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Abstract
Background: Critically ill neonates are at high risk of kidney 
injury, mainly in the first days of life. Acute kidney injury (AKI) 
may be underdiagnosed due to lack of a uniform definition. 
In addition, long-term renal follow-up is limited. Objective: 
To describe incidence, etiology, and outcome of neonates 
developing AKI within the first week after birth in a cohort of 
NICU-admitted neonates between 2008 and 2018. Renal 
function at discharge in infants with early AKI was assessed. 
Methods and Subjects: AKI was defined as an absolute se-
rum Cr (sCr) value above 1.5 mg/dL (132 μmol/L) after the 
first 24 h or as stage 2–3 of the NIDDK neonatal definition. 
Clinical data and outcomes were collected from medical re-
cords and retrospectively analyzed. Results: From January 
2008 to December 2018, a total of 9,376 infants were admit-
ted to the NICU of Wilhelmina Children’s Hospital/UMC 
Utrecht, of whom 139 were diagnosed with AKI during the 
first week after birth. In 72 term infants, the most common 

etiology was perinatal asphyxia (72.2%), followed by con-
genital kidney and urinary tract malformations (CAKUT) 
(8.3%), congenital heart disease (6.9%), and sepsis (2.8%). As-
sociated conditions in 67 preterm infants were medical 
treatment of a hemodynamic significant PDA (27.2%),  CAKUT 
(21%), and birth asphyxia (19.4%). Among preterm neonates 
and neonates with perinatal asphyxia, AKI was mainly diag-
nosed by the sCr >1.5 mg/dL criterion. Renal function at dis-
charge improved in 76 neonates with AKI associated with 
acquired conditions. Neonates with stage 3 AKI showed in-
creased sCr values at discharge. Half of these were caused by 
congenital kidney malformations and evolved into chronic 
kidney disease (CKD) later in life. Neurodevelopmental out-
come (NDO) at 2 years was favorable in 93% of surviving ne-
onates with detailed follow-up. Conclusion: During the first 
week after birth, AKI was seen in 1.5% of infants admitted to 
a level III NICU. Renal function at discharge had improved in 
most neonates with acquired AKI but not in infants diag-
nosed with stage 3 AKI. Long-term renal function needs fur-
ther exploration, whereas NDO appears to be good.
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Introduction

Acute kidney injury (AKI) is defined by an acute re-
duction of kidney function, resulting in uremia, altered 
fluid balance, and disturbed electrolytes homeostasis. In 
critically ill neonates, AKI is relatively common and oc-
curs mainly in the first days of life, secondary to hypovo-
lemia, hypotension, and ischemia, and less frequently to 
primary kidney disease [1]. AKI has been traditionally 
defined as an increase of serum Cr (sCr) above 1.5 mg/dL 
(132 µmol/L) [2–7].

From 2008, the RIFLE criteria have been adapted to 
neonates from older infants and adults, after reports stat-
ing that residual damage might occur even after a small 
increase in sCr, evolving into CKD later in life [8]. Using 
the adapted criteria, the incidence of AKI has become 
higher, but long-term renal follow-up is scarce [9]. In old-
er children, a 2- or 3-fold rise of sCr from baseline (stage 
2–3 AKI) is associated with increased mortality and mor-
bidity [10].

Moreover, diagnosis of AKI in the first days after birth 
is cumbersome, due to developing renal physiology and 
unreliable assessment of diuresis. In the present study, we 

aim to describe incidence, etiology, and outcomes of neo-
nates developing AKI within the first week after birth in 
a cohort of neonates born between 2008 and 2018. Renal 
function at discharge in these infants as well as neurode-
velopmental outcome (NDO) were assessed. The clinical 
description of a patient cohort can be used to tailor a 
screening protocol for AKI and serve as the foundation 
for a renal follow-up program in the NICU.

Patients and Methods

From January 2008 to December 2018, a total of 9,376 neonates 
was admitted to the NICU of Wilhelmina Children’s Hospital/
University Medical Center Utrecht. These neonates were eligible 
for this retrospective study.

Infants admitted to the NICU had daily blood sampling for 
blood gases, electrolytes, glucose, and hematological examina-
tions. At least one sCr measurement was obtained in case of re-
duced urinary output (<1 mL/kg/h over 12 h) in preterm infants 
and in term infants with clinical concerns. In all infants with AKI, 
the last sCr level before discharge was noted. In our NICU, early 
AKI was defined as a  sCr above 1.5 mg/dL (132 µmol/L) after the 
first 24 h of life, despite a normal maternal renal function, in the 
first week after birth [2, 3]. In addition, AKI was defined as stage 
2–3 of NIDDK neonatal definition. Stage 2 was identified by a 
2–2.9-fold increase of sCr from baseline, while stage 3 by a 3-fold 
increase or a sCr >2.5 mg/dL (221 µmol/L) [8]. Preterm and full-
term infants were analyzed separately. Clinical features and out-Table 1. Neonatal clinical features

Preterm (n = 67), 
n (%)

Term (n = 72), 
n (%)

GA, wk (mean ± SD) 30.5±4.0 39.2±1.0
<28 wk 25 (37.3)
<1,000 g 21 (31.3)

Sex (male) 44 (65.7) 46 (63.9)
Birth weight, g (mean ± SD) 1,658±841 3,398±461
Mode of birth

Spontaneous vaginal 17 (25.4) 29 (40.3)
Vacuum 1 (1.5) 8 (11.1)
Caesarean section 49 (73.1) 35 (48.6)

Twin 16 (23.9) 2 (2.8)
Maternal disease

Preeclampsia 11 (16.4) 4 (5.6)
Sentinel event at birth 8 (11.9) 17 (23.6)
Oligo/anhydramnion 9 (13.4) 7 (9.7)
Apgar score (median, IQR)

1 min 5 (4) 2 (4)
5 min 7 (4) 5 (5)

Resuscitation 
(chest compression) 8 (11.9) 21 (29.2)

Small for GA (<2 SD) 5 (7.5)
Mechanical ventilation 39 (58.2) 40 (55.6)
Inotropes 30 (44.8) 39 (54.2)

GA, gestational age.

Table 2. Clinical factors in preterm and term infants with AKI

Preterm  
(n = 67), 
n (%)

Term 
(n = 72), 
n (%)

CAKUT 14 (20.9) 6 (8.3)
Syndrome 5 (7.5) 3 (4.2)
Perinatal asphyxia 13 (19.4) 52 (72.2)

HIE with TH 8 (11.9)* 34 (47.2)
Congenital heart disease 2 (3.0) 5 (6.9)
Aortic/renal artery thrombosis 3 (4.5) 1 (1.4)
Sepsis 2 (3.0) 2 (2.8)
NEC 1 (1.5) 1 (1.4)
PDA NSAID treatment 18 (26.9)

Indomethacin 17 (25.4)
Ibuprofen 1 (1.5)

Gentamycin and/or vancomycin 14 (20.9) 8 (11.1)
No associated conditions 12 (17.9) 3 (4.2)

AKI, acute kidney injury; CAKUT, congenital kidney and uri-
nary tract malformations; HIE, hypoxic-ischemic encephalopathy; 
TH, therapeutic hypothermia; NEC, necrotizing enterocolitis; 
PDA, persistent ductus arteriosus; NSAID, non-steroid anti-in-
flammatory drug. * These preterm infants had a gestational age of 
35–36 weeks.
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comes were arranged according to etiology and AKI categoriza-
tion. The following clinical data were collected from medical re-
cords: maternal disease (such as preeclampsia), presence of oligo/
anhydramnion, gestational age (GA), birth weight, sex, mode of 
delivery, multiple birth, Apgar scores (AS) at 1 and 5 min, resusci-
tation, and need for mechanical ventilation. Risk factors for AKI 
were explored, including need for inotropes for hemodynamic in-
stability, use of nephrotoxic drugs such as gentamycin and vanco-
mycin, and the following neonatal conditions: perinatal asphyxia, 
congenital kidney and urinary tract malformations (CAKUT), 
congenital heart disease (CHD), treatment for hemodynamic sig-
nificant patent ductus arteriosus with ibuprofen/indomethacin 
(NSAID) or surgical closure, arterial thrombosis, sepsis, and nec-
rotizing enterocolitis.

Perinatal asphyxia was defined as persistence of an Apgar score 
<5 at 10 min or severe acidosis in umbilical cord blood gas (pH 
<7.00 or BE <−16 mmol/L). Routine assessment of NDO was per-
formed in term infants with hypoxic ischemic encephalopathy and 
in preterm infants with a GA <30.0 weeks or a birth weight <1,000 
grams. NDO included the Griffiths’ Mental Development Scales 
(GMDS) at 15 months and the Bayley Scales of Infant and Toddler 
Development Third Edition (BSID-III) at 24 months. From the 
BSID-III, only the cognitive (CS) and motor scales (MS) were as-
sessed.

Statistical Analysis
Statistical analysis was performed using IBM SPSS v 21.0 (Chi-

cago, IL). Data were described as percentages, mean ± SD, and 
median ± IQR where appropriate. Renal function was described as 
mean sCr ± SD value.

Student t tests or Kruskal-Wallis tests were used where appro-
priate. Differences were considered statistically significant at alpha 
0.05.

Results

Of the 9,376 infants admitted to the NICU over the 
study period, 139 (1.5%) developed AKI in the first week 
after birth, of whom 72 (52%) were born at term and 67 
(48%) preterm.

Neonatal clinical characteristics are summarized in 
Table 1.

Etiology
Among all neonates with early AKI, 14% had CAKUT, 

81% developed AKI in association to acquired condi-
tions, and an additional 5% because of congenital heart 
disease. The most frequent potential causes in preterm 
and full-term infants are reported in Table 2. Genetic syn-
dromes were diagnosed in 8 infants, of which 4 cases had 
kidney malformations. Arterial thrombosis of the aorta 
and subsequent renal ischemia resulted from umbilical 
artery catheterization in all cases. In Table  3, the main 
clinical factors are related to AKI definition and staging.

Outcomes
Outcomes were analyzed separately for infants diag-

nosed with AKI stages 2 and 3 and with 1.5 mg/dL crite-
rion. Serum Cr values at discharge are reported in Ta-
ble  4. Renal function had improved in 35 term and 41 
preterm infants, whereas neonates with AKI stage 3 

Table 3. Main clinical factors related to definition of AKI

Preterm CAKUT Perinatal 
asphyxia

HIE with TH CHD PDA treatment

Stage 2, n (%) 12 (18) 4 (20) 4 (6) 3 (7) 2 (30) 3 (17)
Stage 3, n (%) 8 (12) 11 (55) 11 (17) 6 (14) 1 (13)
>1.5 mg/dL, n (%) 47 (70) 5 (25) 50 (77) 33 (79) 4 (57) 15 (83)

AKI, acute kidney injury; CAKUT, congenital kidney and urinary tract malformations; HIE, hypoxic-isch-
emic encephalopathy; TH, therapeutic hypothermia; CHD, congenital heart disease; PDA, persistent ductus ar-
teriosus.

Table 4. sCr values (mg/dL) at discharge from the neonatal unit for preterm and full-term infants according to 
the definition of AKI

Stage 2 Stage 3 >1.5 mg/dL p value

Full term 0.44±0.05, n = 3 1.73±0.9, n = 10 0.66±0.29, n = 32 <0.01
Preterm 0.64±0.23, n = 10 4.09±1.7, n = 6 0.61±0.32, n = 31 <0.01

sCr, serum Cr; AKI, acute kidney injury.
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showed significantly increased sCr values at discharge 
from the NICU. Table 5 reports follow-up data. NDO for 
term and preterm infants is described in Table 6.

Among infants with acquired AKI diagnosed by 1.5 
mg/dL criterion, 2 term asphyxiated neonates developed 
cerebral palsy and deafness, and 3 preterm neonates had 
a Griffiths’ score at 15-18 months <−1 SD (<88); however, 
only in 1 patient neurodevelopment delay was persistent 
using the BSID-III at 2 years of age.

Discussion

Critically ill neonates in the NICU are at high risk of AKI 
due to associated comorbidity, fluid and blood pressure im-
balance, and nephrotoxic drug exposure [11]. In the pres-
ent study, we assessed the incidence of AKI and outcome 

in a cohort of term and preterm neonates. AKI was defined 
using a combination of 2 definitions. Given the limits of sCr 
as a measure of kidney function, particularly in the first 
week after birth [12], we used a sCr cutoff of 1.5 mg/dL 
[2–4]. This clinical definition describes a severe kidney im-
pairment and is still adopted in research articles [5–7]. 
Among neonates with perinatal asphyxia, it showed a pos-
itive predictive value for an adverse outcome [13].

Furthermore, AKI was defined as stage 2-3 of NIDDK 
neonatal AKI workshop [8]. In the present study, we did 
not include patients with AKI stage 1 because of the scarce 
evidence that such mild AKI is associated with long-term 
consequences [14, 15], whereas its incidence in the NICU 
is quite high [16].

Of our NICU-admitted patients, 139 (1.5%) developed 
AKI, of whom 20 (14%) had CAKUT. Using the sCr 1.5 
mg/dL criterion, Agras et al. [3] and Mortazavi et al. [4] 
reported incidences of 3.4 and 2.6%, respectively. Our 
percentage of infants with AKI is slightly lower, and this 
might be caused by our focus on AKI in the first week af-
ter birth. In contrast, Charlton et al. [16] in the “AWAK-
EN” cohort diagnosed early AKI according to the KDIGO 
definition from stage 1 and found, among all enrolled in-
fants, a higher incidence of 11%.

In line with previous reports, in our cohort of neo-
nates, AKI was more often the result of acquired as op-
posed to congenital abnormalities [3]. Perinatal asphyxia 
was the most frequent associated condition in term neo-
nates with AKI. Several studies confirm the high preva-
lence of AKI in asphyxiated neonates, as high as 72% by 
Hankins et al. [17], 54% by Gupta et al. [18], and 29.5% 
by Bozkurt and Yucesoy [19]. In more than 70% of as-
phyxiated neonates of our cohort, AKI was diagnosed by 
the 1.5 mg/dL criterion. This can be explained in the con-
text of early kidney injury, as the first measured sCr value 

Table 6. Neurodevelopmental outcome (mean±SD)

Full-term infants Stage 2 (n = 2) Stage 3 (n = 4) >1.5 mg/dL (n = 14)

Griffiths 15–18 months 96±6 (n = 2) 102±7 (n = 4) 94±10 (n = 14)
BSID 2 yr cognition 145 (n = 1) 97±6 (n = 3) 109±9 (n = 9)
BSID 2 yr motor 133 (n = 1) 111±1 (n = 2) 118±14 (n = 9)
Adverse 2 (1 deafness and 1 cerebal palsy)

Preterm infants Stage 2 (n = 5) Stage 3 (n = 1) >1.5 mg/dL (n = 16)

Griffiths 15–18 months 93±15 (n = 5) 85 (n = 1) 96±12 (n = 16)
BSID 2 yr cognition 115±0 (n = 2) 104±12 (n = 17)
BSID 2 yr motor 115±12 (n = 2) 108±13 (n = 15)
Adverse 1 (neurodevelopmental impairment)

Table 5. Follow-up data

Stage 2 
(n = 15), 
n (%)

Stage 3 
(n = 21), 
n (%)

>1.5 mg/dL 
(n = 103), 
n (%)

Died 2 (13.3) 4 (19) 35 (34)
Surviving 13 17 68
CKD* 2 (15.4) 9 (53) 2 (2.9)
BPD* 2 (15.4) 0 7 (10.3)
Brain injury* 2 (15.4) 4 (23.5) 20 (29.4)

Cystic PVL 1 (7.7) 0 2 (2.9)
IVH 1 (7.7) 0 10 (14.7)
Perinatal asphyxia 0 4 (23.5) 8 (11.8)

PVL, periventricular leukomalacia; IVH, intraventricular hem-
orrhage; BPD, bronchopulmonary dysplasia; CKD, chronic kid-
ney disease. * Percentages of surviving infants.
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after birth can already be increased without a previous 
value to relate to.

Conversely, among infants with congenital anomalies 
of the kidney and urinary tract, more than half had stage 3 
AKI, hence showing a severe kidney impairment. All pa-
tients had a prenatal diagnosis, and oligo/anhydramnion 
was present in case of bilateral kidney involvement [20].

In the majority of cases (53%), the presence of the pos-
terior urethral valves or bilateral kidney dysplasia led to 
CKD (stage II–V), with 2 infants requiring dialysis after 
the neonatal period and later kidney transplant. In the 
present study, a relatively high percentage of preterm in-
fants were born before 28 weeks of gestation, as according 
to a national protocol, all infants with a GA below 32 
weeks are treated in level III NICUs in the Netherlands.

In these extremely preterm born infants, AKI was more 
frequently associated with the treatment of a hemody-
namic significant PDA. AKI may result as an adverse ef-
fect of indomethacin administration and, in our cohort, 
indomethacin was used as a first-line therapy until 2016. 
In line with the literature, we find that a renal insult was 
common in more premature neonates [21]. However, sCr 
values did not reach 2.5 mg/dL as for AKI stage 3, except 
for infants with congenital AKI. Congenital heart disease 
due to coarctation of the aorta, aortic arch interruption, 
hypoplastic left heart syndrome, and transposition of the 
great arteries caused AKI as a result of systemic hypoper-
fusion [22]. Sepsis was a minor cause of AKI in both pre-
term and term neonates, in contrast with findings of Agras 
et al. [3] and Bolat et al. [6]. However, we looked only at 
early onset sepsis related to kidney injury in the first week, 
and the incidence of early onset sepsis in our population 
is low. Since long-term follow-up of renal function is 
missing, we assessed the last sCr before discharge as a 
measure of kidney function. As expected, infants with AKI 
stage 3 still had significantly increased sCr at discharge 
from the NICU and half of the patients developed CKD 
later in life. In infants diagnosed as stage 2 or with 1.5 mg/
dL criterion, renal function had improved at the time they 
could be discharged from the NICU although normal sCr 
values were not reached in all. In most cases, AKI was the 
result of systemic disease. This is reflected in the number 
of patients with an adverse outcome, in addition to a high 
mortality (35%), high incidence of bronchopulmonary 
dysplasia (9%), and brain injury (27%).

Previous studies reported that in infants with birth as-
phyxia, AKI could be associated with short-term neuro-
logical outcome [23, 24]. However, in our cohort, NDO 
at 2 years of age was favorable almost in all cases, includ-
ing neonates with AKI due to asphyxia, and independent-

ly from AKI categorization. Furthermore, the clinical 
management of AKI was conservative in all but 3 infants.

The study has several limitations. First, this is a mono-
centric retrospective study. Neonatal sCr levels are not as-
sessed routinely in the first days after birth of otherwise 
healthy neonates and are not part of the point of care of 
preterm infants, in order to minimize blood loss. Further-
more, sCr is a poor marker of renal damage. Recent stud-
ies have looked at more specific and sensitive markers, like 
NGAL and KIM1 in urine, although there is yet very little 
evidence in neonates [25]. Thus, we may have underesti-
mated the prevalence of AKI in our population. However, 
sCr levels are measured during the first week after birth in 
at least 40% of neonates who were admitted to our level III 
NICU. In addition, since most full-term infants with con-
genital heart malformations are not admitted to the NICU 
but to the PICU in our hospital, the percentage of infants 
with AKI in full-term infants might be somewhat higher. 
To date, a uniform definition of AKI is still lacking, and, 
in the first week after birth, it needs to consider the devel-
oping renal physiology [26, 27]. We acknowledge that us-
ing a different definition of AKI could change its inci-
dence in our population. Finally, we would like to empha-
size that in our center, as in most NICUs, there is not a 
renal follow-up program for neonates with AKI.

Our study shows that, with the exception of infants 
with CAKUT, the majority of infants are discharged from 
the NICU with an improving sCr. However, we are not 
able to make predictions on long-term kidney function of 
these patients. NDO of our cohort was within the normal 
range in most high-risk infants with detailed follow-up 
examination of neurodevelopment.

Assessment of renal outcome in the NICU is relevant. 
Ideally, measurement of sCr level, blood pressure, renal 
protein excretion, and tubular function testing should be 
performed. Further studies are needed to define the opti-
mal timing of these follow-up assessments [28].

Conclusions and Future Perspectives

The study provides an overview of AKI occurring in 
the early clinical course of neonates admitted to a level III 
NICU. Neonates with acquired AKI were generally se-
verely ill and AKI is associated with high morbidity and 
mortality of both preterm and term infants. Episodes of 
AKI were generally transient and self-limiting and were 
mainly diagnosed by 1.5 mg/dL criterion.

The clinical management was conservative almost in 
all cases, although normal levels of sCr were not seen in 
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all infants at discharge. In contrast, infants with AKI stage 
3 had significantly increased sCr, confirming them to be 
at high risk of renal sequelae. A renal follow-up program 
in the NICU is needed; further studies will define the op-
timal timing for assessment.
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