similar supportive care guidelines for administration of high-dose methotrexate, including hyperhydration (2.5–3.0 L/m/day), and urine alkalinization (using sodium bicarbonate infusion, aiming at producing urine with a pH between 7 and 8). If methotrexate plasma levels were 0.4 μmol/L or higher 48 h after the start of the methotrexate infusion, hyperhydration, alkalinization and leucovorin rescue were continued for at least another 24 h. The plasma level of methotrexate required to discontinue these measures was 0.25 μmol/L or below at 72 h or later. No specific guidelines regarding methotrexate administration for DS patients were provided in any of these protocols. The methotrexate and leucovorin dosages are specified in detail in Table 1.
Methotrexate toxicity and plasma levels
The data were extracted from patients’ files, and included the number of methotrexate courses, the dose of methotrexate that was prescribed, the methotrexate plasma levels, the leucovorin rescue that was given, the hyperhydration and urine alkalinization procedures, as well as side-effects during and after the methotrexate infusion until the next block of chemotherapy. Toxicity data were graded according to the Common Toxicity Criteria for Adverse Events (CTCAE) version 3.0. Methotrexate plasma levels were recorded 48 h after the start of the methotrexate infusion, as well as at additional time-points in the case of high levels, or in case the hospital routinely determined plasma levels at other time-points. Other items that were tabulated included co-medication, delays in starting subsequent therapy elements, creatinine and liver function tests. In a few cases the exact time of the methotrexate plasma level determination was missing; in these cases the assumption was made that the physicians followed the treatment protocol, and that samples had been taken at the prescribed time-points.
Pharmacokinetic analysis
The pharmacokinetic model was fitted to the data from all individuals simultaneously, using non-linear mixed effect modeling (NON-MEM).19 The population parameters, intra- and inter-patient and residual variances were estimated using the NONMEM software program (double precision; version VI, level 1.0). The first-order conditional estimate method was used throughout the analysis.
Methotrexate pharmacokinetics was described according to a two-compartmental model with a first order elimination from the central compartment. The following parameters were estimated: the volume of distribution of the central compartment (V1), clearance from the central compartment (CL), volume of distribution of the peripheral compartment (V2) and inter-compartmental clearance (Q). In the structural model pharmacokinetic parameter values were standardized for a body weight of 70 kg using an allometric model.20 For instance CL and V1 were standardized as CLpop = CLstd • (WT/70)0.75 and V1pop = V1std • (WT/70), where CLpop and V1pop are typical population parameter values in individuals with a certain weight (WT) and CLstd and V1std are the standard values for patients with a weight of 70kg. Inter-and intra-patient variability of the pharmacokinetic parameters was estimated using an exponential error model. For instance, inter- and intra-individual variability in CL was estimated using: CLi = CLpop x exp (ηi + κi) where CLi represents the clearance of individual i, and η and κ are the respective inter- and intra-patient random effects with a mean of zero and a variance ω2. The covariance between inter-patient variability was estimated as well. The residual variance in a NONMEM model corresponds to the difference between the observed concentration (Cobs) and predicted concentration (Cpred). The latter is predicted on the basis of individual parameters (CLi, V1i, etc.). Residual variance was modeled with a combined additive and proportional error model: Cobs, i = ɛ1 + Cpred, i (1 + ɛ2), where ɛ1 and ɛ2 are independent random variables with zero mean and common variances of σ2. The adequacy of the developed model was evaluated by examination of the precision of the parameter estimates, the values of random-effect variances and various diagnostic plots.20–23
In order to explain the pharmacokinetic variability between and within the patients, relationships were investigated between pharmacokinetic parameters and various characteristics of the patients. Covariates were introduced in a multiplicative way. Categorical variables, such as DS, were modeled as: CLi = CLpop x θ , where CLpop is the population value for methotrexate clearance in non-DS patients (exponent DOWN=0) and θ is the fractional change in clearance in DS patients (DOWN = 1). Continuous variables, such as creatinine clearance (CRCL), were modeled centered around the median value in the population: CLi = CLpop * (CRCL/142) , where CLpop is the methotrexate clearance in individuals with a CRCL of 142 mL/min and θ is an exponential. The objective function value was used for comparison of the models. Discrimination between hierarchical models was based on the objective function value using the log-likelihood ratio test. A P value of 0.05, representing a decrease in the objective function value of 3.8 units, was considered statistically significant (df=1).19
Individual pharmacokinetic parameters were generated by Bayesian analysis. On the basis of these parameters, individual plasma concentration-time profiles were generated for the assessment of the area under the plasma concentration versus time curve (AUC), and the plasma concentration 48 h after the start of the methotrexate infusion.
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Table 1.Methotrexate and standard leucovorin rescue dosages in the three Dutch Childhood Oncology Group ALL treatment protocols.
Statistics
The Statistical Package for the Social Sciences (SPSS) analysis system (v.15.0, SPSS Inc., Chicago, IL, USA) was used for statistical comparisons. To analyze differences between DS-ALL and non-DS-ALL patients, non-parametric matched paired analysis was applied. The non-parametric Cochran test for k related samples was used for toxicity parameters with binary values. Analyses were two-tailed and the level of statistical significance was set at less than <0.05.
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Table 2.Characteristics of the syndrome’s DS-ALL patients and their non-DS-ALL matched controls.
Results
Patients’ characteristics
In total 47 DS-ALL patients, enrolled in protocols DCOG ALL-8, −9 and −10, were identified in the DCOG database. Three patients died during induction therapy and could not, therefore, be evaluated. For the remaining 44 DS-ALL patients (25 boys, 19 girls), 87 matched non-DS-ALL controls (50 boys, 37 girls) were selected. One patient with DS was matched to one instead of two non-DS-ALL patients, because no other appropriate control could be identified.
The patients’ characteristics are shown in Table 2. All DS-ALL patients had B-cell-precursor ALL, and 7/87 (8%) non-DS-ALL patients had T-cell ALL. DS-ALL patients were slightly older than the non-DS-ALL patients (3.4 versus 5.4 years, respectively; P=0.02), which was the result of matching according to body surface area. There was a difference in median presenting white blood cell count between DS and non-DS children (8.8×10/L versus 26.9×10/L, respectively; P=0.005). Five DS-ALL patients had significant comorbidity, including complex congenital heart failure (n=3; surgically corrected before the diagnosis of ALL in all of them), hypothyroidism (n=1), and diabetes mellitus (n=1). However, all patients were in a clinically good condition before they were diagnosed with DS-ALL, and all were treated with curative intent.
Methotrexate treatment
In total, 468 high-dose methotrexate courses were administered to the 44 DS-ALL children (n = 152 courses) and 87 non-DS-ALL children (n = 366 courses). Dose reductions were applied in DS-ALL patients in 26 of the 152 (17.1%) methotrexate courses, in 9 out of the 44 (20.5%) patients; in contrast, none of the non-DS-ALL patients had a dose reduction. Three DS-ALL patients received one course less than required per protocol, and one non-DS-ALL patient received three instead of four courses because of severe methotrexate-induced side effects (P=0.68). Dose reduction was electively initiated from the first course onwards, in anticipation of possible greater toxicity, in 18/26 courses in five DS children. In 8 of 26 courses in four DS patients, dose reductions were applied from the second or subsequent courses onwards because of documented excessive toxicity in earlier courses of high-dose methotrexate. Dose reductions occurred in protocol DCOG ALL-9 at the 2 g/m methotrexate dose (2 courses in 1 patient), and in protocol DCOG ALL-10 at the 5 g/m dose (6 courses in 3 patients). Of interest, the number of DS patients requiring dose reductions in the second or subsequent courses due to excessive toxicity in earlier courses was 1/27 (3.7%) patients when treated at the 2–3 g/m dose level, and 3/12 (25%) patients when treated at the 5 g/m dose level (P=0.046).
Toxicity of high-dose methotrexate courses
We first evaluated the frequency of grade 3–4 toxicities after the first high-dose methotrexate course only (after excluding the five DS-ALL patients with initial dose reductions in anticipation of greater toxicity), as toxicity in later courses was influenced by dose reductions and cumulative toxicity. DS patients experienced a significantly higher frequency of grade 3–4 gastrointestinal toxicity than did non-DS-ALL patients (DS: 13/38 patients (34.2%) versus non-DS: 3/76 patients (3.9%); P=0.001), as shown in Table 3.
We next compared the cumulative frequencies of grade 3–4 toxicities, in this analysis including methotrexate courses 2, 3 and 4 in all patients. Despite dose reductions, children with DS still had a higher risk of cumulative grade 3–4 gastrointestinal toxicity than had non-DS-ALL patients (27/102 patients (26.5%) versus 8/204 patients (3.9%), respectively; P=0.001).
DS patients did not experience enhanced hematologic toxicity. Moreover, no difference in hematologic toxicity was found between DS-ALL patients who did or did not receive 6-mercaptopurine during methotrexate therapy (P=0.58). The same lack of difference in hematologic toxicity was observed when comparing the non-DS-ALL controls who did or did not receive 6-mercaptopurine (P=0.74).
Neurological toxicity (grades 1–4) was reported in three DS (in 5 courses) and in three non-DS patients (in 4 courses). Grade 4 methotrexate encephalopathy, consisting in seizures, unconsciousness, and/or transient hemipareses, occurred in one DS patient (in 2 courses) and in two non-DS patients (in 1 course per patient).
Methotrexate pharmacokinetics
Figure 1 shows the observed methotrexate plasma concentrations and the diagnostic plots of the developed population pharmacokinetic model in DS-ALL and non-DS-ALL patients. The population pharmacokinetic parameters are given in Table 4. Predicted concentrations are evenly distributed around the line of unity, indicating the ‘goodness of fit’ of the model. For each patient the individual estimates of CL, Q, V1 and V2 were obtained by Bayesian analysis. On the basis of these parameters, individual plasma concentration-time profiles were calculated.
[image: ]

Figure 1.Methotrexate plasma levels and diagnostic plots of the population pharmacokinetic model. Methotrexate plasma levels at various time-points following the start of a 24 h methotrexate-infusion in DS-ALL: (A) n=152 courses in 44 patients and non-DS-ALL (B) n=316 courses in 87 patients. Each dot represents a plasma level in a patient measured at a given time-point. Plasma concentrations at 48 h were available for all patients whereas levels at 1 h and 24 h were only determined in some of the hospitals. In case of methotrexate levels of 48 h > 0.4 μmol/L, monitoring of methotrexate levels was continued. (C) The predicted methotrexate concentrations calculated by the NONMEM two-compartment model versus observed concentrations for all patients. The points are evenly distributed around the line of unity indicating the goodness of fit of the model. Deviations from the line are caused by intra- and inter-patient variability and residual variability. (D) Individually (Bayesian) predicted methotrexate concentrations versus observed concentrations for all patients. All dots are close to the line of unity indicating limited residual variability.
The two-compartment pharmacokinetic model adequately described the data, and the parameters were generally well estimated as indicated by their standard errors. Allometric normalization of clearances for weight reduced the inter-patient variability from 45% to 31%. Both inter-and intra-patient variability in clearance was moderate with values of 31% and 15%, respectively. Covariate analysis revealed that methotrexate clearance was 5% lower in DS-ALL patients than in non-DS-ALL patients (P=0.001). Median (range) post-hoc values for clearance were 4.7 (2.4–11.9) L/h and 4.9 (1.3–10.4) L/h in DS-ALL and non-DS-ALL patients, respectively; standardized values were 12.3 (7.3–18.9) L/h/70 kg and 13.0 (4.6–25.2) L/h/kg, respectively. No relationship was found between the pharmacokinetic parameters and the treatment center or treatment protocol, methotrexate dose, hyperhydration (L/m), number of leucovorin dosages, creatinine clearance, age, white cell count, bilirubin or aspartate aminotransferase levels.
The 5% difference in methotrexate clearance between DS-ALL and non-DS-ALL patients is small, which is further demonstrated by the fact that no significant differences were detected in the plasma concentration of methotrexate 24 and 48 h after the start of the methotrexate infusions. At 24 h, the median methotrexate level in DS-ALL patients was 38.74 μmol/L (range, 0.38–133.11 μmol/L; 25 and 75 percentiles: 19.7–66.3 μmol/L) and that in non-DS patients was 36.49 μmol/L (range, 7.62–261.49 μmol/L; 25 and 75 percentiles: 22.8–63.5 μmol/L) (P=0.51). At 48 h, the median methotrexate level in DS-ALL patients was 0.28 μmol/L (range, 0.04–9.57 μmol/L; 25 and 75 percentiles: 0. 15–0.51 μmol/L), while that in non-DS patients was 0.27 μmol/L (range, 0.06–14.63 μmol/L; 25 and 75 percentiles 0.17–0.41) (P=0.41). After stratification for the various dosages of methotrexate that were administered to the patients (either 2, 3 or 5 g/m/course), again methotrexate plasma levels did not differ significantly between DS-ALL and non-DS-ALL children.
The methotrexate plasma levels were 0.4 μmol/L or higher at 48 h, which is the cut-off value used in DCOG centers for additional leucovorin rescue, in 36.4% of the methotrexate courses in DS-ALL patients, compared to in 27.7% of the courses in non-DS-ALL patients (P=0.14). No correlation was found between the methotrexate AUC (range, 276–2603 μmol/L*h) of the first course of methotrexate and grade 3–4 toxicity in the DS-ALL patients, although the number of patients in the 5 g/m group was limited (Figure 2). We also did not observe a clear correlation when all subsequent courses were included. Grade 3–4 toxicity occurred both at low and high AUC, and was even seen at the lowest AUC of 276 μmol/L*h in one DS-ALL patient.
[image: ]

Table 3.Frequency of grade 3/4 toxicities in DS-ALL and non-DS-ALL patients after high-dose methotrexate therapy blocks.
Discussion
Given the well-known reduced tolerance of methotrexate in children with DS, we performed a retrospective case-control study to determine whether the enhanced susceptibility for methotrexate-induced side-effects is not only due to the well-known difference in cellular sensitivity (for instance of the mucosa), but whether it is also the result of differences in pharmacokinetics between DS-ALL and non-DS-ALL patients.2,16,24
In our study, a significantly higher proportion of children with DS experienced methotrexate-induced gastrointestinal toxicity compared with the non-DS controls, which is consistent with other reports.2,16,24,25 Dose reductions were applied both in anticipation of possible toxicity, and because of apparent excessive toxicity, and were restricted to DS patients only. However, due to excessive toxicity both DS-ALL patients (n=3) and one non-DS-ALL patient, each received one course less than required per protocol.
[image: ]

Table 4.Population pharmacokinetic parameters for methotrexate in children with ALL.
A two-compartment pharmacokinetic model was constructed to characterize the pharmacokinetics of methotrexate. The methotrexate clearance observed in this study was concordant with that found in other studies.26–29 For instance, Relling et al. reported a mean methotrexate clearance of 99.9 mL/min/m (~0.149 L/h/kg) in 134 children enrolled in the St. Jude Total Therapy study XII for newly diagnosed ALL.26 We found that methotrexate clearance was 5% lower in the DS-ALL patients than in the non-DS-ALL patients. This is only a marginal difference, and probably not clinically relevant, which is reflected by the fact that methotrexate plasma concentrations in DS-ALL and non-DS-ALL patients did not differ at either 24 h or 48 h after the start of the infusion. Altogether, we did not observe major differences in methotrexate pharmacokinetics between DS-ALL and non-DS-ALL children, which would explain the enhanced rate of side effects in DS children. The only other study regarding methotrexate pharmacokinetics in DS-ALL found significantly higher plasma concentrations in DS-ALL patients, but numbers were small (5 DS-ALL and 3 non-DS-ALL patients).16
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Figure 2.Correlation of methotrexate area under the curve (AUC) versus gastrointestinal toxicity in the first methotrexate course in DS-ALL patients only. CTC: Common Toxicity Criteria for Adverse Events. CTC grade 0–2 and grade 3–4 versus the methotrexate AUC. Number of patients per subgroup: <1000 μmol/L*h: n=29, 1000–2000 μmmol/L*h: n=11, 2000–3000 μmmol/L*h: n=4.
We could not relate clinically severe toxicity to the methotrexate AUC, and toxicity was not restricted to DS-patients with higher plasma levels only. This suggests that the enhanced frequency of gastrointestinal side effects in the DS patients must have been related to pharmacodynamic differences of the gastrointestinal mucosa between DS and non-DS children. Several differences in methotrexate pharmacodynamics between DS and non-DS children have been reported in the literature. For instance, patients with DS have lower folate levels than control patients without DS, which may result in enhanced polyglutamylation and methotrexate-induced cell-killing.16,30 Another plausible explanation for the observed methotrexate toxicity in DS patients could be a gene dosage effect for enzymes found on chromosome 21.30,31 In particular, the reduced folate carrier gene (RFC), which is responsible for methotrexate transport over the cell-membrane, is localized on chromosome 21q22.15,32 However, at higher concentrations passive diffusion of methotrexate across the cell-membrane may also occur.33,34 This may explain why, in an earlier study, we could not demonstrate higher sensitivity of DS-ALL cells to methotrexate, compared to non-DS ALL cells.32
Furthermore, polymorphisms in genes linked to the pharmacodynamics of methotrexate, such as folate-metabolism related genes, could give rise to enhanced toxicity, as has been shown in previous studies by us and others.35–38 Children harboring polymorphisms exhibited significantly more gastrointestinal toxicity. More knowledge on folate-related polymorphisms may contribute to further individualization of methotrexate treatment in ALL and specifically for DS-ALL patients.
It remains a challenge to advise clinicians on the right dose of methotrexate to use in DS patients. Even in non-DS-ALL patients, different protocols incorporate different dosages, and there seems to be no consensus on the best dose of methotrexate to use. In this retrospective study, a significantly higher number of DS patients were given a dose reduction in subsequent courses of methotrexate when treated with higher doses (5 g/m/course) than when treated with intermediate doses (1–3 g/m/course). Of interest, the number of DS patients requiring dose reductions due to excessive toxicity in earlier courses was 3.7% when treated with 2–3 g/m, and 25% when treated with 5 g/m. Although the number of patients in our series is limited, we feel that it may be safe to start with intermediate dosages of methotrexate, followed by careful monitoring. The fear of enhanced toxicity, however, needs to be balanced against efficacy, as DS-ALL cells are not more sensitive to chemotherapy than non-DS-ALL cells, a situation differing from that of myeloid leukemia in DS which is characterized by hypersensitivity to chemotherapy.32,39–41
In summary, we did not find evidence for differences in methotrexate pharmacokinetics between DS-ALL and non-DS-ALL patients, which might have explained the higher rate of grade 3–4 gastrointestinal toxicity and the greater need for methotrexate dose reductions in DS-ALL patients due to excessive toxicity in earlier courses. Hence, these differences are most likely explained by differential pharmacodynamic effects of methotrexate in tissues/organs between DS and non-DS children. Based on the clinical experience in this retrospective study, no major safety concerns were observed when using intermediate doses of methotrexate (1–3 g/m) in DS-ALL children, and hence this might be a safe dose to consider in future studies.
Acknowledgments
the authors would like to thank all the clinicians, nurses and laboratory technicians and data-managers in the DCOG centers that participated in this study.
Footnotes
	
Authorship and Disclosures
TDB and CMZ designed the study. VdH contributed to the selection of patients and was responsible for the clinical data at diagnosis. TDB, RP and CMZ analyzed and interpreted the data. TDB and RAAM performed the statistical analyses. RP and VdH reviewed the manuscript. TDB and RAAM and CMZ wrote the manuscript.
	
The authors reported no potential conflicts of interests.

	Received November 18, 2009.
	Revision received December 28, 2009.
	Accepted December 29, 2009.

References
	Weijerman ME, van Furth AM, Vonk Noordegraaf A, van Wouwe JP, Broers CJ, Gemke RJ. Prevalence, neonatal characteristics, and first-year mortality of Down syndrome: a national study. J Pediatr. 2008; 152(1):15-9. PubMedhttps://doi.org/10.1016/j.jpeds.2007.09.045Google Scholar

	Whitlock JA, Sather HN, Gaynon P, Robison LL, Wells RJ, Trigg M. Clinical characteristics and outcome of children with Down syndrome and acute lymphoblastic leukemia: a Children’s Cancer Group study. Blood. 2005; 106(13):4043-9. PubMedhttps://doi.org/10.1182/blood-2003-10-3446Google Scholar

	Chessells JM, Harrison G, Richards SM, Bailey CC, Hill FG, Gibson BE, Hann IM. Down’s syndrome and acute lymphoblastic leukaemia: clinical features and response to treatment. Arch Dis Child. 2001; 85(4):321-5. PubMedhttps://doi.org/10.1136/adc.85.4.321Google Scholar

	Dordelmann M, Schrappe M, Reiter A, Zimmermann M, Graf N, Schott G. Down’s syndrome in childhood acute lymphoblastic leukemia: clinical characteristics and treatment outcome in four consecutive BFM trials. Berlin-Frankfurt-Munster Group. Leukemia. 1998; 12(5):645-51. PubMedhttps://doi.org/10.1038/sj.leu.2400989Google Scholar

	Zeller B, Gustafsson G, Forestier E, Abrahamsson J, Clausen N, Heldrup J,  Acute leukaemia in children with Down syndrome: a population-based Nordic study. Br J Haematol. 2005; 128(6):797-804. PubMedhttps://doi.org/10.1111/j.1365-2141.2005.05398.xGoogle Scholar

	Forestier E, Izraeli S, Beverloo B, Haas O, Pession A, Michalova K. Cytogenetic features of acute lymphoblastic and myeloid leukemias in pediatric patients with Down syndrome: an iBFM-SG study. Blood. 2008; 111(3):1575-83. PubMedhttps://doi.org/10.1182/blood-2007-09-114231Google Scholar

	Hasle H, Clemmensen IH, Mikkelsen M. Risks of leukaemia and solid tumours in individuals with Down’s syndrome. Lancet. 2000; 355(9199):165-9. PubMedhttps://doi.org/10.1016/S0140-6736(99)05264-2Google Scholar

	Moericke AZM, Schwarz C, Mann G, Schmid H, Niemeyer C, Schrappe M.Paper presented at: ; 2006. Google Scholar

	Stanulla M, Cario G, Meissner B, Schrauder A, Moricke A, Riehm H, Schrappe M. Integrating molecular information into treatment of childhood acute lymphoblastic leukemia–a perspective from the BFM Study Group. Blood Cells Mol Dis. 2007; 39(2):160-3. PubMedhttps://doi.org/10.1016/j.bcmd.2007.04.005Google Scholar

	Kager L, Cheok M, Yang W, Zaza G, Cheng Q, Panetta JC. Folate pathway gene expression differs in subtypes of acute lymphoblastic leukemia and influences methotrexate pharmacodynamics. J Clin Invest. 2005; 115(1):110-7. PubMedhttps://doi.org/10.1172/JCI200522477Google Scholar

	Rots MG, Pieters R, Kaspers GJ, Veerman AJ, Peters GJ, Jansen G. Classification of ex vivo methotrexate resistance in acute lymphoblastic and myeloid leukaemia. Br J Haematol. 2000; 110(4):791-800. PubMedhttps://doi.org/10.1046/j.1365-2141.2000.02070.xGoogle Scholar

	Rots MG, Pieters R, Peters GJ, Noordhuis P, van Zantwijk CH, Kaspers GJ. Role of folylpolyglutamate synthetase and folylpolyglutamate hydrolase in methotrexate accumulation and polyglutamylation in childhood leukemia. Blood. 1999; 93(5):1677-83. PubMedGoogle Scholar

	Masson E, Relling MV, Synold TW, Liu Q, Schuetz JD, Sandlund JT. Accumulation of methotrexate polyglutamates in lymphoblasts is a determinant of antileukemic effects in vivo. A rationale for high-dose methotrexate. J Clin Invest. 1996; 97(1):73-80. PubMedGoogle Scholar

	Peeters MA, Rethore MO, Lejeune J. In vivo folic acid supplementation partially corrects in vitro methotrexate toxicity in patients with Down syndrome. Br J Haematol. 1995; 89(3):678-80. PubMedGoogle Scholar

	Taub JW, Ge Y. Down syndrome, drug metabolism and chromosome 21. Pediatr Blood Cancer. 2005; 44(1):33-9. PubMedhttps://doi.org/10.1002/pbc.20092Google Scholar

	Garre ML, Relling MV, Kalwinsky D, Dodge R, Crom WR, Abromowitch M. Pharmacokinetics and toxicity of methotrexate in children with Down syndrome and acute lymphocytic leukemia. J Pediatr. 1987; 111(4):606-12. PubMedhttps://doi.org/10.1016/S0022-3476(87)80131-2Google Scholar

	Kamps WA, Bokkerink JP, Hakvoort-Cammel FG, Veerman AJ, Weening RS, van Wering ER. BFM-oriented treatment for children with acute lymphoblastic leukemia without cranial irradiation and treatment reduction for standard risk patients: results of DCLSG protocol ALL-8 (1991–1996). Leukemia. 2002; 16(6):1099-111. PubMedhttps://doi.org/10.1038/sj.leu.2402489Google Scholar

	Veerman AJ, Kamps WA, van den Berg H, van den Berg E, Bokkerink JP, Bruin MC. Dexamethasone-based therapy for childhood acute lymphoblastic leukaemia: results of the prospective Dutch Childhood Oncology Group (DCOG) protocol ALL-9 (1997–2004). Lancet Oncol. 2009; 10(10):957-66. PubMedhttps://doi.org/10.1016/S1470-2045(09)70228-1Google Scholar

	Beal SL, Boeckman AJ, Sheiner L. NON-MEM: Users Guides. University of California: San Francisco; 1988–1992. Google Scholar

	Anderson BJ, Holford NH. Mechanism-based concepts of size and maturity in pharmacokinetics. Annu Rev Pharmacol Toxicol. 2008; 48:303-32. PubMedhttps://doi.org/10.1146/annurev.pharmtox.48.113006.094708Google Scholar

	Ette EI. Statistical graphics in pharmacokinetics and pharmacodynamics: a tutorial. Ann Pharmacother. 1998; 32(7–8):818-28. PubMedhttps://doi.org/10.1345/aph.17304Google Scholar

	Ette EI, Sun H, Ludden TM. Balanced designs in longitudinal population pharmacokinetic studies. J Clin Pharmacol. 1998; 38(5):417-23. PubMedGoogle Scholar

	Ette EI, Sun H, Ludden TM. Ignorability and parameter estimation in longitudinal pharmacokinetic studies. J Clin Pharmacol. 1998; 38(3):221-6. PubMedGoogle Scholar

	Peeters M, Poon A. Down syndrome and leukemia: unusual clinical aspects and unexpected methotrexate sensitivity. Eur J Pediatr. 1987; 146(4):416-22. PubMedhttps://doi.org/10.1007/BF00444952Google Scholar

	Shah N, Al-Ahmari A, Al-Yamani A, Dupuis L, Stephens D, Hitzler J. Outcome and toxicity of chemotherapy for acute lymphoblastic leukemia in children with Down syndrome. Pediatr Blood Cancer. 2009; 52(1):14-9. PubMedhttps://doi.org/10.1002/pbc.21737Google Scholar

	Aumente D, Buelga DS, Lukas JC, Gomez P, Torres A, Garcia MJ. Population pharmacokinetics of high-dose methotrexate in children with acute lymphoblastic leukaemia. Clin Pharmacokinet. 2006; 45(12):1227-38. PubMedhttps://doi.org/10.2165/00003088-200645120-00007Google Scholar

	Plard C, Bressolle F, Fakhoury M, Zhang D, Yacouben K, Rieutord A, Jacqz-Aigrain E. A limited sampling strategy to estimate individual pharmacokinetic parameters of methotrexate in children with acute lymphoblastic leukemia. Cancer Chemother Pharmacol. 2007; 60(4):609-20. PubMedhttps://doi.org/10.1007/s00280-006-0394-3Google Scholar

	Relling MV, Fairclough D, Ayers D, Crom WR, Rodman JH, Pui CH, Evans WE. Patient characteristics associated with high-risk methotrexate concentrations and toxicity. J Clin Oncol. 1994; 12(8):1667-2. PubMedGoogle Scholar

	Wall AM, Gajjar A, Link A, Mahmoud H, Pui CH, Relling MV. Individualized methotrexate dosing in children with relapsed acute lymphoblastic leukemia. Leukemia. 2000; 14(2):221-5. PubMedhttps://doi.org/10.1038/sj.leu.2401673Google Scholar

	Ueland PM, Refsum H, Christensen B. Methotrexate sensitivity in Down’s syndrome: a hypothesis. Cancer Chemother Pharmacol. 1990; 25(5):384-6. PubMedhttps://doi.org/10.1007/BF00686245Google Scholar

	Zwaan MC, Reinhardt D, Hitzler J, Vyas P. Acute leukemias in children with Down syndrome. Pediatr Clin North Am. 2008; 55(1):53-70. PubMedhttps://doi.org/10.1016/j.pcl.2007.11.001Google Scholar

	Zwaan CM, Kaspers GJ, Pieters R, Hahlen K, Janka-Schaub GE, van Zantwijk CH. Different drug sensitivity profiles of acute myeloid and lymphoblastic leukemia and normal peripheral blood mononuclear cells in children with and without Down syndrome. Blood. 2002; 99(1):245-51. PubMedhttps://doi.org/10.1182/blood.V99.1.245Google Scholar

	von Stackelberg A, Hartmann R, Buhrer C, Fengler R, Janka-Schaub G, Reiter A,  High-dose compared with intermediate-dose methotrexate in children with a first relapse of acute lymphoblastic leukemia. Blood. 2008; 111(5):2573-80. PubMedhttps://doi.org/10.1182/blood-2007-07-102525Google Scholar

	Belkov VM, Krynetski EY, Schuetz JD, Yanishevski Y, Masson E, Mathew S. Reduced folate carrier expression in acute lymphoblastic leukemia: a mechanism for ploidy but not lineage differences in methotrexate accumulation. Blood. 1999; 93(5):1643-50. PubMedGoogle Scholar

	Cheok MH, Evans WE. Acute lymphoblastic leukaemia: a model for the pharmacoge-nomics of cancer therapy. Nat Rev Cancer. 2006; 6(2):117-29. PubMedhttps://doi.org/10.1038/nrc1800Google Scholar

	de Jonge R, Tissing WJ, Hooijberg JH, Jansen G, Kaspers GJ, Lindemans J. Polymorphisms in folate-related genes and risk of pediatric acute lymphoblastic leukemia. Blood. 2009; 113(10):2284-9. PubMedhttps://doi.org/10.1182/blood-2008-07-165928Google Scholar

	Huang L, Tissing WJ, de Jonge R, van Zelst BD, Pieters R. Polymorphisms in folate-related genes: association with side effects of high-dose methotrexate in childhood acute lymphoblastic leukemia. Leukemia. 2008; 22(9):1798-800. PubMedhttps://doi.org/10.1038/leu.2008.66Google Scholar

	Kishi S, Cheng C, French D, Pei D, Das S, Cook EH. Ancestry and pharmacogenetics of antileukemic drug toxicity. Blood. 2007; 109(10):4151-7. PubMedhttps://doi.org/10.1182/blood-2006-10-054528Google Scholar

	Frost BM, Gustafsson G, Larsson R, Nygren P, Lonnerholm G. Cellular cytotoxic drug sensitivity in children with acute leukemia and Down’s syndrome: an explanation to differences in clinical outcome?. Leukemia. 2000; 14(5):943-4. PubMedhttps://doi.org/10.1038/sj.leu.2401753Google Scholar

	Yamada S, Hongo T, Okada S, Watanabe C, Fujii Y, Hori H. Distinctive multidrug sensitivity and outcome of acute erythroblastic and megakaryoblastic leukemia in children with Down syndrome. Int J Hematol. 2001; 74(4):428-36. PubMedGoogle Scholar

	Taub JW, Stout ML, Buck SA, Huang X, Vega RA, Becton DL, Ravindranath Y. Myeloblasts from Down syndrome children with acute myeloid leukemia have increased in vitro sensitivity to cytosine arabinoside and daunorubicin. Leukemia. 1997; 11(9):1594-5. PubMedhttps://doi.org/10.1038/sj.leu.2400747Google Scholar




                                                        

                                                    

                                                    
                                                        


                                                                                                                                                                        


                                                                                                                                                                                    
                                                                Data Supplements
                                                                    


                                                            

                                                                                                                    

                                                                                                                
                                                            Figures & Tables
                                                        



                                                    

                                                    
                                                        
                                                            Article Information

                                                              



                                                                                                                        
                                                                
                                                                                                                                        
                                                                                                                                                    Vol. 95 No. 7 (2010): July, 2010 : Articles
                                                                                                                                                

                                                                





                                                                
                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                                                                                                                                                                
                                                                                                                                         
                                                                        DOI
                                                                    

                                                                    
                                                                    
                                                                        
                                                                                                                                                                                                                                    https://doi.org/10.3324/haematol.2009.019778
                                                                        


                                                                                                                                            

                                                                                                                                    

                                                            

                                                            
                                                                                                                        
                                                            

                                                                                                                        
                                                                
                                                                    Pubmed
                                                                

                                                                
                                                                    
                                                                        20418240
                                                                    
                                                                

                                                            

                                                                                                                                                                                    
                                                                
                                                                    Pubmed Central
                                                                

                                                                
                                                                    
                                                                        PMC2895034
                                                                    
                                                                

                                                            

                                                                                                                        
                                                                
                                                                     
                                                                

                                                            

                                                                                                                        
                                                                
                                                                    Published
                                                                

                                                                
                                                                    2010-07-01
                                                                

                                                            

                                                                                                                        
                                                            
                                                                
                                                                    
                                                                        Published By
                                                                    


                                                                    
                                                                        Ferrata Storti Foundation, Pavia, Italy
                                                                    

                                                                


                                                                
                                                                    
                                                                        Print ISSN
                                                                    

                                                                    
                                                                        0390-6078
                                                                    

                                                                

                                                                
                                                                    
                                                                        Online ISSN
                                                                    

                                                                    
                                                                        1592-8721
                                                                    

                                                                

                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                            

                                                        




                                                                                                                
                                                                                                                                                                                    



                                                                                                                        
                                                                Article Usage

                                                            

                                                            


    
        Online Views

        1083

    

    
        PDF Downloads

        252

    





    
    



            

        Statistics from Altmetric.com



        
            
                No Data
            

        





    

    





                                                            

                                                        

                                                    


                                                

                                                                                                
                                                    
                                                        
    	
            
                
            
        
	
                            
    

        



            
    
    
    
    
                        
	
            
                
            
        
	

            
                
            
        
	
        
        
    


                    



                                                    

                                                

                                            

                                        

                                                                                



                                            
                                                
                                                                                    
                    
                    
                        
                    

                
                                                


                                                
                                                                                    
                    
                        
                        
                            
                        

                    

                
                                                


                                                
                                                    
                                                                                                            
                                                
                                                
                                                                                                        
                                                




                                            


                                        

                                                                        

                            

                            
    
        
            
                How to Cite

                
                    ×
                
            

            
    
        
                        
            
                
                    
  1. 
Trudy D. Buitenkamp, Ron A.A. Mathôt, Valerie de Haas, Rob Pieters, C. Michel Zwaan. Methotrexate-induced side effects are not due to differences in pharmacokinetics in children with Down syndrome and acute lymphoblastic leukemia. Haematologica 2010;95(7):1106-1113; https://doi.org/10.3324/haematol.2009.019778.





                

                

                
                
  Copy Citation
  
  

                
                

                
                Choose Citation Format
                


                                        
                        	
                                
                                    Chicago
                                
                            
	
                                
                                    Harvard
                                
                            
	
                                
                                    Vancouver
                                
                            
	
                                
                                    Haematologica
                                
                            


                                                
                            Download Citation

                        

                        	
                                
                                    
                                    Endnote/Zotero/Mendeley (RIS)
                                
                            
	
                                
                                    
                                    BibTeX
                                
                            


                                            

                

            

        

    

    
            

        

    


                            
    
        
            
                Share Article

                
                    ×
                
            

            
                
                

                    
                        
                        
                            
                                Copy URL
                            
                        
                    

                

                
                
         

           
                

            

        

    



                                                                    
    
        
            
                Request Permissions

                
                    ×
                
            

            
                
                
                    To create an adaptation, translation, or derivative of the
                        original work, for commercial e-prints and printed articles further permission is
                        required.
 For
                        information contact: marketing@haematologica.org


                                        
                    Other types of copyright management, can be agreed with the Editorial office.



                

            

        

    


            
                        
    


 







  










    
        
            

            				
                                                                    
                                
					
Navigate

	Home
	Current issue
	Early view
	Archive
	About Haematologica
	Editorial Team
	Our policies





For Authors

	Author Guidelines
	Submit Manuscript
	Track Manuscript


For Reviewers

	Reviewer Guidelines
	Access Your Profile
	Access Your Tasks





For Advertisers

	Informations For Advertising


Education

	Review Articles
	Guidelines Articles


Privacy

	Cookie Policy
	Newsletter Privacy Policy
	Privacy Policy





More

	Rights & Permissions


	Web design
	Development



                                
                                    
                                
                                
                                
                                
                                
                                    
                                
                                


Copyright © 2023 by the Ferrata Storti Foundation | Web design ￫ | Development ￫


ISSN 0390-6078 print | ISSN 1592-8721 online
 





				

			                        

        

    

   
















 

