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Abstract
Background and objectivesNeonatal AKI is associatedwith poor short- and long-term outcomes. The objective of
this study was to describe the risk factors and outcomes of neonatal AKI in the first postnatal week.

Design, setting, participants, & measurements The international retrospective observational cohort study,
Assessment ofWorldwideAKIEpidemiology inNeonates (AWAKEN), includedneonates admitted to aneonatal
intensive care unit who received at least 48 hours of intravenous fluids. Early AKI was defined by an increase in
serumcreatinine.0.3mg/dl or urine output,1ml/kgper hour onpostnatal days 2–7, the neonatalmodification
of KidneyDisease: ImprovingGlobal Outcomes criteria.We assessed risk factors for AKI and associations of AKI
with death and duration of hospitalization.

ResultsTwenty-onepercent (449of2110)experiencedearlyAKI.EarlyAKIwasassociatedwithhigher riskofdeath
(adjusted odds ratio, 2.8; 95% confidence interval, 1.7 to 4.7) and longer duration of hospitalization (parameter
estimate: 7.3 days 95% confidence interval, 4.7 to 10.0), adjusting for neonatal and maternal factors along with
medication exposures. Factors associated with a higher risk of AKI included: outborn delivery; resuscitation with
epinephrine; admission diagnosis of hyperbilirubinemia, inborn errors of metabolism, or surgical need; frequent
kidney function surveillance; andadmission toa children’shospital. Those factors thatwereassociatedwitha lower
risk includedmultiplegestations,cesareansection,andexposures toantimicrobials,methylxanthines,diuretics,and
vasopressors. Risk factors varied by gestational age strata.

Conclusions AKI in the first postnatal week is common and associated with death and longer duration of
hospitalization. The AWAKEN study demonstrates a number of specific risk factors that should serve as “red
flags” for clinicians at the initiation of the neonatal intensive care unit course.

Clin J Am Soc Nephrol 14: 184–195, 2019. doi: https://doi.org/10.2215/CJN.03670318

Introduction
Single-center studies suggest that neonatal AKI affects
18%–70% of critically ill neonates and is associated
with poor outcomes (1–7). Although these studies
have reported the epidemiology and risk factors
associated with AKI over the entire neonatal period,
none have examined AKI at particular postnatal
periods. It may be important to differentiate the
epidemiology of neonatal AKI by the timing of the
event, because the etiology of AKI could differ during
a prolonged hospital stay. Neonates admitted to the
neonatal intensive care unit (ICU) have extended
hospital courses with a variety of exposures spanning
various stages of kidney development which influence
their risk for AKI. The first week after birth is a
vulnerable time for the development of neonatal AKI
due to antenatal, intrapartum, and early postnatal
transition factors. Specifically, during the transition
into the extrauterine environment, the normal neo-
natal kidney physiology (with an inherently low GFR)

predisposes this immature kidney to AKI. Because the
neonate’s serum creatinine will reflect maternal values
at birth which then evolve over the next few postnatal
days to find a new “steady state,” the definition of
neonatal AKI in the first week may differ from other
time points. Additionally, a comprehensive evalua-
tion of the risk factors for AKI during the first week
after birth would help clinicians to identify vulnerable
neonates and researchers to select at-risk infants for
enrollment into future prospective interventional
studies designed to reduce the prevalence of AKI
shortly after birth.
In 2014, the Neonatal Kidney Collaborative was

established and performed the multicenter study
Assessment of Worldwide Acute Kidney injury Epi-
demiology in Neonates (AWAKEN) (8). AWAKEN
was the first multicenter study designed to evaluate
neonatal AKI among critically ill neonates. We have
recently published data from the AWAKEN study
which includes the incidence and outcomes of
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neonates who experience AKI during their entire neonatal
hospitalization (9). Using the AWAKEN database, we
hypothesize that the risk for AKI and the factors influenc-
ing that risk change according to gestational age and
postnatal age. In order to improve the understanding of
neonatal AKI during the first week after birth, we per-
formed an analysis to (1) determine whether early AKI was
associated with poor short-term outcomes and (2) deter-
mine the perinatal risk factors associated with early AKI
across the gestational age continuum.

Materials and Methods
Study Population
AWAKEN is an international, retrospective, multicenter

cohort study of neonates admitted to 24 neonatal ICUs
participating in the Neonatal Kidney Collaborative. The
centers included in the Neonatal Kidney Collaborative
were self-identified; however, each center was required to
have an engaged pediatric nephrologist and neonatolo-
gist. Each center received approval from their Human
Research Ethics Committee or Institutional Review
Board. A detailed description of the methodology and
the included institutions was published (8). Briefly, data
were collected from January 1, 2014 to March 31, 2014
on each subject. For inclusion, neonates had to receive
.48 hours of intravenous fluids. Exclusion criteria in-
cluded admission .7 days after birth or death ,48 hours
after birth, lethal chromosomal or severe congenital
kidney anomaly, or congenital heart disease requiring
repair ,7 days after birth (Figure 1).

Definition of AKI
Early neonatal AKI was defined by the neonatal mod-

ification of the Kidney Disease: Improving Global Out-
comes criteria (10–13) as occurring within the first 7 days
after birth. AKI was defined by (1) an increase in serum
creatinine by $0.3 mg/dl, (2) a risk of serum creatinine
.50% more than the previous value, or (3) urine output
,1 ml/kg per hour during a 24-hour period from days 2 to
7. Further details of the AKI stages are included in
Supplemental Table 1. Of note, there were 140 patients
who did not have sufficient serum creatinine or urine
output data to determine AKI status. In a prior description
of the AWAKEN cohort, a base-case, worst-case sensitivity
analysis was performed to determine whether a possible
selection bias exists among those with inadequate data to
classify AKI (9). The results of the sensitivity analysis
found no difference in mortality and length of stay
outcomes by AKI status, suggesting that there exists no
selection bias from the inclusion of the 140 missing AKI
statuses.

Outcomes
The outcome of death was assessed over the time

period of birth to 30 postnatal days or discharge from the
hospital. As outlined in the AWAKEN methods paper
(8), data were collected from admission until discharge
from the neonatal ICU, death, or 120 days after birth.
Duration of hospitalization was defined for neonates who
died in the hospital by the number of days in the neonatal
ICU.

Risk Factors for AKI
Daily details were collected regarding fluid prescrip-

tion, electrolytes, vital signs, and medications from days
1–7. The rationale for collecting the exposure variables was
on the basis of previous retrospective studies (8,14–19).
Admission diagnoses were extracted from the patient’s chart.
Case report forms and manual of operations are provided in
the supplemental materials of a study by Jetton et al. (8). Data
on congenital anomalies were extracted from kidney ultra-
sound reports and dichotomized into mild-to-moderate and
severe congenital kidney anomalies (Supplemental Table 2).
Nephrotoxic medications were categorized as such in

accordance with published studies (20) with the exception
of cephalosporin use. Other medication exposures relevant
to the neonatal ICU included methylxanthines, vasopressors,
and diuretics (Supplemental Table 3). Medication exposure
was categorized as being given before the AKI event.
We assessed institutional factors including the median

number of serum creatinine measurements and the type of
assay. Frequency and methodology for laboratory moni-
toring were center-dependent (Supplemental Table 4). No
adjustment was made for the type of creatinine assay
because the AKI definition is on the basis of a change from
baseline. Each site was categorized as a perinatal center
(neonatal ICU providing care for neonates requiring med-
ical care for their indication for admission), perinatal/
surgical center (neonatal ICU providing surgical services),
or children’s hospital without perinatal services (neonatal
ICU providing care for neonates with advanced surgical
services including extracorporeal membrane oxygenation).
All data were stored in a web-based database, MediData
Rave, housed at Cincinnati Children’s Hospital Medical
Center.

Statistical Analyses
Categoric variables were analyzed by proportional dif-

ferences with the chi-squared test or Fisher exact test. The
nonparametric continuous variables were analyzed by
Wilcoxon rank sum tests and reported as the median
and interquartile ranges. The normally distributed contin-
uous variables were analyzed using t tests and reported as
means and SD.
To assess the association of early AKI and death within

the entire cohort, a logistic regression analysis was con-
ducted to calculate the odds ratios (ORs) and 95% confi-
dence intervals (95% CIs). Because of the limited number of
outcomes, the following variables were selected to be
included in the model: early AKI, intubation, gestational
age, 1-minute Apgar score, and admission for inborn
errors of metabolism or congenital heart disease. To
determine the association between early AKI and length
of stay in the whole group and the gestational age strata,
linear regression was used to calculate crude parameter
estimates and 95% CIs. Regression models used a back-
ward procedure with a significance level of 0.2 of stay. To
examine the association of AKI severity with mortality and
length of stay, time-to-event analysis for survival with
Kaplan–Meier analysis of the entire cohort and for each
gestational age category was performed, with P,0.05
considered to be significant.
A generalized estimating equation logistic model ac-

counting for clustering by study center was used to
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estimate ORs and associated 95% CIs for each of the
potential risk factors for AKI. Models were created sepa-
rately for maternal, neonatal, and medication characteris-
tics. Within each analysis, crude ORs were estimated in
addition to age, ethnicity, and both Apgar scores at 1 and
5 minutes–adjusted and then fully adjusted (i.e., for age,
ethnicity, and Apgar-1 and -5 in addition to the other
variables of interest). In a supplemental analysis, all of the
maternal, neonatal, and medication characteristic variables
were considered for inclusion into a single generalized
estimating equation logistic regression model; the most
parsimonious model was chosen using a stepwise selection
process with a model a-level threshold of 0.10 for entry into

the model and of 0.10 for remaining in the model. Models
were created for the overall study population and then
separately for each gestational age group. Finally, Pearson
correlation was used to assess the strength of association
between median serum creatinine counts and AKI preva-
lence by institution.

Results
Demographics
Of the 4273 neonates screened, 2110 were included in this

analysis (Figure 1). Demographics of the study cohort are
presented in Table 1.

Not admitted to Neonatal ICU
during study period

(n=60)

Not Enrolled
(n=2163)

No AKI
n=1661

Early AKI
(7 days)

n=449

Enrolled
(n=2110)

Total Number of Patients Screened
n=4273

Received intravenous fluids for
48 hours or less

(n=1793)

Age >7 days at NICU admission
(n=185) 

Congenital heart disease with
surgery at <7 days of life

(n=25)

Lethal chromosomal anomaly
(n=18)

Death less than 48 hours
(n=45)

Severe kidney anomaly
(n=37)

Figure 1. | FlowDiagram of Enrollment of Patients into the AWAKEN study: screening and enrollment of subjects experiencing early onset
AKI. Early AKI was defined as occurring within the first 7 days after birth and is based on changes in serum creatinines from the lowest
prior serum creatinine or urine output. Those with insufficient data to define neonatal AKI were included in the no AKI group. Severe
kidney anomalies were defined as vesicoureteral reflex grades 4 or 5, moderate or severe hydronephrosis, bilateral hypoplasia, dysplasia, or
agenesis, autosomal recessive polycystic kidney disease, or posterior urethral valves. ICU, intensive care unit; NICU, neonatal intensive
care unit.
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Early Neonatal AKI
Early AKI was identified in 449 (21%) of the 2110

enrolled neonates, representing 11% of the entire neonatal
ICU population (449 of 4273), assuming that all non-
enrolled infants did not have AKI. Of the 449 with AKI, 216
had stage 1 (48%), 105 had stage 2 (23%), and 128 had stage
3 (29%) (Figure 2). Twenty-three neonates received kidney
replacement therapy in the first week. The rate of early
neonatal AKI varied within the gestational age cohorts:
22–28 weeks (n=75, 28%), 29–35 weeks (n=127, 14%), and
$36 weeks (n=247, 27%). The mean number of days
between birth and the first episode of AKI was 2.861.8
days. AKI was diagnosed by serum creatinine in 224 of 449,
by urine output in 282 of 449, and by both serum creatinine
and urine output criteria in 57 of 449. Of the 449 with early
AKI, 79 (18%) had an additional episode within the first
7 days.

Outcomes: Mortality and Length of Stay
In the whole cohort, more deaths occurred in those with

early AKI compared with those without AKI (8% [n=37]
versus 2% [n=40]). Early AKI was independently associated
with a higher mortality in both the crude (OR, 3.6; 2.3 to 5.8;
P,0.001) and adjusted models (adjusted OR, 2.8; 1.7 to 4.7;
P,0.001; Figure 2). However, because of small numbers in
each of the gestational age strata, we did not stratify by
each gestational age cohort.
Early AKI exposure was independently associated with

longer length of hospitalization stay than those without
AKI only in adjusted models for the overall cohort (mean
difference 7.3 days, P,0.001) (Table 2). A similar adjusted
association was observed for the 22–28-week cohort (mean
difference 6.5 days, P=0.04), and an attenuated yet

significant association was observed for the $36-week
cohort (mean difference 4.9 days, P=0.004); there was no
significant difference by AKI status in the length of
hospitalization for the 29–35-week cohort (mean difference
3.7 days, P=0.08). AKI stages 2 and 3 were associated with
approximately 10-day-longer hospitalizations than those
without AKI (no AKI: 30631, AKI stage 2: 40640, stage 3:
39656 days; Figure 2).

Risk Factors for Early Neonatal AKI
Among maternal conditions, multiple gestations were

associated with 50% lower odds of early AKI and sched-
uled cesarean section (compared with vaginal birth) was
associated with a 30% lower likelihood of early AKI after
adjustment for maternal demographics, Apgar-1 and -5,
and the other maternal condition characteristics (Table 3).
Among neonatal conditions—in the fully adjusted model—
higher odds of early AKI were observed for transfer from
an outside hospital, resuscitation with epinephrine, and
admission diagnoses of hyperbilirubinemia, inborn errors
of metabolism, and surgical need (Table 4). For medication-,
institution-, and creatinine-related characteristics, higher
odds of early AKI were observed in the fully adjusted
model for more frequent creatinine monitoring and ad-
mission to a children’s hospital, whereas exposure to
antimicrobial medications, methylxanthines, diuretics,
and vasopressors was associated with lower likelihood
of AKI (Table 5). There was a significant correlation
between a higher number of serum creatinine measure-
ments and AKI, particularly prominent in the 22–28-week
group (Supplemental Figure 1).
The majority of factors that were associated with

neonatal AKI in the 22–28-week group were medication

Table 1. Demographics of the overall cohort of AWAKENwith and without early AKI and stratified into gestational age cohorts (22–28,
29–35, ‡36 wk)

Characteristic

Overall Cohort (n=2110) 22–28 wk (n=265) 29–35 wk (n=936) $36 wk (n=909)

AKI
(n=449)

No AKI
(n=1661)

AKI
(n=75)

No AKI
(n=190)

AKI
(n=127)

No AKI
(n=809)

AKI
(n=247)

No AKI
(n=662)

Gestational age, wk 34.665.2 34.064.2 25.061.5 26.061.6 32.762.0 32.561.8 38.461.5 38.161.5
Birth weight, g 247961085 22496962 7976198 9006258 20476693 18716562 32136618 31016703
Sex (male) 269 (60) 932 (56) 44 (59) 105 (55) 71 (56) 449 (56) 154 (62) 378 (57)
Race (White) 265 (59) 916 (55) 38 (51) 87 (46) 72 (57) 457 (57) 155 (63) 372 (56)
Ethnicity (Hispanic) 43 (10) 243 (15) 13 (17) 14 (7) 9 (7) 129 (16) 21 (9) 100 (15)
Apgar-1 6 (3, 8) 7 (4, 8) 4 (1, 6) 4 (2, 6) 7 (4, 8) 7 (5, 8) 8 (4, 8) 8 (5, 9)
Apgar-5 8 (6, 9) 8 (7, 9) 6 (4, 8) 7 (6, 8) 8 (7, 9) 8 (8, 9) 9 (6, 9) 9 (7, 9)
Antimicrobialsa 195 (43) 1258 (76) 44 (59) 179 (94) 58 (46) 611 (76) 93 (38) 468 (71)
Methylxanthinesa 60 (13) 467 (28) 36 (48) 173 (91) 20 (16) 270 (33) 4 (2) 24 (4)
Diureticsa 15 (3) 70 (4) 2 (3) 16 (8) 4 (3) 10 (1) 9 (4) 44 (7)
Vasopressorsa 38 (9) 140 (8) 17 (23) 40 (21) 6 (5) 35 (4) 15 (6) 65 (10)
NSAIDsa 13 (3) 77 (5) 13 (17) 68 (36) 0 (0) 8 (1) 0 (0) 1 (0)
AKI by creatinine 224 (50) 0 70 (93) 0 75 (59) 0 79 (32) 0
AKI byurine output 282 (62) 0 10 (73) 0 68 (53) 0 204 (83) 0
Mortality 37 (8) 40 (2) 17 (23) 20 (11) 10 (8) 8 (1) 10 (4) 12 (2)
Length of stay, d 33642 30631 80647 81640 33648.0 29622 19621 17620

Data are shown as mean6SD or n (%) and Apgar are median and IQR. Antimicrobial medications: acyclovir, amphotericin B, ami-
noglycosides, piperacillin-tazobactam, and vancomycin;methylxanthinemedications: caffeine and theophylline; diureticmedications:
bumetanide, chlorothiazide, furosemide, and spironolactone; vasopressor medications: dobutamine, epinephrine, milrinone,
norepinephrine, anddopamine;andNSAIDmedications: indomethacinand ibuprofen.NSAIDs,nonsteroidal anti-inflammatorydrugs.
AWAKEN, Assessment of Worldwide AKI Epidemiology in Neonates.
aAll medications were given before the episode of AKI.

Clin J Am Soc Nephrol 14: 184–195, February, 2019 Neonatal AKI in the First Postnatal Week, Charlton et al. 187

http://cjasn.asnjournals.org/lookup/suppl/doi:10.2215/CJN.03670318/-/DCSupplemental


exposures ( Supplemental Figure 2). Antimicrobial
agents, methylxanthines, diuretics, nonsteroidal anti-in-
flammatory drugs (NSAIDs), hypertensive disease dur-
ing pregnancy, and hypoglycemia were all associated
with lower adjusted odds of developing early AKI. More
frequent monitoring was associated with higher adjusted
odds of early AKI. In the 29–35-week group, outborn
delivery, saline bolus during resuscitation, and more
frequent creatinine monitoring were all associated with

higher risk for early AKI; however, antimicrobial and
methylxanthine exposure were associated with lower
adjusted odds of AKI. For the $36-week group, outborn
status, more frequent monitoring of creatinine, and
hyperbilirunemia (unique to this age group) were asso-
ciated with higher adjusted odds for early AKI. However,
antimicrobial, methylxanthine, and vasopressor expo-
sures were associated with lower adjusted odds for early
AKI.
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Figure 2. | Early neonatal AKI is independently associated with death and longer hospitalizations. Early AKI survival outcome curves for the
entire cohort and for all stages of AKI and early AKI survival outcome curves for stage of AKI. Tabulated data showmortality and length of stay for
early AKI by stage of AKI. LOS, length of stay.
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Discussion
This study represents the largest evaluation of the

epidemiology and risk factors associated with neonatal
AKI in the first week after birth using an international,
multicenter cohort of .2000 neonates inclusive of all
gestational ages. Early neonatal AKI is associated with
greater mortality and longer length of stay. These data
reinforce known risk factors, highlight new risk factors,
and demonstrate the need to standardize kidney function–
monitoring practices for the early detection of neonatal
AKI. The data presented are relevant to clinicians to inform
surveillance guidelines and establish risk stratification
strategies for future interventional studies.
High-risk neonates who develop AKI in the first week

are at nearly three-times-higher adjusted odds of death
than those who did not have AKI. Neonates with stage 1
AKI had a similar risk of death (9%) to those with stage 3,

suggesting that some of those with stage 1 AKI might have
progressed if they had not died. In the first week, 3.7% of
the cohort had a second episode of AKI. Although the
events were separated by a new serum creatinine baseline
or an increase in urine output, the “second” AKI could
represent a continuation of the first event. However, the
distinction between more frequent episodes and a longer
duration of AKI may have a similar effect on future kidney
dysfunction. In a small follow-up study of very-low-birth-
weight infants, the duration of AKI (measured by serum
creatinine.1.0 mg/dl) and the number of AKI events were
both risk factors in the development of kidney dysfunction
at the average age of 5 years (21). Further work is needed to
determine the significance of “recurrent” AKI in the neo-
natal ICU.
Several unique risk factors have emerged from

AWAKEN. Outborn delivery requiring retrieval of the

Table 2. The association between early AKI and length of stay (d), assessing the overall cohort and by gestational age cohorts (22–28,
29–35, ‡36 wk)

Variable Non-AKI
(mean6SD)

AKI
(mean6SD)

Unadjusted
Difference (d)

(95% CI)
P Valuea

Adjusted
Difference (d)

(95% CI)
P Valueb

Overall cohort 29629 32633 2.4 (20.8 to 5.5) 0.14 7.3 (4.7 to 10.0) ,0.001
22–28 wk 78635 76641 21.9 (28.2 to 4.5) 0.56 6.5 (0.4 to 12.6) 0.04
29–35 wk 28622 30624 1.2 (23.2 to 5.6) 0.59 3.7 (20.5 to 7.9) 0.08
$36 wk 16619 19621 2.8 (20.6 to 6.3) 0.11 4.9 (1.6 to 8.2) 0.004

Unadjusted and adjusted differences are shown as parameter estimates.
aOn the basis of general linear regression.
bLinear regression adjusted for earlyAKI, positive pressure ventilation, intubation, sepsis, seizures/hypoxic ischemic encephalopathy,
admission fornecrotizingenterocolitis, admission foromphalocele, size forgestational age, intrauterinegrowth restriction,hydramnios,
multiple gestation, meconium, steroids for fetal maturation, 1-min Apgar, 5-min Apgar, exposure to nephrotoxins, methylxanthines,
diuretics, nonsteroidal anti-inflammatory medications, and admission for other reasons.

Table 3. Association of maternal conditions and fetal exposures with early AKI in the full AWAKEN cohort

Variable Non-AKI
(%) AKI (%) Partially Adjusteda

OR (95% CI) P Value
Fully Adjustedb

OR (95% CI)
P Value

Number of gestations
Single 1337 (81) 404 (90) Ref — Ref —
Multiple 324 (20) 45 (10) 0.5 (0.3 to 0.7) ,0.001 0.5 (0.4 to 0.8) 0.004

Steroids for fetal maturation 628 (38) 117 (26) 0.6 (0.4 to 0.9) ,0.01 0.7 (0.4 to 1.1) 0.10
Hypertensive disease during pregnancy 375 (23) 74 (17) 0.7 (0.5 to 1.0) 0.05 0.8 (0.6 to 1.1) 0.14
Amniotic fluid
Oligohydramnios 78 (5) 21 (5) 1.0 (0.6 to 1.8) 0.89 1.1 (0.6 to 1.8) 0.84
Normal 1526 (92) 407 (91) Ref — Ref —
Polyhydramnios 57 (3) 21 (5) 0.8 (0.5 to 1.2) 0.28 0.8 (0.5 to 1.2) 0.25

Mode of delivery
Vaginal delivery 650 (41) 215 (51) Ref Ref
Cesarean section, scheduled 231 (15) 45 (11) 0.6 (0.5 to 0.8) ,0.001 0.7 (0.5 to 0.9) 0.003
Cesarean section, unscheduled 699 (44) 159 (38) 0.7 (0.5 to 0.9) 0.02 0.8 (0.6 to 1.0) 0.09

Meconium exposure 173 (10) 62 (14) 1.1 (0.8 to 1.7) 0.50 1.1 (0.7 to 1.6) 0.66

AWAKEN, Assessment ofWorldwide AKI Epidemiology in Neonates; OR, odds ratio; 95%CI, 95% confidence interval; Ref, reference;
—, not applicable.
aEstimated from a generalized estimating equation (GEE) logistic model accounting for clustering by study center and adjusted for
gestational age, ethnicity, and Apgar-1 and -5.
bEstimated from aGEE logisticmodel accounting for clustering by study center and adjusted for gestational age, ethnicity, andApgar-1
and -5 in addition to other variables in the table.
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infant has been recognized as a risk factor for poorer
outcomes in many neonatal studies (22); AWAKEN has
demonstrated that being born outside of and requiring
transfer to a tertiary care center is a risk factor for early AKI.
Whether the risk for AKI is secondary to a sicker pop-
ulation of infants who require transfer or due to general
resuscitation, there may be physiologic strategies to con-
sider to reduce early AKI for a prospective study. Admis-
sion to the NICU for a surgical condition was associated
with higher risk of early AKI. The types of surgical inter-
ventions were not available in the AWAKEN database, but
warrant further study. Lastly, the admission diagnosis of
hyperbilirubinemia was found to be associated with early
AKI. There are many factors that could influence this asso-
ciation: hemolysis on tubular function (23), phototherapy
(24–26), anemia, exchange transfusion therapy, and de-
hydration. Further investigation of the timing, types of
therapeutic interventions, and biases inherent to a popu-
lation of neonates admitted to the NICU for hyperbilir-
ubinemia is necessary to delineate this pathophysiology.
Several maternal factors, including steroid administra-

tion for fetal lung maturity and hypertensive diseases of
pregnancy, were associated with lower risk of neonatal
AKI before adjustment for center effect. The use of
antenatal betamethasone reduces complications related to
prematurity: respiratory distress syndrome, intraventricu-
lar hemorrhage, and necrotizing enterocolitis (27). Gluco-
corticoid therapy increases mean arterial pressure, kidney
blood flow, and GFR in preterm lambs, baboons, and
human neonates (28–30), indicating induction of kidney

maturity. However, this may incur a long-term cost, with
animal models showing alterations in the renin-angiotensin
system, reduction of nephron number, and long-term
hypertension (31–36). Endogenous steroid exposure may
also result in accelerated maturity of the fetal kidney.
Preeclampsia is associated with decreased activity of 11b-
hydroxysteroid dehydrogenase-2, an enzyme critical for
cortisol metabolism in the placenta. A reduction of this
enzyme in preeclamptic mothers may result in greater
steroid exposure to the fetus, again resulting in accelerated
kidney maturation. Alternatively, infants whose mothers
had preeclampsia may be less likely to develop AKI
secondary to bias by indication. It is possible that infants
delivered for maternal preeclampsia were “healthier” than
premature infants who were delivered for other reasons.
Despite studies demonstrating that neonates of preeclamp-
tic mothers have a lower risk for neonatal AKI, it is
important to consider the long-term effects on the kidney,
including hypertension (37). Further work is necessary to
distinguish the factors that influence the development of
AKI from those exposures that do not result in AKI, but
still disrupt normal nephrogenesis and result in prema-
ture CKD.
Within the gestational age cohorts, medication exposures

were strongly associated with the development of early
AKI. Although nephrotoxic antimicrobial medications
represent a common and potentially modifiable risk factor
for AKI, surprisingly, the neonates in the AWAKEN study
exposed to nephrotoxic antimicrobials had an associated
lower incidence of early AKI. This unexpected finding is

Table 4. Associations of neonatal conditions and exposures with early AKI in the full AWAKEN cohort

Variable Non-AKI
(%)

AKI
(%)

Partially Adjusteda

OR (95% CI) P Value FullyAdjustedb

OR (95% CI) P Value

Delivery site
Inborn 1085 (65) 172 (38) Ref — Ref —
Outborn 576 (35) 277 (62) 2.8 (1.7 to 4.5) ,0.001 2.6 (1.6 to 4.0) ,0.001

Size
Small for gestational age 359 (22) 84 (19) 0.9 (0.6 to 1.2) 0.45 1.0 (0.7 to 1.3) 0.76
Normal for gestational age 1219 (74) 330 (74) Ref — Ref —
Large for gestational age 79 (5) 33 (7) 1.4 (0.9 to 2.1) 0.11 1.5 (1.0 to 2.3) 0.06

Intubation 391 (24) 145 (32) 1.2 (0.7 to 2.0) 0.44 1.0 (0.6 to 1.6) 0.95
Chest compressions 48 (3) 36 (8) 1.4 (0.8 to 2.3) 1.0 (0.6 to 1.6) 0.94
Epinephrine 16 (1) 22 (5) 2.5 (1.3 to 4.9) ,0.01 2.4 (1.1 to 5.1) 0.03
Saline bolus 46 (3) 34 (8) 1.7 (0.9 to 3.0) 0.09 1.1 (0.6 to 2.1) 0.67
Hypoxic ischemic encephalopathy/

seizures
104 (6) 63 (14) 1.4 (0.9 to 2.2) 0.15 1.2 (0.7 to 1.9) 0.50

Hypoglycemia 197 (12) 40 (9) 0.8 (0.5 to 1.1) 0.19 0.8 (0.5 to 1.1) 0.14
Hyperbilirubinemia 40 (2) 23 (5) 2.3 (1.3 to 4.1) 0.003 2.4 (1.4 to 3.9) ,0.001
Inborn errors of metabolism 10 (0.6) 9 (2) 3.9 (1.5 to 9.8) 0.004 3.3 (1.4 to 7.8) ,0.01
Congenital heart disease 64 (4) 25 (6) 1.5 (0.9 to 2.4) 0.11 1.6 (1.0 to 2.5) 0.06
Necrotizing enterocolitis 7 (0.4) 6 (1) 2.9 (1.0 to 8.3) 0.06 2.1 (0.8 to 5.7) 0.14
Surgical need 55 (3) 34 (8) 2.5 (1.4 to 4.3) 0.001 2.2 (1.3 to 3.8) ,0.01
Kidney abnormalities
None 1608 (97) 433 (97)
Mild-to-moderate kidney anomalies 50 (3) 15 (3) 0.9 (0.1 to 10.8) 0.90 1.4 (0.2 to 9.8) 0.76

AWAKEN, Assessment of Worldwide AKI Epidemiology in Neonates; OR, odds ratio; 95% CI, 95% confidence interval; Ref, XXX;—,
XXX.
aEstimated from a generalized estimating equation (GEE) logistic model accounting for clustering by study center and adjusted for
gestational age, ethnicity, and Apgar-1 and -5.
bEstimated from aGEE logisticmodel accounting for clustering by study center and adjusted for gestational age, ethnicity, andApgar-1
and -5 in addition to other variables in the table.
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paradoxic and likely explained by classification bias gen-
erated by the definition of the exposure: neonates had to
receive the nephrotoxic medication before AKI diagnosis.
This exposure definition allowed for patients with a rapidly
rising creatinine or early reduction of urine output to fall
into the category of “no nephrotoxic exposure.” Another
statistical consideration to note is that these medications
are ubiquitously used in the neonatal ICU. These medica-
tions are given to patients during sepsis evaluations,
introducing the risk of confounding by indication. In
AWAKEN, 69% of enrolled neonates received a nephro-
toxic antimicrobial agent in the first week after birth before
an AKI event—the highest exposure in the lowest gestational
age group (84%). In the 22–28-week group, aminoglycosides
were often administered every 36–48 hours, reducing the
total number of days in which the medication was admin-
istered for the analysis, but not necessarily the effective
exposure, and potentially introducing a misclassification
bias (38,39). Despite the contradictory finding between
nephrotoxins and early AKI, it is possible that nephrotoxic
medications such as aminoglycosides are not the inciting
factor for the development of early AKI. Although studies
in neonatal humans and animals confirm aminoglyco-
side-related tubular dysfunction (38,40), it is possible
that the burden of nephrotoxins must accumulate
to manifest with kidney dysfunction later in the

hospital course. This is supported by animal data where
prenatal exposure to gentamicin not only reduces total
nephron number, but also results in glomerulosclerosis as
the animals age (41), suggesting that the effect of amino-
glycosides during kidney development may manifest
with adulthood CKD.
Other medications examined in the AWAKEN study

included diuretics, methylxanthines, vasopressors, and
NSAIDs, and each was associated with lower risk within
the gestational age strata. Methylxanthines have been
known to influence kidney function, increasing urine
output and the excretion of sodium and other solutes
(42–44), likely as an adenosine receptor antagonist. Our
findings suggest that methylxanthines may be protective
of the kidneys in all neonates, consistent with a sub-
analysis of the AWAKEN dataset including only preterm
neonates exposed to caffeine (45), in addition to publi-
cations by Carmody and Cattarelli (46,47). NSAIDs are
vasoconstrictive agents used to prevent intraventricular
hemorrhage and treat patent ductus arteriosus. Previous
clinical studies have shown an association between
NSAID exposure and AKI (48,49) and animal models
have shown that NSAIDs given to neonatal rodents
reduce nephron number (50). Within the 22–28-week group,
36% received some NSAID in the first week after birth and
NSAID exposure was associated with lower odds of AKI.

Table 5. Associations of medications and types of institutions with early AKI in the full Assessment of Worldwide AKI Epidemiology in
Neonates cohort

Variable Non-AKI (%) AKI (%) Partially Adjusteda

OR (95% CI) P Value Fully Adjustedb

OR (95% CI) P Value

Antimicrobial medicationsc

No 403 (24) 254 (57) Ref — Ref —
Yes 1258 (74) 195 (43) 0.2 (0.2 to 0.3) ,0.001 0.3 (0.2 to 0.3) ,0.001

Methylxanthinesc

No 1194 (72) 389 (87) Ref — Ref —
Yes 467 (28) 60 (13) 0.3 (0.2 to 0.5) ,0.001 0.4 (0.3 to 0.6) ,0.001

Diureticsc

No 1591 (96) 434 (97) Ref — Ref —
Yes 70 (4) 115 (3) 0.6 (0.4 to 1.1) 0.12 0.5 (0.3 to 1.0) 0.04

Vasopressorsc

No 1521 (92) 411 (92) Ref — Ref —
Yes 140 (8) 38 (9) 0.7 (0.5 to 1.1) 0.11 0.6 (0.4 to 0.9) 0.01

NSAIDsc

No 1584 (95) 436 (97) Ref — Ref —
Yes 77 (5) 13 (3) 0.6 (0.2 to 1.5) 0.25 0.8 (0.3 to 2.2) 0.62

Mean serum creatinine measurements 363 564 1.2 (1.1 to 1.3) ,0.001 1.2 (1.1 to 1.3) ,0.001
Site type
Children’s hospital 422 (25) 255 (57) 3.8 (2.2 to 6.6) ,0.001 2.8 (1.6 to 5.0) 0.001
Perinatal 307 (19) 56 (13)
Perinatal/surgical 932 (56) 138 (31) Ref — Ref —

Creatinine method
Enzymatic 1250 (77) 324 (76) Ref — Ref —
Jaffe 368 (23) 105 (25) 1.0 (0.5 to 2.3) 0.91 1.0 (0.6 to 1.7) .0.99

Sites outside of the USA 217 (13) 43 (10) 0.6 (0.3 to 1.3) 0.20 1.0 (0.5 to 1.8) 0.89

Antimicrobial medications: acyclovir, amphotericin B, aminoglycosides, piperacillin-tazobactam, and vancomycin; methylxanthine
medications: caffeine and theophylline; diureticmedications: bumetanide, chlorothiazide, furosemide, and spironolactone; vasopressor
medications: dobutamine, epinephrine,milrinone,NE, anddopamine; andNSAIDmedications: indomethacin and ibuprofen.OR, odds
ratio; 95% CI, 95% confidence interval; Ref, XXX; —, XXX; NSAIDs, nonsteroidal anti-inflammatory drugs.
aEstimated from a generalized estimating equation (GEE) logistic model accounting for clustering by study center and adjusted for
gestational age, ethnicity, and Apgar-1 and 5.
bEstimated from aGEE logisticmodel accounting for clustering by study center and adjusted for gestational age, ethnicity, andApgar-1
and 5 in addition to other variables in the table.
cAll medications were given before the episode of AKI.
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However, we were unable to assess the indication or the dose
of the NSAID.
The AWAKEN study included institutional-level prac-

tices in the detection of AKI. The method used to measure
serum creatinine levels (Jaffe versus enzymatic reactions)
did not affect the incidence of early AKI. The incidence of
early AKI was significantly higher in neonates in children’s
hospitals as compared with perinatal centers with and
without surgical capabilities. The study also highlights that
AKI is associated with the number of serum creatinine
assessments. The diagnosis of AKI was made by serum
creatinine more often than by urine output in the 22–28-
week group. At many of the sites, creatinine could be
included with the panel of electrolytes, allowing for more
frequent monitoring without increasing the risk to induce
anemia common in this population.
Despite the significant strengths of AWAKEN, the study

has several limitations in addition to variable practices in
kidney function monitoring. The potential for incomplete
acquisition of the outcome of AKI and the small numbers in
the gestational age strata influenced the decision not to
create a risk cohort for model development and validation.
It is important to recognize that the AWAKEN cohort
comprises high-risk neonates, not all neonates in the
NICU, and we contend that monitoring practices in these
high-risk neonates need to be standardized before the
development of prediction models. The inclusion of only
the high-risk neonates may lead to factors associated
with a lower risk of AKI that seem implausible, such as
multiple gestations or the paradoxic association with
nephrotoxic antimicrobials. Therapies for hyperbilirubi-
nemia and indications for antibiotics were unavailable in
the AWAKEN dataset.
Neonatal AKI within the first week after birth is asso-

ciated with poor short-term outcomes. Prevention, vigilant
monitoring, and early detection are the hallmarks of
optimal management of AKI (51). AWAKEN demonstrates
a number of specific risk factors that should serve as “red
flags” for clinicians at the initiation of their NICU course:
outborn delivery, resuscitation with epinephrine, surgical
need, hyperbilirubinemia, and inborn errors of metabolism,
and daily kidney function monitoring is warranted. Future
directions in AKI management need to focus on risk
stratification of patients.
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