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Abstract

Background—In patients exposed to high-dose methotrexate (HDMTX; ≥1g/m2) with a history 

of elevated methotrexate (MTX) concentrations during previous doses, it is unclear whether 

prescribing high-dose leucovorin (HDLV) rescue limits future high levels or reduces the likelihood 

of acute kidney injury (AKI).

Methods—This retrospective, single-center study longitudinally followed adult lymphoma 

patients treated with HDMTX between 1/1/2011 and 10/31/2017 from diagnosis until 30 days 

after the last HDMTX dose. Endpoints included elevated MTX concentrations at 48 h (≥1.0 

μmol/L) and incident AKI after each HDMTX dose.
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Results—The 321 included patients had a median (IQR) age of 65 (57, 72) years, 190 (59%) 

were male, and 293 (91%) were Caucasian. There were 1558 HDMTX doses [median (IQR) 3 (2, 

6) doses per patient] prescribed with 265 (83%) patients receiving more than one MTX dose. 

Those receiving HDLV rescue were more likely to have an elevated MTX concentration after that 

dose (OR = 2.69, 95% CI: 1.75–4.11, p < 0.001). Receiving HDLV rescue was associated with a 

greater likelihood of AKI after MTX (OR = 2.18, 95% CI: 1.38–3.43, p < 0.001). Hospital LOS 

was longer in those prescribed empiric HDLV rescue after MTX than those prescribed standard 

leucovorin with an estimated difference of 1.1 days, (95% CI: 0.5–1.7, p < 0.001).

Conclusion—Sequential HDMTX doses are associated with a significant incidence of elevated 

MTX levels and AKI during lymphoma management. HDLV rescue prescribed during subsequent 

MTX doses in patients with a previously elevated level was not associated with improved safety 

outcomes. The optimal supportive care strategy following HDMTX administration requires further 

investigation.
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Introduction

Methotrexate (MTX) is a renally eliminated antimetabolite with longstanding use as a 

treatment for many hematologic and oncologic malignancies [1–5]. High-dose methotrexate 

(HDMTX; ≥ 1 g/m2) penetrates the blood-brain barrier making it an integral component of 

chemotherapy regimens for patients with lymphoma who have central nervous system 

(CNS) involvement or those at high risk for CNS relapse [6, 7]. MTX doses of 8 g/m2 for 

treatment of CNS lymphoma result in greater cytotoxic levels than intrathecal drug delivery 

of a 12-mg dose [8]. Systemic MTX at doses of at least 3.5 g/m2 has effectively prevented 

CNS recurrence in high-risk patients treated for systemic diffuse large B-cell lymphoma [9–

13].

MTX competitively inhibits the enzyme dihydrofolate reductase, which blocks the 

conversion of dihydrofolate to its active form, depleting levels of DNA precursor 

tetrahydrofolates. This folate depletion ultimately leads to attenuated DNA synthesis as a 

result of cofactor loss necessary for purine and pyrimidine synthesis [14]. MTX-associated 

toxicities are a consequence of this decreased synthesis in a variety of cells and organs [14, 

15]. The severity of these toxicities is directly proportional to the duration of elevated 

extracellular MTX concentrations [11, 15–17]. Leucovorin administration at 24 h after 

HDMTX therapy, termed leucovorin rescue, is necessary to improve the therapeutic index of 

MTX while reducing morbidity and mortality [18].

MTX-associated acute kidney injury (AKI) is a well-recognized complication that occurs in 

5–30% of patients [19–21]. Doses of leucovorin are increased in patients with an elevated 

48-h MTX concentration or a marked rise in serum creatinine to protect nonmalignant cells 

exposed to MTX in an effort to reduce life-threatening, systemic adverse events [4, 15, 22, 

23]. High-dose leucovorin (HDLV) rescue mitigates myelosuppression in patients with high 

serum MTX concentrations or evident AKI [23–25]. Additionally, research demonstrated 
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that sufficiently high leucovorin rescue doses could also prevent neurotoxicity, even after 

MTX doses up to 88 g/m2 [26, 27]. However, it is unknown whether proactively increasing 

the leucovorin dose in patients who previously experienced elevated 48-h serum MTX 

concentrations or MTX-related AKI can reduce AKI during subsequent MTX doses.

At our institution, standard leucovorin dosing (25 mg intravenous every 6 h) is delivered 24 

h after the start of the HDMTX infusion and is continued until MTX levels are less than 0.1 

μmol/L. If a patient experiences either a 50% increase in serum creatinine from baseline or a 

48-h serum MTX concentration ≥1.0 μmol/L, HDLV rescue, defined as any dose greater 

than standard, is prescribed until MTX clearance and empirically with all subsequent MTX 

doses. The objective of this study was to determine if the use of empiric HDLV rescue 

impacts the incidence of future elevations in 48-h serum MTX concentrations. Secondary 

outcomes included the impact of empiric HDLV rescue on incidence of AKI and hospital 

length of stay (LOS).

Materials and methods

Study design and population

This retrospective, single-center study was conducted at the Mayo Clinic Rochester 

Methodist Hospital in Rochester, Minnesota. Consecutive adult patients hospitalized to 

receive HDMTX between January 2011 and October 2017 were reviewed for inclusion. 

Patients were included in the study if they were aged 18 years or older, diagnosed with 

lymphoma, and prescribed HDMTX as an infusion of 4 h or less. All patients had their 

consent for review of their medical records for research purposes verified through Minnesota 

Research Authorization prior to data abstraction. This study was approved by the Mayo 

Clinic Institutional Review Board.

Electronic medical records were reviewed from date of lymphoma diagnosis until 30 days 

after the last dose of HDMTX was administered. Baseline demographics were abstracted 

after malignancy diagnosis and prior to any chemotherapy administration. Laboratory 

information was collected at the time of diagnosis, prior to each HDMTX dose, and daily 

after HDMTX administration until hospital discharge. Body surface area (BSA) was 

calculated using the DuBois formula [28].

HDMTX was defined as any MTX dose ≥1 g/m2 [9, 15]. Per institutional protocol (Fig. 1), 

patients received leucovorin rescue of 25 mg intravenously every 6 h beginning 24 h after 

the start of the initial HDMTX infusion [10, 29]. If, at any time, the serum creatinine 

increased to greater than 50% of the pre-MTX value, the institutional protocol guided 

prescribers to increase leucovorin to 200 mg per meter squared (mg/m2) every 6 h and 

continue until the MTX level was < 0.1 μmol/L. Additionally, the leucovorin dose was 

adjusted in response to the serum MTX concentration drawn 48 h after the start of the MTX 

infusion according to the values in Table 1. Subsequent MTX doses would follow a similar 

process as the initial dosing algorithm in Fig. 1, except for the potential of an empirically 

prescribed HDLV rescue dose. A serum MTX concentration was considered elevated if it 

exceeded 1 μmol/L at 48 h. AKI was defined and staged with the Kidney Disease Improving 

Global Outcomes (KDIGO) criteria [30]. Any leucovorin dose greater than the standard dose 
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empirically prescribed 24 h after HDMTX for doses beyond the initial MTX dose was 

defined as HDLV rescue.

Statistical analysis

Baseline patient characteristics were summarized with counts and percentages for 

categorical variables, and with medians and interquartile ranges (IQR) for continuous 

variables. The study sought to characterize factors associated with elevated MTX 

concentrations, AKI, and hospital LOS. We provide two sets of analyses including one for 

the initial cycle and one for all cycles. Patients were followed until either MTX treatment 

was discontinued, the patient died, or the end of the study timeframe. Logistic regression 

was used to assess the association between baseline characteristics and the incidence of an 

elevated MTX concentration after the initial MTX dose. When evaluating all MTX doses 

prescribed to a patient, repeated measures logistic regression was used to estimate the 

association between patient characteristics and an elevated MTX concentration. Univariate 

and multivariable repeated measures logistic regression models were also used to estimate 

the association between leucovorin dose and each outcome of interest. Variables that were 

significant on univariate analysis (and without substantial missingness) were controlled for 

in the multivariable models. The cumulative incidence of elevated MTX and AKI were 

estimated after each MTX dose using the Kaplan-Meier method. Repeated measures linear 

regression was used to assess the association between HDLV and hospital LOS. All 

statistical tests were two-sided and p < 0.05 was considered to be statistically significant. 

The analysis was performed using SAS version 9.4 (SAS Institute Inc., Cary, NC) and R 

version 3.4.2 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria, 

2015).

Results

Patient demographics and treatment information

The 321 patients who met inclusion criteria were prescribed a total of 1558 HDMTX doses 

[median (IQR) 3 [2, 6] doses per patient]. Fifty-six patients (17%) received only one MTX 

dose and were excluded from the analyses regarding empiric HLDR. The median (IQR) age 

was 65 (57, 72) years, 190 (59%) were male, and 293 (91%) were Caucasian. A majority 

(92%) of patients had an estimated creatinine clearance of more than 60mL/min prior to 

receipt of their initial MTX dose. Additional baseline demographics and clinical 

characteristics are provided in Table 2.

Chemotherapy regimen distribution included 43 patients (13%) prescribed HDMTX 8 g/m2 

monotherapy, 161 patients (50%) prescribed HDMTX 8 g/m2 with Rituximab and 

Temozolomide (MRT), 96 patients (30%) prescribed HDMTX 3.5 g/m2 in combination with 

Rituximab, cyclophosphamide, doxorubicin, and prednisone (MR-CHOP), and 21 patients 

(7%) prescribed other HDMTX-containing combination chemotherapy regimens. The 

median (IQR) MTX dose was 6.3 g (4.3, 7.5) for 84 patients (26%) receiving MTX for 

prophylaxis against CNS relapse and 12.8 g (7.5, 16.8) for the 237 patients (74%) receiving 

MTX as treatment for active disease in the CNS.
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Elevated 48-h serum methotrexate concentrations

First MTX dose—A total of 83 patients (26%) had an elevated MTX concentration at 48 h 

after their initial MTX dose. Factors associated with an elevated MTX level after the initial 

MTX dose were male sex, Caucasian race, higher BSA, primary DLBCL of the CNS, 

positive bone marrow involvement, a higher baseline serum creatinine, higher total bilirubin, 

lower hemoglobin, and a lower albumin.

Subsequent MTX doses—There were 265 patients who received more than one MTX 

dose and were included in the analysis to assess the potential protective effect of leucovorin 

dose increases during subsequent MTX doses. Prescribing standard leucovorin (based on the 

prior MTX concentration not being elevated) resulted in a 12% rate of elevated MTX 

concentrations during subsequent MTX (83/709 doses). Prescribing HDLV rescue (based on 

the prior elevated MTX concentration) resulted in a 34% rate of elevated MTX 

concentrations during the subsequent MTX dose (160/465 doses). The cumulative incidence 

of elevated MTX concentrations after three MTX doses was 44% (95% CI: 38–50) and 61% 

(95% CI: 53–68) after six MTX doses. The incidence of elevated MTX concentrations by 

number of MTX doses is shown in Fig. 2. Table 3 displays the association between the 

patient factors and the outcome of an elevated MTX concentration at 48 h after 

administration.

As outcomes from the prior MTX dose impact the next dose, we analyzed all of the potential 

outcomes from the prior dose for an association with elevated MTX concentrations after 

administering a subsequent MTX dose (Table 4). After adjustment of relevant confounders, 

HDLV rescue with a prior MTX dose remained significantly associated with an elevated 

MTX concentration following the next MTX dose. Notably, those who had AKI with their 

prior MTX dose did not have significantly increased odds of having an elevated MTX 

concentration following the next MTX dose.

Acute kidney injury

First MTX dose—There were 107 patients (33%) who experienced AKI after their initial 

MTX dose. Among these AKI episodes, 81 cases (76%) were stage 1, 19 (18%) were stage 

2, and 7 (6%) were stage 3. Seventy-eight (73%) patients who experienced AKI after the 

initial MTX dose went on to receive at least one subsequent MTX dose.

Subsequent MTX doses—The incidence of AKI by number of MTX doses received is 

displayed in Fig. 2. The cumulative incidence of AKI after three MTX doses was 49% (95% 

CI: 43–54) and was 61% (95% CI: 53–67) after six MTX doses. In those with a history of 

AKI, prescription of HDLV rescue with subsequent MTX doses was not protective against 

subsequent AKI.

As outcomes from the prior MTX dose impact the next dose, we analyzed the potential 

combinations of outcomes from the prior dose for an association with AKI after a 

subsequent MTX dose is prescribed (Table 4). After adjustment of relevant confounders, 

multivariable analysis demonstrated a persistently greater risk for AKI in the patients who 

experienced AKI during the prior dose. Importantly, those who received HDLV rescue due 
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to previously elevated MTX concentration with their prior MTX dose did not have a 

significantly increased risk for having AKI following their next MTX dose. Patients who 

experienced AKI were more likely to have an MTX dose reduction for their next dose than 

patients without an AKI, even if patients experienced an elevated MTX concentration with 

that prior MTX dose.

Hospital length of stay

Overall median hospital LOS was 4.1 (3.8, 5.8) days. Hospital LOS was longer in those 

prescribed empiric HDLV rescue based on previous MTX doses (median LOS with empiric 

HDLV rescue: 5 (4.1, 6.1) days; with standard leucovorin doses: 4 (3.2, 4.3) days; estimated 

difference = 1.1 days, 95% CI: 0.5–1.7, p < 0.001).

Discussion

Our study demonstrated that elevated 48-h serum MTX concentrations and AKI occurred 

commonly in patients receiving HDMTX with a 26% and 33% incidence, respectively, after 

the initial MTX dose. In patients with a history of elevated MTX levels or MTX-associated 

AKI, empirical increases in leucovorin rescue during subsequent MTX doses did not appear 

protective of the kidney. In fact, the risk of a repeat episode of an elevated MTX 

concentration was higher in patients who were prescribed HDLV rescue. Notably, AKI with 

a previous MTX dose was not associated with an elevated MTX concentration following the 

next MTX dose; however, previous AKI was significantly associated with AKI following 

their next MTX dose. These results question the utility of empiric HDLV rescue as 

supportive care strategy for patients receiving HDMTX and highlight a need to improve 

renal assessment for HDMTX dosing.

Toxicity due to prolonged MTX exposure is an established concern without an optimal 

solution [31]. MTX-associated nephrotoxicity is an important contributor to dose 

accumulation and systemic toxicities such as myelosuppression [22, 24, 32]. MTX time-

dependent and concentration-dependent relationships differ by target tissue and a specific 

concentration threshold specific to each organ must be exceeded before toxicity will occur 

[15, 33]. Renal cells, unlike stem cells in the bone marrow, are generally quiescent cells in 

the G0 phase with a low turnover; therefore, MTX should exhibit limited effects on these 

cells [34]. However, MTX is renally eliminated and the concentrations found in the kidney 

may be high enough to incite passive diffusion and cell death [35].

Abelson et al. [24] administered leucovorin 150mg every 3 h when renal impairment was 

identified and concluded that early intervention with HDLV rescue is paramount to prevent 

myelosuppression. Subsequently, it was suggested that the HDLV rescue doses be escalated 

in proportion to the prescribed MTX dose to achieve CSF penetration and prevent 

neurotoxicity [26]. It is unclear why we did not observe a beneficial effect of HDLV on the 

kidneys in high-risk patients. The chosen doses for leucovorin rescue in our study were 

based on the outcomes of previous MTX and leucovorin dose increases. Our HDLV rescue 

doses may not have been sufficient to prevent renal cell injury. However, increased 

medication cost corresponding to larger leucovorin doses and inventory depletion when 

prescribing mega-dose HDLV utilization during times of drug shortages must be considered 
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[15, 36, 37]. Unfortunately, all patients experiencing AKI or elevated MTX levels in our 

institution received empiric HDLV rescue during subsequent MTX doses; therefore, it is 

unknown whether or not the incidence and severity of AKI would have been even higher if 

the standard leucovorin was prescribed instead of the employed HDLV rescue strategy. 

Future investigations could include different HDLV rescue doses across treatment groups to 

determine if any kidney-related benefit exists.

The variable incidence of MTX-associated nephrotoxicity depends on the patient population, 

MTX-based chemotherapy regimen chosen, MTX dosage prescribed, and AKI definition 

utilized [15, 19, 24, 32]. Our longitudinal evaluation of serial MTX doses resulted in a high 

AKI incidence despite empiric HDLV rescue, and patients who experienced AKI during the 

prior dose were at significantly increased risk for AKI following their next MTX dose. 

Repeated AKI and impaired glomerular filtration rate (GFR) place lymphoma patients at a 

heightened risk for progression to CKD and increased mortality [38–42].

Equally important to employing HDLV rescue to prevent systemic toxicity in the setting of 

prolonged MTX exposure is the attention that must be paid to optimizing and 

individualizing the MTX dose to improve drug safety without jeopardizing clinical 

effectiveness [24, 43]. One possibility is to improve MTX dose selection by increasing the 

accuracy in GFR assessment. The shortcomings of serum creatinine and estimated creatinine 

clearance as a surrogate for GFR are well-described elsewhere and can lead to GFR 

overestimation, particularly in patients with malignancy [44, 45]. Whether other renal 

biomarkers as a replacement for, or addition to, serum creatinine can improve GFR-

estimation and MTX dose selection remains unknown and should be investigated [46].

After dose administration, prediction of toxicity through earlier AKI detection or serum 

MTX measurement would permit timely implementation of rescue measures. Novel 

biomarkers that indicate tubular epithelial cell stress or damage before overt AKI is 

detectable with creatinine deserve exploration for utility throughout nephrotoxic 

chemotherapy [47–49]. Treatment-associated AKI, which further potentiates delayed MTX 

elimination, is often not detected until several days after the damage occurs leaving a 

window of missed opportunity for early intervention, such reducing MTX concentrations by 

prescribing glucarpidase [24, 42, 43].

Limitations of this study include the retrospective, non-randomized design and dependence 

on the accuracy of electronic medical records. While patients were managed initially at our 

institution, it is possible that those who referred from a distant facility returned home for 

continued treatment and incurred an event that was not captured. We attempted to enroll 

consecutive patients over a substantial timeframe to establish an appropriately representative 

sample for analysis. Additionally, repeated measures logistic regression permitted the 

evaluation of patients longitudinally to assess the impact of sequential HDMTX doses. As 

stated previously, our investigation utilized individual patients receiving multiple doses and 

did not contain two comparator groups; therefore, it is unknown whether or not the 

incidence and severity of AKI would have been even higher if the standard leucovorin was 

prescribed instead of HDLV rescue. Given the unpredictability of MTX toxicity and the need 

to provide multiple doses over the course of lymphoma management, we feel this represents 
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an accurate, real-world, clinical scenario. Lastly, it should be noted that the selection of the 

HDLV rescue dose was left up to provider discretion and likely based off of previous MTX 

administrations, since defined guidelines in this patient population were not previously 

available.

Conclusion

Patients receiving sequential HDMTX doses experienced a significant incidence of elevated 

MTX levels and AKI during lymphoma management. HDLV rescue prescribed during 

subsequent MTX doses did not limit future high levels, reduce the likelihood AKI, nor did it 

shorten hospital LOS. However, the benefits of empiric HDLV rescue on other systemic 

toxicities and on the ability to maintain the recommended administration schedule remain 

unknown and require further investigation.
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Fig. 1. 
Institutional protocol for evaluating patients and prescribing HDMTX therapy
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Fig. 2. 
Cumulative incidence of elevated 48-h serum methotrexate concentrations and acute kidney 

injury after HDMTX administration
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Table 1

Leucovorin dose adjustment according to serum MTX concentration drawn 48 h after the start of the 

methotrexate infusion

Methotrexate level* (μmol/L) Leucovorin dose

0.1–0.99 25 mg IV or PO every 6 h

1–4.99 50 mg/m2 IV every 6 h

5–9.99 100 mg/m2 IV every 6 h

10–19.9 200 mg/m2 IV every 6 h

20–50 500 mg/m2 IV every 6 h

*
If, at any time, serum creatinine increases to greater than 50% of the pre-MTX value, leucovorin increases to 200 mg/m2 every 6 h and continues 

until MTX < 0.1 μmol/L
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