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Abstract

Introduction: Acute kidney injury is a common complication in children with oncological diseases. Its etiology is multifactorial, with
key risk factors including drug-induced nephrotoxicity, tumor lysis syndrome, and infection—including sepsis during periods of apla-
sia. The classical diagnostic criteria for AKI rely on monitoring serum creatinine levels and detecting oliguria. In the context of drug-
induced nephrotoxicity, the predominant pathophysiological mechanism is tubular injury, which is typically non-oliguric and may not
cause changes in serum creatinine, even in cases of severe damage.

Materials and methods: We studied 40 children undergoing 116 chemotherapy cycles with nephrotoxic agents at the Pediatric Hema-
tology-Oncology Department, St. George University Hospital. Urinary NGAL, estimated GFR (eGFR) using the Schwartz, Schwartz-
adjusted, and Brandt formulas, and tubular markers—fractional excretion of phosphate (FeP) and tubular maximum reabsorption of
phosphate per GFR (Tmp/GFR)—were measured before and 12 hours after each cycle.

Results: Urinary NGAL increased significantly after later chemotherapy cycles but remained within reference ranges and failed to de-
tect two KDIGO-defined AKI episodes. The classical Schwartz formula identified only two AKI cases, while adjusted formulas revealed
decreased eGFR in 36% of patients and a reduction in hyperfiltration prevalence from 50% to 28%. Tubular markers (FeP, Tmp/GFR)
showed consistent and significant changes across all cycles.

Conclusion: NGAL is not a reliable early biomarker for chemotherapy-related AKI in children. Adjusted eGFR formulas and tubular
injury markers provide greater sensitivity and should be incorporated into monitoring protocols to enable earlier detection and reduce
the risk of chronic kidney damage.
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Introduction

Acute kidney injury (AKI) is a common issue in children
with oncological diseases. The reported incident in liter-
ature ranges from 16.9% to 52%.!1?! Its etiology is mul-
tifactorial, with key risk factors including drug-induced
nephrotoxicity, tumor lysis syndrome, and infection, in-
cluding sepsis emerging during periods of aplasia.l’! The
occurrence of AKI during treatment often necessitates dose
reduction of the implicated medication or its replacement
with a less nephrotoxic alternative. This may have an ad-
verse effect on the overall therapeutic outcome.

The classical diagnosis of AKI relies on monitoring se-
rum creatinine levels and the presence of oliguria. Howev-
er, these are late markers, changing more than 48 hours af-
ter the onset of kidney injury. Furthermore, they are unable
to differentiate between prerenal and renal injuries. Serum
creatinine levels rise only after more than 50% of nephron
function has been lost. This means that mild and moderate
impairments in kidney function may go undetected.

According to the KDIGO criteria, the diagnosis of acute
kidney injury (AKI) is based on changes in serum creat-
inine levels and/or estimated glomerular filtration rate
(eGFR), as well as the presence of oliguria. In pediatric
practice, the Schwartz formula is the most widely applied
method for estimating GFR, relying on serum creatinine
concentration and patient height. Nevertheless, serum cre-
atinine is strongly influenced by muscle mass, and in the
context of cachexia, frequently observed in children with
malignancies, its levels may remain deceptively low even
in the presence of AKI. As a result, the use of the classical
Schwartz formula, a simple and widely accessible method,
tends to overestimate glomerular filtration. The literature
provides only limited evidence regarding the optimal for-
mula to apply in pediatric oncology patients; however, the
available studies consistently emphasize formulas that in-
corporate body mass. These include the body surface area-
adjusted Schwartz formula, as well as the Brandt and the
Cockcroft-Gault formulas.

In the context of drug-induced nephrotoxicity, the prima-
ry pathogenetic mechanism of AKI is tubular injury, which
is typically non-oliguric, and even in cases of severe kidney
damage, serum creatinine levels may remain unchanged.
This highlights the need for new markers for the early diag-
nosis of AKI in pediatric oncology. One of them is NGAL,
which has been extensively discussed in the literature as a
biomarker of acute kidney injury (AKI), with proven sen-
sitivity and specificity in various conditions such as AKI
following perinatal asphyxia or after cardiac surgery with
cardiopulmonary bypass, among others. Its role in pediatric
oncology, and particularly as a marker of nephrotoxicity, re-
mains incompletely elucidated. Other potential nephrotox-
icity biomarkers include tubular markers of injury, such as
the fractional excretion of phosphate (FeP%), or the renal
phosphate threshold.

Aim

To compare classical markers of AKI with tubular inju-
ry markers and NGAL as early markers of drug-induced
nephrotoxicity in children undergoing chemotherapy.

Materials and methods

A cross-sectional study was conducted among 40 children
undergoing chemotherapy with nephrotoxic medications
at the Pediatric Hematology and Oncology Department of
the Pediatrics Clinic at St. George University Hospital for
the period 2021-2024.

Inclusion criteria: Children aged 0 to 18 years under-
going treatment with nephrotoxic medication (ifosfamide,
cisplatin, or carboplatin), with no history of prior kidney
injury or renal anomalies, and with signed informed con-
sent.

Exclusion criteria: Presence of a comorbid condition—
evidence of sepsis, or treatment with another nephrotoxic
agent such as an antibiotic, antiviral, or antifungal medica-
tion, dehydration.

For all children, blood and urine samples were collected
before the start of each chemotherapy cycle, as well as 12
hours after its completion. The following parameters were
analyzed:

In blood, serum creatinine, urea, and electrolytes—in-
cluding phosphorus and magnesium—were measured us-
ing an AU480 automated biochemical analyzer (Beckman
Coulter) based on the turbidimetric principle. Estimated
glomerular filtration rate (eGFR) was calculated using the
original Schwartz formula, the body surface area-adjust-
ed Schwartz formula (Equ. 1), and the Brandt equation
(Equ. 2).

k. Ht (cm) y BSA (m?)
Scr 1.73 m?

GFREST mL/mln = (Equ 1)

where k=0.45 for children <1 year, 0.70 for pubertal
males, and 0.55 for all other children, Scr is serum creati-
nine level (mg/dL), BSA: body surface area, Ht : the child’s
height in cm.

(agemos + 6) X wt

GFR mL/min = k (Equ. 2)

SCR

where k is 1.05 for males and 0.95 for females; agemos is the
child’s age in months; wt is the child’s weight in kilograms;
Scr is serum creatinine levels (mg/dL).
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The KDIGO 2022 classification was used to stage acute
kidney injury.*) According to the KDIGO criteria, AKI is
defined as an increase in serum creatinine levels or a de-
cline in GFR of 25% for stage 1, 50% for stage 2, and 75% or
an eGFR less than 35 mL/min/1.73 m? for stage 3 (Table 1).

Table 1. KDIGO classification of acute kidney injury (AKI)

Assessment of Nephrotoxicity Markers in Children
Statistical analysis

The following statistical methods were used for data anal-
ysis:
- Descriptive and inferential statistics

Stage Serum creatinine Urine output
1 1.5-1.9 times above baseline or >26.5 umol/L within 48 hours <0.5 mL/kg/h for 6-12 hours
2 1.0-2.9 times increase from baseline <0.5 mL/kg/h for >12 hours
3.0 times above baseline, or serum creatinine >353.6 umol/L, or
3 initiation of renal replacement therapy, or eGFR <35 mL/min/1.73  <0.3 mL/kg/h for >24 hours or anuria for >12 hours

m? (in patients <18 years of age).

In urine, neutrophil gelatinase-associated lipocalin
(NGAL) was assessed for each chemotherapy cycle. Urine
NGAL levels were measured 12 hours before and after
treatment using a chemiluminescent microparticle immu-
noassay for quantitative determination of NGAL. NGAL
was considered elevated if its value exceeded 150 ng/mL,
the reference value provided by the manufacturer. The
NGAL/creatinine ratio was calculated to account for the
diluting effect of hyperhydration administered during each
chemotherapy cycle. In addition, the fractional excretion
of phosphate (FeP%) was measured (Equ. 3), and the renal
phosphate threshold was calculated (Equ. 4).

PO, (U) x Cr(S)

Equ. 3)
PO, (S) x Cr(U)

FeP% = x 100

where PO4: phosphate (mmol/L), Cr: creatinine (umol/L),
U: urine concentration, S: serum concentration.

Tmp Pcr
_r _ _ _ (Equ. 4)
GFR ~ P (Up X Ucr) 1

where P is the phosphate level, Pp is plasma phosphate
concentration, Up is Urine phosphate concentration, Pcr is
plasma creatinine concentration, and Ucr is the urine cre-
atinine.

Under conditions of normal serum phosphate levels, the
fractional excretion of phosphate (FeP) is normally up to
20%. In the presence of hypophosphatemia with proximal
tubular dysfunction, FeP increases above 20%, whereas in
intact tubular function it is expected to decrease, even ap-
proaching 0%.

Data for qualitative, non-metric variables are present-
ed using absolute frequencies and relative proportions
(count, %). Quantitative variables are described using key
parameters of central tendency (mean + standard error of
the mean, SEM), statistical dispersion (standard deviation,
SD), and the 95% confidence interval (95% CI). Quantita-
tive indicators that do not follow a normal distribution are
described using the median and interquartile range (IQR).

- To assess the normality of the distribution of the an-
alyzed variables, the Kolmogorov-Smirnov test was used.

- When testing hypotheses for insignificant influence of
factors, the x* (chi-square) test for contingency tables and
Fisher’s exact test for 2x2 tables were applied.

- For the analysis of quantitative variables in indepen-
dent groups that do not follow a normal distribution, the
Mann-Whitney U test was applied.

- To compare two or more relative proportions, the
z-test was used. When comparing proportions across more
than two groups, p-value correction was applied using the
Bonferroni method.

- For comparison of more than two independent groups
with variables that do not follow a normal distribution, the
Kruskal-Wallis test was used.

- A significance level of p<0.05 was adopted for the null
hypothesis.

The statistical analysis of the results was performed us-
ing the statistical software SPSS version 23.

Results

Patients

The analysis included 40 children who were followed up,
with 18 being girls (45.0%) and 22 being boys (55.0%). The
mean age of the participants was 10.59+5.26 years, with no
statistically significant difference observed between the two
sexes (p=0.376) (Table 2).
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Table 2. Distribution of children by sex

Sex N Min Max Average Median U z p
Girl 18 2.00 21.00 10.0122 10.45 (6.35-12.25) 165.5 -0.885 0.376
Boy 22 2.00 18.00 11.0595 13.45 (5.78-15.13)

* The data are presented as median (25th and 75th percentiles).

The distribution of children by malignant disease is
shown in Table 3.

Table 3. Distribution of children by tumor type

Number of

Diagnosis .
patients

Acute lymphoblastic leukemia (ALL)
Teratoma

Ewing sarcoma

Brainstem glioma

Medulloblastoma

3
2
8
2
4
Osteosarcoma 7
Astrocytoma 1
Neuroblastoma 3
Nephroblastoma 3
Non-Hodgkin lymphoma 5
Soft tissue sarcoma 1

1

Hodgkin’s disease (Hodgkin lymphoma)

Table 4 presents all parameters before and 12 hours after
each chemotherapy cycle, by cycle number.

NGAL

The analysis included 116 cycles, which were divided into
four categories based on their cycle sequence: “first,” “sec-
ond,” “third,” and “from the fourth to the tenth cycle” These
categories include all of the analysis’s first, second, and
third cycles, respectively, while the final category includes
all of the fourth to tenth cycles.

The largest percentage of children were included in the
“4-10 cycles” group. This is because, during the study peri-
od, in addition to newly diagnosed patients, children with
disease relapse and those admitted for a new course of che-
motherapy involving nephrotoxic medications were also
included. Regarding the use of chemotherapy agents with
high (ifosfamide, cisplatin) and low (carboplatin) nephro-
toxicity, the children were divided into two main groups: a
high nephrotoxicity group and a low nephrotoxicity group
(Fig. 1).

A higher percentage of children were treated with highly
nephrotoxic medications—92 out of 116 cycles, or 79.3%
of all cycles, involved a high-toxicity drug. Fig. 2 presents
a summary of the NGAL values at baseline (0 hour) and at
12 hours post-treatment, distributed by cycles.

The figure demonstrates that NGAL levels remain with-
in the reference range and that, even at 12 hours, lower val-
ues are observed compared with those measured before the
initiation of chemotherapy.

To determine whether there was a statistically significant
difference between NGAL levels before each chemotherapy
cycle and 12 hours after, the Wilcoxon signed ranks test was
used (Table 5).

A statistically significant difference in NGAL levels
before and 12 hours after the chemotherapy cycle was
observed in patients who completed their second cycle
(Z=-3.11, p=0.003) and third cycle (Z=-2.344, p=0.019),
as well as in patients who underwent four or more chemo-
therapy cycles (Z=-0.856, p=0.004). However, NGAL levels
remained within their reference values. Using KDIGO cri-
teria, two episodes of AKI were diagnosed following treat-
ment with a nephrotoxic agent. In both episodes, NGAL
levels remained unchanged.

To avoid the dilution effect resulting from hyperhydra-
tion, which is part of the chemotherapy protocol for these
children, NGAL levels were compared to creatinine levels
in a urine sample collected 12 hours after the chemothera-
py cycle. The results are presented in Table 6.

A statistically significant marker increase was found
only in the “4-10 cycles” group, that is, in patients who
underwent multiple courses of nephrotoxic chemotherapy.

eGFR

One of the main KDIGO criteria for diagnosing acute kid-
ney injury is the patient’s GFR. Using the original Schwartz
formula, GFR values were calculated before and after each
chemotherapy cycle. Normal values were considered be-
tween 90 and 160 mL/min/1.73 m?, hyperfiltration was de-
fined as values above 160 mL/min/1.73 m? 1%/, and reduced
GFR as values below 90 mL/min/1.73 m? (Fig. 3).

What stands out is the high percentage of hyperfiltra-
tion—almost 50% of all chemotherapy cycles—as well as
the diagnosis of only one child with AKI before and two
children after chemotherapy.

To determine whether there was a statistically signifi-
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Distribution of children by medication type N=116
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Figure 1. Distribution of children by medication type.

NGAL Levels Before and 12 Hours After Chemotherapy Across Different
Treatment Cycles
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Figure 2. Distribution of NGAL levels by chemotherapy cycles.
Table 5. NGAL levels before and after each consecutive chemotherapy cycle
Median
NGAL ng/ml. N (25th - 75th percentile) z P

Before chemotherapy cycle 12 hours after chemotherapy cycle

First cycle 26 5.8 (1.175-14.575) 2.7 (0.3-8.1) -1.472 0.141
Second cycle 24 6.15 (3.225-23.4) 4.2 (1.3-12.8) -3.011 0.003
Third cycle 17 9.2 (1.55-33.6) 2(0.35-7.195) —-2.344 0.019
Cycles from4to 10 46 10.25(3.575-29.375) 6.5(2.3-12.6) -2.856 0.004
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Table 6. Urine NGAL/creatinine levels distributed by cycles

NGAL/creatinine N Median (IQR) ® z P
Before chemotherapy cycle 12 hours after chemotherapy cycle

First cycle 27 1.5 (0.54-3.09) 1.66 (0-4.9) -0.000 0.317

Second cycle 24 2.145 (1.105-5.842) 2.9 (0.855-9.562) -0.600 0.549

Third cycle 17 1.39 (0.15-5.39) 1.21 (0.53-5.95) -0.355 0.723

Cycles from 4 to 10 48 1.735 (0.89-5.3) 3.22 (1.517-9.684) —-2.066 0.039

*Median (IQR) - median and interquartile range (25th-75th percentile)

eGFR values at" 0" and "12" hours by Schwartz

Normal

mAt"0" hour

Figure 3. Presentation of eGFR values at 0 and 12 hours.

cant difference in eGFR before and 12 hours after chemo-
therapy for each cycle, the Wilcoxon signed ranks test was
used (Table 7).

The data show no statistically significant difference in
eGFR before and after the chemotherapy cycle.

Given the fact that creatinine levels depend on muscle
mass, in pediatric oncology their values are often pseudo-
normal, even in the presence of kidney injury. The standard

Table 7. eGER values before and after each chemotherapy cycle

61
58
55 53
I I I 1 2

Hyperfiltration

Low filtration

eGFR

W At 12th hour

Schwartz formula relies primarily on serum creatinine lev-
els and the child’s height, which can lead to an overestima-
tion of eGFR. The literature discusses the use of alternative
formulas adapted for pediatric oncology patients!®), two of
which are the Schwartz formula corrected for the child’s
body surface area, and the formula proposed by Brandt et
al., which incorporates the child’s weight and age. The val-
ues obtained from these formulas have been compared with

¢GFR mL/min/1.73 m? N Median (IQR)® 2 »
Before chemotherapy cycle 12 hours after chemotherapy cycle

First cycle 27 157 (133.38-176.57) 164 (128.94-198) —0.148 0.88

Second cycle 23 149.69 (120-169) 149.57 (128.62-182) —-0.654 0.51

Third cycle 17 168.30 (141.165-185.215) 165.58 (131.1-189) -0.157 0.88

Cycles from 4 to 10 46 161.63 (116.68-182.94) 162.96 (112.705-191.252) -0.119 0.91

*Median (IQR) - median and interquartile range (25th-75th percentile)
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those derived using a steady-state methodology involving
non-radioactive iothalamate (with a renal clearance simi-
lar to that of inulin), measured by high-performance lig-
uid chromatography.[®! Table 8 presents the comparison of
GFR values calculated using the classical Schwartz formula
and the body surface area - the adjusted Schwartz formula.

As demonstrated in Table 8, the data indicates a sub-
stantial increase in the number of chemotherapy cycles
with reduced eGFR: from 2 at 12 hours using the standard
Schwartz formula to 41 cycles when using the corrected
formula. Furthermore, there is a decline in the percentage
of cycles with hyperfiltration - to 31, which corresponds
to 28% of all cycles, a percentage comparable to the results
obtained using the radioisotope method for determining
eGFR.

Assessment of Nephrotoxicity Markers in Children

Using the adjusted Schwartz formula and the Brandt
formula, a statistically significant number of children
(p<0.001) were found to have reduced GFR before and af-
ter chemotherapy cycles. The number of affected children
was nearly the same for both formulas, while the cycles
with hyperfiltration were significantly fewer compared to
the original formula. Table 9 presents a comparative over-
view of the differences in eGFR calculation using the three
formulas.

A comparison was made between the proposed formu-
las to determine which formula detects the most deviations
(reduced eGFR as well as hyperfiltration), with the adjusted
Schwartz formula standing out as the one identifying the
most pathology (Table 10).

Table 8. Comparison of GFR values calculated using the classical Schwartz formula and the body surface area—adjusted Schwartz

formula

0 hour At 12 hours
eGFR

Schwartz Schwartz - corrected Schwartz Schwartz - corrected
Normal 61 40 55 38
GEFR (90-160 mL/min/m?)
Hyperfiltration 53 30 55 31
GFR (>160 mL/min/m?)
Low

1 40 2 41
GFR (<90 mL/min/m?)

Table 9. Presentation of the differences in eGFR calculation using the three formulas

%

eGFR Test 1 vs Test 2 Difference  z-score 95% CI 95% CI p value (corrected)
Normal Schwartz Brandt —-6.00% -1.06 -0.17 0.05 0.58
Normal Schwartz Schwartz-corrected 10.00% 2 0 0.2 0.14
Normal Brandt Schwartz-corrected 16.00% 3.08 0.06 0.26 0.01
Lowered Schwartz Brandt —46.00% -8.14 —-0.58 —-0.35 <0.001
Lowered Schwartz Schwartz-corrected ~ —46.00% -8.14 —-0.58 —-0.35 <0.001
Lowered Brandt Schwartz-corrected ~ 0.00% 0.00% —-0.15 0.15 >0.99
Hyperfiltration ~ Schwartz Brandt 49.00% 8.48 0.38 0.6 <0.001
Hyperfiltration ~ Schwartz Schwartz-corrected ~ 26.00% 3.71 0.12 0.39 <0.001
Hyperfiltration =~ Brandt Schwartz-corrected ~ —23.00% —4.22 -0.34 -0.13 <0.001

Table 10. Comparison of the three formulas for determining eGFR
Formula for Normal lIlleducﬁel(: GtIfR or Diltfte'rence in . i 95% CI 95% CI |
calculating GFR (%) ny(;;:)r ration :Z )a ive proportions 1z statistics o © p-value
Schwartz 54 (47.79%) 59 (52.21%) —-4.42% -0.67 -0.17 0.09 0.51
Brandt 63 (55.75%) 50 (44.25%) 11.50% 1.74 -0.01 0.24 0.16
Schwartz (Corrected) 38 (34.23%) 73 (65.77%) ~31.53% -4.95 044  -0.19  <0.01
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Since the corrected Schwartz formula identified the
highest number of pathological cases, it was selected for use
in subsequent analyses.

In the course of the study, the elevated rate of hyperfil-
tration raised the question of whether this finding could be
attributed to tubular creatinine loss in the context of tubu-
lar injury, which is recognized as the principal pathogenic
mechanism of drug-induced nephrotoxicity.

The main markers for tubular injury are the fractional
excretion of phosphate and the more accurate indicator rel-
ative to the patient’s GFR — the renal phosphate threshold.
To clarify the etiology of hyperfiltration, these two indica-
tors — eGFR and fractional excretion of phosphate/renal
phosphate threshold — were compared. Using the classical
Schwartz formula for calculating eGFR, children with re-
duced eGFR were detected only in the “4-10 cycles” group.
The comparison between eGFR and fractional phosphate
excretion data is presented at Table 11.

The comparison revealed no positive correlation be-
tween hyperfiltration and increased fractional excretion
of phosphate, which is particularly evident during the first
chemotherapy cycle. In all children with reduced eGFR, an
elevated FeP% was observed.

A comparison was again made between the 12-hour
eGFR calculated using the body surface area — corrected
Schwartz formula and the fractional excretion of phosphate
(FeP%) (Fig. 4).

Once again, no positive correlation was found between
the cycles with hyperfiltration and elevated FeP% (>20%).
Using the adjusted formula, it was found that elevated FeP%
was mainly observed in children from cycles with reduced
eGFR. Only in the “4-10” cycle it was equally represented
across all eGFR groups, unlike the classic Schwartz formu-
la, where increased phosphate excretion was mainly seen in
children with normal eGFR.

Table 11. Comparison between eGFR and fractional phosphate excretion

First cycle  First cycle Second Second Third cycle Third cycle Cycles4-10 Cycles 4-10
Filtration cycle cycle

FeP<20%  FeP>20%  FeP<20%  FeP>20%  FeP<20%  FeP>20%  FeP<20% FeP>20%
Hyperfiltration
eGFR>160 mL/min/1.73 m? 92.9% 7.1% 80.0% 20.0% 88.9% 11.1% 58.3% 41.7%
Normal filtration
eGFR=90-160 mL/min/1.73 m?>  69.2% 30.8% 58.3% 41.7% 62.5% 37.5% 38.1% 61.9%
Low filtration
eGFR<90 mL/min/1.73 m? - - - - - - 0.0% 100.0%

Comparison between eGFR(Schwartz-corrected) and
FeP%

30
25
20

15 e
|

10 I
5
3 1

FeP<20% FeP>20% FeP<20% FeP>20% FeP<20% FeP>20% FeP<20% FeP>20%

cyclel cycle2

n25 n23

cycle3 cycle 4-10

nl7 n46

W Hyperfiltration (eGFR >160mL/min/1.73m2)

M Normal (eGFR 90-160ml/min/1.73m?2)

M Low (eGFR<90mI|/min/1.73m2)

Figure 4. Comparison between FeP and eGFR (Schwartz-corrected).
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Fractional excretion of phosphate and
renal phosphate threshold

Nephrotoxic chemotherapeutic agents primarily cause
tubular damage, which is why this study focused on two
tubular markers: the fractional excretion of phosphate
(FeP%) and renal phosphate threshold, because phosphate
reabsorption is disrupted earliest in tubular injury, making
it the most clinically significant impairment. Both markers
were measured before and at 12 hours after each chemo-
therapy course. Fig. 5 presents the summarized results for
all cycles.

A statistically significant change was observed in the
number of patients with FeP% above 20%. Before the che-
motherapy cycle, 10.3% of the subjects had FeP% above
20%, while at 12 hours after the cycle, this increased to
35.3%. This indicates a statistically significant rise in the
number of patients with fractional excretion of phosphate

140

116

120

100
80
60
40
20

number of cycles N

0 hour

B FeP under 20%

Figure 5. Levels of FeP% at 0 and at 12 hours.

Table 12. Dynamics of FeP% values for all 116 cycles

Assessment of Nephrotoxicity Markers in Children

Using the Wilcoxon signed ranks test (Table 13), a sta-
tistically significant difference was found in urinary FeP%
levels before and after chemotherapy cycle, across all con-
secutive cycles.

Renal phosphate threshold

The renal phosphate threshold (TmP/GFR) is a more ac-
curate marker as it is adjusted for the glomerular filtration
rate. A statistically significant change was observed in the
renal phosphate threshold across all cycles. Before chemo-
therapy, 77.6% (90 cycles) had a normal renal phosphate
threshold, while at 12 hours after therapy, this decreased
to 58.6% (68 cycles). This represents a statistically signifi-
cant reduction (p=0.0031) in the number of cycles with a
normal renal phosphate threshold at 12 hours post-chemo-
therapy. Fig. 7 graphically presents the values of this pa-
rameter by cycles.

12th hour

Frequency

m FeP over 20%

Before chemotherapy

Marker
cycle

At 12 hours after the
chemotherapy cycle

Change

Pval
(% and 95% CI) value

FeP% 10.3% 35.3%

25.00% (15.78, 34.22) <0.0001

exceeding 20% at 12 hours post-chemotherapy (Table 12).

Distributed by cycles, the results for fractional excretion
of phosphate at 0 hour and at 12 hours are presented in
Fig. 6.

Presented by cycles, it was found that FeP% increases
significantly during the “4-10” cycle at 12 hours after che-
motherapy, indicating that tubular damage increases with
the number of chemotherapy cycles administered.

A statistically significant difference in levels was again
observed in each of the chemotherapy cycles performed
(Table 14).

To assess the clinical significance of tubular damage,
serum phosphorus and magnesium levels were monitored.
Hypophosphatemia was detected in 5 cycles before chemo-
therapy, representing children undergoing a subsequent
cycle, which accounts for 4% of all cycles. At 12 hours af-
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Changes in Fractional Excretion of Phosphates Before and After
Chemotherapy Across Treatment Cycles
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Figure 6. Changes in fractional excretion of phosphates before and after chemotherapy across treatment cycles.

Table 13. Urinary FeP% values before and after consecutive chemotherapy cycle

Parameters
Median (IQR)*
z 4
FeP% in urine N Before chemotherapy cycle 12 hours after chemotherapy cycle
First cycle 26 7.47 (3.597-13.192) 11.36 (9.067-17.597) -2.381 0.017
Second cycle 23 9.28 (3.75-16.31) 16.38 (9.23-27.41) -2.281 0.023
Third cycle 16 7.24 (2.107-12.087) 17.88 (8.595-19.96) -2.896 0.004
Cycles from4to 10 47 6.91 (4.69-11.44) 19.72 (13.85-30.157) -2.856 <0.001
* Median (IQR) - median and interquartile range (25th-75th percentile)

60

50

40 22

30

37
20
19
10 1 H ﬁ 26
8
0 Y 5 5 y
First Second Third Cycles First Second Third Cycles
cycle "0" cycle "0" cycle "0"from 4 to cycle cycle cycle from4to
hour hour hour 10"0" 12th 12th 12th 10
hour hour hour hour "12th"
hour
B Low renal phosphate threshold B Normalrenal phosphate threshold

Figure 7. Renal phosphate threshold at 0 and 12 hours presented by cycles.
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Table 14. Values of renal phosphate threshold (TmP/GFR) before and after consecutive chemotherapy cycles

Parameter
Median (IQR)*
Tmp/GFR N Before chemotherapy cycle 12 hours after chemotherapy cycle “ P
First cycle 24 1.335 (1.063-1.527) 1.103 (0.922-1.34) -2.419 0.016
Second cycle 23 1.259 (1.053-1.486) 0.986 (0.616-1.202) -2.224 0.026
Third cycle 15 1.384 (1.24-1.519) 1.02 (0.975-1.236) —-2.897 0.004
Cycles from4to 10 45 1.301 (1.108-1.525) 0.866 (0.649-1.108) -4.713 <0.001

* Median (IQR) - median and interquartile range (25th-75th percentile)

ter chemotherapy, hypophosphatemia was observed in 14
cycles, representing 12% of all cycles. To evaluate whether
the changes in electrolytes, namely phosphorus and mag-
nesium, across cycles were statistically significant, the Wil-
coxon signed ranks test was again used. The results are pre-
sented in Tables 15 and 16.

It was found that there was a statistically significant dif-
ference in serum phosphorus levels during the third and
“4-10” cycles. Regarding magnesium, statistically signifi-
cant changes were observed during the second, third, and
“4-10” cycles. These data indicate that with the accumula-
tion of nephrotoxicity, tubular injury progresses to clinical-
ly evident electrolyte disturbances, ultimately resulting in
clinical manifestations.

Discussion

One of the widely discussed in the literature early bio-
markers for diagnosing subclinical AKI, as well as a pre-
dictive marker for the development of clinically manifest-
ed AKI, is NGAL. This marker has been shown to have
high sensitivity and specificity for detecting acute kidney
injury following an episode of hypoxia (e.g., newborns
with perinatal asphyxia, children after cardiac surgery un-
der cardiopulmonary bypass).’"1?] Regarding its role as a
marker of drug-induced nephrotoxicity, and specifically
following chemotherapy, there is very little and conflicting
data.l!3-17] Table 17 presents the most frequently cited stud-
ies on NGAL and its role as an early marker of AKI in pe-
diatric oncology.!!81°]

Table 15. Serum phosphorus levels before and after consecutive chemotherapy cycles

Parameter
Median (IQR)*
Phosph z P
mn(if)ll) /Lorus N Before chemotherapy cycle 12 hours after chemotherapy cycle
First cycle 24 1.435 (1.332-1.617) 1.34 (1.112-1.495) —-1.544 0.123
Second cycle 23 1.43 (1.2-1.56) 1.25(1.09-1.43) -1.703 0.089
Third cycle 16 1.48 (1.392-1.655) 1.24 (1.19-1.415) -2.793 0.005
Cycles from4to 10 45 1.4 (1.25-1.585) 1.17 (0.892-1.392) -1.088 <0.001
* Median (IQR) - median and interquartile range (25th-75th percentile)
Table 16. Serum magnesium levels before and after consecutive chemotherapy cycles
Parameter
Median (IQR)*
M i z
agnesium N Before chemotherapy cycle 12 hours after chemotherapy cycle P
mmol/L
First cycle 25 0.87 (0.815-0.92) 0.87 (0.77-1.44) -1.543 0.123
Second cycle 24 0.82 (0.75-0.907) 1.17 (0.79-1.38) -2.695 0.007
Third cycle 16 0.865 (0.822-0.902) 1.27 (0.815-1.57) -2.529 0.011
Cycles from4to 10 45 0.83 (0.76-0.9) 0.885 (0.79-1.387) -2.761 0.006

* Median (IQR) - median and interquartile range (25th-75th percentile)
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Table 17. Studies on NGAL in pediatric oncology as a marker for nephrotoxicity

Year Authors Medication Number of patients NGAL results
Asma Abdel Sameea . ' . A gO(')d predictor of tubular damage
2022 Cisplatin, methotrexate 52 children after treatment  in children who have completed
Mahmoud et al.
treatment
Kelly R. McMahon et
2017 A cYahone Cisplatin 150 children Predictive marker for AKI

al.l1é]

2021 Eryk Latoch et al. Ifosfamide, cisplatin

Kelly R. McMahon et

2022 Cisplatin

60 children after treatment

159 children

Marker for CKD

Predictive marker, but during the later

al.4 chemotherapy cycles
Predictive for AKI with ifosfamide,
2017 Maya Sterling et al.'!  Ifosfamide, cisplatin 51 children redic 1ve. or. ‘,Nl Hostamide
but not with cisplatin
Mohamed A. Al-
2015 © anllse Cisplatin, ifosfamide 60 children High predictive value for AKI
malky!
No advant th kers -
2014  Elisa Ylinen et al.('7] High dosed methotrexate 20 children 0 acvantages over other markers
cystatin C
2015 V. Kesik™ Ifosfamide 29 children Marker for CKD diagnosing
Cisplatin, ifosfamide, .
2016  Katarzyna Musiol et al. 1spratin, tostamice 38 children Low sensitivity for CKD

methotrexate

In the study by Mohamed Almalky et al., conducted
among 30 children with solid tumors undergoing chemo-
therapy, the authors found a statistically significant differ-
ence between the number of children diagnosed with AKI
based on urinary NGAL levels (10 out of 30) and those
diagnosed using serum creatinine levels (0 out of 30).
However, they used an NGAL cutoff value of >25 ng/mL
for predictive significancel!?), rather than the >113 ng/mL
threshold commonly discussed in the literature.

In another large prospective study by McMahon et al.,
involving 159 children undergoing chemotherapy with cis-
platin, urinary NGAL levels were found to have low pre-
dictive value for AKI. Higher NGAL values were observed
during later infusions of the drug compared to the initial
cycles of therapy (AUC-ROC 0.54-0.75 for late infusion vs.
AUC-ROC 0.48-0.65 for early infusion).!'#!

In a study by Milo$evski-Lomic et al., published in 2023,
emphasis is placed on the higher predictive value of using
a combination of biomarkers (NGAL, KIM-1, L-FABP) for
the diagnosis of AKI following the administration of neph-
rotoxic drugs in children, compared to the use of each bio-
marker individually.2”!

In our study, using the KDIGO criteria, two episodes
of AKI were diagnosed following courses of nephrotox-
ic medication. In both episodes, NGAL levels remained
unchanged. In two children with disease relapse, elevat-
ed NGAL levels were observed both before and after the
chemotherapy course; all of these courses were within the
“cycle 4-10” group, meaning the patients had undergone

previous chemotherapy cycles. For the rest of the children,
especially for the second, third, and “4-10” cycles, a statis-
tically significant difference in NGAL levels was observed;
however, the values remained within the reference range
and, in most cases, were lower than those measured pri-
or to chemotherapy. One of the questions that arises is
whether this could be due to urine dilution as a result of
the hyperhydration administered to all children after each
chemotherapy cycle. To account for this dilution effect, a
NGAL-to-creatinine ratio was calculated from a single
urine sample collected 12 hours after the chemotherapy
cycle. A statistically significant increase of this ratio was
observed only in the “4-10 cycle group, indicating that
NGAL levels rise as a result of the cumulative nephrotoxic
effect—an observation consistent with the findings of Kelly
R. McMahon. This identifies NGAL as a marker that is not
reliable for diagnosing AKI induced by nephrotoxic drugs,
particularly chemotherapeutic agents.

Regarding the classical indicators for diagnosing AKI,
the more accurate measure is the estimation of eGFR. Its
determination is extremely important in oncology, espe-
cially when nephrotoxic chemotherapy regimens are to be
administered, in order to optimize drug dosing according
to renal function. There are very few studies in the litera-
ture concerning GFR in pediatric oncology patients. The
method used to determine GFR is also widely discussed.
The most accurate methods for measuring absolute GFR
are radioisotope techniques (such as [51Cr]-EDTA). Un-
fortunately, the need for multiple blood samples or the
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lack of access to the respective radioisotope makes these
methods rarely used and less preferred in clinical prac-
tice. One of the proposed methods for estimating GFR is
the classical Schwartz formula, which, given the low body
weight of pediatric oncology patients, is recommended to
be adjusted for body surface area.l®! An interesting finding
across all these studies is the high prevalence of hyperfiltra-
tion, regardless of the chosen GFR measurement method,
both before the start of treatment and after the initial che-
motherapy cycles. Such is the study by Kwatra et al., which
found a 43.5% rate of hyperfiltration among 177 children,
measured by DTPA (diethylenetriaminepentaacetic acid)
clearance during at least one chemotherapy cycle. In a
study by Hjorth et al., also using a radioisotope method (io-
hexol clearance), a hyperfiltration rate of 31% was reported.
[6:21.22] Ty the follow-up of eGFR levels in our study, a high
rate of hyperfiltration was also observed, comparable to
the cited studies, both at disease onset (55 cycles, 47.8%),
and after chemotherapy (58 cycles, 50.43%) measured at 12
hours post-cycle. Hyperfiltration was defined as eGFR val-
ues >160 mL/min/1.73 m?. The pathophysiology of hyper-
filtration is widely discussed, with the most accepted theo-
ry being the hypermetabolic state in which children with
oncological diseases find themselves, especially during che-
motherapy.[®21:22) The hypothesis of increased creatinine
excretion due to tubular injury during chemotherapy cycles
as an etiology for hyperfiltration was not confirmed, since
no statistically significant correlation was found between
children with hyperfiltration and fractional excretion of
phosphate or the renal phosphate threshold.

The use of the classical Schwartz formula is an easy and
widely accessible method but tends to overestimate glo-
merular filtration. There are few studies in the literature
regarding which formula to use for pediatric oncology pa-
tients, but all recommend formulas based on body weight.
These include the body surface area—corrected Schwartz
formula, the Brandt formula, or the Cockcroft-Gault for-
mula.[%21-2] Our study used two of these formulas, the
adjusted Schwartz formula and the Brandt formula. With
both formulas, the percentage of hyperfiltration observed
with the classical Schwartz formula decreased significantly
but remained high—up to 28%. This result is comparable
to those obtained in studies measuring GFR in pediatric
oncology patients using radioisotope methods; however,
an increase in cases with reduced eGFR was also observed.
Unlike the classical formula, where children with increased
fractional excretion of phosphate and correspondingly low
renal phosphate threshold mostly have normal GFR, the
formulas based on body weight tend to show these children
predominantly have reduced GFR.

Some of the medications used in pediatric oncology, es-
pecially in children with solid tumors, are nephrotoxic and
primarily cause tubular injury. The proximal tubule, being
the most metabolically active part of the tubular appara-
tus, is the most affected. This leads to the manifestation of
partial or generalized proximal tubular dysfunction—renal

Assessment of Nephrotoxicity Markers in Children

Fanconi syndrome. The clinical presentation is character-
ized by aminoaciduria, hypophosphatemia, low-molecu-
lar-weight proteinuria (f2-microglobulin, retinol-binding
protein), normoglycemic glucosuria, metabolic acidosis,
hypokalemia, and hypouricemia. While tubular protein-
uria and glucosuria do not have a significant impact on the
body, increased phosphate excretion leading to hypophos-
phatemia is one of the main clinically important tubular
dysfunctions as it leads to skeletal demineralization and os-
teomalacia, proximal muscle weakness, bone pain, sponta-
neous fractures, or the development of hypophosphatemic
rickets. Due to preserved distal tubular function, polyuria
is a rare clinical finding, and metabolic acidosis is generally
mild (HCO3>15).125-28]

By using only standard methods to assess renal func-
tion—serum creatinine levels and oliguria—this type of
injury often goes unrecognized, since glomerular function
is usually preserved, except in cases where the distal tubule
is also affected and creatinine secretion is impaired. In the
conducted study, increased phosphate excretion was ob-
served before the chemotherapy cycle in only 10% of all
116 cycles, while 12 hours after the treatment course, the
percentage increased significantly to 35.5%. Furthermore,
as the cycle number increased, so did the number of chil-
dren with tubular injury, indicating a cumulative nephro-
toxic effect. A similar result was observed using the more
precise marker, the renal phosphate threshold. A low renal
phosphate threshold was present before the start of therapy
in only 17 cycles (14.7%), and 12 hours after the cycle in 44
cycles (37.0%). Here too, an increase in the percentage of
low renal phosphate threshold cases was observed with the
increasing number of chemotherapy cycles administered.

Monitoring serum electrolyte levels of phosphorus and
magnesium shows that with the cumulative nephrotoxic
effect over successive cycles, clinically manifest hypophos-
phatemia and hypomagnesemia develop. The frequency of
hypophosphatemia reported in the literature varies from
0 to 36.8%, and tubular phosphate reabsorption disorders
range from 0 to 62%.°) Our data are consistent with the
ones reported in the literature. As a rule, upon the manifes-
tation of tubular toxicity, the medication should be discon-
tinued, or if it must be continued (with no alternative), its
dose should be reduced according to the severity of acute
kidney injury. In most cases, tubulopathy is reversible and
transient, lasting a few months, but in some children, it be-
comes chronic, with a reported incidence of tubular injury
reaching up to 20-25%.53% This necessitates the develop-
ment of a monitoring algorithm for children who have un-
dergone chemotherapy, including for late side effects relat-
ed to kidney function.

We present an algorithm for monitoring renal function
in children undergoing chemotherapy with nephrotoxic
drugs (Fig. 8).

Our study has certain limitations, most notably the small
sample size and its single-center design, which restrict the
ability to draw more robust conclusions.

Folia Medica | 2026 | Vol. 68 | No. 4

15

Folia Medica



Folia Medica

P. Markova et al.

Before Chemo
cycle

Cr — creatinine, eGFR (Schwartz-
corrected), electrolytes (Na, K. Mg, P,

Urine — creatinine, Ca, P, FeF% or
Tm/GFR

Calculation of
Chemotherapy Dose
Based on eGFR
(Schwartz-Adjusted)

Ca, C1)

-

cycle

[ After a Chemo

P

Blood - BGA, creatinine, eGFR

(Schwartz-corrected), electrolytes (Na,

K, Mg, P, Ca, Cl)

Urine - smgle portion - creatinine, P,
\Ca, Fe F% or Tm/GIFR /

~

y

After completion

of therapy

Ultrasound of the Kidneys,
Blood Urea, Creatmine,

eGFR. P, Mg

4

Every 6 months during the Ist year
Every 5 vears if no deviations are
detected in the 1st year

Urine -

Albunun/Creatinine ratio
Protein/Creatinine ratio

FeF% or Tm/GFR.

Figure 8. Algorithm for monitoring renal function in pediatric patients receiving nephrotoxic chemotherapy.

Conclusions

Acute kidney injury (AKI) is a common complication in
the treatment of pediatric oncology patients. One of the
leading risk factors for its development is drug-induced
nephrotoxicity, particularly associated with nephrotoxic
chemotherapeutic agents. This necessitates careful moni-
toring of renal function both during therapy and after its
discontinuation.

The widely discussed biomarker NGAL, although con-
sidered an early marker of AKI, has limitations when used
as a standalone diagnostic tool in children receiving neph-
rotoxic chemotherapy. While its role has been better estab-
lished in hypoxic conditions and certain surgical settings,
its diagnostic and predictive value in pediatric oncology
remains controversial. It is influenced by multiple factors,
including the cumulative effect of treatment cycles and the
impact of hyperhydration.

The measurement of eGFR remains a key parameter in
evaluating kidney function in pediatric oncology patients.
The use of formulas adjusted for body surface area or body
mass provides more accurate assessments compared to the
classical Schwartz formula.

Markers of tubular injury, such as FeP% and Tmp/GFR
(renal phosphate threshold), can serve as valuable tools for
the early detection of drug-induced nephrotoxicity in pedi-
atric oncology. The observed cumulative toxicity highlights
the urgent need for the development of a standardized al-
gorithm for monitoring renal function both during and
after the completion of oncological treatment in order to
ensure timely intervention and reduce the risk of progres-
sion to chronic kidney disease.
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