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Abstract

The accuracy of two clinical assays, the enzyme-multiplied immunoassay (EMIT) and fluorescence polarization immunoassay (FPIA2),
universally employed for measurement of plasma levels of methotrexate (MTX) in children administered a high dose of this drug for treatment
of acute lymphoblastic leukemia was evaluated here. Because of its superior specificity, sensitivity, and precision, high performance liquid
chromatography (HPLC) was selected as the reference method with which the other two procedures were compared using approximately
420 different plasma samples for method comparison. 7-Hydroxymethotrexate (7-OHMTX), the major plasma metabolite of MTX, that can
be detected in plasma at relatively high concentrations for long periods following infusion of a high dose of MTX, was also quantitated by
HPLC. Forty-two and 66 h after infusion, the plasma level of MTX was overestimated in 2% and 3% of the samples by the FPIA2 procedure
in 5% and 31% by the EMIT assay. The overall correlation coefficieRsdr the values obtained by FPIA2 or EMIT versus those based on
HPLC were 0.989 and 0.663, respectively. The presence of 7-OHMTX exerted a highly significant infare0dg@007 as determined by the
unpaired-test) on MTX measurement by the EMIT assay. We conclude that the rapid automated procedures routinely used at present and in
particular EMIT, suffer from cross-reactivity with metabolites of MTX. Thus, the relatively high percentage of samples in which the level of
MTX is overestimated at check-points by EMIT may result in longer periods of hospitalization, higher costs and prolonged administration of
elevated doses of “rescue” leucovorin with an increased risk for relapse.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction last half-century. Today this chemotherapeutic agent is com-
monly used in the treatment of leukemias and lymphomas, as
Methotrexate (MTX, 4-amindN!C-methylpteroylgluta- well as of certain solid tumors. For treatment of several types
mic acid) has been used worldwide to treat a broad spec-of leukemia, including acute lymphoblastic leukemia (ALL),
trum of malignant and non-malignant diseases during the a high dose of MTX (HDMTX) (i.e., >1 g/fbody surface) is
- administered intravenously, followed by rescue with leucov-
Abbreviations: MTX, methotrexate; 7-OHMTX, 7-hydroxymetho-  orin. The most common side-effects associated with HDMTX
tre_xat(‘e; EMIT, enzyme-multiplied _immunoassay; FF_’IA_2, fluorescence po- therapy without such rescue are myelosuppression and mu-
larization immunoassay; HPLC, high performance liquid chromatography; qitis “the severity of both of which is related to the dose
NOPHO, Nordic Association for Paediatric Haematology and Oncology . . .
* Corresponding author. Tel.: +46 8 517 756 55; fax: +46 8 517 703 68. and duration of administration. On the other hand, the low
E-mail addresskambiz.fotoohi@onkpat.ki.se (K. Fotoohi). plasma levels of MTX obtained using a dose of 1 g/mne
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associated with an increased risk for relapse of the diseasehe risk for relapse by causing clinicians to administer exces-
[1]. sively high doses of leucovorin for rescue.
In order to identify patients with a high risk of developing
toxicity despite adequate rescue, the plasma level of MTX
must be monitored frequently both during and after admin- 2. Materials and methods
istration, which is a unique approach among antineoplastic
drugs. Accordingly, administration of leucovorin, alkaliza- 2.1. Chemicals
tion and hydration can be adjusted individually in such a way
as to minimize and, in most patients, even prevent the side- MTX and 7-OHMTX (>98% pure) (Schircks Laborato-
effects[2]. According to the protocol recommended by the ries, Jona, Switzerland), non-endcappegl ISolute solid-
Nordic Association for Pediatric Hematology and Oncology phase extraction cartridges (100 mg) (International Sorbent
(NOPHO) in 1992, the plasma level of MTX should be de- Technology, United Kingdom), methanol and acetonitrile of
termined at least after infusion has been completed and atHPLC grade (J.T. Baker, Deveuter, Holland), and sodium di-
regular time intervals thereafter until this level falls to below hydrogen phosphate monohydrate, sodium dihydrogen phos-
0.2uM [3]. phate dihydrate, hydrogen peroxide and trifluoroacetic acid
Leucovorin rescue is initiated at 36 h after administration (TFA) (Merck, Darmstadt, Germany) were purchased from
of MTX. Higher doses of leucovorin is recommended when sources indicated.
the plasma concentration of MTX is1 M 42 h after ad-
ministration. A recent study suggests that higher leucovorin 2.2. Plasma samples
doses during HDMTX therapy increases the risk of relapse
in children being treated for ALL (Dr. Tor $kby, personal Four hundred and twenty plasma samples were obtained
communication). Since choice of the dose of leucovorin is from 49 ALL patients treated intravenously with MTX ac-
based on the plasma concentrations of MTX, this concentra-cording to the NOPHO protocol of 1993]. As the project
tion must be determined accurately. was a part of the routine clinical care, a full research eth-
Several methods can be employed to measure MTX ical evaluation was not demanded. Briefly, as part of their
in plasma, including enzyme inhibition radio-immunoassay treatment, these patients were received a total of 5-8 g MTX
(RIA), fluorescence polarization immunoassay (FPIA2), per n? in two phases: 10% of the total dose was admin-
enzyme-multiplied immunoassay (EMIT) and high perfor- istered i.v. during the first hour and the remainder was in-
mance liquid chromatography (HPLC), each of which has its fused over a period of 23 h. In conjunction with the 5- and 8-
own advantages and limitatiofi4—6]. The automated pro-  g/m? doses, leucovorin was administrated at doses of 15 and
cedures utilized world-wide for routine monitoring of MTX 50 mg/n?, respectively 36 h after beginning the infusion of
during HDMTX therapy, e.g., FPIA2 and EMIT, require rel- MTX. Additional leucovorin (15 mg/rf) was given 39 h (to
atively little pre-treatment of the sample and produce rapid patients receiving 8 g MTX per fiand 42 h (to all patients
results. who have received either 5 or 8 g doses) after starting the
The major metabolite of MTX detected in plasma is treatment.
7-hydroxymethotrexate (7-OHMTX), the concentration of The dose of leucovorin administered was increased if
which exceeds that of MTX itself a few hours after high- the patient's plasma level of MTX was »M after 42 h.
dose administration. For instance, when the plasma level of Following the protocol, the same dose of leucovorin given
MTX s around 0.2.M, the simultaneous level of 7-OHMTX  after 42 h was administered once every 6 h thereafter until
can be more than 20-fold highgt,8]. Cross-reactivity with the plasma concentration of MTX fell below Qu2A. All
metabolites of MTX is a serious disadvantage of immunoas- of the patients were hydrated (3L%r@24 h) with glucose
says[4—6]. Indeed, with the exception of HPLC, none of the solution (50 g/L) containing sodium bicarbonate (42 mM)
assay procedures routinely employed can distinguish readilyand KCI (20 mM). Unless the plasma level of MTX 36h
between MTX and 7-OHMTX. Recently, two other methods after initiation of infusion was >8M, in which case the
capable of detecting and resolving MTX and 7-OHMTX in rate of hydration was stipulated to be increased to 4.5L/m
human plasma have been described, i.e., a 384-well solid-24 h.
phase procedurf®] and an assay based on capillary zone  After initiation of MTX infusion, blood samples were
electrophoresigl0]. Since HPLC coupled with ultravioletor  collected 20-23 h later (to obtain the steady-state concen-
fluorescent detection allows sensitive, accurate and selectiveration), 36 h later and once every 6 h thereafter until the
measurement of both MTX and its metabolites in biologi- plasma concentration of MTX had fallen to <Q®1. The
cal fluids, the present study was designed to compare twosteady-state samples, were taken from a peripheral vein
widely used automatic and routine clinical assay proceduresand all other samples were drawn from a central venous
with HPLC as a sort of the “golden standard”. Frequent over- catheter. These blood samples were collected in heparin-
estimation of MTX concentrations in plasma at check-points, coated glass containers and kept refrigerated and protected
due to cross-reactivity with metabolites, provides an unreli- from light for as long as 4 h prior to centrifugation (99,
able basis for effective therapy, as well as possibly increasing15min, 4°C). The plasma samples thus obtained were
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stored at-20°C in polypropylene tubes until analyses were
performed.

2.3. The HPLC assay procedure

The HPLC assay used in this work has been described
in details and evaluated previougli1]. Briefly, the G car-
tridges (Isolute, UK) were activated with 3 ml methanol and
3ml 0.1 M phosphoric acid, followed by addition of the
plasma samples diluted with phosphoric acid. The cartridges
were subsequently washed with 5% aqueous methanol and
were eluted with 2% TFA, after which the elute was evap-
orated to dryness under a steam of nitrogen &tCl0The
residue was then redissolved in 0.1 M phosphoric acid with
mixing for 5m and centrifuged, following which the super-
natant was subject to HPLC analysis.

The HPLC system consisted of a CM 4000 pump (Mil-
ton Roy, LDC Division, USA); a CMA-240 auto sampler
(Carnegie Medicine, Stockholm, Sweden); abeam boost pho-
tochemical reactor (ICT HG, Frankfurt, Germany); equipped
with a 254-nm UV-lamp and a 10 s 0.3 mm reaction coil;
and a Shimadzu RF-10 AXL fluorescence detector (Shi-
madzu Corp., Kyoto, Japan) with excitation and emission
wavelengths of 350 and 435 nm, respectively. The mobile
phase consisting of 100 mM phosphate buffer, pH 6.5, ace-
tonitrile, and 30% hydrogen peroxide (92:6:2, v:v:v) was
passed through a 0.22n filter (Millipore, Ireland) and de-
gassed prior to use. The column contained Chromtech RP-
C18andthe flowrate was 1 ml/min. The chromatograms were
processed by Chromatography Station for Windows version
1.5 (Watrex International Inc. CA).

2.4. Automated assays

EMIT assay, based on separation employing antibody-
antigen binding and quantitation with an enzyme reaction,
was performed on an automated drug analyzer (Behring Di-
agnostic, Syva Business, San Jose, CA, USA). The FPIA
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Fig. 1. Blood samples of 49 children with ALL have been taken as part of
their treatment at the indicated time controls up to 66 h following HDMTX
therapy. All 420 samples were analyzed using HPLC as standard method
and two routine laboratory assays, FPIA2 and EMIT assays. Scatter-plots
of the correlation between the MTX concentrations obtained by the HPLC
and FPIA2 (A) or EMIT (B) assay procedures. The Pearson correlation
coefficient ¢2) was 0.989 for FPIA2 vs. HPLC, and 0.633 for EMIT vs.
HPLC (n=418) and 0.635 for EMIT vs. FPIA2.

yses were performed by using StatView software (Abacus
Concepts, Berkeley, CA, USA).

assay is based on measurement of the polarization of fluo-
rescence probes attached to antigens which occurs upon spe-

cific binding to an antibody. Monoclonal antibody is used
in the FPIA2 procedure. This procedure was performed on
an FLx TDx analyzer (Abbott Scandinavia AB, Diagnostic
Division, Stockholm, Sweden) and both assays were carried
out according to the instructions in the manuals.

2.5. Statistical analysis
The data obtained were analyzed utilizing the graphic prin-

ciple, described in detail previougl¥2]. Briefly, in order to
visualize deviations in lower values more clearly, we plotted

3. Results

Since MTX and 7-OHMTX can be resolved readily by
HPLC, and no interfering peaks were observed in plasma
devoid of these substances, we chose this approach as the
reference procedure. The sensitivity, precision and accuracy
of all three assay procedures utilized the present study have
been described and evaluated in an earlier sfafiyAnaly-
sis of plasma samples by EMIT, FPIA2 and HPLC involved
lower limits of detection of 0.300, 0.050 and 0.0qQ0ol/L,
respectively. The same day and day-to-day precision of the

the relative values obtained by the automated methods againsHPLC method in measuring 7-OHMTX at all concentrations

the values provided by the HPLC procedure. The influence
of 7-OHMTX on MTX measurements were evaluated em-
ploying an unpaired-test. In all cases, p-value <0.05 was

considered to be statistically significant. All statistical anal-

was <9.4%.

In Fig. 1A and B, the concentrations of MTX as deter-
mined by EMIT and FPIA2 were plotted against the cor-
responding concentrations obtained by HPLC. The Pearson
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Fig. 2. Scatter-plots of the relationship between the ratio of the MTX con-
centrations as determined by FPIA2/HPLC (A) and EMIT/HPLC (B) and
the actual MTX concentrations as measured by HPLC.

Fig. 3. Influence of the presence of 7-OHMTX on determination of MTX
by the FPIA2 (A) and EMIT (B) assay procedures. The results obtained

with the FPIA2 and EMIT procedures were plotted against the ratio of 7-
OHMTX/MTX concentrations as measured by HPLC. The influence of the
presence of 7-OHMTX on the values provided by the FPIA2 and EMIT

correlation coefficients€) were 0.989 for the plot of FPIA2
assays become more pronounced as this ratio increased.

versus HPLC; 0.633 for EMIT versus HPLC, and 0.635 for
EMIT versus FPIA2.

The relationship between the concentration of MTX de- In order to investigate the possible influence of 7-
tected by FPIA2 or EMIT and the corresponding concentra- OHMTX, the major metabolite of MTX found in plasma,
tion obtained by HPLC are presentedrig. 2Aand B, respec-  on the measurements performed here, the results obtained
tively. As shown, the discrepancies were more pronounced atwith the FPIA2 and EMIT procedures were plotted against
the lower concentrations of MTX present in plasma samples, the ratio of 7-OHMTX/MTX concentrations as measured by
taken 42 h post-infusion, especially in the case of the EMIT HPLC. The influence of 7-OHMTX on the values provided
assay Fig. 2B). We performed a more detailed analysis at by the FPIA2 and EMIT assays becomes more pronounced
two check-points 42 and 66 h post-infusion, the former being as this ratio increasedrig. 3A and B). The mean concentra-
an important check-point for choosing the dose of leucovorin tion of MTX in the samples taken 66 h after infusion obtained
to be administered according to the NOPHO-92 protocol. by HPLC was 0.1 0.5uM, while the corresponding value

Among 196 samples analyzed by HPLC, FPIA2 and EMIT for 7-OHMTX was 1.7+ 1.67uM. At this time-point, the
after 42 h, 26, 30 and 32 samples, respectively, were found toconcentrations of 7-OHMTX varied from 2 to 51-fold higher
contain concentrations of MTX greater thamq¥; and than those of MTX.
among 114 samples examined in a similar manner after 66 h, In order to test the hypothesis that the presence of
7, 7 and 18 samples, respectively contained pO/2MTX. 7-OHMTX may interfere with determination of MTX,

In comparison to the HPLC values, the FPIA2 assay over- the unpairedt-test was used to compare the ratio of 7-

estimated the MTX concentration in 2% of the plasma OHMTX/MTX concentrations for two groups of samples

samples after 42 h and 3% after 66 h overestimated; While theone in which the EMIT procedure gave on overestimation
corresponding values for the EMIT procedure were 5% and of plasma MTX levels compared to HPLC and another group
31%. for which these procedures resulted in similar vallkeg.(@).
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30+ strate markedly lower affinity (>100-fold) for binding to di-
hydrofolate reductase compared to MTX, but its polygluta-
p<0.0007 mate derivatives inhibit thymidylate synthase and dihydro-
20 folate reductase with a potency comparable to that of MTX
polyglutamateg7,15]. 7-OHMTX can attenuate the thera-
peutic effect of MTX as a consequence of its slow rate of
104 elimination in combination with competition with MTX for
cellular uptake and intracellular polyglutamylation. As we
have shown recently, 7-OHMTX can even give rise to resis-
tance to MTX, at least in vitr§l6].

In the present study, we have shown that 7-OHMTX can
lead to overestimation of the plasma level of MTX by EMIT
procedure after MTX-infusionHig. 4A), which could result
Fig. 4. Discrepancies in plasma concentrations of MTX in 196 samples mea- in Subsequent over-dosage with leucov@2inBuice et al[4]
sured by automated methods at 42 and 66 h. The ratio of 7-OHMTX/MTX also found cross-reactivity with 7-OHMTX of less than 4%
concentrations (as determined by HPLC) for two groups of plasma samples, jn EMIT, MRA and RIA assay procedures for MTX. These

one for which similar MTX concentrations were obtained by EMIT and
HPLC (left) and the other in which the MTX concentration was overesti- authors suggested that these methods could nonetheless be

mated by the EMIT assay (right). The difference between these groups was'eliable for rapid determination of plasma MTX within 24 h
highly significant p=0.0007) using the unpairddest. No such difference  after a 6-h infusion, when the concentration of the pteroic
was observed in the case of FPIA2 asgay (.05). metabolite is low.
Donehower et al[17] reported that RIA assay of MTX
The mean ratio of 7-OHMTX/MTX concentrations in these 48 and 72h after MTX administration resulted in values
two groups of samples were $57.8 and 16.2- 12, respec-  that were too high because of cross reactivity with metabo-
tively, the difference being highly significang € 0.0007) us- lites such as 2,4-diaminb2%-methylpteroic acid (DAMPA).
ing the unpaired-test. No such difference was observed in However, in contrast to our findings here, Chandra and co-
the case of the FPIA2 assay procedyre (.05). workers[5] reported a good correlation between the values
obtained by HPLC and EMIT, with no cross-reactivity in
connection with the EMIT assay. One explanation for this
4. Discussion discrepancy could be that these other investigators collected
plasma samples only up to 48 h after the start of MTX infu-
Intensified chemotherapy of children with ALL has im- sion, whereas we found the major discrepancies after 66 h,
proved their outcome, increasing the rate of event-free sur-when the concentration ratio of 7-OHMTX/MTX is much
vival to 80% in the case of non-mature B-cgll. Accord- higher. In our previous investigation we also observed a
ing to the 1992 NOPHO protocol for treatment of ALL, a greater degree of cross-reactivity in the EMIT than in the
high-dose of MTX should be administered by infusion in FPIA2 assay, in good agreement with the present findigs
two phases, i.e., 10% of the total dose (5-8 g) during the first Furthermore, in agreement with Seidel ef 58] we were also
hour, followed by infusion of the remaining dose over a 23-h unable to detect any pronounced difference in the MTX con-
period. Higher concentrations of MTX can result in subse- centration as determined by FPIA2 and HPLC. This concen-
quent administration of higher Leucovorin doses, which can tration was overestimated by FPIA2 in only 2—3% of the sam-
increase the risk for relapse in children treated for ALL (Dr. pleswhich was not statistically significant. In addition, Najjar
Tor Skarby, personal communication). and co-worker§l 9] reported a generally good correlation be-
Many different procedures for monitoring plasma MTX tween plasma MTX levels determined by HPLC and FPIA,
levels have been recommended by various investigators, in-although the differences were somewhat more pronounced
cluding: relatively complex microbiological, fluorometric, for samples collected during the elimination phase than dur-
enzymatic and HPLC approaches. However, routine mea-inginfusion of MTX. These investigators speculated thatsuch
surement of MTX is performed most frequently by EMIT differences could be due to the presence of 7-OHMTX and
and FPIA2. Although rapid and simple, these routine methods the correlation coefficient they observed versus HPLC was
are based onimmunoassays that are unable to distinguish bed.633 which is similar to our present correlation coefficient
tween MTX and its metabolites. Furthermore several endoge-between EMIT and FPIA2. Thus, these earlier findings sup-
nous and exogenous substances have been widely reportedort the present conclusion that the major metabolite of MTX
to interfere with the EMIT assay. For instance, Oellerich et does notinfluence the accuracy and precision of plasma MTX
al. [13] reported that bilirubin, hemoglobin and triglycerides determination by FPIA2. Also noteworthy is the fact that the
influence the EMIT assay in such a manner as to cause devi{ower degree of accuracy of the EMIT compared to FPIA2
ations of less than 10% from the expected MTX values. is also associated with lower sensitivity, the lower limits of
MTX is extensively oxidized by aldehyde oxidase in the detection for these assays being approximately 300 nM, and
liver to produce 7-OHMTX[14]. This metabolite demon- 50 nM, respectively.

Ratio of 7-OHMTX/MTX
Concentrations determined
by HPLC

Similar values with the  Higher values with
HPLC and EMIT assays the EMIT procedure
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