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Abstract
Purpose  High dose methotrexate (HDMTX) acute kidney injury (AKI) results in prolonged hospitalization and treatment 
delays. Using a pharmacologically-based approach, HDMTX was administered with standard combination therapy to patients 
with osteosarcoma; nephrotoxicity was assessed.
Methods  Patients were randomized by cycle to 4 h or 12 h HDMTX (12 g/m2) infusions administered with hydration, alkali-
zation and leucovorin rescue. Urinalysis, AKI biomarkers, and estimated glomerular filtration rate using serum creatinine or 
cystatin C (GFRCr or GFRcysC) were obtained. Serum and urine methotrexate concentrations [MTX] were measured.
Results  Patients (n = 12), median (range) age 12.4 (5.7–19.2) years were enrolled; 73 MTX infusions were analyzed. Median 
(95% Confidence Interval) serum and urine [MTX] were 1309 (1190, 1400) µM and 16.4 (14.7, 19.4) mM at the end of 4 h 
infusion and 557 (493, 586) µM and 11.1 (9.9, 21.1) mM at the end of 12 h infusion. Time to serum [MTX] < 0.1 µM was 
83 (80.7, 90.7) h and 87 (82.8, 92.4) h for 4 and 12 h infusions. GFRCr was highly variable, increased after cisplatin, and 
exceeded 150 ml/min/1.73 m2. GFRcysC was less variable and decreased at the end of therapy. AKI biomarkers were elevated 
indicating acute tubular dysfunction, however, did not differ between 4 and 12 h infusions. Radiographic and histological 
response were similar for patients receiving 4 h or 12 h infusions; the median percent tumor necrosis was > 95%.
Conclusions  Reducing peak serum and urine MTX concentration by prolonging the infusion duration did not alter risk of 
acute kidney injury. GFRcysC was decreased at the end of therapy. Proteinuria and elevations in AKI biomarkers indicate that 
direct tubular damage contributes to HDMTX nephrotoxicity.
Clinical Trial  NCT01848457.
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Introduction

Osteosarcoma is the most common bone cancer in children 
and adolescents under 20 years of age. Therapy includes 
pre-operative chemotherapy with methotrexate, doxorubicin 
(Adriamycin™) and cisplatin (MAP), surgical resection of 
the tumor, and adjuvant chemotherapy for a total of 8 months 
of treatment [1]. For patients with localized osteosarcoma, 
overall survival is 70%; for patients presenting with overt 
metastatic disease, prognosis is poor, despite intensive treat-
ment [2, 3]. MAP causes substantial acute and long-term 
toxicity, including nephrotoxicity, cardiotoxicity, ototoxic-
ity and neurotoxicity [4]. Prevention or early detection of 
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toxicity may eliminate short-term treatment delays and dose 
reductions that can compromise efficacy, and may decrease 
morbidity for long-term survivors.

The incidence of severe nephrotoxicity from high dose 
methotrexate (HDMTX) in osteosarcoma is 1.8%, and is 
fatal in 4% of patients who experience acute, severe nephro-
toxicity [5]. HDMTX-induced acute kidney injury (AKI) is 
a non-oliguric decrease in glomerular filtration rate (GFR) 
heralded by an acute rise in serum creatinine. It has been 
attributed to crystalline AKI from methotrexate precipita-
tion in renal tubules [6, 7]. Methotrexate is renally excreted. 
Nephrotoxicity leads to decreased methotrexate clearance, 
resulting in prolonged exposure to high methotrexate con-
centrations and increased toxicity including life-threaten-
ing myelosuppression, mucositis, dermatitis, and hepatic 
dysfunction. Successful strategies to reduce the risk of 
HDMTX AKI include hydration, alkalinization, therapeu-
tic drug monitoring and serial creatinine measurements [8]. 
Glucarpidase, a recombinant bacterial enzyme that cleaves 
circulating methotrexate into less toxic metabolites, can be 
used to rapidly decrease the serum methotrexate concentra-
tions and, in conjunction with high dose leucovorin, ame-
liorate systemic toxicity after HDMTX AKI [9]. Less severe 
nephrotoxicity occurs more frequently [10], requires pro-
longed leucovorin rescue, and can compromise the antitumor 
effect of methotrexate [11] by delaying subsequent therapy 
and reducing dose intensity.

Infusion of HDMTX over 4 h may increase the risk for 
nephrotoxicity because of the high peak serum and urinary 
methotrexate concentrations. Vigorous hydration and alka-
linization improve MTX solubility in urine [12]. At a pH 
of 7, MTX (pKa, 4.8 and 5.7) is more than 98% ionized, so 
further increases in the urine pH are not likely to improve 
solubility [13]. Prolonging HDMTX infusion lowers peak 
serum and urine concentrations and potentially reduces the 
risk of nephrotoxicity. The duration of exposure to a cyto-
toxic methotrexate concentration is the primary determinant 
the anti-tumor effect [14]. Prior studies have demonstrated 
an association between high peak (end of infusion) plasma 
methotrexate concentration and improved survival. How-
ever, the role of peak plasma methotrexate concentration in 
determining outcome was confounded because peak plasma 
concentrations were highly correlated with area under the 
curve (AUC) [15]. In addition, critical peak methotrexate 
concentrations varied depending on the dose and infusion 
duration. For methotrexate, 12 g/m2 infused over 4 h, peak 
concentrations > 1000 µM were associated with better sur-
vival, whereas for doses of 8–10 gm/m2, the cut point for 
peak concentration was 700 µM, indicating that an abso-
lute peak concentration is not the critical determinant of 
outcome [16]. In other studies, no relationship was found 
between peak methotrexate concentration and survival [17, 
18]. In one study, very high methotrexate exposures were 

associated with a poorer outcome [19]; and in a randomized 
clinical trial, disease-free survival in osteosarcoma patients 
was similar for 7500 mg/m2 of methotrexate infused over 6 h 
and 690 mg/m2 infused over 42 h [20].

More sensitive and specific biomarkers to accurately 
quantify changes GFR and to rapidly detect renal tubular 
damage may be useful for detecting and monitoring renal 
toxicity of nephrotoxic anticancer drugs. Current clinical 
laboratory tests of renal function in children with cancer 
do not detect early, subtle changes in GFR or renal tubu-
lar function that may indicate development of significant 
renal dysfunction. Limitations of serum creatinine (sCr) as 
a marker of GFR [21] include non-renal factors (diet, mus-
cle mass, tubular secretion) that can alter the sCr but do not 
affect GFR. sCr can be within the normal range with a GFR 
as low as 40 ml/min per 1.73 m2 [22]. Cystatin C, a 13 kDa 
cysteine protease inhibitor produced by all nucleated cells, 
is freely filtered, reabsorbed and metabolized in proximal 
tubules but not normally excreted in urine. Serum cystatin 
C is used to estimate GFR. Cystatin C is not influenced by 
muscle mass, and compared to sCr, it has improved tempo-
ral discrimination in detection of kidney injury. Cystatin C 
is measured by an FDA approved nephelometry method in 
clinical laboratories [23].

There are a growing number of urine biomarkers to 
assess renal tubular damage or dysfunction. Kidney Injury 
Molecule-1 (KIM-1) is a 50 kDa trans-membrane protein 
expressed on proximal tubule cells. Urine KIM-1 is a marker 
of proximal tubular damage that may discriminate pre-renal 
azotemia from ischemia [24]. Neutrophil Gelatinase-Asso-
ciated Lipocalin (NGAL) is a 25 kDa protein expressed in 
intestine lung, liver, and renal tubular epithelial cells. Urine 
NGAL is an early predictor of AKI and may discriminate 
pre-renal from intrinsic AKI. N-acetyl-β-d-glucosamidase 
(NAG) is a 130 kD enzyme within lysosomes of proximal 
tubular cells of the kidney. Urinary NAG concentrations are 
increased during oxidative stress and renal tubular damage 
regardless of development of AKI. Prospective systematic 
evaluation of glomerular and tubular function using these 
biomarkers may detect early, subtle, changes in GFR and 
tubular function and may be useful in assessing the mecha-
nism of methotrexate induced nephrotoxicity and the impact 
of the interventions to attenuate nephrotoxicity [25].

Materials and methods

We conducted a pilot study to evaluate pharmacologically-
based approaches to prevent nephrotoxicity and investigate 
AKI biomarkers for use in early detection of nephrotoxicity 
during MAP chemotherapy (Supplemental Fig. 1) for chil-
dren and adolescents with newly diagnosed osteosarcoma. 
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In addition, bone specific alkaline phosphatase (BSAP) was 
assessed as a biomarker of response.

Using a randomized cross over design (Supplemental 
Fig. 2) we evaluated the effect of pantoprazole on cisplatin 
related nephrotoxicity and ototoxicity[26] and assessed the 
effect of prolonging the HDMTX infusion duration, thereby 
lowering the risk of drug precipitation in renal tubules, on 
MTX AKI. The objective of this part of the trial was to iden-
tify more rational, pharmacologically-based drug delivery 
approaches to prevent HDMTX nephrotoxicity in patients 
with osteosarcoma by comparing AKI biomarkers (KIM-1, 
NAG, NGAL), glomerular function (cystatin C, creatinine) 
and serum and urine methotrexate concentrations after 12 g/
m2 of methotrexate infused over 4 or 12 h.

To design this protocol, we used pharmacokinetic mod-
eling to assess methotrexate urine concentrations with vary-
ing infusion duration (4 h vs 12 h). We fit a 2-compartment 
pharmacokinetic model to the mean plasma or serum MTX 
concentrations from 1045 infusions of 12 g/m2 over 4 h and 
simulated 12 h infusion (Fig. 1a) [15]. The urinary concen-
tration–time profile (Fig. 1b) was estimated using the equa-
tion below and assuming that the rate of urine production 
was equal to the IV fluid hydration rate (100 ml/m2/h):

where Curine is the amount of methotrexate in urine, Ccentral 
is the amount of methotrexate in the central compartment, 

CMTX
Urine

=
CMTX
central

⋅ Vcentral ⋅ kel

IV rate
⋅ 0.9,

Fig. 1   a To design the trial, model simulations of previously pub-
lished plasma concentrations after methotrexate (12  g/m2) infused 
over 4 or 12  h. b Model simulations of urine concentrations after 
methotrexate (12  g/m2) infused over 4 or 12  h were performed. c 

Model simulations of plasma concentrations after methotrexate 
(12 g/m2) infused over 4 or 12 h using the population PK parameters 
(Table 2). d End of Infusion serum and urine methotrexate concentra-
tions after methotrexate (12 g/m2) infused over 4 or 12 h
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Vcentral is the volume of the central compartment, kel is the 
elimination rate constant and 0.9 accounts for the fraction of 
the methotrexate dose excreted in the urine unchanged. We 
hypothesized that, with normal renal function, longer infu-
sion duration would not increase the time to achieve a serum 
methotrexate concentration less than 0.1 µM and urine 
methotrexate concentrations were predicted to be below the 
solubility limit, thereby reducing the risk of methotrexate 
precipitation in the renal tubules.

Patients

Children, adolescents and young adults less than 30 years 
of age with untreated high-grade, localized or metastatic 
osteosarcoma were eligible if they had normal serum creati-
nine for age and gender, a left ventricular shortening fraction 
greater than 28% by echocardiogram, an absolute neutrophil 
count greater than 1000/µl and platelet count greater than 
100,000/µl. Patients who were pregnant, breastfeeding or 
unable to cooperate with research procedures were excluded. 
Informed consent and assent were obtained in accordance 
with institutional IRB requirements. The trial was registered 
and data released on clinicaltrials.gov (NCT1848457).

Safety and response evaluation

Chemotherapy related toxicities were categorized and 
graded according to the National Cancer Institute Com-
mon Terminology for Adverse Events (NCI CTCAE v.4). 
Treatment delays or missed chemotherapy doses to allow for 
recovery from toxicity, dose modifications for toxicity and 
deaths attributed to chemotherapy were adverse events of 
interest. Radiographic response to two cycles of neoadjuvant 
chemotherapy was assessed using the Response Evaluation 
Criteria for Solid Tumors, (RECIST v 1.1) and histologic 
response (percent necrosis) determined at the time of sur-
gical resection. Serum bone specific alkaline phosphatase 
(BSAP) was measured using ELISA (Quidel, San Diego, 
CA) to investigate its use as biomarker of disease burden.

Serum and urine methotrexate concentrations

Serum methotrexate levels were obtained at the end of infu-
sion, 24 h after the start of the infusion and every morning 
until the methotrexate concentration was less than 0.1 µM. 
Methotrexate concentrations were quantified in the cincial 
laboratory of the Children’s Hosptial of Philadelphia usig 
a CLIA certified fluroenscence polarization assay (Abbott 
TdX). Urine was obtained at the end of infusion and diluted 
tenfold with ammonium acetate buffer to stablize alka-
line pH and aviod preciptation when frozen at − 70 °C. 
Urine methotrexate concentrations were measured using 
HPLC tandem mass spectroscopy [27, 28]. In addition, the 

solubility of 10, 20 and 40 mM methotrexate was assessed 
at pH 5, 6.5 and 7.5. Methotrexate concentrations (up to 
8 infusions per subject) were analyzed with a population 
pharmacokinetic approach in the Phoenix Non-Linear Mixed 
Effect module (v. 8.3, Certara, Princeton, NJ) using FOCE-
ELS algorithm. The structural model was a 2-compartment 
model with first-order elimination from the central compart-
ment, and the model was parameterized in terms of clear-
ances (CL, CL2) and apparent volumes of distribution (V, 
V2). The methotrexate concentration–time data for the 4 and 
12 h infusion durations were modeled separately. The indi-
vidual predicted urine methotrexate concentration were cal-
culated from the end of infusion methotrexate concentration 
and compared to measured urine methotrexate concentration 
collected from spontaneous void near the end of infusion.

GFR and AKI biomarkers

GFRCr was estimated from serum creatinine performed in 
the clinical lab and GFRcysC from the cystatin C (immu-
nonephelometry, Seimans BNII) prior to each cycle. The 
Schwartz formula [29] was used to calculate creatinine clear-
ance and estimate GFRCr from sCr.

In addition, we used the following cystatin C based for-
mula developed in the Children with Chronic Kidney Dis-
ease Cohort [22] to calculate GFRcycC:

Urinary KIM-1, NAG and NGAL were measured using 
commercially available assays (Meso Scale Delivery, Rock-
ville, MD; BioVision, Milpitas, CA) and normalized to the 
urinary creatinine concentration (Jaffe method, Vitros 250 
Chemistry Analyzer) measured in the same urine specimen 
(KIM-1/Cr, NAG/Cr, NGAL/Cr). For each HDMTX dose 
administered, the end of infusion, 24 h post infusion and 
7-day post infusion values for each biomarker were analyzed 
(See Supplemental Table 1 for calendar of procedures for 
evaluation of methotrexate nephrotoxicity).

Statistical analysis plan

The urinary methotrexate concentrations at the end of each 
HDMTX infusion during cycles 1–4 were tabulated for 
the 4 and 12 h infusion durations and compared to the pH 
dependent methotrexate solubility to determine whether the 

GFRCr = 0.413 ⋅
[

height(cm)
]

∕sCr.

GFR = 39.1 ⋅

[

Hgt

Crserum

]0.516[

1.8

CyC

]0.294[

30

BUNserum

]0.169

[1.099]male

[

Hgt

1.4

]0.188

.



811Cancer Chemotherapy and Pharmacology (2021) 87:807–815	

1 3

solubility limit was reached. The end infusion urine MTX 
concentration was correlated with simultaneous serum con-
centration and with the severity of renal toxicity as measured 
by AKI biomarkers and GFR. Comparison of GFRcr and 
GFRCysC at baseline and end of therapy were compared using 
the Wilcoxon log rank test.

Results

Patients, safety and response

Between July 2013 and August 2015, twelve patients, 
median (range) age 12.4 (5.7–19.2) years, were enrolled; 73 
MTX infusions were analyzed. Patient characteristics and 
baseline values are presented in Table 1.

Methotrexate associated mucositis and myelosuppression 
did not differ between the 4 h and 12 h infusion durations. 
One participant (subject #11) experienced HDMTX AKI 
during a 12 h infusion. The end of infusion (Cycle 1, day 
22) methotrexate concentration was 930 µM in serum and 
7.5 mM in urine. Within 24 h of the start of the methotrexate 
infusion the patient’s sCr was 1.4 mg/dL (3.5 × baseline), 
cystatin C was 1.0 (0.7 × baseline); NAG, NGAL and Kim-1 
increased by 570%, 450%, and 350%, respectively. At 40 h, 
the patient’s serum methotrexate concentration was 40 µM; 
glucarpidase was administered. Hydration, alkalinization 
and leucovorin were continued until a serum methotrexate 
concentration less than 0.1 µM was achieved at 310 h. Cycle 
1 day 29 HDMTX dose was omitted. Recovery of renal func-
tion to baseline occurred at 20 days for sCr and 40 days 
for cystatin C. This patient’s subsequent methotrexate doses 
were modified and the patient’s subsequent methotrexate 
concentration–time data were excluded from the population 
pharmacokinetic modeling.

Radiographic and histologic response was similar among 
patients who received 4 h or 12 h infusions pre-operatively 
(cycles 1 and 2). For the ten patients who underwent primary 
tumor resection, the median decrease in longest diameter 
was 4% (RECIST v1.1: stable disease in 9, progressive dis-
ease in 1) and the median percent tumor necrosis was > 95%.

The baseline median (range) BSAP was 132 (40- 689) 
U/l. The patients with metastatic disease at diagnosis 
appeared to have higher baseline BSAP compared to patients 
with localized disease 411 (133–557) U/l vs 108 (40–398) 
U/l, though the small number of patients with metastatic 
disease precluded statistical comparison. One patient with 
progression of disease did not have follow up BSAP meas-
ured. The percent decrease in BSAP during therapy did not 
differ among patients in complete continual response versus 

those who relapsed or died from progressive osteosarcoma 
(54% vs 62%).

At a median (range) follow up of 3.6 (2.4–4.6) years, 
all eight patients with localized osteosarcoma are alive, in 
remission; three of four with metastases at diagnosis have 
died from progressive disease.

Serum and urine methotrexate concentrations

The population pharmacokinetic model parameters for the 
4 (n = 38) and 12 (n = 35) hour infusion durations are pre-
sented in Table 2. Simulations of serum methotrexate con-
centrations for the 4 h and 12 h methotrexate infusions using 
the population parameters are presented in Fig. 1c. Visual 
predictive checks for the model are presented in Supplemen-
tal Fig. 3. Patient serum and urine methotrexate concentra-
tions are summarized in Table 3. There was no correlation 
between end of infusion serum and measured urine metho-
trexate concentrations (Fig. 1d). The model predicted end 
of infusion urine methotrexate concentration exceeded the 
measured end of infusion MTX concentration (Supplemental 
Fig. 4).

In addition, we determined in vitro the solubility of 
10 mM, 20 mM and 40 mM methotrexate at pH 5, 6.5, and 
7.5 at 37 °C. (Fig. 2). At the end of the infusion, the urine 
methotrexate concentration measured in a spontaneously 
voided urine specimen did not exceed this solubility thresh-
old in any patient, including the patient who received glu-
carpidase. However, model predicted instantaneous urine 
methotrexate concentration at the end of 4 h and 12 h infu-
sion exceeded 40 mM in 90% (66/73) of the infusions (Sup-
plemental Fig. 4).

Renal function: GFR and biomarkers of AKI

GFR was estimated using a creatinine-based formula as well 
as formula incorporating creatinine and cystatin C (Fig. 3). 
GFRcysC was less variable and demonstrated a decrease in 
glomerular filtration rate at the end of therapy. GFRCr was 
highly variable and appears to over-estimate renal function 
in children receiving chemotherapy with appropriate hydra-
tion as demonstrated by increase in GFRCr after cisplatin 
containing chemotherapy and tendency for GFRCr to exceed 
150 ml/min per 1.73 m2. At the end of therapy GFRCr was 
greater than GFRcysC (P = 0.03). Urine biomarkers of AKI 
(Table 3) were elevated within 24 h of the start of the infu-
sion indicating acute tubular dysfunction, however, urine 
biomarkers did not differ between 4 and 12 h infusions. 
Routine serial urinalysis demonstrated that urine pH was 
maintained at pH ≥ 7 for all infusions and 93% of HDMTX 
infusions were associated with acute transient proteinuria. 
Proteinuria (1 + to 3 +) was observed only at the end of infu-
sion, thus, false positive proteinuria due to alkaline urine is 
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unlikely. However, direct interference by methotrexate in 
the urine was not evaluated. Urinary biomarkers of AKI did 
not correlate with end of infusion serum and urine metho-
trexate concentrations (Supplemental Fig. 5) nor GFRCr and 
GFRcysC (Supplemental Fig. 6).

Discussion

We used a 2-compartment pharmacokinetic model and mean 
concentration–time data from a prior study in patients with 
osteosarcoma to simulate serum and urine methotrexate 

concentrations and determine an infusion duration that 
would result in a urine methotrexate concentration below 
the solubility limit at a urine pH ≥ 7. This pilot study used 
a randomized cross over design in which patients served as 
their own control to evaluate the impact of lengthening the 
infusion duration of HDMTX to 12 h in patients with newly 
diagnosed osteosarcoma. Supporting our hypothesis and pre-
dicted by the initial pharmacokinetic simulations, there was 
no difference in time to methotrexate clearance between 4 

Table 2   Population 
pharmacokinetic parameters for 
the 4 (n = 38) and 12 (n = 35) h 
infusion durations

tv typical value for the population

Parameter* Estimates Standard error CV % 95% Confidence interval

4 h 12 h 4 h 12 h 4 h 12 h 4 h 12 h

tvV [L] 12.0 13.2 0.38 0.69 3.13 5.25 11.3–12.8 11.8–14.6
tvV2 [L] 0.499 0.615 0.072 0.064 14.3 10.4 0.358–0.640 0.489–0.742
tvCl [L/h] 3.31 3.83 0.14 0.20 4.21 5.18 3.04–3.59 3.44–4.22
tvCl2 [L/h] 0.0248 0.0308 0.0040 0.0042 16.3 13.7 0.0168–0.0327 0.0225–0.0391
AUC [µM•h] 9010 10,196 2505 1501 27.8 14.7 8230–9790 9700–10,700

Table 3   Methotrexate concentrations and urine acute kidney injury biomarkers for 4 h and 12 h methotrexate infusion durations

4 h 12 h

End of infusion serum MTX concentration 1309 (95% CI 1190, 1400) µM 557 (95% CI 492, 586) µM
End of infusion urine MTX concentration 16.4 (95% CI 14.7, 19.4) mM 11.1 (95% CI 9.9, 12.1) mM
Time to serum MTX < 0.1 µM 83 (95% CI 80.7, 90.7) h 87 (95% CI 82.8, 92.4) h

Tubular function: urine AKI biomark-
ers median (range)

Pre-infusion Post infusion Pre-infusion Post infusion

KIM-1/Cr (µg/g) 2.7 (0.4–22.8) 7.7 (0.8–90) 2.6 (0.5–8.1) 7 (1.1–28)
NAG/Cr (U/g) 30 (7.1–135.8) 67.6 (34.1–236.6) 23.1 (7.9–87.4) 115 (60.1–308)
NGAL/Cr (µg/g) 12.2(1–2065) 16.6(1.4–1528) 17.5(2.8–368) 20.4 (2.7–777)

Fig. 2   In vitro methotrexate solubility at pH 7.5, 6, or 5

Fig. 3   Glomerular filtration rate calculated using serum creatinine-
based Schwartz formula (GFRCr) and cystatin C based chronic kidney 
disease formula (GFRcycC)
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and 12 h infusion durations. We then fit a two-compartment 
model to the methotrexate concentrations from 73 infusions 
in patients enrolled on the trial.

In this small population, there was no difference in per-
cent tumor necrosis, or the incidence of related toxicity. 
Urine biomarkers of AKI were elevated within 24 h of the 
start of the infusion indicating acute tubular dysfunction, 
however, urine biomarkers did not differ between 4 and 12 h 
infusions. Therefore, prolonged infusion duration did not 
appear to ameliorate nephrotoxicity. One patient receiving 
a 12 h infusion had clinically significant HDMTX AKI and 
required glucarpidase. This patient’s end of infusion serum 
methotrexate concentration was < 1000 µM, hydration and 
alkalinization were maintained, however, the acute rise in 
serum creatinine indicated AKI and the patient experienced 
delayed methotrexate excretion. High dose leucovorin and 
glucarpidase prevented myelosuppression, hepatic and der-
matological toxicity. However, due to persistent elevations in 
creatinine and cystatin C, the subsequent dose of methotrex-
ate was not administered. This indicates that peak metho-
trexate concentration and crystallization of drug in the urine 
is not the sole factor in HDMTX nephrotoxicity.

All children on this study received HDMTX and cispl-
atin. We performed serial measurement of serum creatinine 
and cystatin C and estimation of glomerular filtration. GFR 
estimated by the Schwartz formula was more variable and 
no cumulative decrease in GFR over the course of therapy 
was documented. GFR estimated using both serum creati-
nine and cystatin C (GFRcysC) was statistically significantly 
lower at the end of therapy compared to creatinine based 
GFR estimates and demonstrated a decrease compared to 
baseline. A limitation of our study is that we did not com-
pare GFRCr or GFRcysC to GFR measured by inulin clear-
ance or iohexol plasma clearance. However, our findings 
are supported by a meta-analysis of 12 studies including 
1775 adults with cancer which concluded that Cystatin C 
was superior to creatinine for the detection of minor changes 
in GFR in early stages of renal insufficiency secondary to 
chemotherapy.[23] GFRCr, is estimated using a simple and 
validated equation based on serum creatinine, however, may 
be inferior to GFRcysC because of the limitations of serum 
creatinine measurement related to change in body mass, 
decreased nutritional status, and ample hydration in children 
with cancer receiving nephrotoxic chemotherapy.

Unlike the serum methotrexate concentrations which 
are an instantaneous measure, the end of infusion urine 
methotrexate concentration represents the concentration 
in the urine contained in the bladder since the prior void. 
Therefore, the instantaneous methotrexate concentration in 
urine predicted from the model exceeded the measured urine 
methotrexate concentration in 90% of the infusions analyzed. 
Our in vitro methotrexate solubility testing indicated that 

at urine pH 7.5, methotrexate at a concentration of 40 mM 
was soluble. For 4 h infusions, no measured end of infusion 
methotrexate concentrations exceeded 40 mM, however, 
the model predicted that 24% (9/38) of instantaneous urine 
methotrexate concentrations exceeded 40 mM. For 12 h infu-
sions, all end of infusion urine methotrexate measurements 
as well as the model predicted instantaneous methotrexate 
concentration in urine were below the solubility threshold 
at pH 7.5. If the pH in the renal tubules were ≤ 5, the model 
predicts that urine methotrexate concentration would exceed 
the solubility threshold for many patients receiving 4 h or 
12 h methotrexate (12 g/m2) infusions and these patients 
would be at risk for precipitation and crystalline AKI.

Pedrosa et al. [30] reported urinary KIM-1/Cr greater 
than 6.2 µg/g measured 24 h after cisplatin or methotrex-
ate predicted persistent renal impairment with sensitivity 
of 73%, specificity 92%, and Receiver Operator Curve 0.72 
(95% CI 0.55, 0.71). In our study, the median KIM-1/Cr post 
infusion exceeded this threshold. Urine KIM-1 is a marker 
of proximal tubular damage, clearance of renal tubular apop-
totic bodies and tubular regeneration [31]. The observed 
proteinuria and elevations in AKI biomarkers, particularly 
KIM-1/Cr in our study, indicate that direct tubular damage 
contributes to HDMTX nephrotoxicity.

In summary, using a pharmacokinetic model we pre-
dicted serum and urine methotrexate concentrations for 4 h 
and 12 h infusion of HDMTX (12 g/m2) in children and 
adolescents with newly diagnosed osteosarcoma. However, 
reducing peak serum and urine methotrexate concentration 
by prolonging the infusion duration did not alter the risk of 
acute kidney injury in this study. Our data provides addi-
tional support for the use of serum cystatin C to estimate 
glomerular filtration rate. The measured end of infusion 
urine methotrexate concentration after 4 h or 12 h infusion 
did not exceed the predicted solubility limit in this cohort, 
including a patient with HDMTX AKI. However, instan-
taneous urine methotrexate concentrations calculated from 
the pharmacokinetic model based on measured end of infu-
sion methotrexate concentrations indicate that 24% of 4 h 
infusions exceeded 40 mM. Additional studies into the pre-
cise mechanism of HDMTX nephrotoxicity are needed to 
develop strategies to reduce the risk of acute and chronic 
renal dysfunction.
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