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Abstract

Background: Acute kidney injury (AKI) and intraventricular hemorrhage (IVH) are common in
premature infants. We previously demonstrated that infants with AKI have a higher hazards ratio
to develop grade =2 IVH when controlling for confounders. However, that single-center study was
unable to show an overall association.

Objectives: To test the hypothesis that infants diagnosed with AKI have an increased risk of IVH
independent of variables associated with both AKI and IVH, we performed a study on 825 infants
from the Assessment of Worldwide Acute Kidney Injury Epidemiology in Neonates (AWAKEN)
study (a 24-center multinational retrospective cohort).
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Method: A neonatal modified KDIGO definition of AKI was used based on serum creatinine
(SCr) and/or urine output criteria. Baseline SCr was defined as the lowest previous value. IVH was
diagnosed with head ultrasounds.

Results: AKI was documented in 183/825 (22.2%) infants and IVH in 118/825 (14.3%). Infants
with AKI (n=183) were more likely to have 1VH [26.8% (49/183)] than those without AKI
(n=642) who had IVH [10.7% (69/642), p<0.0001]. After controlling for 5-minute Apgar score,
vasopressive support within 15t week of age, and gestational age, infants with AKI had 1.6 times
higher adjusted odds to develop any grade IVH (95% CI 1.04-2.56). Further, infants of gestational
age of 22—-28 weeks had 1.9 times higher adjusted odds to develop IVH (1.87, 95% CI 1.08-3.23).

Conclusions: We present the first multicenter evaluation of the association between AKI and
IVH in premature infants showing a significant independent association between AKI and IVH.
Development of strategies to reduce AKI may also reduce 1VH.

Keywords

Acute Kidney injury; Intraventricular hemorrhage; Prematurity; AWAKEN

Introduction

Over the past decades, remarkable improvements in the care of premature infants have
decreased morbidity and mortality. Single-center studies show that premature infants are at
increased risk of acute kidney injury (AKI) with an incidence of 12-40% depending on the
gestational age (GA) and those with AKI have higher adverse outcomes [1-5]. The first
multi-center study on neonatal AKI, The Assessment of Worldwide Acute Kidney
Epidemiology in Neonates (AWAKEN), found an AKI incidence of 48% in infants with a
GA of 22-29 weeks. Furthermore, those with AKI had a 4-fold higher independent odds of
death compared to those without AKI [3]. In recent years the relationship of AKI to distant
organ dysfunction, including neurologic outcomes, has become a growing area of
investigation [6,7]. Evaluation of the association of AKI with neurologic outcomes including
intraventricular hemorrhage (I'VH) may lead to strategies to reduce 1VH and its effects on
neurologic development.

IVH is a major cause of morbidity and mortality and occurs in approximately 20% of very
low birth weight (<1500g) infants and 45% of extremely low birth weight (<1000g) infants
[8,9]. Due to the immaturity of the germinal matrix, prematurity infants are predisposed to
IVVH due to disturbances in cerebral blood flow changes [10-12].

The kidney may play an important role in the pathophysiology of IVH by its role in blood
pressure regulation, as the kidney receives 10-20% of blood flow [13,14]. Previous work in
neonates with perinatal asphyxia has shown an association of AKI with neurologic lesions
on brain MRIs and poor neurocognitive outcomes[6,15]. AKI may predispose neonates to
IVH via alterations in blood pressure regulation through changes in fluid status and/or to the
renin-aldosterone-angiotensin system (RAAS). Alternatively, AKI may lead to IVH via
systemic inflammatory dysregulation[14,16]. In our own previous single-center study, we
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demonstrated that infants with AKI have an over three fold risk to develop grade =2 IVH;
however, it was limited by its single-center cohort design and study size [17].

To examine the association between AKI and IVH in premature infants we performed a
secondary analysis of infants (<33 weeks GA) enrolled in the AWAKEN study. We tested
the hypothesis that infants with AKI have an increased risk of 1\VH independent of variables
associated with both AKI and IVH. Further, we aimed to evaluate if a dose-dependent
relationship is present with stages of AKI and IVH grades.

3. Materials and Methods

3.a.

Study Population

The methodology and protocol for the AWAKEN study have previously been published[18].
Briefly, the AWAKEN study is a cohort study of infants admitted to level I1-111 neonatal
intensive care units from January 1 — March 31, 2014 across 24 institutions[18]. The original
AWAKEN cohort excluded infants if: they did not receive intravenous fluids for at least 48
hours, were =14 days of age at admission, died within 48hr of admission, had congenital
heart disease repaired <7 days of life, lethal anomaly, and/or bilateral severe congenital
kidney or urinary tract malformation. Additionally, we excluded infants >33 weeks GA or
infants with any CNS anomaly other than IVH.

3.b. Variable Definitions

3.c.

The current analysis utilized the same AKI definition used in other AWAKEN studies
according to the neonatal modified KDIGO definition of AKI based on serum creatinine
(SCr) and/or urine output (UOP) criteria[19]. Baseline SCr was defined as the lowest
previous value. All SCr values measured were incorporated (the median number of SCr
values for each patient was 5). Stage 1 AKI was defined as a rise in SCr =0.3mg/dl within
48hr or 2150% of baseline within seven days; Stage 2 as a rise of 200% from baseline; and
Stage 3 as a rise of SCr =2.5mg/dl, =300% rise from baseline, or recipient of dialysis. UOP
data was obtained from days 2—7 of life and criteria was defined as follow: Stage 1 >0.5to <
1 ml/kg/hr, Stage 2 >0.3 to 0.5 ml/kg/hr, and Stage 3 < 0.3 ml/kg/hr. The highest value
between SCr and UOP criteria was used to obtain the max AKI stage. IVH diagnosis was
extracted from discharge summaries based on the Papille classification system based on
head ultrasounds (HUS). SCr, UOP, and, HUSs were performed according to institutional/
clinical practices and were obtained from medical records.

Statistical Analysis

Infant demographics and maternal characteristics were compared between infants with AKI
vs. without AKI. Standard descriptive statistics included chi-square for categorical variables,
t-test for continuous variables, and a Wilcoxon ranked sums for non-parametric continuous
data (Apgar scores). Tables were created comparing 1VH grades and AKI stages and
analyzed using Cochran-Mantel-Haenszel test. An ordinal logistic regression model was
used to estimate odds ratios (ORs) and associated 95% confidence intervals (Cls) for the
association between AKI and IVH. Models were adjusted for 5-minute Apgar, vasopressive
support anytime during the 15t week of life, and GA. In a secondary analysis, we considered
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GA a possible modifier of the association between AKI and IVH, creating an ordinal logistic
model with an additional interaction term between GA category (<29 weeks and 29-35
weeks) and AKI. The proportionality assumption was checked for each logistic model using
a score test, and all models met the assumption of proportionality of the estimated odds
ratio. SAS v9.4 (SAS Institute Inc.) was used for all analyses.

4. Results

4.a. Patient Characteristics

The AWAKEN study screened a total of 4273 neonates, 2162 met the AWAKEN inclusion
criteria, of which 866 infants were <33 weeks GA. 22 additional infants were excluded
(Figure 1). The final study population included 825 neonates (Figure 1). Tables 1 and 2
summarize the baseline characteristics of the study population, dichotomized by discharge
diagnosis of AKI and IVH, respectively. The mean GA of the entire cohort was 29.7 (£3.0);
the mean birthweight (BW) was 1422.5 (£548.3), and the median Apgar score of 6 (+4,8) at
1 minute and 8 (x7,7) at 5 minutes. The majority of infants were black white and had male
predominance.

4.b. Acute Kidney Injury

AKI was documented in 183/825 (22.2%) infants (n=90 Stage 1, n=39 Stage 2, and n=54
Stage 3). There was no difference in racef,gender, or maternal characteristics between
infants with and without AKI (Table 1). Significant differences between infants with AKI
and without AKI are shown in Table 1, (all p<0.05).

4.c. Intraventricular Hemorrhage

IVH was found in 14.3% (118/820) of infants (n=49 Grade 1, n=29 for Grade 2, n=16 for
Grade 3, and n=24 for Grade 4). There was no difference in racef,gender, or maternal
characteristics between infants with and without I\VH; the exception being infants born to
mothers with pre-eclampsia were less likely to have 1\VH (Table 2). Significant differences
between infants with and without IVH are shown in Table 2 (all p<0.05).

4.d. The Association of Acute Kidney Injury and Intraventricular Hemorrhage

The association between IVH grades and AKI stages shows that the overwhelming number
of infants in the cohort had neither AKI nor IVH (69.5%). Those with AKI (n=183) were
more likely to have IVH than those without AKI (n=642) who had IVH [26.8% (49/183) vs
10.7% (69/642), p<0.0001] (Table 3). Among those that did have AKI and I\VH, those with
AKI Stage 1 had the greatest number of infants with either IVH grade 1 or 4 [8.9% (8/90)
and 10.0% (9/90), respectively]. Infants with AKI stage =2 had higher number of infants
with IVH grade 2 and 4 [8/93 (8.6%) and 9/93 (9.7%), respectively]. However, no dose-
dependency could be demonstrated when comparing AKI 1 vs AKI >2 (Table 3).

The results of the ordinal logistic model for the study population overall suggests that infants
with AKI were over 3 times as likely to have a higher grade IVH than those infants without
AKI (OR 3.26, 95% CI 2.18-4.88) (Table 4). This associated remained after adjusting for 5-
minute Apgar, vasopressive support within the first week of life, and GA (OR 1.63, 95% ClI
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1.04-2.56). Though the increased association was only significant for those infants with a
GA of 22-28 weeks (adjusted OR 1.87, 95% CI 1.08-3.23), the association between AKI
and IVH was not statistically different by GA (p=0.4031), suggesting no effect modification
by GA.

5. Discussion/Conclusion

It has been shown that AKI occurs commonly in critically ill neonates and is associated with
adverse outcomes. In this secondary analysis from the AWAKEN study, we demonstrate an
independent association between AKI and IVH in premature neonates. After controlling for
multiple confounders, preterm infants with AKI, compared to those without AKI, had 1.6
increased odds of IVH.

This study expands our understanding of the association between AKI and IVH previously
presented in a single-center cohort which demonstrated that infants with AKI had higher
hazard ratios of grade 2 and 3 IVH [17]. However, it was unable to demonstrate an overall
association for lower grades of IVH. In contrast, this current analysis, utilizing a larger
sample size, found that even low grades of AKI are associated with any degree of IVH. To
our knowledge, this is the first study to demonstrate this relationship.

Premature infants are at risk for the development of both AKI and I'VH, with multiple
overlapping risk factors including lower GA, BW, and Apgar scores[5,15]. It is currently
unclear if AKI causes IVH, or if this association is due to a concurrent physiologic insult.
However, multiple potential mechanisms exist to support a direct effect of AKI on IVH. As
the kidney has an important role in blood pressure regulation, infants with an acute kidney
injury may be predisposed to develop IVH [11,13,14,20]. Because IVH commonly
originates in the germinal matrix, an area with high cerebral vascular density, disturbances in
cerebral blood flow are commonly the trigger [10-12]. The majority of I\VH events occur
during the first six hours after birth-and are thought to be due to lower cerebral blood flow
[21,22]. Perhaps more importantly, fluctuating cerebral blood-flow velocity, when compared
to stable blood flow, increase the incidence and severity of IVH [11,20]. It is possible that
these acute cerebral blood pressure fluctuations could be due to poor renal blood pressure
regulation, which was not examined in these studies. Additionally, data demonstrates that
changes in blood pressure alters renin production in the kidney. Post-mortem studies from
premature infants with twin-to-twin transfusion syndrome have shown that infants have
hypo- and hyperperfusion of the “donor” and “recipient” twins, respectively, with correlating
differences in renin-staining kidney cells[16]. These alterations in renin production have a
cascade effect in the RAAS, causing peripheral vasoconstriction via angiotensin I1, which
ultimately leads to alterations in blood flow.

The association between AKI and IVH may be mediated by an inflammatory cascade
reaction following an AKI. Known modulators of cerebral blood flow include prostaglandins
and the cyclooxygenase 2 (COX-2) system, the latter of which is induced by various factors
including hypotension and other inflammatory markers [23]. Using a murine model, Liu et
al. observed that AKI secondary to renal ischemic injury had a significant inflammatory
effect on the brain. Increases in brain vascular permeability and elevations of cerebral and

Neonatology. Author manuscript; available in PMC 2020 August 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stoops et al.

Page 7

systemic pro-inflammatory markers, including kidney IL-1B and IL-6, were found in the
brain secondary to AKI[14,24]. The group tested the same hypothesis in a liver ischemic
injury model but did not find the same brain inflammatory markers. These studies support
the brain-kidney crosstalk that could contribute to IVH in the presence of AKI.

In light of this discussion, the current results should be viewed with certain strengths and
limitations. First, the secondary analysis was performed from a large, multinational study
which allowed controlling for multiple confounders. Additionally, it allowed increased
generalizability in comparison to our previous single-center study. Despite these strengths,
we acknowledge potential limitations. First, because the physiology of IVH is so closely
related to the immature cerebral vasculature it is very tightly associated with GA and was
considered both an effect modifier and confounding factor. For this reason, GA was included
in the overall model only. Second, the number and timing of the SCr, UOP, and HUS
measurements were not protocol-based and instead relied on clinical discretion which varied
by study center. Third, the outcome definition of IVH relied on radiologist interpretation of
HUS. Since there was no single radiologist, HUS could be interpreted differently and that
would affect the diagnosed 1\VH grade resulting in our reported associations being biased
towards the null and not support an association. The associations may still be biased by
residual confounding caused by unknown factors present in infants with I\VVH, particularly
for higher I\VVH grades. Particularly, perinatal events post-natal resuscitation efforts that were
not included in the cohort dataset. Lastly, although we used the most contemporary
definition of AKI in the neonate, it remains a debated definition which should be validated
and possibly refined.

With this investigation, we present the first multicenter evaluation of the association between
AKI and IVH in premature infants. It can be debated that those infants who are severely ill
are predisposed to both AKI and IVH. Nevertheless, this study demonstrates at minimum a
significant relationship between AKI and IVVH. More comprehensive studies are needed to
clarify the timing of AKI and IVH to examine causality. As the majority of IVHs occurs
during the first 3-5 days of life, a prospective study evaluating daily SCr and UOP in
addition to non-invasive evaluation of cerebral and renal blood flow measures (e.g. NIRS
technology) and protocolized assessments of HUSs could provide detailed, real-time data on
these physiologic changes. Lastly, detailed investigation of the RAAS during AKI should be
considered. These studies could yield potential strategies to reduce or prevent AKI and
subsequently decrease the burden of 1\VVH in this vulnerable population.
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4273 Assessed for eligibility

2111 Excluded
1793 IV fluids <48 hours
278 Age »14 days

e

157 Other
68 Congenital heart disease and
surgery within 7 days

2162 Enrolled in AWAKEN

1337 Excluded
1296 GA 233" weeks

?| 22 cNS abnormalities besides IVH
19 failing to meet measurement
requirements for AKI definition

825 Included in analysis

g

707(85.7%)
without IVH

o

Ly

L

118 (22.2%)

with IVH
69 (58.5%) 49 (41.5%)
without AKI with AKI

573 (81.0%) 134 (19.0%)
without AKI with AKI
Figure 1 -

Study Flow Diagram.
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Table 1.

Demographic, clinical, and maternal characteristics among neonates with and without acute kidney injury
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(AKI) diagnosis at discharge

All Patients No AKI AKI p-value
(n =825) (n=642) (n=183)
Demographics
Race” 0.60
White 440 (53.3%) 348 (54.2%) 92 (50.3%)
Black 184 (22.3%) 142 (22.1%) 42 (22.9%)
Other 201 (24.4%) 152 (23.7%) 49 (26.8%)
Gender (1 ambiguous) ° 0.13
Male 442 (53.6%) 349 (54.4%) 89 (48.6%)
Female 382 (46.3%) 293 (45.6%) 93 (50.8%)
Gestational Age (mean + SD) 29.7+3.0 30.2+26 27.7+33 <0.0001%
Birth Weight (mean + SD) 1422.5+548.3 | 1503.6 £510.9 | 1152.2+582.2 | <9 ooo1 ™
Apgar (median + SD)
1-minute 6 (4.8) 7(4,8) 527 <0.0001™
5-minute 8(7,9) 8(7,9) 7(5,8) <0.0001 %
Clinical
Maternal
Hypertension ° 93 (11.3%) 74 (11.5%) 19 (10.4%) 0.67
Pre-eclampsia° 158 (19.2%) 123 (19.4%) 35 (18.3%) 0.74
Intrauterine Growth Restriction * 75 (9.1%) 57(9.0%) 18 (9.4%) 0.86
Prenatal Medications
NSAIDs 45 (5.5%) 35 (5.4%) 10 (5.5%) 0.99
Steroids ° 578 (70.1%) | 452 (71.3%) | 126 (66.0%) | 0.16
Neonatal
Resuscitation
02 and/or Positive Pressure Ventilation * 642 (77.8%) 480 (75.7%) 162 (84.8%) 0.01"
CPR, Epinephrine, and/or Bolus *° 58 (7.0%) 34 (5.3%) 24 (13.1%) 0.0003™
Medications
Vasopressor support” 97 (11.7%) 50 (7.9%) 47 (24.6%) <0.0001*
Nephrotoxic Medication”” 681 (82.5%) 509 (80.3%) 172 (90.0%) 0.002%
Discharge
Necrotizing Enterocolitis (NEC) <0.0001 %
No NEC 769 (93.2%) 610 (96.2%) 159 (83.2%)
NEC
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All Patients No AKI AKI p-value
(n =825) (n=642) (n=183)
Medical Management 29 (3.5%) 17 (2.7%) 12 (6.3%)
Surgical Management 27 (3.3%) 7 (1.1%) 20 (10.5%)
Respiratory Support at 7 days ° <0.0001*
None 381 (46.2%) 327 (51.6%) 54 (28.3%)
Non-invasive (Oxyhood, Nasal Canula, CPAP) 131 (15.9%) 58 (9.1%) 73 (38.2%)
Invasive (Conventional Ventilation, HFOV, ECMO) €| 313(37.9%) 249 (39.3%) 64 (33.5%)
Respiratory Support at 28 days ’ <0.0001 ™

None

523 (63.4%)

449 (70.8%)

74 (38.7%)

Non-invasive (Oxyhood, Nasal Canula, CPAP)

96 (11.6%)

42 (6.6%)

54 (28.3%)

€

Invasive (Conventional Ventilation, HFOV, ECMO)

206 (25.0%)

143 (23.6%)

63 (33.0%)

*
Bolus: Normal saline or packed red blood cells

o

19 missing for failing to meet the measurement requirements necessary for AKI definition

¥Vasopressor Support in 15t week of life: Dopamine, Dobutamine, Milrinone, Norepinephrine, Epinephrine

fNephrotoxic: Acyclovir, Amphotericin B, Aminoglycosides, Piperacillin/Tazobactam, VVancomycin

€ . —_— _ .
HFOV: High frequency oscillation ventilation, ECMO: extracorporeal membrane oxygenation
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Table 2.

Demographic, clinical, and maternal characteristics among neonates with and without intraventricular
hemorrhage (I'\VH) diagnosis at discharge
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All Patients No IVH IVH p-value
(n =825) (n =707) (n=118)
Demographics
Race 0.18
White 440 (53.3%) 383 (54.2%) 57 (48.3%)
Black 184 (22.3%) 150 (21.2%) 34 (28.8%)
Other 201 (24.4%) 174 (24.6%) 27 (22.9%)
Gender (1 ambiguous) 0.79
Male 442 (53.6%) 376 (53.2%) 66 (55.9%)
Female 382 (46.3%) 330 (46.7%) 52 (44.1%)
Gestational Age (mean + SD) 29.7+3.0 30.1+27 26.9+3.1 <0.0001 %
Birth Weight (mean + SD) 1422.5+548.3 | 1488.8+£538.4 | 1026.0£427.4 | 90001 ™
Apgar (median * SD)
1-minute 6 (48) 6(4,8) 4(2,6) <0.0001™
5-minute 8(7,9) 8(7,9) 6(4,8) <0.0001 %
Clinical
Maternal
Hypertension 93 (11.3%) 82 (11.6%) 11 (9.3%) 0.47
Pre-eclampsia 158 (19.2%) 148 (20.9%) 10 (8.5%) 0.001%
Intrauterine growth restriction® 75 (9.1%) 65 (9.2%) 10 (8.5%) 0.80
Prenatal Medications
NSAIDs 45 (5.5%) 38 (5.4%) 7 (5.9%) 0.81
Steroids 578 (70.1%) 494 (69.9%) 84 (71.2%) 0.77
Neonatal
Resuscitation
02 and/or Positive Pressure Ventilation 642 (77.8%) 538 (76.1%) 104 (88.1%) 0.004 %
CPR, Epinephrine, and/or Bolus * 58 (7.0%) 34 (4.8%) 24 (20.3%) <0.0001 ™
Medications
Vasopressor support” 97 (11.7%) 63 (8.9%) 34 (28.8%) <0.0001*
Nephrotoxic Medication t 681 (82.5%) 572 (80.9%) 109 (92.4%) 00027
Discharge
Necrotizing Enterocolitis (NEC) 0.001%
No NEC 769 (93.2%) 667 (94.3%) 102 (86.4%)
NEC
Medical Management 29 (3.5%) 23 (3.3%) 6 (5.1%)
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Invasive (Conventional Ventilation, HFOV, ECMO) €

All Patients No IVH IVH p-value
(n =825) (n =707) (n=118)
Surgical Management 27 (3.3%) 17 (2.4%) 10 (8.5%)
Respiratory Support at 7 days <0.0001 7%
None 381 (46.2%) 352 (49.8%) 29 (24.6%)
Non-invasive (Oxyhood, Nasal Canula, CPAP) 131 (15.9%) 81 (11.4%) 50 (42.4%)
Invasive (Conventional Vent, HFOV, ECMO) € 313 (37.9%) 274 (38.8%) 39 (33.0%)
Respiratory Support at 28 days <0.0001 %
None 523 (63.4%) 483 (68.3%) 40 (33.9%)
Non-invasive (Oxyhood, Nasal Canula, CPAP) 96 (11.6%) 63 (8.9%) 33 (28.0%)
206 (25.0%) 161 (22.8%) 45 (38.1%)

*
Bolus: Normal saline or packed red blood cells

¥Vasopressor Support in 15t week of life: Dopamine, Dobutamine, Milrinone, Norepinephrine, Epinephrine

fNephrotoxic: Acyclovir, Amphotericin B, Aminoglycosides, Piperacillin/Tazobactam, Vancomycin

€ . _— A .
HFOV: High frequency oscillation ventilation, ECMO: extracorporeal membrane oxygenation
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Table 3.
Association between IVH grades and AKI stages
AKI (n=183)"
(n=183)
AKI Stage 1  AKI Stage =2
No AKI (n=642) (n=90) (n=93)
IVH (n=118) p-value p-value
None 573 (89.3%) <00001% 68(75.6%) 66 (71.0%) 046™*
Grade 1 34 (5.3%) 8 (8.9%) 7 (7.5%)
Grade 2 19 (3.0%) 2 (2.2%) 8 (8.6%)
Grade 3 10 (1.6%) 3(3.3%) 3 (3.2%)
Grade 4 6 (0.9%) 9 (10.0%) 9 (9.7%)

fAKI definition based on serum creatinine criteria and/or urine output (UOP) criteria

*
No AKI vs Any AKI

Aok
AKI Stage 1 vs AKI Stage =2
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Table 4.

Crude and adjusted “odds ratios (ORs) and associated confidence intervals (Cls) for the association between
acute kidney injury (AKI) and intraventricular hemorrhage (IVH) grade, overall and stratified by gestational
age (GA)

IVH Crude OR Adjusted OR
Grade (95% CI) (95% CI) p-value
OVERALL 3.26 (2.18-4.88) 1.63 (1.04-2.56)  0.0347
GESTATIONAL AGE
22-28 weeks 2.28(1.35-3.85) 1.87(1.08-3.23)  0.0260
29-35 weeks 1.74 (0.79-3.80) 1.22(0.53-2.82) 0.6431

*
Odds Ratios (ORs) were estimated from an ordered logistic regression and adjusted for 5-minute Apgar, vasopressive support within 15t week of
life, and (for overall model only) gestational age
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