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Abstract
Objective To examine incidence of acute kidney injury (AKI), antenatal and postnatal predictors, and impact of AKI on
outcomes in infants with congenital diaphragmatic hernia (CDH).
Study design Single center retrospective study of 90 CDH infants from 2009–2017. Baseline characteristics, CDH severity,
possible AKI predictors, and clinical outcomes were compared between infants with and without AKI.
Result In total, 38% of infants developed AKI, 44% stage 1, 29% stage 2, 27% stage 3. Lower antenatal lung volumes and
liver herniation were associated with AKI. Extracorporeal life support (ECLS), diuretics, abdominal closure surgery,
hypotension, and elevated plasma free hemoglobin were associated with AKI. Overall survival was 79%, 47% with AKI,
and 35% with AKI on ECLS. AKI is associated with increased mechanical ventilation duration and length of stay.
Conclusion AKI is common among CDH infants and associated with adverse outcomes. Standardized care bundles
addressing AKI risk factors may reduce AKI incidence and severity.

Introduction

Congenital diaphragmatic hernia (CDH) is a severe birth
anomaly occurring in 1:3000 live births, where a defect in
the diaphragm allows abdominal organs to herniate into the
thorax, compressing the intrathoracic structures [1]. The
defect forms between 8–10 weeks of gestation, compro-
mising growth and development of the lungs and heart

in utero, resulting in lung parenchyma and vascular
abnormalities [2]. About one-third of infants with CDH
require extracorporeal life support (ECLS), representing the
most severe lesions [3]. While the overall survival rate for
isolated CDH ranges from 50–80%, infants requiring ECLS
have worse survival rates, with almost six times increased
odds of mortality [2–5].

Risk factors for adverse outcomes in neonates with CDH
include low birth weight, liver herniation into the chest,
lung hypoplasia, pulmonary hypertension, left ventricular
hypoplasia, chromosomal anomalies, and congenital heart
disease [3]. With the advent of fetal magnetic resonance
imaging (MRI) and high-resolution obstetrical ultrasound,
accuracy of antenatal assessments of severity of lung
hypoplasia has markedly improved. Ultrasound assessment
of lung–head ratio (LHR) and observed to expected
lung–head ratio (O:E LHR), as well as MRI assessment of
percent predicted lung volume (PPLV) and fetal total lung
volume (TLV) are the gold standards for predicting the
degree of lung hypoplasia [6–9]. Significant hypoplasia,
suggested by lower LHR, O:E LHR, PPLV, and TLV
values, is associated with an incremental increase in ECLS
utilization and a decrease in survival rates [8–11].

Acute kidney injury (AKI) is common in critically ill
adults and children, and it is an independent risk factor for

* Brianna M. Liberio
Brianna.liberio@childrenscolorado.org

1 Department of Pediatrics, Section of Neonatology, Children’s
Hospital Colorado, University of Colorado Anschutz Medical
Campus, Aurora, CO, USA

2 Department of Biostatistics and Informatics, Colorado School of
Public Health, Aurora, CO, USA

3 Department of Pediatrics, Section of Cardiology, Children’s
Hospital Colorado, University of Colorado Anschutz Medical
Campus, Aurora, CO, USA

4 Department of Pediatrics, Section of Nephrology, Children’s
Hospital Colorado, University of Colorado Anschutz Medical
Campus, Aurora, CO, USA

5 Department of Pediatrics, Denver Health Medical Center,
Denver, CO, USA

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

Th
is 

ar
tic

le
 is

 m
ad

e 
av

ai
la

bl
e 

fo
r u

nr
es

tr
ic

te
d 

re
se

ar
ch

 re
-u

se
 a

nd
 se

co
nd

ar
y 

an
al

ys
is 

in
 a

ny
 fo

rm
 o

r b
y 

an
y 

m
ea

ns
 w

ith
 a

ck
no

w
le

dg
em

en
t o

f t
he

 o
rig

in
al

 so
ur

ce
. T

he
se

 p
er

m
iss

io
ns

 a
re

 g
ra

nt
ed

 fo
r t

he
 d

ur
at

io
n 

of
 

th
e 

W
or

ld
 H

ea
lth

 O
rg

an
iz

at
io

n 
(W

H
O

) d
ec

la
ra

tio
n 

of
 C

O
V

ID
-1

9 
as

 a
 g

lo
ba

l p
an

de
m

ic
.

http://crossmark.crossref.org/dialog/?doi=10.1038/s41372-021-01119-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41372-021-01119-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41372-021-01119-1&domain=pdf
http://orcid.org/0000-0003-1085-7019
http://orcid.org/0000-0003-1085-7019
http://orcid.org/0000-0003-1085-7019
http://orcid.org/0000-0003-1085-7019
http://orcid.org/0000-0003-1085-7019
http://orcid.org/0000-0002-7427-670X
http://orcid.org/0000-0002-7427-670X
http://orcid.org/0000-0002-7427-670X
http://orcid.org/0000-0002-7427-670X
http://orcid.org/0000-0002-7427-670X
http://orcid.org/0000-0001-9349-9960
http://orcid.org/0000-0001-9349-9960
http://orcid.org/0000-0001-9349-9960
http://orcid.org/0000-0001-9349-9960
http://orcid.org/0000-0001-9349-9960
http://orcid.org/0000-0001-8244-9765
http://orcid.org/0000-0001-8244-9765
http://orcid.org/0000-0001-8244-9765
http://orcid.org/0000-0001-8244-9765
http://orcid.org/0000-0001-8244-9765
mailto:Brianna.liberio@childrenscolorado.org


mortality in these populations [12, 13]. The Assessment of
Worldwide Acute Kidney Epidemiology in Neonates
(AWAKEN) Study (a large, multi-center observational
cohort study) reported an AKI incidence of 30% across all
gestational ages in the neonatal intensive care unit popula-
tion and an independent association between AKI and
mortality [14]. AKI has been studied in specific neonatal
populations. Ryan et al. reported an AKI incidence of 37%
in a cohort of 54 infants with CDH [15], and Gadepalli et al.
reported an incidence of 71% in those with severe CDH
requiring ECLS [4]. Renal failure was associated with
decreased ventilator-free days in the first 60 days of life and
increased ECLS duration [4]. Due to the complexity of
CDH, this population represents a unique group of neonates
with increased risk for both AKI and mortality.

While there is evidence linking AKI to poor outcomes in
CDH, the risk factors responsible for the development of
AKI in infants with CDH remain unclear. In this study of
infants with CDH, we aimed to (1) determine the incidence
of AKI, (2) examine antenatal characteristics and postnatal
exposures associated with AKI, and (3) determine the
impact of AKI on long-term outcomes, including length of
stay, duration of mechanical ventilation, and mortality. We
hypothesized that, in agreement with existing literature,
AKI would be common in the CDH population, with an
increased incidence in those requiring ECLS. In addition,
we hypothesized that antenatal measures suggesting worse
CDH severity and the presence of significant postnatal
exposures, including nephrotoxins, sepsis, surgery, ECLS,
and elevated plasma free hemoglobin, would confer an
increased risk for AKI.

Materials and methods

Single center retrospective study of inborn and outborn
infants with CDH, managed at the Level IV Neonatal
Intensive Care Unit at Children’s Hospital Colorado, from
April 2009 to November 2017. Patients were identified and
data extracted through review of the electronic health
record. This study was approved by the Colorado Multiple
Institutional Review Board with a waiver of informed
consent.

Extracted data included demographics; antenatal mea-
sures of CDH severity, including presence or absence of
liver herniation, PPLV, TLV, LHR, and O:E LHR as
available from prenatal imaging for inborn patients; pre-
sence of congenital heart disease, congenital anomalies of
the kidney and urinary tract, and chromosomal anomalies.
Congenital heart disease was defined as structurally
abnormal cardiac anatomy, excluding patent ductus arter-
iosus, patent foramen ovale, atrial septal defect, and small
muscular ventricular septal defect.

For those requiring ECLS, the day of initiation and
duration were documented. All ECLS was veno-arterial
support using the Maquet centrifugal pump, with the same
system used over the duration of the study period. Use of
continuous renal replacement therapy (CRRT) was defined
as a dichotomous outcome. The most common indication
for CRRT use at our institution is metabolic control of
uremia, with blood urea nitrogen >150 mg/dL. Use of
nephrotoxins, including vancomycin, gentamicin, loversol,
and acyclovir, and the use of diuretics, including fur-
osemide, chlorothiazide, and bumetanide, were extracted.
Antibiotics and antivirals were administered based on dos-
ing recommendations in Lexicomp, and antibiotic peak and
trough levels were monitored per recommendations.
Diuretics were intermittently dosed. Median days of expo-
sure were calculated. Presence of positive blood cultures
was extracted.

Timing of CDH and abdominal closure surgery was
extracted. At our institution, for all patients requiring ECLS,
CDH repair occurs in first 24–48 hours after ECLS cannu-
lation. Indications for delay of repair include coagulopathy,
moderate or severe left ventricular dysfunction, and hemo-
dynamic instability defined as need for epinephrine
>0.1 mcg/kg/min or vasopressin >0.001 units/kg/min. The
decision for abdominal closure is at the discretion of the
surgeon and not based on a pre-defined protocol. Mean
arterial pressure (MAP), central venous pressure, and renal
perfusion pressure (MAP-central venous pressure) were
assessed 3 days prior to and 3 days after CDH and
abdominal closure surgery. A “normal MAP” was defined
by gestational age. In all patients with CDH, large bore (20
gauge) central venous catheters are placed by cut-down
method, allowing for accurate measurement of central
venous pressure. Finally, multiple plasma free hemoglobin
levels are measured daily for patients on ECLS at our
institution, however we extracted the highest daily value for
analysis in this study based on prior literature describing
associations between elevated plasma free hemoglobin and
AKI [16–18].

Fluid intake and output data were collected, and daily
net fluid balance was utilized to perform a fluid-corrected
serum creatinine (SCr) calculation, as detailed below.
Date of birth was designated as day of life 0, and data was
collected daily through day of life 30. Daily SCr values,
when available, were extracted for the first 30 days of life.
If more than one SCr value was reported in one day, the
highest value was used. AKI was defined and staged using
the SCr criteria of the Neonatal Modified Kidney Disease:
Improving Global Outcomes (KDIGO) AKI definition
[19, 20] (Table 1). The urine output (UOP) criteria of the
Neonatal Modified KDIGO AKI definition was not used.
Some patients had multiple episodes of AKI within the
first 30 days of life. An episode of AKI was defined as
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recovered when the fluid-corrected SCr reached 110% of
the prior baseline fluid-corrected SCr [19]. SCr, and thus
AKI, was corrected for fluid balance based on the equa-
tion below [21].

Fluid Corrected SCr ¼ Measured SCr � ½1þ ðaccumulated net fluid balance
� total bodywaterÞ�

Accumulated net fluid balance in liters, extracted from
daily 24-h fluid intake and output data

Total body water defined as: 0:8� birth weight kgð Þ:

Statistical methods

Summary statistics included frequency (percent), mean
(standard deviation), or median (interquartile range (IQR),
when descriptive plots indicated skewed data). Wilson
confidence intervals were calculated for estimated propor-
tions of interest. Baseline characteristics were compared
between those with and without AKI via t-tests, Wilcoxon
Rank Sum test, or Chi-Squared as appropriate. Multiple non-
linear regression models assessed the associations between
AKI during the first 30 days of life and predictors of interest
(exposure to ECLS, nephrotoxins, diuretics; CDH repair
surgery; abdominal closure surgery; positive blood culture;
MAP; plasma-free hemoglobin value). For individuals who
experienced multiple episodes of AKI, each episode was
analyzed individually. Both univariable regression models
and models adjusting for ECLS assessed the association
between the binary longitudinal outcome of AKI status and
each predictor of interest via generalized estimating equa-
tions. Knowing that changes in SCr can be delayed between
the exposure and time to AKI diagnosis [22], we utilized a
lagged predictor model to evaluate the impact of certain
predictors prior to a diagnosis of AKI. For each predictor,
24-, 48-, and 72-hour lags were applied. All models assumed
an auto-regressive correlation structure with a logit link
function. Estimated associations between predictors and
AKI are presented as odds ratios (OR) with 95% confidence
intervals (CI). Survival was compared via Fisher’s Exact or
Chi-Squared tests and presented as relative risk (RR) with
95% CI. Among survivors, days on mechanical ventilation
and length of stay were compared via Jonckheere–Terpstra
trend test to account for ordering of the outcomes. Statistical

significance was set at an alpha 0.05 level. No adjustment
for multiple comparisons were made. The data analysis was
generated using SAS software version 9.4. Copyright ©
2002-2012 by SAS Institute Inc. Cary, NC, USA.

Results

Incidence of AKI

Ninety infants with CDH were included. Median gestational
age was 38 weeks [IQR: 36, 38], median birthweight was
2.89 kg [IQR: 2.5, 3.19], 56% were male, and 50% were
outborn. AKI occurred in 34 (37.8%) infants during the first
30 days of life, 44% with stage 1 AKI, 29% stage 2 AKI,
and 27% stage 3 AKI (Fig. 1a). Thirty-two infants (36%)
required ECLS, and AKI occurred in 26 (81%) of these
infants. The median day of AKI diagnosis was day of life 12
[IQR: 7.5, 19.5] (Fig. 1b). Nine infants had two episodes of
AKI, and two infants had three episodes of AKI. When
including only the first episode of AKI, the median day of
AKI diagnosis was day of life 10 [IQR: 6, 14]. Eight
patients required CRRT for metabolic control of uremia and
fluid removal for anuria or oliguria, most commonly. Half
of these patients had stage 3 AKI per the SCr criteria of the
Neonatal Modified KDIGO AKI definition (Table 1) prior
to requiring CRRT.

Antenatal and postnatal exposures associated with
AKI

Infants who developed AKI had lower antenatal assess-
ments of fetal lung volume (PPLV, TLV, LHR, and O:E
LHR) and higher occurrences of liver herniation into the
chest when compared to infants without AKI. Of those
infants with AKI, 85% had liver herniation, mean PPLV
17.5%, median TLV 25 mL, median LHR 1, and median O:
E LHR 38.5% (Table 2). Gestational age, birthweight,
gender, inborn versus outborn status, and presence of con-
genital heart disease, chromosomal anomaly, or congenital
anomalies of the kidney and urinary tract were not sig-
nificantly different between those with and without AKI
(Table 2). From an unadjusted analysis, those requiring

Table 1 Neonatal Modified
Kidney Disease: Improving
Global Outcomes (KDIGO)
AKI definition (Reference
SCr is the lowest prior SCr
measurement [19, 20]).

Stage Serum Creatinine Urine output over 24 h

0 No change in SCr or rise <0.3 mg/dL >1 mL/kg/hr

1 SCr rise ≥ 0.3 mg/dL within 48 h or SCr rise ≥ 1.5–1.9 X reference SCr
within 7 days

>0.5 and ≤1 mL/kg/hr

2 SCr rise ≥ 2–2.9 X reference SCr >0.3 and ≤0.5 mL/kg/hr

3 SCr rise ≥ 3 X reference SCr or SCr ≥ 2.5 mg/dL or receipt of dialysis ≤0.3 mL/kg/hr

SCr serum creatinine.

Risk factors for acute kidney injury in neonates with congenital diaphragmatic hernia 1903



ECLS had a 5.1 increased risk for AKI (95% CI: 3.8–6.8)
compared to those who did not require ECLS.

Among the eight patients who received CRRT, 75% were
inborn and had antenatal CDH severity measurements available
for analysis. Mean PPLV 12.5%, median TLV 22mL, median
LHR 0.88, median O:E LHR 33.4%, and all patients had liver
herniation into the thorax. All patients received ECLS, and
88% received at least one diuretic prior to CRRT initiation.

Among the cohort, the median exposure days for
nephrotoxins, including vancomycin, gentamicin, and acy-
clovir, was 2 days [IQR: 2, 5]. The median exposure days of
diuretics, including furosemide, chlorothiazide, and bume-
tanide, was 5 days [IQR: 2, 14]. Using the lagged predictors
model for univariable associations between postnatal
exposures and the development of AKI, use of ECLS at 72
and 24 h prior to and on the day of AKI was associated with

Table 2 Associations between
antenatal characteristics and
patient demographics with
occurrence of AKI.

Prenatal characteristics No AKI (n= 56) AKI (n= 34) p value

Left-sided CDH, n (%) 47 (83.9) 27 (79.4) 0.80

Percent predicted lung volume, mean (SD) 25.71 (8.00) 17.45 (7.34) <0.001

Total lung volume (mL), median [IQR] 31.00 [26.75, 41.00] 25.00 [21.00, 32.50] <0.05

Lung-to-head ratio, median [IQR] 1.40 [1.10, 1.60] 1.00 [0.80, 1.10] <0.001

Observed to expected lung-to-head ratio,
median [IQR]

52.00 [39.75, 66.00] 38.50 [24.90, 48.00] <0.01

Liver up, n (%) 29 (51.8) 29 (85.3) <0.01

Patient demographics No AKI (n= 56) AKI (n= 34) p value

GA (week), median [IQR] 38.00 [36.00, 38.00] 38.00 [36.00, 39.00] 0.41

Birth weight (kg), median [IQR] 2.95 [2.50, 3.28] 2.79 [2.50, 3.04] 0.38

Male gender, n (%) 31 (55.4) 19 (55.9) >0.99

Congenital heart disease, n (%) 2 (3.6) 5 (14.7) 0.13

Chromosomal anomaly, n (%) 2 (3.6) 3 (8.8) 0.56

Congenital anomaly of the kidney or urinary tract,
n (%)

3 (5.4) 2 (5.9) >0.99

Outborn, n (%) 31 (55.4) 14 (41.2) 0.28

ECLS use, n (%) 6 (10.7) 26 (76.5) <0.001

AKI acute kidney injury, CDH congenital diaphragmatic hernia, GA gestational age, ECLS extracorporeal
life support.

Fig. 1 Incidence and Timing of AKI. a Stratification by stage of
AKI. Total number of patients with AKI is 34, representing 37.8% of
the entire cohort. Upon stratification by stage of AKI, there was 44%

with stage 1 AKI, 29% stage 2 AKI, and 27% stage 3 AKI. b Dis-
tribution of day of AKI onset. The median day of AKI diagnosis was
day of life 12 [IQR: 7.5, 19.5]. AKI acute kidney injury.
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an increased odds of AKI (Table 3a). Diuretic exposure
conferred an increased odds of AKI development, with
chlorothiazide exposure at 72, 48, and 24 h prior to AKI
diagnosis and furosemide exposure 24 h prior to and on the
day of AKI diagnosis associated with increased odds of
AKI (Table 3a). While CDH repair in general did not confer
increased odds of AKI development, the day of abdominal
closure was associated with a higher odds of AKI
(Table 3a). Three patients had delayed abdominal closure.
On the day of AKI diagnosis, each decrease of 1 mmHg in
MAP was associated with increased odds of AKI
(Table 3a). Notably, the median MAP was 50 mmHg [IQR:
44, 54] among this cohort. After adjusting for ECLS use, we
found that abdominal closure surgery, increased plasma free

hemoglobin, diuretic use, and decrements in MAP remained
associated with AKI (Table 3b). For those requiring ECLS,
an elevated plasma free hemoglobin level >50 mg/dL and
>100 mg/dL was associated with increased odds of AKI on
the day of AKI diagnosis, with OR 1.55 (95%
CI:1.02–2.36, p < 0.05) and OR 1.24 (95% CI:1.00–1.53,
p < 0.05) respectively.

Long-term outcomes

The overall survival rate of infants with CDH in this cohort
was 79%. Survival was 47% for those with AKI, while
those with no AKI experienced a 98% survival (p < 0.0001)
(Fig. 2a). Survival rates decreased with increasing stage of

Table 3 Associations between postnatal exposures with occurrence of AKI, (a) unadjusteda and (b) adjusted for ECLS useb.

Odds ratio (95% CI)

Postnatal exposure Day of AKI onset p value 24 h prior to AKI p value 48 h prior to AKI p value 72 h prior to AKI p value

(a) Unadjusted

ECLS 1.69 (1.02–2.81) <0.05 1.73 (1.14–2.63) <0.01 0.99 (0.62–1.58) 0.96 2.57 (1.56–4.22) <0.01

Nephrotoxin exposure (any) 1.09 (0.82–1.43) 0.56 1.15 (0.85–1.55) 0.36 1.11 (0.86–1.44) 0.44 0.89 (0.70–1.14) 0.37

Vancomycin 1.16 (0.85–1.59) 0.35 1.20 (0.85–1.69) 0.29 1.19 (0.87–1.62) 0.28 0.85 (0.66–1.11) 0.24

Gentamicin 0.79 (0.62–1.01) 0.07 0.81 (0.64–1.01) 0.06 0.83 (0.67–1.04) 0.11 1.09 (0.77–1.54) 0.64

Diuretic exposure (any) 1.56 (1.03–2.36) <0.05 1.65 (1.07–2.53) <0.05 1.30 (0.82–2.07) 0.26 1.10 (0.72–1.67) 0.67

Furosemide 1.51 (1.01–2.26) <0.05 1.59 (1.03–2.46) <0.05 1.35 (0.88–2.08) 0.16 1.08 (0.70–1.65) 0.74

Chlorothiazide 2.05 (0.63–6.61) 0.23 3.26 (1.30–8.19) <0.05 2.67 (1.06–6.75) <0.05 2.46 (1.03–5.88) <0.05

CDH repair surgery in
general

1.19 (0.92–1.55) 0.19 1.12 (0.76–1.65) 0.56 0.83 (0.56–1.21) 0.32 1.14 (0.92–1.41) 0.24

CDH repair surgery
on ECLS

1.33 (0.76–2.35) 0.32 1.21 (0.71–2.06) 0.48 1.02 (0.68–1.52) 0.94 0.94 (0.64–1.37) 0.74

Abdominal closure surgery 1.35 (1.08–1.70) <0.01 1.00 (0.70–1.42) 0.99 0.94 (0.68–1.29) 0.69 1.06 (0.87–1.30) 0.54

Positive blood culture 2.05 (0.81–5.18) 0.13 1.04 (0.95–1.13) 0.37 1.03 (0.96–1.11) 0.45 0.42 (0.04–4.37) 0.46

Mean arterial pressure
decrease

1.03 (1.01–1.06) 0.01 1.00 (0.97–1.02) 0.75 1.01 (0.98–1.04) 0.70 1.00 (0.97–1.04) 0.91

(b) Adjusted for ECLS use

Nephrotoxin exposure (any) 1.11 (0.86–1.43) 0.42 1.14 (0.86–1.51) 0.35 1.10 (0.86–1.41) 0.46 0.90 (0.71–1.15) 0.39

Vancomycin 1.21 (0.91–1.61) 0.20 1.22 (0.88–1.68) 0.23 1.21 (0.91–1.63) 0.19 0.88 (0.69–1.12) 0.29

Gentamicin 0.78 (0.60–1.01) 0.06 0.77 (0.61–0.96) <0.05 0.76 (0.59–0.98) <0.05 1.02 (0.73–1.42) 0.91

Diuretic exposure (any) 1.66 (1.15–2.41) <0.01 1.77 (1.20–2.61) <0.01 1.40 (0.93–2.10) 0.10 1.22 (0.84–1.77) 0.30

Furosemide 1.60 (1.12–2.28) <0.05 1.69 (1.14–2.51) <0.01 1.44 (0.99–2.10) 0.05 1.19 (0.81–1.74) 0.38

Chlorothiazide 2.15 (0.78–5.94) 0.14 3.08 (1.19–8.00) <0.05 1.13 (0.49–2.61) 0.77 2.32 (0.95–5.67) 0.06

CDH repair surgery in
general

1.17 (0.90–1.52) 0.23 1.13 (0.77–1.65) 0.54 0.83 (0.57–1.19) 0.31 1.12 (0.90–1.39) 0.29

CDH repair surgery
on ECLS

1.30 (0.81–2.05) 0.28 1.20 (0.79–1.84) 0.39 1.03 (0.76–1.39) 0.86 0.94 (0.69–1.28) 0.71

Abdominal closure surgery 1.35 (1.08–1.70) <0.01 0.99 (0.70–1.40) 0.95 0.94 (0.69–1.28) 0.68 1.05 (0.86–1.28) 0.64

Positive blood culture 2.09 (0.87–5.02) 0.10 1.05 (0.91–1.22) 0.47 1.03 (0.91–1.18) 0.63 0.40 (0.04–4.34) 0.45

Mean arterial pressure
decrease

1.03 (1.01–1.06) <0.05 1.00 (0.97–1.02) 0.75 1.01 (0.98–1.04) 0.70 1.00 (0.97–1.03) 0.91

AKI acute kidney injury, ECLS extracorporeal life support, CDH congenital diaphragmatic hernia.
aUnivariable associations between postnatal exposures and AKI, with and without lagged predictors, without adjustment for ECLS use.
bUnivariable associations between postnatal exposures and AKI, with and without lagged predictors, adjusted for ECLS.
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AKI, with 80%, 40%, and 0% survival with stage 1, 2, and
3 AKI, respectively (Fig. 2a). For those with stage 3 AKI,
median age at death was 37 days. Of those requiring ECLS,
survival was 47%, with 35% survival for those with AKI
versus 100% survival for those without AKI (Fig. 2a). For
the entire cohort, the unadjusted RR of death for those with
AKI compared to those without AKI was 2.1 (95%
CI:1.5–3). For the subset of patients requiring ECLS, the
unadjusted RR of death for those with AKI compared to
those without AKI was 2.7 (95% CI:1.4–5.3).

Compared to survivors with AKI, survivors without AKI
had a significantly decreased median duration of mechanical
ventilation of 13 days [IQR: 8, 18.5] versus 23.5 days [IQR:
15.5, 33] (p < 0.02) and decreased median length of stay of
39 days [IQR: 29.5,66] versus 59 days [IQR: 47, 91.75]
(p < 0.05) (Fig. 2b). When stratified by stage of AKI, there
was no difference in duration of mechanical ventilation and
length of stay (Fig. 2b). CDH survivors who required ECLS
demonstrated no significant difference in duration of
mechanical ventilation and length of stay for those with and
without AKI.

Discussion

In this single center retrospective study of infants with
CDH, AKI was common, occurring in more than a third of
patients. Antenatal measures of CDH severity were sig-
nificantly worse in those who developed AKI. Postnatally,

use of ECLS, exposure to diuretics, abdominal closure
surgery, a decrement in MAP, and elevated plasma free
hemoglobin were associated with AKI development. Sur-
vival among those with AKI was 47%, with increasing
stage of AKI associated with decreased survival. AKI was
associated with longer duration of hospital stay and
mechanical ventilation. This study identified antenatal and
postnatal risk factors for AKI in infants with CDH which
warrant further attention at the bedside.

In infants with CDH, the degree of pulmonary hypoplasia
by ultrasound or fetal MRI and the presence of liver in the
thorax correlate with need for ECLS and mortality [6–11]. In
this study, we examined the relationship between antenatal
measurements of CDH severity and AKI, and we found that
lower PPLV (<17.5%), TLV (<25 ml), LHR (<1), O:E LHR
(<38.5%), and presence of liver in the chest were associated
with AKI. While we recognize this is a single-center study,
which limits generalizability, providing cutoffs for each of
these parameters could help the medical team to risk-stratify
patients prior to delivery and early in the hospital course,
and AKI preventative strategies can be implemented.

The incidence of AKI in our study (38%) was compar-
able to that reported by Ryan et al. (37%) in a similar
cohort, but it was higher than the AWAKEN study (30%),
which represented a more general neonatal population
[14, 15]. Within our cohort, infants requiring ECLS had an
AKI incidence of 81%, which is higher than that reported
by Gadepalli et al. (71%) in a similar cohort of CDH ECLS
infants [4] and higher than the general ECLS neonatal

Fig. 2 Effects of AKI on Selected Long-term Outcomes. a Effects of
AKI on survival. There was 47% survival for those with AKI and 98%
survival for those without AKI (p < 0.0001). Survival rates decreased
with increasing stage of AKI. Of those requiring ECLS, survival was
47%, with 35% survival for those with AKI vs. 100% survival for
those without AKI. b Effects of AKI on duration of mechanical

ventilation and length of hospital stay. Median duration of mechanical
ventilation was 13 days [IQR: 8, 18.5] for survivors without AKI and
23.5 days [IQR: 15.5, 33] for survivors with AKI (p < 0.02). Median
length of hospital stay was 39 days [IQR: 29.5, 66] for survivors
without AKI and 59 days [IQR: 47, 91.75] for survivors with AKI
(p < 0.05). AKI acute kidney injury, ECLS extracorporeal life support.
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population (63–66%) [23, 24]. Contrasting our study,
Gadepalli et al. utilized the Risk, Injury, Failure, Loss of
kidney function, and End-stage kidney disease definition of
AKI [4], whereas our study used the Neonatal Modified
KDIGO AKI definition (Table 1), a more recently recom-
mended neonatal AKI definition [19, 20]. In addition, SCr
can be affected by a positive fluid balance, where creatinine
can become diluted, or negative fluid balance, where crea-
tinine can become relatively concentrated [21]. As such, we
corrected SCr for fluid balance [21], potentially more
accurately describing the true prevalence of AKI. In our
study, ECLS utilization was the greatest risk factor for the
development of AKI, suggesting that infants with CDH
requiring ECLS should undergo increased AKI surveillance
and renal protective strategies.

Despite efforts to improve CDH outcomes, overall sur-
vival remains about 70% [3]. Comparing survival in infants
with and without AKI, we found that AKI was associated
with reduced survival (47% versus 98%, p < 0.001). In
addition, survival rates decreased with increasing stage of
AKI. Eight out of nine patients with stage 3 AKI required
CRRT. Despite 6 of these infants separating from CRRT
and ECLS, no patients with stage 3 AKI survived. The high
mortality could have been related to severity of CDH and
ECLS exposure. Using the Extracorporeal Life Support
Organization registry, after controlling for multiple vari-
ables, AKI and CRRT are independent predictors of mor-
tality, with an adjusted OR 3.2 for death in neonates with
AKI and adjusted OR 1.9 for death in neonates requiring
CRRT [25]. In our study, ECLS was the greatest predictor
for the development of AKI, with an unadjusted RR of
death of 2.7 for those with AKI compared to those without
AKI. Perhaps targeted AKI prevention strategies and
increased AKI surveillance could improve mortality rates,
especially in those requiring ECLS.

Utilizing the Extracorporeal Life Support Organization
registry, Fleming et al. found that AKI was present at ECLS
initiation in 51–64% of patients and was present by 48 h in
86–93% of patients. They concluded that AKI risk factors
were likely present prior to ECLS initiation, however they
were unable to specifically identify such risk factors [23].
We utilized a lagged predictor model to examine AKI
associations, knowing that changes in SCr concentration
can be delayed between the exposure and time to AKI
diagnosis [22]. There was an increased odds of AKI with
ECLS exposure 72 and 24 h prior to diagnosis of AKI and
on the day of AKI diagnosis. After controlling for ECLS,
we demonstrated that diuretic use, abdominal closure sur-
gery, decrements in MAP, and increased plasma free
hemoglobin were associated with increased odds of AKI.
We believe that these results add meaningful clinical value,
as patients with CDH requiring ECLS represent a high-risk
population for morbidity and mortality.

In the AWAKEN cohort, the need for surgical inter-
vention of any kind was associated with higher risk of AKI
within and beyond the first postnatal week [26, 27]. The
CDH population, especially those requiring ECLS, repre-
sents a surgical challenge due to a potential mismatch
between the volume of organs that need to be reduced and
the size of the abdominal cavity. This problem is exacer-
bated by the fluid overload often experienced by patients on
ECLS, putting patients at risk for abdominal compartment
syndrome after abdominal wall closure. Morozov et al.
studied newborns with gastroschisis and CDH, and they
found a significant increase in intra-abdominal pressure
after abdominal closure with findings consistent with
abdominal compartment syndrome [28]. The kidney is
vulnerable to increased intra-abdominal pressure, resulting
in AKI, due to its position deep within the posterior retro-
peritoneal space and changes in renal perfusion pressure
with decreased arterial blood flow to the kidney and
decreased venous blood flow out of the kidney [29]. Even
after adjusting for ECLS use, our study found increased
odds of AKI with abdominal closure surgery, suggesting
consideration of silo placement in patients at risk for
abdominal compartment syndrome. Following abdominal
closure, we recommend close monitoring of intra-
abdominal pressure, utilizing bladder pressure as a surro-
gate, to mitigate the risk of AKI secondary to abdominal
compartment syndrome [30]. In the perioperative period, we
found that each decrease of 1 mmHg in MAP was asso-
ciated with increased odds of AKI on the day of AKI
diagnosis. Interestingly, despite being decreased from
baseline, MAP was still within normal range as defined by
gestational age. Therefore, this association with AKI could
be related to higher central venous pressure secondary to
increased intra-abdominal pressure, leading to decreased
renal perfusion pressure.

Furosemide exposure was associated with AKI 24 h prior
to and on the day of AKI diagnosis, whereas chlorothiazide
exposure was associated with AKI 72, 48, and 24 h prior to
the diagnosis of AKI. At our institution, in the presence of
decreasing UOP, a furosemide challenge is performed
[31, 32]. This is only completed when intravascular fluid
status is deemed appropriate. Prior to performing the fur-
osemide challenge, ultrafiltrate is held, central venous
pressure and venous inlet pressure trends are utilized to
establish fluid status, and furosemide challenge is only
performed when there is consensus agreement that the
patient is intravascular fluid replete. If there is an inadequate
UOP response, chlorothiazide is commonly added as adju-
vant therapy. As changes in UOP usually precede the rise in
SCr, furosemide challenge is utilized to determine the
degree of renal reserve, such that inadequate UOP after
furosemide challenge in an intravascularly replete patient is
predictive of evolving AKI. In this context, the association
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between diuretic use and AKI found in our analysis could
represent tubular dysfunction with later progression to AKI.

Multiple studies have investigated the association
between hemolysis, represented by increased plasma free
hemoglobin, and AKI [16–18]. In the context of ECLS,
hemolysis is caused by exposure of blood to a non-
endothelialized circuit and mechanical shear stress within
the circuit resulting in release of hemoglobin. Plasma free
hemoglobin induces oxidant generation and micro-
circulatory dysfunction leading to organ hypoperfusion and
ischemic damage [16–18]. In a cohort of pediatric patients,
Mamikonian et al. found five times greater odds of renal
injury with plasma free hemoglobin levels ≥100 mg/dL
[17]. In our study, a plasma free hemoglobin level >50 mg/
dL and >100 mg/dL on the day of AKI was associated with
an increased odds of AKI.

Limitations to this study include its retrospective nat-
ure, allowing us to only establish associations, as well as
being a single-center study, which limits generalizability.
We did not utilize UOP criteria for AKI diagnosis in the
Neonatal Modified KDIGO AKI definition (Table 1), and
there might have been episodes of AKI that did not meet
SCr criteria but would have met UOP criteria. However,
utilizing UOP to diagnose AKI in neonates has its chal-
lenges in that neonates have impaired urinary con-
centrating abilities, and it is difficult to accurately measure
UOP without an indwelling bladder catheter [19]. The
patients in our study did not receive daily SCr measure-
ments, and since the diagnosis of AKI in this study was
contingent upon a rise in SCr, delays in diagnosis may
have occurred. Additionally, there are inherent challenges
with utilizing SCr to diagnose AKI in neonates, especially
preterm neonates. It is known that an infant’s SCr is lar-
gely reflective of maternal SCr in the first few days of life,
and there is an expected gradual decrease in SCr until a
nadir. There is also variability in SCr related to gestational
age, muscle mass, and nutrition [19]. There is ongoing
research of urine biomarkers that could potentially diag-
nose AKI more reliably in this population. Furthermore,
cumulative doses of antibiotics and diuretics were not
calculated, and therefore the association between cumu-
lative exposures and AKI could not be established.
Finally, while there were 90 patients in our study, which is
larger than prior similar studies, we were still limited in
our statistical analysis by this small sample size and were
only able to perform univariable analyses. A larger cohort
of patients would allow us to perform multivariate ana-
lysis to better understand if certain associations exist.

In conclusion, AKI occurs in more than a third of neonates
with CDH, with an incremental increase in mortality with
higher stage of AKI. There are limited therapies for treating
established AKI, making primary prevention of AKI essential
to improving outcomes. This report identifies antenatal and

postnatal AKI risk factors and allows for implementation of
standardized care bundles geared towards increased kidney
function monitoring, limitation of nephrotoxin exposure, and
implementation of renal protective strategies which may ulti-
mately reduce AKI incidence and severity.
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