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Urinary acute kidney injury biomarkers in very low-birth-
weight infants on indomethacin for patent ductus arteriosus
Sina Waldherr1, Alexander Fichtner2, Bernd Beedgen1, Thomas Bruckner3, Franz Schaefer2, Burkhard Tönshoff2, Johannes Pöschl1,
Timm H. Westhoff4 and Jens H. Westhoff2

BACKGROUND: Serum creatinine (SCr)- or urine output-based definitions of acute kidney injury (AKI) have important limitations in
neonates. This study evaluates the diagnostic value of urinary biomarkers in very low-birth-weight (VLBW) infants receiving
indomethacin for closure of a patent ductus arteriosus (PDA).
METHODS: Prospective cohort study in 14 indomethacin-treated VLBW infants and 18 VLBW infants without indomethacin as
controls. Urinary biomarkers were measured before, during, and after indomethacin administration.
RESULTS: Indomethacin therapy was associated with significantly higher SCr concentrations at 36, 84, and 120 h compared to
controls. At 36 h, three indomethacin-treated patients met the criteria for neonatal modified Kidney Disease: Improving Global
Outcomes (KDIGO) AKI. The product of urinary tissue inhibitor of metalloproteinase-2 and insulin-like growth factor-binding protein
7 ([TIMP-2]•[IGFBP7]) was significantly elevated in the AKI subgroup at 12 h (P < 0.05), hence 24 h earlier than the increase in SCr.
Urinary neutrophil gelatinase-associated lipocalin (NGAL) and calprotectin were significantly increased in the indomethacin group
at 12 h (P < 0.05), irrespective of fulfillment of the AKI criteria. Urinary kidney injury molecule-1 (KIM-1) was not significantly altered.
CONCLUSION: While urinary [TIMP-2]•[IGFBP7] proves valuable for the early diagnosis of neonatal modified KDIGO-defined AKI,
elevated urinary NGAL and calprotectin concentrations in indomethacin-treated VLBW infants not fulfilling the AKI criteria may
indicate subclinical kidney injury.
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INTRODUCTION
Very low-birth-weight (VLBW) infants are frequently exposed to
nephrotoxic medication during the first days of life.1,2 This
includes non-steroidal anti-inflammatory drugs (NSAID) for closure
of a patent ductus arteriosus (PDA). Since nephrogenesis is
incomplete before the gestational age of 34–36 weeks, the
immature kidney in VLBW infants is particularly vulnerable. In
addition to acute nephrotoxic effects, long-term adverse sequelae
on renal structure and function following drug exposure are
increasingly recognized.3,4

Indomethacin treatment for closure of a PDA is an established
risk factor for renal impairment.5 However, the diagnosis of acute
kidney injury (AKI) remains challenging in the first days of life,
particularly in preterm neonates. The difficulty of diagnosing AKI
in this period is due to the following factors: (i) serum creatinine
(SCr) values partially reflect transplacentally transmitted maternal
SCr, (ii) a dynamically developing glomerular filtration rate (GFR),
(iii) varying degrees of creatinine reabsorption in the proximal
tubule, (iv) varying SCr concentrations depending on the fluid
status, and (v) inter-individual maturational differences.2,6 There-
fore, in neonates SCr starts from a high maternal level after birth
and, following a second peak by day 4 in very preterm neonates,
decreases over the first weeks of life until baseline levels are
reached.7 Hence, as AKI is known to be associated with poor

outcome in very premature patients,2 there is an urgent need for
more precise diagnostic tools for early and sensitive detection of
kidney injury.
Novel urinary biomarkers are currently being investigated for

early detection, differential diagnosis, and prognostic assessment
of AKI.8,9 Though predominantly studied in adults, data in the
pediatric and neonatal population is increasing.10–14 Urinary
neutrophil gelatinase-associated lipocalin (NGAL) and urinary
kidney injury molecule-1 (KIM-1) have been investigated in various
clinical settings of AKI in preterm and term neonates. This includes
AKI due to cardiac surgery, perinatal asphyxia, sepsis, extracorpor-
eal membrane oxygenation, and others.15 Urinary calprotectin has
been identified as a valuable marker for the discrimination of
prerenal and intrinsic established AKI in neonatal, pediatric, and
adult cohorts,16,17 yet there is no data on urinary calprotectin for
the prediction of imminent AKI. The product of urinary tissue
inhibitor of metalloproteinase-2 (TIMP-2) and insulin-like growth
factor-binding protein 7 (IGFBP7) has been identified as a valuable
biomarker for the detection of imminent AKI in adults and
children.18 However, there is no data on [TIMP-2]•[IGFBP7] for the
prediction of AKI in preterm neonates.
Due to the aforementioned limitations in diagnosing AKI in

neonates, the primary aim of this study was to investigate urinary
[TIMP-2]•[IGFBP7], NGAL, calprotectin, and KIM-1 in VLBW infants
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undergoing pharmacologic PDA closure with indomethacin. We
hypothesized that novel urinary biomarkers allow for an earlier
and more sensitive detection of renal damage compared to
traditional markers.

MATERIAL AND METHODS
Study design and participants
This prospective cross-sectional cohort study was performed at
the University Children’s Hospital Heidelberg, Germany, from
March 2012 until July 2015. Preterm infants (birth weight ≤1500 g
and gestational age ≤31 weeks) admitted to the neonatal
intensive care unit were eligible for study inclusion. The enrolled
and non-enrolled patients including reasons for exclusion are
shown in Fig. 1. Exclusion criteria were congenital kidney diseases
and contraindications for indomethacin therapy including active
bleeding, thrombocytopenia and/or coagulation defects, sus-
pected or proven necrotizing enterocolitis, and congenital heart
disease. Patients with premature discontinuation of indomethacin
therapy and patients with relevant skin irritation or technical
difficulties in urine collection were withdrawn from the study.
Informed consent was obtained from 40 legal guardians. One
patient was withdrawn from the study on parental request, and
another patient was excluded from the study because of severe
clinical deterioration due to sepsis and subsequent discontinua-
tion of indomethacin therapy. Four patients were withdrawn from
the study due to technical difficulties in urine collection or
relevant skin irritation. Due to non-closure of the PDA, two
patients required an extended course of indomethacin therapy.19

These patients were also excluded from the study.
Routine screening for PDA was performed by echocardiography

at postnatal age of 2–3 days. Criteria for indomethacin therapy in
spontaneously breathing VLBW infants were: PDA >1.5 mm in
diameter and/or left-atrium-to-aortic-root ratio >1.4 and/or
markedly reduced or retrograde diastolic flow in anterior cerebral
artery or celiac trunc with resistance index >0.8 and/or bowing of

interatrial septum to right with enlarged left atrium and left
ventricle. In ventilated VLBW infants, every PDA >1.5 mm at
postnatal age day 2–3 was treated with indomethacin. None of
the VLBW infants received prophylactic indomethacin treatment
for IVH. Control subjects had either a closed or very thin (<1.5 mm)
ductus arteriosus without any signs of hemodynamic significance.
Indomethacin was administered intravenously at three doses
(0.2 mg/kg body weight per dose) at 12-h intervals. Thereafter,
echocardiographic reevaluation was performed and, in case of
ductal closure or minimal ductus arteriosus <1.5 mm in diameter,
two further indomethacin doses (0.2 mg/kg body weight per dose)
were applied at 24-h intervals. All patients with ductus arteriosus’
diameter >1.5 mm after the third dose of indomethacin were
excluded from the study.
Total fluid intake was adjusted every 12 h to actual body weight.

In the first 7 days after study enrollment, urine output was
documented by measuring diaper weight. AKI was defined
according to the neonatal Kidney Disease: Improving Global
Outcomes (KDIGO) AKI classification.2 Stage 1 corresponded to a
SCr increase of ≥0.3 mg/dL or ≥150–200% from the lowest
previous value and/or an urinary output >0.5 and ≤1mL/kg/h
over 24 h, stage 2 corresponded to a SCr >200–300% and/or an
urinary output >0.3 and ≤0.5 mL/kg/h over 24 h, and stage 3 was
defined as SCr >2.5 mg/dL or >300% and/or an urinary output
≤0.3 mL/kg/h for ≥24 h.20

The study protocol was approved by the ethics committee of
the Medical Faculty, University of Heidelberg. Written informed
consent was obtained by legal guardians of each patient. All
clinical investigations were conducted in accordance to the
principles expressed in the Declaration of Helsinki.

Sample and data collection
Urine and blood specimens were collected following routine
echocardiography and thus immediately before (0 h), during
(6, 12, and 36 h), and after (84 and 120 h, days 7, 14, and 28)
indomethacin administration in the indomethacin-treated group
and at the same time points in control subjects (Table 1). Twelve-
hour urine collections for determination of creatinine clearance
were obtained at 12–24 and 84–96 h following study enrollment.
Creatinine clearance was calculated as CLcr(mL/min/1.73 m2)=
(Creatinineurine/Creatinineserum)× (Volumeurine/Time)×1.73. Urine
was obtained using adhesive urinary bags (U-Bag® Sterile Cloth
Adhesive Premature Size, Briggs Healthcare™, Moines, IA, USA) in
accordance with standard procedural recommendations. SCr
measurement was performed using an IDMS (isotope dilution
mass spectrometry)-traceable enzymatic method. Urine samples
for biomarker determinations were centrifuged, the supernatant
was stored in aliquots at −80 °C, and thawed prior to analysis.

Urinary biomarkers
The urinary concentrations of TIMP-2 and IGFBP7 were measured
using the NephroCheckTM test (Astute Medical, San Diego, CA,
USA) as previously described.21 Urinary NGAL concentrations were
measured by ARCHITECT Urine NGAL assay (Abbott Diagnostics,
Abbott Park, IL, USA) using an ARCHITECT i2000. KIM-1 concentra-
tions were measured by KIM-1 (human) ELISA kit (Enzo Life
Sciences GmbH, Lörrach, Germany) and calprotectin concentra-
tions by PhiCal® Calprotectin ELISA kit (Immundiagnostik AG,
Bensheim, Germany).16,22

Statistical analysis
Due to non-normal distribution and small sample size, numeric
data are presented as median and interquartile range. Non-
parametric Mann–Whitney U test was performed for comparison
of two groups. For comparison of more than two groups, non-
parametric Kruskal–Wallis test with post-hoc Dunn’s test was
applied. Comparison of categorical parameters was conducted by
Pearson’s χ2 test or, in case of less than five patients per group, by

n = 279 VLBW infants screened
(birth weight <1500 g and

<32 weeks gestation)

n = 40 enrolled

n = 1 withdrawn on
parental request

n = 1 discontinuation of
indomethacin due to sepsis

n = 4 technical difficulties in
urine collection/skin irritation

n = 2 extended course of
indomethacin therapy

n = 21 congenital heart
disease

n = 19 congenital kidney
disease

n = 11 contraindication
for indomethacin therapy

n = 136 not enrolled owing to
a lack of study porsonnel

n = 52 not interested

n = 239 not enrolled

Fig. 1 Flow chart of patient recruitment
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Fisher’s exact test. Receiver operating characteristics (ROC) curves
were calculated to evaluate the diagnostic accuracy of the
investigated biomarkers. P < 0.05 was regarded as statistically
significant. All statistical analyses were performed using IBM®

SPSS® Statistics Version 22 and SAS® Version 9.4 WIN (Cary,
NC, USA).

RESULTS
Patient characteristics
In all, 32 VLBW neonates participated in the study including 14
patients receiving indomethacin for closure of PDA and 18 control
subjects with either closed or very thin (<1.5 mm) ductus
arteriosus without any signs of hemodynamic significance.
Hemodynamic significance was observed in two patients of the
indomethacin group. However, both patients did not develop
neonatal KDIGO-defined AKI. Borderline findings of PDA >1.5 mm
and moderately enlarged left atrium without any other signs of
hemodynamic relevance were observed in three VLBW infants.
As listed in Table 2, there were no significant differences in

patient characteristics, medication, and complication rates
between both groups beside a higher proportion of patients with
umbilical artery catheters and a higher proportion of patients
treated with surfactants in the indomethacin group. Of note,
antibiotic therapy with gentamicin was initiated immediately
following birth. All VLBW infants on gentamicin received only two
doses until postnatal age of 48 h, except for one patient of the
indomethacin group who was treated with gentamicin for a total
of 5 days. This patient, however, did not develop AKI. Maternal
characteristics were not significantly different between the
indomethacin and the control group (Table 2).

Traditional parameters of kidney function and injury
As expected, due to maternofetal transmission both the control
and the indomethacin group initially displayed high SCr
concentrations (Fig. 2a). There was a rapid and continuous decline
of SCr in the control group, whereas the indomethacin group
showed persistently elevated SCr levels until day 5 (48 h after
the last indomethacin dose); SCr then declined over the following
48 h to levels comparable to the control group. Hence, there
was a statistically significant difference in SCr between the
indomethacin-treated and the control group at 36 (P < 0.05), 84
(P < 0.01), and 120 h (P < 0.001).

Thirty-six hours after study enrollment, three (21%)
indomethacin-exposed VLBW infants developed AKI as defined
by the neonatal KDIGO AKI criteria (stage 1, n= 2; stage 2, n= 1),
while no patient of the control group developed AKI. Of note, all
three patients fulfilled SCr, but only one patient also fulfilled the
urine output KDIGO AKI criteria (SCr AKI stage 2; urine output AKI
stage 1). Subanalyses of the AKI group yielded significant
increases in SCr at 36 h (P < 0.05) and 84 h (P < 0.05) compared
to controls (Fig. 2b). Of note, VLBW infants of the indomethacin
group without AKI still displayed a delayed decline of SCr
compared to control (P < 0.01 at 120 h).
Serum urea was significantly higher in indomethacin-treated

VLBW infants compared to control at 12 h (P < 0.01), 36 h
(P < 0.05), 84 h (P < 0.01), and 120 h (P < 0.01) (Fig. 2c). It was also
significantly increased in non-AKI indomethacin-treated VLBW
neonates at 12 and 120 h compared to control (Fig. 2d). Serum
cystatin C concentrations were comparable between the indo-
methacin and the control group at all investigated time points
(Fig. 2e). In patients developing KDIGO AKI, slight but not
statistically significant increases in serum cystatin C were observed
at 36 and 84 h (Fig. 2f). Minimum hourly urine output within the
first 7 days of study was significantly reduced (P < 0.01) in the
indomethacin group compared to control (Fig. 3a). Creatinine
clearance obtained by 12-h urine collections was significantly
lower in the indomethacin group at 12–24 h (P < 0.05), but not at
84–96 h (Fig. 3b).
Proteinuria, urinary β2-microglobulin, urinary protein-to-

creatinine ratio, and urinary β2-microglobulin-to-creatinine ratio
were comparable between the indomethacin and the control
group (Supplemental Figure S1 A, C, E, G) as well as between the
non-AKI indomethacin, the AKI indomethacin, and the control
group (Supplemental Figure S1 B, D, F, H).

Novel urinary biomarkers of kidney damage
There was an inverse correlation between initial urinary NGAL
concentration and birth weight (r=−0.52, P= 0.028) within the
control group. However, no such correlation was observed for
urinary KIM-1 (r=−0.38, P= 0.12), [TIMP-2]•[IGFBP7] (r=−0.27,
P= 0.27), and calprotectin (r=−0.35, P= 0.16).
Indomethacin-treated VLBW infants displayed 2-fold higher

urinary [TIMP-2]•[IGFBP7] values (P < 0.01) compared to control at
36 h (Fig. 4a). Subanalyses revealed significant increases in urinary
[TIMP-2]•[IGFBP7] in VLBW infants that developed KDIGO AKI at

Table 1. Laboratory tests during study

Time point after study enrollment Blood parameter Urine parameter

0 h (before initiation of
indomethacin therapy)

Creatinine, urea,
cystatin C

Urinalysis, proteinuria, urinary protein-to-creatinine ratio, urinary β2-MG, urinary β2-
MG/creatinine ratio, [TIMP-2]•[IGFBP7], NGAL, calprotectin, KIM-1

6 h Creatinine, urea [TIMP-2]•[IGFBP7], NGAL, calprotectin, KIM-1

12 h Creatinine, urea [TIMP-2]•[IGFBP7], NGAL, calprotectin, KIM-1

36 h Creatinine, urea,
cystatin C

Urinalysis, proteinuria, urinary protein-to-creatinine ratio, urinary β2-MG, urinary β2-
MG/creatinine ratio, [TIMP-2]•[IGFBP7], NGAL, calprotectin, KIM-1

84 h Creatinine, urea,
cystatin C

[TIMP-2]•[IGFBP7], NGAL, calprotectin, KIM-1

120 h Creatinine, urea,
cystatin C

Urinalysis, proteinuria, urinary protein-to-creatinine ratio, urinary β2-MG, urinary β2-
MG/creatinine ratio, [TIMP-2]•[IGFBP7], NGAL, calprotectin, KIM-1

7 days Creatinine, urea NGAL, calprotectin, KIM-1

14 days Creatinine, urea,
cystatin C

Urinalysis, proteinuria, urinary protein-to-creatinine ratio, urinary β2-MG, urinary β2-
MG/creatinine ratio, NGAL, calprotectin, KIM-1

28 days Creatinine, urea,
cystatin C

Urinalysis, proteinuria, urinary protein-to-creatinine ratio, urinary β2-MG, urinary β2-
MG/creatinine ratio, NGAL, calprotectin, KIM-1

IGFBP7 insulin-like growth factor-binding protein 7, KIM-1 kidney injury molecule-1, MG microglobulin, NGAL neutrophil gelatinase-associated lipocalin, TIMP-2
tissue inhibitor of metalloproteinase-2
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36 h already at 12 h (P < 0.05 vs. control, P < 0.05 vs. non-AKI
indomethacin), and also at 36 h (P < 0.05 vs. control) and 84 h
(P < 0.05 vs. control) (Fig. 4b). Indomethacin-treated VLBW infants
without AKI demonstrated significantly higher urinary [TIMP-2]•
[IGFBP7] values (P < 0.05) compared to control at 36 h (Fig. 4b).
Urinary NGAL was significantly higher in indomethacin-treated
VLBW infants compared to control at 12 (3.9-fold) and 36 h (2.6-
fold) (P < 0.05 vs. control) (Fig. 4c). In subanalyses, indomethacin-
treated patients without AKI displayed higher urinary NGAL
concentrations compared to control for most time points
investigated, showing statistical significance at 0 h (P < 0.05), 6 h
(P < 0.05), 12 h (P < 0.01), and 36 h (P < 0.05) (Fig. 4d). Urinary
calprotectin concentrations were significantly higher in
indomethacin-treated VLBW infants compared to control at 12 h
(2.5-fold, P < 0.05) and 84 h (5.3-fold, P < 0.05) (Fig. 4e). Whereas
indomethacin-treated VLBW infants without AKI displayed higher
urinary calprotectin concentrations at 12 h (P < 0.05), those with
AKI showed significantly higher urinary calprotectin concentra-
tions at 84 h (P < 0.05) compared to control (Fig. 4f).
Urinary KIM-1 concentrations were slightly but not significantly

increased in the indomethacin group at early time points, that is,
in those patients developing AKI (Fig. 4g, h). Normalization of
urinary biomarker concentrations to urinary creatinine yielded
comparable results for all biomarkers, though to a lesser degree of
statistical significance (Supplemental Figure S2).

Prognostic accuracy of urinary biomarkers in predicting AKI
ROC AUC values for the prediction of AKI as defined by the
neonatal KDIGO classification were calculated for all biomarkers
for the following time points: 0, 6, and 12 h. Data are presented in
Table 3. Of note, the number of patients developing AKI was small
(n= 3). However, at 6 and 12 h after study enrollment, urinary
[TIMP-2]•[IGFBP7] showed good performance for the early
prediction of AKI (area under the ROC curve, 0.80 (95% confidence
interval 0.56–1.00) and 1.00 (1.00–1.00), respectively.

DISCUSSION
This is the first study comparing urinary [TIMP-2]•[IGFBP7], NGAL,
calprotectin, and KIM-1 with traditional markers of AKI in VLBW

Table 2. Patient characteristics

Indomethacin
(n= 14)

Control
(n= 18)

P value

Parameter

Gestational age
(weeks)

28.1 (26.3–29.6) 29.6 (27.6–29.9) 0.12

Birth weight (g) 1090 (770–1300) 1180 (870–1320) 0.56

Length (cm) 36.0 (33.1–40.3) 37.3 (34.5–38.0) 0.93

Head circumference
(cm)

26.2 (24.0–27.6) 26.0 (24.9–27.6) 0.75

Male 10 (71.4) 16 (88.9) 0.21

Small for gestational
age

1 (7.1) 2 (11.1) 1.00

Age at study
enrollment (h)

50.5 (39.5–68.5) 60.5 (50.8–67.0) 0.30

Apgar score at 1 min 6.5 (5.0–8.0) 7.0 (6.0–7.0) 0.81

Apgar score at 5 min 7.5 (6.75–9.0) 8.0 (7.0–8.0) 0.95

Apgar score at 10min 8.0 (7.75–9.0) 8.0 (8.0–9.0) 0.75

CRIB II score 9.5 (7.8–11.0) 7.0 (5.0–9.0) 0.24

Fluid supply on study
enrollment (mL/kg
per day)

110 (77.5–120) 110 (98.8–119) 0.51

AKI during study
enrollment, n (%)

3 (21.4) 0 (0) 0.07

Medication

Gentamicin 11 (78.6) 14 (77.8) 0.96

Ampicillin 13 (92.9) 15 (83.3) 0.42

Cefotaxime 6 (42.9) 9 (50.0) 0.69

Cefuroxime 3 (21.4) 1 (5.6) 0.30

Erythromycin 0 (0) 1 (5.6) 1.00

Meropenem 0 (0) 1 (5.6) 1.00

Teicoplanin 6 (42.9) 3 (16.7) 0.13

Hydrocortisone 7 (50.0) 5 (27.8) 0.24

L-Thyroxine 2 (14.3) 5 (27.8) 0.43

Dopamine 6 (42.9) 3 (16.7) 0.13

Noradrenaline 0 (0) 0 (0) 1.00

Adrenaline 0 (0) 0 (0) 1.00

Hydrochlorothiazide 3 (21.4) 3 (16.7) 1.00

Furosemide 1 (7.1) 2 (11.1) 1.00

Caffeine 13 (92.9) 16 (88.9) 0.70

Complications

NEC 0 (0) 0 (0) 1.00

IVH I 2 (14.3) 1 (5.6) 0.57

IVH II 0 (0) 1 (5.6) 1.00

IVH III 0 (0) 0 (0) 1.00

IVH IV 0 (0) 0 (0) 1.00

Phototherapy 14 (100) 18 (100) 1.00

Interventions

Mechanical ventilation 9 (64.3) 8 (44.4) 0.27

Umbilical artery
catheter

7 (50.0) 2 (11.1) 0.02

Umbilical venous
catheter

7 (50.0) 6 (33.3) 0.34

Treatment with
surfactants

12 (85.7) 8 (44.4) 0.02

Maternal characteristics

Prenatal care 14 (100) 18 (100) 1.00

Diabetes 1 (7.1) 5 (27.8) 0.20

Arterial hypertension 2 (14.3) 1 (5.6) 0.57

Smoking 5 (35.7) 1 (5.6) 0.06

Pre-eclampsia 2 (14.3) 4 (22.2) 0.67

Chorioamnionitis 1 (7.1) 1 (5.6) 1.00

PROM 5 (35.7) 4 (22.2) 0.45

Table 2 continued

Indomethacin
(n= 14)

Control
(n= 18)

P value

Unstoppable
contractions

4 (28.6) 10 (55.6) 0.85

Pathological CTG 2 (14.3) 6 (33.3) 0.41

Vaginal bleeding 1 (7.1) 1 (5.6) 1.00

Steroids 12 (85.7) 18 (100) 1.00

Amoxicillin 6 (42.9) 10 (55.6) 0.48

Cefuroxime 5 (35.7) 7 (38.9) 0.85

Metronidazole 3 (21.4) 1 (5.6) 0.30

Imipeneme 2 (14.3) 0 (0) 0.18

Magnesium 10 (71.4) 15 (83.3) 0.42

Fenoterolhydrobromid
10 (71.4) 15 (83.3) 0.42

Multiparity 7 (50) 9 (50) 1.00

Cesarean section 13 (92.9) 18 (100) 0.25

Numeric data are presented either as median and interquartile range due
to non-normal distribution or as number (percentage). Statistical tests used
for the individual parameters are presented in the statistics section
AKI acute kidney injury, CRIB Critical Risk Index for Babies, CTG
cardiotocography, IQR interquartile range, IVH intraventricular hemorrhage,
PROM premature rupture of membranes
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infants undergoing indomethacin therapy for PDA closure.
We show that novel urinary biomarkers prove valuable for
the detection of renal injury in this clinical setting. Though the
percentage of patients developing AKI is small, which parallels
previous investigations,23 urinary [TIMP-2]•[IGFBP7] predicts immi-
nent AKI as defined by the neonatal modified KDIGO classifica-
tion.2 Urinary NGAL and calprotectin, beyond that, likely also

detect subclinical structural renal damage in patients not fulfilling
the KDIGO AKI criteria. In fact, subclinical kidney damage
identified by increased urinary NGAL has been associated with
an increased risk of adverse outcomes, that is, the need for renal
replacement therapy, in adults.24

The interpretation of the results, due to the absence of a gold
standard for AKI definition in neonates, remains challenging.
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The renal side effects of NSAID in very preterm neonates,
alone or in co-administration with nephrotoxic drugs such as
aminoglycosides, have been extensively studied.25 Interpreting
the results based on the neonatal KDIGO criteria underscores the
good performance of urinary [TIMP-2]•[IGFBP7] in predicting AKI
24 h earlier than SCr in VLBW infants. In a screen of >300
biomarker candidates in adults, urinary [TIMP-2]•[IGFBP7] yielded
highest accuracy for the prediction of AKI.26 We previously
demonstrated that urinary [TIMP-2]•[IGFBP7] is increased in term
neonates and older children with established AKI of heteroge-
neous etiology.21

Several studies have demonstrated an association between
increased urinary NGAL and subsequent AKI in VLBW infants.10,27

Lavery et al.12 described a trend towards higher NGAL concentra-
tions in indomethacin-exposed premature infants, but if this was
induced by the drug itself or by other prematurity-related factors
could not be evaluated due to small patient numbers. Of note,
urinary biomarker concentrations per se can depend on gesta-
tional age, postnatal age, and birth weight. However, these
variations appear to be rather mild and negligible in the clinical
context of kidney injury.28 In addition, conflicting data exists on an
association between urinary NGAL and a hemodynamically
significant PDA itself.29,30 Hence, as seen in our study, higher
initial urinary NGAL concentrations in the subgroup of
indomethacin-treated VLBW infants that do not develop AKI

might be caused by hemodynamic effects of the PDA on the
kidney.
Primarily originating from infiltrated neutrophils but also

derived by renal collecting duct epithelial cells,31 urinary
calprotectin plays a crucial role in controlling macrophage-
mediated renal repair following kidney injury.32 Recently, urinary
calprotectin has been established as a valuable biomarker for the
identification of intrinsic AKI in adults and in a combined neonatal
and pediatric cohort.16,17 To our knowledge, however, there is no
data on urinary calprotectin in preterm neonates. While NSAID
and short-term hemodynamic instability initially induce functional
rather than structural AKI,33 elevated urinary calprotectin and
NGAL concentrations as observed in our study argue for already
established acute tubular damage in the dynamic continuum from
functional change to structural renal injury.34 Of note, structural
tubular damage as indicated by increased urinary biomarker
concentrations can be accompanied by a functional decline but
may also be observed independently of relevant changes in GFR.
Even in the absence of diagnostic increases in SCr, however,
urinary biomarkers can identify patients with likely subclinical AKI
who have an increased risk of adverse outcomes.24

Urinary KIM-1 is known to be an early marker of AKI in
premature infants.11 Recently, however, it was shown not to be
significantly associated with the particular SCr increase in VLBW
infants with AKI.10 This might support our observations of only
non-significant increases in urinary KIM-1 concentrations in AKI
patients.
Interestingly, no significant differences in serum cystatin C,

proteinuria, urinary protein-to-creatinine ratio, urinary β2-micro-
globulin, and urinary β2-microglobulin-to-creatinine ratio were
observed among the different groups. Cystatin C is a low-
molecular-weight protein that does not pass through the placenta
and is therefore indicative of the neonatal GFR. Minor increases in
serum cystatin C following indomethacin therapy have been
described35 and were also observed in our study, yet were not
statistically significant. Urinary β2-microglobulin indicates tubular
dysfunction and injury,36 but was recently shown not to be
increased in VLBW infants with AKI,10 which is congruent with our
findings.
The significant differences in declining SCr patterns between

the indomethacin and the control group highlight the difficulties
with AKI definitions based on SCr concentrations. During
indomethacin therapy, median SCr remained nearly constant,
while after cessation SCr rapidly declined to levels of the control
group. Of note, significantly different SCr concentrations between
indomethacin-treated and control VLBW infants were not
detected before 36 h after initiation of indomethacin therapy
and thus 24 h later than increases in NGAL and calprotectin.
In addition to nephrotoxic effects mediated by NSAID in our

study, significantly more patients of the indomethacin group had
an umbilical artery catheter. Koralkar et al.37 reported that VLBW
infants developing AKI were more likely to have umbilical artery
catheters, assisted ventilation, blood pressure medications, and
lower 1- and 5-min Apgar scores. To which extent the presence of
an umbilical artery catheter contributes to the development of AKI
in this setting, is difficult to assess. Of note, based on the CRIB II
score38 there were no significant differences in disease severity
between the indomethacin group and the non-treated group in
our study (Table 2).
Focusing on the biomarker perspective, transient increases in

nearly all biomarkers investigated, even in study participants not
fulfilling neonatal KDIGO AKI criteria, might indicate structural
kidney injury that partially remains undetected by SCr- or urine
output-based diagnostic criteria. The short- and long-term
significance of the underlying renal alterations detected by these
biomarkers needs to be further clarified in longitudinal studies.
From a clinical point of view, however, the early detection of
tubular damage by urinary biomarkers can influence physicians’
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decision-making in VLBW infants with PDA, for example, when
weighing up prolonged or high-dose indomethacin treatment
strategies against alternative drugs for PDA closure or surgical
PDA ligation.19

Our study has some limitations. First, this is a single-center
study in a relatively small patient cohort, which requires validation
in larger populations. Due to the low number of study participants
and events, multivariable regression analyses for the identification
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of risk factors for AKI cannot be performed. ROC curve analyses for
the prediction of AKI also need to be interpreted with caution due
to low patient numbers. Second, because urine collection in
male VLBW infants is easier to perform, more males than females
were included in this study. Subtle gender differences (higher
baseline concentrations and increased variability in females) have
been described for urinary NGAL in VLBW infants, which, however,
might be due to sample contamination.39

In conclusion, our data strengthen the value of urinary [TIMP-2]•
[IGFBP7] for the detection of imminent KDIGO-defined AKI in very
preterm neonates undergoing indomethacin treatment for PDA.
Increased urinary NGAL and calprotectin concentration in
indomethacin-exposed VLBW infants not fulfilling the neonatal
KDIGO AKI criteria may indicate subclinical renal damage.
Perspectively, a more timely detection of kidney injury may
improve medical management in these vulnerable patients with
ongoing nephrogenesis. Prevention of severe kidney injury might,
in consequence, improve long-term renal outcome. Noteworthy,
adding non-invasive diagnostics such as urinary biomarkers to
neonatal AKI definitions has the potential to refrain VLBW infants
from traumatic blood samplings. In fact, stress and painful events
have been linked to negative developmental outcomes.40
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