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Abstract

Purpose Monitoring of plasma methotrexate (MTX)
concentrations allows for therapeutic adjustments in treat-
ing childhood acute lymphoblastic leukemia (ALL) or
non-Hodgkin lymphoma (NHL) with high-dose MTX
(HDMTX). We tested the hypothesis that assessment of
creatinine clearance (CrCl) and/or serum Cr may be a suit-
able means of monitoring plasma MTX concentrations.
Methods All children in the study had ALL or NHL,
were in complete remission, and received HDMTX (3 or
5 g/m*)+leucovorin. Plasma MTX concentrations were
measured at 24, 48, and 96 h. CrCl was determined at 24
and 48 h. Correlations between 24- and 48-h plasma MTX
concentrations and CrCl and serum Cr concentrations were
determined. CrCl and serum Cr concentrations were com-
pared over time between children who had delayed and
non-delayed MTX elimination.

Results A total of 105 children were included. There
were significant negative correlations between CrCl at
24 and 48 h and plasma MTX concentrations at 24 (both
p < 0.001) and 48 h (both p < 0.001). There were signifi-
cant positive correlations between serum Cr concentrations
at both 24 and 48 h and plasma MTX concentrations at 24
(both p < 0.001) and 48 h (both p < 0.001). There were
88 (30.2 %) instances of elimination delay. Children with
elimination delay had significantly lower CrCl and higher
Cr concentrations at 24 and 48 h compared with children
without elimination delay (all p < 0.05).
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Introduction

High-dose methotrexate (HDMTX) chemotherapy with
leucovorin (LV) rescue is the mainstay of treatment for
preventing extramedullary infiltration in childhood acute
lymphoblastic leukemia (ALL) [1]. Despite the fact that
HDMTX is a very effective treatment, plasma MTX con-
centrations may become excessively high in a small pro-
portion of patients, resulting in toxicity and elimination
delay [2, 3]. Elimination delay may lead to kidney and/or
liver dysfunction, bone marrow suppression, oral mucosal
lesions, secondary infection, and delays in the next course
of chemotherapy [2, 4]. Renal toxicity is a particular con-
cern [5]. In contrast, lower than optimal concentrations of
MTX can result in a greater risk of relapse [6-8]. Hence,
optimizing the dose of HDMTX through therapeutic moni-
toring is critical for maximizing the therapeutic benefit,
reducing the risk of potential harms, and indeed reducing
the cost of treatment.

In developed countries, careful monitoring of plasma
MTX concentrations generally allows for appropriate
adjustments of MTX and LV dose, hydration, and alkali-
zation to minimize the risk of elimination delay/MTX tox-
icity. Indeed, using such methods, we previously reported
that a MTX dose of 3—5 g/m* was safe [4]. Recent reports
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have also highlighted the utility of measuring plasma MTX
concentrations to individualize dosing based on MTX clear-
ance [9] and, in conjunction with other factors (e.g. LV, uri-
nary pH, hydration), for generating an algorithm to predict
subsequent MTX concentrations [10]. Unfortunately, moni-
toring of plasma MTX concentrations is not always possi-
ble or feasible in less developed countries because of the
limited availability of appropriate equipment, the associ-
ated analytical costs, and the lack of suitably trained staff
[11]. In such settings, having a simple, alternative/indirect
means of monitoring plasma MTX concentrations would
be of obvious use.

Methotrexate is predominantly eliminated by the kid-
neys [12-14]. Indeed, 70-90 % of the administered MTX
dose is excreted unchanged in the urine [13]. Therefore, we
hypothesized that assessment of renal function by measur-
ing the creatinine clearance (CrCl) and/or serum Cr may
be a suitable means of monitoring plasma MTX concentra-
tions in place of direct plasma measurement. Such moni-
toring, if found to be appropriate, would potentially allow
for the real-time optimization of MTX therapy (as opposed
to delayed optimization with direct monitoring of plasma
MTX concentrations). To test this hypothesis, we con-
ducted a retrospective study of children with ALL and non-
Hodgkin’s lymphoma (NHL) who received HDMTX ther-
apy at our hospital. Specifically, we assessed correlations
between 24- and 48-h plasma MTX concentrations and the
CrCl and serum Cr concentration at 24 and 48 h. We also
compared the endogenous CrCl and serum Cr concentra-
tion between children who had delayed and non-delayed
elimination of MTX.

Materials and methods
Patients

This study involved children with ALL and NHL who were
treated at our hospital from May 2009 to December 2009.

Patients with ALL were classified as being high, mod-
erate, or low risk according to previously described crite-
ria [15]. Another 10 NHL patients are included to low-risk
group. All children were in complete remission and had
received HDMTX+LV to prevent extramedullary infiltra-
tion. HDMTX was administered after consolidation and
during maintenance therapy. Prior to each HDMTX dose,
children were required to have a white blood cell count
>3.0 x 10%/L, an absolute neutrophil count >1.0 x 10°/L,
and a platelet count >80 x 10°/L, without any evidence of
liver or kidney impairment, or infection.

The study was approved by the Medical Ethics Commit-
tee of Children’s Hospital of Zhejiang University (2012096).
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High-dose methotrexate regimen

Low-severity children received MTX 3 g/m?, whereas
moderate- and high-severity children received MTX 5 g/
m?. The first dose (1/5-1/6 of the full dose; no more than
500 mg) was intravenously transfused within 1 h. The
remainder of the full dose was infused during the follow-
ing 23 h. Patients underwent urinary alkalinization with
sodium bicarbonate and received hydration therapy start-
ing 3 days before to chemotherapy. Low-risk children
received 5 % sodium bicarbonate (3—4 mL/kg/day) and
saline (2,000-3,000 mL/m2/day) for 4 days, whereas mod-
erate- and high-risk children received 5 % sodium bicar-
bonate (4-5 mL/kg/day) and saline (3,000-4,000 mL/m?/
day for 5 days. Thiourea (6-thioguanine) purine (50 mg/
m?) was given to keep mild bone marrow suppression
state [16].

Leucovorin rescue (LV) regimen

Leucovorin rescue was commenced 36 h of the start of
MTX treatment. The first dose was 15 mg/m? for low-
severity children and 30 mg/m” for moderate- and high-
severity children. Thereafter, for children without elimina-
tion delay, LV (15 mg/m?) was given once every 6 h until
the plasma MTX concentration was <0.1 pmol/L. A total
of 5-8 LV doses were given. For children with elimination
delay, the LV rescue regimen was prescribed as previously
detailed [16] until the plasma MTX concentration was
<0.1 pmol/L.

Measurement of plasma methotrexate concentrations

Plasma MTX concentrations were measured 24, 48, and
96 h after the start of treatment by fluorescent polarization
immunoassay. For children with elimination delay, moni-
toring was stopped when the plasma MTX concentrations
were <0.1 pmol/L.

Endogenous creatinine clearance

Twenty-four-hour urine samples were collected over the
first 48 h after the start of chemotherapy and treated with
6 N HCI as preservative. After mixing, a portion of the
sample was used to measure the urine Cr concentration.
Within the last hour of urine sample collection, a venous
blood sample was drawn for the measurement of serum Cr
concentrations. The following formula was used to calcu-
late the endogenous CrCl:

CrCl = urine Cr (mg/dL) x 24 h urine volume
(mL) x 1.73 m%*body surface area (m?) x plasma Cr
(mg/dL) x 1,440.
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Criteria for elimination delay

The plasma concentration of MTX at 24 h can predict effi-
cacy, whereas the plasma concentrations of MTX at 48 and
96 h can reflect the excretion of MTX. Elimination delay
was indicated by MTX concentrations >1.0 pmol/L at 48 h
and >0.1 pwmol/L at 96 h [16].

Statistical analysis

Generalized estimating equations (GEE) were used to esti-
mate the relationship between children’s characteristics
(MTX dose, alkalization, hydration, CrCl, and serum Cr)
and plasma MTX concentrations because most children
received more than two courses of MTX (hence, the data
are related). An independence model criterion [quasi-like-
lihood information criterion (QIC)] was used to select the
best working correlation structure arising from the GEE
analyses. The smaller the QIC, the stronger the correlation.

To predict the probability of elimination delay based
on clinical variables, a classification and regression tree
(CART) model was used. Variables including age, gender,
MTX dose, severity group, hydration on the first day of
chemotherapy, hydration on the second day of chemother-
apy, serum creatinine level before MTX infusion, serum
creatinine level after 24-h MTX infusion, serum creatinine
level after 48-h MTX infusion, creatinine clearance before
MTX infusion, creatinine clearance 24 h after MTX infu-
sion, and creatinine clearance 48 h after MTX infusion
were included in the CART model.

All statistical assessments were two-tailed and consid-
ered statistically significant at the 0.05 level. Statistical
analyses were performed using SPSS 15.0 statistical soft-
ware (SPSS Inc., Chicago, IL).

Results

A total of 95 children with ALL and 10 children with NHL
were included in the study (N = 105). The demographic
and clinical characteristics of the children are summarized
in Table 1. Most children were male (63.8 %) and had
grade I disease (46.7 %). The children received a total of
291 courses of HDMTX.

The correlations between the plasma MTX concentra-
tion at 24 h and the children’s characteristics are summa-
rized in Fig. 1. There was a significant positive correlation
between the MTX dose and the plasma MTX concentration
at 24 h (p < 0.001, Fig. 1a). After adjusting for the MTX
dose, there were significant positive correlations between
alkalization plus hydration on the first day and second
day of chemotherapy and plasma MTX concentrations at
24 h (both p < 0.001, Fig. 1b, c¢). There were significant

Table 1 Children’s demographic and baseline characteristics

Characteristic N =105
Age (years) 6.2 (2.2,15.3)
Gender, n (%)

Boy 67 (63.8)

Girl 38 (36.2)
BSA (m?) 0.8 (0.5, 1.7)
Grade, n (%)

ALL 95 (90.5)

I 49 (46.7)

I 19 (18.1)

I 27 (25.7)

NHL 10 (9.5)
High-dose MTX treatment, n 291

MTX dose (g/m?)

Alkalization on first day of
chemotherapy (mL/m?)

3.08 (2.00, 5.26)
57 (19, 109)

Hydration on first day of
chemotherapy (mL/m?)

2,679 (1,587, 4,576)

Creatinine clearance before
MTX infusion (mL/min)

Serum creatinine concentration
before MTX infusion (mmol/L)

126.7 (61.1, 405.7)

32.2(12.0, 70.8)

All data are presented as median and range unless otherwise indicated
BSA body surface area, MTX methotrexate

negative correlations between the CrCl at both 24 and 48 h
and the plasma MTX concentration at 24 h (both p < 0.001,
Fig. 1d, f). In contrast, there were significant positive cor-
relations between serum Cr concentrations at both 24 and
48 h and the plasma MTX concentration at 24 h (both
p < 0.001, Fig. le, g). According to the QIC, the serum
Cr concentration at 24 h had the strongest working posi-
tive correlation with the plasma MTX concentration at 24 h
(QICserum Cr concentration at 24 h — 153,489 < QICserum Cr concentra-
tionat4gh = 157,350).

The correlations between the plasma MTX concentra-
tion at 48 h and children’s characteristics are summarized
in Fig. 2. There was no correlation between the MTX dose
and the plasma MTX concentration at 48 h (p = 0.231,
Fig. 2a). After adjusting for the MTX dose, there were
significant negative correlations between alkalization plus
hydration on the first day and second day of chemotherapy
and the plasma MTX concentration at 48 h (p = 0.015
and 0.035, respectively, Fig. 2b, c). There were significant
negative correlations between the CrCl at both 24 and 48 h
and the plasma MTX concentration at 48 h (both p < 0.001,
Fig. 2d, f). In contrast, there were significant positive cor-
relations between the serum Cr concentrations at both 24
and 48 h and the plasma MTX concentration at 48 h (both
p = 0.001, Fig. 2e, g). According to the QIC, the serum
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Fig. 1 Relationship between children’s characteristics [MTX dose
(a), alkalization and hydration (b and ¢), creatinine clearance (d and
f), and serum creatinine concentration (e and g)] and plasma metho-
trexate (MTX) concentrations 24 h after the start of high-dose MTX
for acute lymphoblastic leukemia. Generalized estimating equations

Cr concentration at 48 h had the strongest working posi-
tive correlation with the plasma MTX concentration at 48 h
(QICserum Cr concentration at 48 h = 530 < QICserum Cr concentration at
2un = 944).

There were a total of 88 (30.2 %) instances of elimi-
nation delay. Children with elimination delay had signifi-
cantly lower CrCl and significantly higher serum Cr con-
centrations at 24 and 48 h compared with children who
did not have elimination delay (all p < 0.05, Fig. 3). There
was no significant difference of Cr and CrCl between two
groups at the 0 h, before the start of treatment.

The CART model generated a tree containing three ter-
minal nodes (Fig. 4). The percentage of treatments with
elimination delay ranged from 11 to 75 % in these three
nodes. The first variable selected for splitting was serum
creatinine level >42.15 mmol/L at 48 h (Gini = 0.105). For
the treatments which involved elimination delay, further
splitting was based whether or not serum creatinine levels
at 48 h were >29.40 mmol/L (Gini = 0.010).
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(GEE) were used to estimate the relationship between children’s
characteristics and plasma MTX concentrations. An independence
model criterion (QIC) was used to select the best working correlation
structure arising from the GEE analyses. *Indicates statistical signifi-
cance

Discussion

In this study, we tested the hypothesis that assessing renal
function may be a suitable means of monitoring plasma
MTX concentrations after HDMTX for childhood ALL. Of
note, we found that the CrCl at both 24 and 48 h after the
start of HDMTX was significantly correlated with plasma
MTX concentrations at 24 and 48 h. Likewise, serum Cr
concentrations were significantly correlated with plasma
MTX concentrations at these times.

To achieve optimal efficacy and low toxicity in the
clinical treatment of ALL, the plasma MTX concentra-
tion should be sufficiently high after 24 h and relatively
low, indicating timely excretion, after 48 h. Therefore, we
examined factors associated with plasma MTX concentra-
tions at 24, 48, and 96 h after the start of HDMTX. Fur-
ther, we focused on examining indicators of renal func-
tion because MTX is predominantly eliminated via the
kidneys [13].
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Fig. 1 continued

As already noted, we found that the 24- and 48-h
CrCl and Cr concentrations were significantly correlated
(negatively and positively, respectively) with plasma
MTX concentrations at 24 and 48 h. Of note, the serum
creatinine at 48 h had the strongest correlation with the
plasma MTX concentration at 48 h and may therefore
be a good predictor of elimination delay according to
QIC. A number of previous studies have reported on the
relationship between plasma MTX concentrations and
CrCl. Like us, Hempel et al. [17] found that there was
a negative correlation between plasma MTX concentra-
tions and the CrCl in predominately pediatric patients
with ALL, NHL, osteosarcoma, malignant brain tumor,
or ALL relapse who received HDMTX. In contrast, Rel-
ling et al. [3], Evans et al. [18], and Joannon et al. [19]
reported that plasma MTX concentrations were not asso-
ciated with CrCl. The lack of agreement with our find-
ing may be explained by the fact that lower-dose MTX
regimens (0.9-3.7 g/mz) were used in these studies [3,
18, 19]. Our findings suggest that routine assessment
of renal function may be suitable means of monitoring
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plasma MTX concentrations in settings where direct
monitoring of plasma MTX concentrations is not possi-
ble. Clearly, further study is needed to examine this pos-
sibility with the requisite detail. Nevertheless, we feel
that our findings are promising and may be clinically
relevant.

We also found that both the CrCl and serum Cr con-
centrations were not different before chemotherapy
between patients who had subsequent elimination delay
and those who had non-delayed elimination. However,
the CrCl was significantly lower and serum Cr concen-
trations were significantly higher at both 24 and 48 h in
patients with delayed elimination compared with those
who did not have delayed elimination. These findings
indicate that HDMTX was the cause of renal excretion
dysfunction, rather than pre-existing renal dysfunction
being the cause of delayed MTX excretion after HDMTX
chemotherapy.

In addition to examining the relationship between
measures of renal function and plasma MTX concentra-
tions, we also examined the relationship between MTX
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Fig. 2 Relationship between children’s characteristics [MTX dose
(a), alkalization and hydration (b and ¢), creatinine clearance (d and
f), and serum creatinine concentration (e and g)] and plasma metho-
trexate (MTX) concentrations 48 h after the start of high-dose MTX
for acute lymphoblastic leukemia. Generalized estimating equations

dose, alkalization, and hydration and plasma MTX con-
centrations. Of note, we found that the 24-h plasma
MTX concentration had a strong correlation with MTX
dose. This finding indicates that, for patients who do not
achieve the target plasma MTX concentration at 24 h,
increasing the MTX dose may improve efficacy. Further,
we also found that there was a significant negative cor-
relation between hydration plus alkalinization on the first
and second day of chemotherapy and the plasma MTX
concentration at 48 h. In contrast, hydration plus alkalini-
zation on the first day of chemotherapy did not affect the
plasma MTX concentration at 24 h. These results indicate
that hydration and alkalinization on the first and second
day of chemotherapy can be increased to promote the
rate of MTX metabolism and at the same time reduce the
occurrence of elimination delay without any reduction in
treatment effect.
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(GEE) were used to estimate the relationship between children’s
characteristics and plasma MTX concentrations. An independence
model criterion (QIC) was used to select the best working correlation
structure arising from the GEE analyses. *Indicates statistical signifi-
cance

Our study has a number of limitations that warrant
mention. First, the lack of homogeneity in the severity
of disease may have affected our results. In our previ-
ous study [4], although we found that there was no sig-
nificant difference in the elimination delay rates among
patients with different risk levels, this may have been
because all patients were in complete remission. Sec-
ond, the follow-up was not long enough to observe the
extramedullary infiltration rate for effect evaluation.
Hence, further studies are needed with more homog-
enous cohorts with respect to the severity of disease.
Finally, we acknowledge that our sample size was rela-
tively modest. Further large-scale studies are needed to
confirm our findings and to obtain data for more defini-
tive analyses to determine whether measures of renal
function may be used to monitor plasma MTX concen-
trations after HDMTX for ALL.
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Fig. 4 Summary of the classification and regression tree (CART)
model results for children with and without elimination delay of
methotrexate (MTX) after high-dose MTX for acute lymphoblastic
leukemia. Elimination delay was indicated by an MTX concentration
>1.0 wmol/L at 48 h and >0.1 wmol/L at 96 h

Conclusions

In summary, we have found that markers of renal func-
tion, namely CrCl and serum Cr concentration, correlate
with plasma MTX concentrations after HDMTX for child-
hood ALL. These findings are encouraging and suggest
that it may be possible to indirectly monitor plasma MTX
concentrations during HDMTX by assessing renal func-
tion. Such indirect monitoring would be of clinical use in
settings where direct monitoring of plasma MTX is not
possible/feasible.
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