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CLINICAL RESEARCH ARTICLE
Low hemoglobin levels are independently associated with

neonatal acute kidney injury: a report from the AWAKEN
Study Group

Arwa Nada', David Askenazi?, Louis J. Boohaker? Linzi Li%, John D. Mahan3, Jennifer Charlton* and
Russell L. Griffin® and AWAKEN Study Group

BACKGROUND: Studies in adults showed a relationship between low hemoglobin (Hb) and acute kidney injury (AKI). We performed
this study to evaluate this association in newborns.

METHODS: We evaluated 1891 newborns from the Assessment of Worldwide AKI Epidemiology in Neonates (AWAKEN) database.
We evaluated the associations for the entire cohort and 3 gestational age (GA) groups: <29, 29-<36, and >36 weeks’ GA.
RESULTS: Minimum Hb in the first postnatal week was significantly lower in neonates with AKI after the first postnatal week (late
AKI). After controlling for multiple potential confounders, compared to neonates with a minimum Hb >17.0 g/dL, both those with
minimum Hb <12.6 and 12.7-14.8 g/dL had an adjusted increased odds of late AKI (aOR 3.16, 95% Cl 1.44-6.96, p = 0.04) and (aOR
2.03, 95% Cl 1.05-3.93; p = 0.04), respectively. This association was no longer evident after controlling for fluid balance. The ability
of minimum Hb to predict late AKI was moderate (c-statistic 0.68, 95% Cl 0.64-0.72) with a sensitivity of 65.9%, a specificity of
69.7%, and a PPV of 20.8%.

CONCLUSIONS: Lower Hb in the first postnatal week was associated with late AKI, though the association no longer remained after
fluid balance was included.

Pediatric Research (2021) 89:922-931; https://doi.org/10.1038/541390-020-0963-x

IMPACT:

® The current study suggests a possible novel association between low serum hemoglobin (Hb) and neonatal acute kidney
injury (AKI).

® The study shows that low serum Hb levels in the first postnatal week are associated with increased risk of AKI after the first
postnatal week.

® This study is the first to show this relationship in neonates.

® Because this study is retrospective, our observations cannot be considered proof of a causative role but do raise important
questions and deserve further investigation. Whether the correction of low Hb levels might confer short- and/or long-term renal
benefits in neonates was beyond the scope of this study.

INTRODUCTION

Neonatal acute kidney injury (AKI) used to be an under-recognized
morbidity among neonates. Single-center studies'™ and reports
from a recent multicenter study, Assessment of Worldwide Acute
Kidney Injury Epidemiology in Neonates (AWAKEN), suggest that
AKI occurs in up to 30% of critically ill neonates admitted to the
neonatal intensive care unit (NICU) who receive intravenous (IV)
fluids for at least 48 h. Neonates with AKI have 4.6 times higher
independent odds of mortality.* Risk factors associated with
neonatal AKI have been reported in single-center studies'**® and
in the multicenter AWAKEN study.* To the best of our knowledge,

the relationship between hemoglobin (Hb) levels and neonatal AKI
has not been explored. Understanding whether lower Hb levels
are associated with neonatal AKI is important as this could be a
modifiable risk factor to prevent or mitigate AKI.

Anemia was found to be associated with increased mortality
and morbidity in neonates. Banerjee and colleagues® reported
that neonates with Hb levels <12 g/dL at birth were more likely to
have intraventricular hemorrhage, necrotizing enterocolitis (NEC),
bronchopulmonary dysplasia, retinopathy of prematurity, and
death. Using the American College of Surgeons National Surgical
Quality Improvement Program Databases, Goobie et al. showed
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that preoperative anemia was an independent risk factor for
mortality in children undergoing non-cardiac surgeries (odds ratio
(OR): 2.62; 95% confidence interval (Cl): 1.51-4.57)."° A preopera-
tive hematocrit level <40% was the optimal cutoff point to predict
overall mortality.

Although the relationship of anemia and AKI has not been
explored in neonatal or pediatric patients, a few studies have
examined this association in adults."'~'> For example, Han et al.'®
found a longer AKI duration in patients admitted to the intensive
care unit (ICU) with low Hb levels. De Santo et al. reported that
preoperative anemia is independently associated with AKI after
coronary artery bypass grafting,'® and Shema-Didi et al. demon-
strated a similar relationship between anemia at hospital admission
and AKI during hospital stay in patients aged =17 years."”

To improve our understanding of the association between Hb
levels and neonatal AKI, we analyzed the AWAKEN database. Our
primary aim was to determine whether the minimum Hb levels
measured during the first postnatal week of life were indepen-
dently associated with early and/or late neonatal AKI. Our
secondary aim was to investigate whether the maximum Hb
levels measured during the first postnatal week were associated
with a lower risk of early and/or late neonatal AKI.

METHODS AND STATISTICAL ANALYSIS

Study population

Our study utilized data from the AWAKEN database. The
methodology for data collection has been previously published.'®
The AWAKEN cohort included 2162 neonates admitted to the NICU
at 24 institutions from 4 different countries from January 1, 2014 to
March 31, 2014. Inclusion criteria included admission during the
study period and receiving at least 48 h. of IV fluids as the primary
source of hydration or nutrition. The inclusion criteria were designed
to capture sick neonates at significant risk for AKI and those who
had an expected hospitalization of at least 48 h. The AWAKEN group
did not include those who were admitted for diagnoses such as
transient tachypnea of the newborn and transient hypoglycemia or
those who simply needed ultraviolet light for hyperbilirubinemia as
the group felt these patients would have less risk of AKI and that
serum creatinine (SCr) measurements would be rare in these
neonates. Newborns receiving routine care in the newborn nursery
were also excluded from this study for the same reason. In addition,
the exclusion criteria for AWAKEN included admission >2 weeks of
age, congenital heart disease (repaired at <7 days of age), lethal
anomaly, and death within 48h. For this analysis, we excluded
infants who did not have at least one Hb level documented during
the first postnatal week and infants who did not have at least two
SCr measurements or at least 1 day of urine output (UOP)
quantification during NICU stay (Fig. 1).

The University of Alabama at Birmingham Institutional Review
Board (IRB) approved this collaborative study, and each center
received approval from their respective IRB or Human Research
Ethics Committee. The study was registered at ClinicalTrials.gov
(NCT02443389).

Data collection

The data collected for the AWAKEN study included five
components: baseline demographics, daily information for the
first postnatal week, weekly snapshots for the remaining
hospitalization, and discharge data (discharge or death at 120 days
of age).'® Day of birth was defined as postnatal day 1. The highest
and lowest Hb levels in the medical records for each day were
recorded for each neonate.

Hb levels as the main exposure

For neonates who had only hematocrit values entered in the
medical record, the Hb level was calculated by dividing the
hematocrit value by three. The minimal and maximum Hb levels
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during the first postnatal week were calculated for each neonate.
The primary exposure was minimum Hb levels during the first
postnatal week. The secondary exposure was maximum Hb levels
during the same time frame. For both measures of Hb levels, only
measures prior to the occurrence of AKI were considered. To
determine whether the association between Hb levels and AKI is
non-linear, we also categorized the primary exposure of minimum
Hb based on quartiles with categories of <12.6, 12.7-14.8,
14.9-16.9, and =17.0 g/dL.

Outcomes/definition of neonatal AKI
The primary outcome was neonatal AKI during the first postnatal
week (i.e., early AKI) and after the seventh postnatal day (i.e., late
AKI). These timepoints were chosen to be consistent with previous
risk factors analysis of early AKI'® and late AKI?® from the AWAKEN
study. Only neonates who were alive after day 7 and did not have
early AKI were considered for late AKI analysis. Early AKI was
defined using the modified neonatal Kidney Disease Improving
Global Outcomes (KDIGO) by either SCr or UOP; late AKI was
defined using only the SCr-based definition. Based on these
criteria, AKl was defined as UOP <1 ml/Kg/h over a 24-h period
and/or SCr rise 0.3 mg/dL or 50% from the previous trough
(Table 1). The secondary outcome of interest was the severity of
AKI, defined as stage Il and Il using the KDIGO staging (Table 1).
This definition was chosen based on the consensus recommenda-
tion made after the National Institutes of Health/National Institute
of Diabetes and Digestive and Kidney Diseases workshop.?'
Baseline SCr was the lowest prior measured value as we have
done in other AWAKEN studies.

Fluid balance (FB) is known to impact Hb levels.?* Therefore, the
percentage of FB was determined using the following formula®~2>:

[Weight at lowest Hb — birthweight]

1
Birthweight x100%

%FB =

Statistical analysis

Differences between maternal and neonatal characteristics were
compared among the no AKI and early and late AKI groups using
the chi-square test for categorical variables and the analysis of
variance for continuous variables. In addition, the cohort was
analyzed as a whole and stratified into 3 gestational age (GA)
subgroups: (1) <29 weeks (n = 259), (2) 229-<36 weeks (n = 864)
and (3) =36 weeks (n = 768). This stratification was consistent with
those utilized across the AWAKEN studies.* The minimum and
maximum Hb levels across different AKI stages were compared
within the whole cohort and the three subgroups were stratified
by GA using a general estimating equation (GEE) regression model
(to account for possible clustering by study site) with an identity
link and normal distribution.

GEE logistic regression models were utilized to determine the
independent association between minimum Hb values during the
first postnatal week and late AKI. The logistic regression models
were built with a stepwise selection procedure with a significance
level of 0.2 for a variable to be included in the model and a
significance level of 0.05 to remain in the model.

In secondary analysis, these models were run on a subsample of
subjects who had FB data (n =963 out of 1229 in the late AKI
analysis). We developed a separate GEE regression model that
included FB in those who had FB data.

To determine the threshold of minimum Hb that best predicts
late AKI (both overall and specifically stage II/ll), we performed
receiver operating characteristic analysis, utilizing the Hb value at
which the Youden index?® was maximized to select the threshold.
Screening diagnostic measures including sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV),
and likelihood ratio positive (LR+) were calculated for each

SPRINGER NATURE

923



Low hemoglobin levels are independently associated with neonatal acute...

A Nada et al.

4273 neonates screened

mitted to the NICU

IV hydration <48

n=60

n=1798

Admission at >14 days of life n = 78 Heart surgery <7 days
Lethal congenital anomalies Death <48 h

n=45

2162 neonates enrolled in

140 excluded <2 serum creatinine
and no urine output

159 excluded: <1
measured hemoglobin

Final sample
1891

AKI
551

No AKI
1340

Fig. 1 A flow Diagram of the enrolled patients. The figure shows the exclusion criteria of the study cohort. NICU, Neonatal Intensive Care
Unit; AWAKEN, Assessment of Worldwide Acute Kidney Injury Epidemiology in Neonates; AKI, Acute Kidney Injury.

Table 1. KDIGO modified neonatal definition of acute kidney injury.

Stage Serum creatinine Urine output over 24 h

0 No change >1 ml/kg/h
OR
rise <0.3 mg/dL

1 Increase 20.3 mg/dL within 48 h >0.5-<1 ml/kg/h
OR

increase >150-199% baseline
creatinine® within 7 days

2 Increase 2200-299% from baseline >0.3-<0.5 ml/kg/h
creatinine®

3 Increase 2300% from baseline <0.3 ml/kg/h
creatinine®
OR

creatinine >2.5 mg/dL or dialysis

®Baseline creatinine is the lowest prior value.

SPRINGERNATURE

analysis. All statistical analyses were performed using SAS version
9.4 (SAS, Cary, NC).

RESULTS

Patient characteristics

The AWAKEN study screened 4273 neonates, of whom 2162 met the
inclusion criteria. A total of 1793 neonates were excluded because
they did not receive IV fluids, 278 were admitted at >14 days of life,
68 had cardiac surgery <7 days, 60 were not admitted to the NICU,
45 died <48 h, and 25 had lethal congenital anomalies. Subjects may
have been excluded for more than one reason and may be counted
more than once in the “not enrolled” numbers.'® For this study, we
excluded an additional 159 infants who did not have at least one Hb
level documented during the first postnatal week and 140 infants
who did not have at least 2 SCr measures or at least 1 day of UOP
quantification during the first week. The final sample size for this
analysis was 1891 neonates (Fig. 1). Of the 1891 neonates enrolled in
the study, 259 were <29 weeks’ GA, 864 were 29-<36 weeks' GA
and 768 were >36 weeks' GA.
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Incidence of AKI

AKI occurred in 551/1891 (29%) neonates. The percentage of
neonates with early or late AKlI was 47.5% (n=123), 18% (n=
155), and 355% (n=273) among those <29 weeks, >29-
<36 weeks, and =36 weeks, respectively. Of the 551 neonates
with AKI, 299 neonates (54.3%) were diagnosed with AKI based on
SCr criteria, 196 (35.6%) were diagnosed based on UOP criteria,
and 56 (10.2%) were diagnosed based on both criteria.

Early AKI occurred in 419/1891 (22%) of the entire cohort. The
incidence of early AKI for the <29 weeks’ GA group was 27.8%
(n =72), 13.9% (n = 120) for the >29-<36 weeks' GA group, and
29.6% (n=227) among the =36 weeks’ GA group. Late AKI
occurred in 132/1891 (7.0%) for the entire cohort. By GA, the
incidence of late AKI was 19.7% (n = 51) among those <29 weeks'
GA, 4% (n=35) in 229-<36 weeks, and 6% (n=46) for the
>36 weeks' GA group.

Demographic differences by AKI status

Demographic differences between the no AKI and early and late
AKI groups are shown in Table 2. GA, birth weight, sex, outborn
status, mode of delivery, resuscitation following delivery (intuba-
tion, chest compression, epinephrine, and normal saline), sepsis
evaluation, hypoxic ischemic encephalopathy, seizures, hypogly-
cemia, hyperbilirubinemia, metabolic evaluation, congenital heart
disease, NEC, admission for surgical evaluation, amniotic fluid
volume, maternal hypertension, maternal hemorrhage, multiple
gestation, assisted conception, maternal steroids, antihyperten-
sion medication intake, meconium aspiration, and vaginal
bleeding were significantly different (p < 0.05) between the three
groups. In addition, for GA and birth weight, all pairwise
comparisons were significant.

Time of lowest Hb levels and AKI diagnosis

The median day of early AKI diagnosis was postnatal day 2
(interquartile range (IQR) 1-4) and postnatal day 16 (IQR 11-27) for
late AKI diagnosis. Among the early AKI group, the median day of
lowest Hb was postnatal day 1 (IQR 1-2). For neonates who
developed late AKI, the lowest Hb in the first postnatal week was
recorded on postnatal day 4 (IQR 2-5). Finally, the lowest Hb level
was recorded on postnatal day 2 (IQR 1-4) for the no AKI group (p
<0.0001). The median duration between the lowest Hb level and
the diagnosis of early AKI was 1 day (IQR 0-2) and was 12 days
(IQR 7-23) for late AKI.

Minimum and maximum Hb levels and AKI

Daily mean Hb levels were consistently lower in both the early and
late AKI groups compared to the no AKI group (Fig. 2). However,
the observed differences were significant for late AKI only.
Specifically, mean minimum Hb levels were not significantly lower
in those with early AKI (14.9 + 3.4, p = 0.7) compared to those with
no AKI (15.1 +3.0). However, Hb levels were significantly lower
among those with late AKI (12.7+3.0, p <0.0001) than among
those with no AKlI (p<0.0001) and early AKI (p<0.0001).
Conversely, maximum Hb levels were significantly lower in the
early (15.5 £ 3.3, p < 0.05) and late AKI (15.1 £ 2.9, p < 0.003) groups
than in the no AKI group (16.1 +£2.7). There was no difference in
maximum Hb levels between the early and late AKI groups (p =
0.55).

Hb levels and AKI stages

For early AKI, the mean minimum Hb levels were not significantly
lower in AKI stage | and stage II/lll compared to those without AKI
among the whole cohort and in all the subgroups (Table 3). The
mean maximum Hb levels were not significantly lower in the AKI
stage | and stage Il/lll groups compared to the no AKI group for the
whole cohort and GA subgroups except for the <29 weeks' GA
group in which the mean maximum Hb levels were lower in stage |
AKI (12.9 £ 3.0, p = 0.004) compared to the no AKI group (14.3 + 2.4).
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In contrast, among the whole cohort, the mean minimum Hb
levels were significantly lower in late AKI stage | (129+3.1, p=
0.003) and stage II/lll (12.5+3.0, p <0.0001) when compared to
those without AKI who were in the hospital after the seventh
postnatal day (14.9 + 3.1). In the stratified analysis by GA groups,
we found a significant difference only between those with and
without AKI in the 29-<36 weeks’ GA group for stage | (13.2+£3.3,
p=0.02) and stage I/l AKI (12.1+2.8, p=0.0005). Though
maximum Hb levels were higher in the no AKI group vs. stage
II/1Il within the whole cohort (16.1 +2.8 vs. 14.7 + 3.0, p < 0.0001),
we did not find significant differences in the stratified GA group
analysis. We did not observe a significant difference between the
minimum and maximum Hb levels between stage | and stage I/Ill
combined in the whole cohort or any of the subgroups for both
early and late AKI.

Association between Hb levels and late AKI

Based on logistic regression analysis, for every 1 g/dL decrease in
minimum Hb levels, there was 26% increased crude odds of late
AKI (OR: 1.26, 95% Cl 1.17-1.36; Table 4). This association remained
after adjusting for potential confounders, including GA, intubation,
and amniotic fluid volume (OR 1.15, 95% Cl 1.04-1.26; p = 0.005).
When examining Hb levels by quartiles, compared to the highest
quartile (ie, =17.0g/dL), the observed increased adjusted
association was significant for neonates with minimum Hb levels
<12.6 g/dL (OR 3.16, 95% Cl 1.44-6.96, p =0.04) and 12.7-14.8 9/
dL (OR 2.03, 95% Cl 1.05-3.93; p = 0.04). Total of 148 neonates had
FB data. In secondary analyses limiting the analytical population to
neonates with FB data [n =963, after excluding the newborns
with early AKI (n = 268) and the newborns discharged prior to the
seventh postnatal day (n = 197))] and adjusting for FB (in addition
to the prior adjusted factors), no association was observed
between minimum Hb levels and late AKI.

Receiver operating characteristic analysis

For late AKI, a minimum Hb level of 13.4 g/dL best predicted AKI
with an area under the curve of 0.68. Nevertheless, sensitivity and
PPV were low (65.9% and 20.8%, respectively) at this threshold
(Table 5). The threshold was similar for stage II/lll AKI, though the
PPV was much lower (11.8%). By GA, the Hb threshold was lowest
for neonates with a GA <29 weeks. Notably, for any AKI stage, the
Hb threshold was 11.7 g/dL; for stage II/lll AKI, the threshold was
11.3g/dL. A similar pattern for screening diagnostics was
observed with low PPV and high NPV. Hb levels were most
predictive for late AKI in neonates with a GA of 29-<36 weeks as
evidenced by an LR+ of 2.6 for any stage AKI and 2.7 for stage II/Ill
AKI. However, the PPV was very low for this cohort. The thresholds
and diagnostics for GA =36 weeks were similar to those for the
whole cohort.

DISCUSSION

To our best knowledge, this study is the first to examine the
relationship between Hb levels and neonatal AKI. Using this
multicenter retrospective  AWAKEN cohort, we report that
neonates with lower minimum Hb levels in the first postnatal
week had higher independent odds of late AKI after controlling for
confounders. Although this association remained even after
controlling for numerous confounders, we were no longer able
to see this independent association once we corrected for FB. We
were unable to demonstrate an association between Hb levels
with the severity of AKI. We also report that maximum Hb levels
were significantly lower in the early and late AKI groups compared
to the no AKI group.

AKI is associated with significant morbidity and mortality in
critically ill neonates.>*”?® Improving our understanding of the
risk factors that lead to AKI may help develop strategies for
prevention and early detection of AKI. Anemia and AKI are both
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Table 2. Comparison of neonatal and maternal characteristics of neonates by acute kidney injury (AKI) status.

No AKI (n = 1340) Early AKI (n=419) Late AKI (n=132) p Value®
Neonatal
Mean gestational age (weeks) 33.9+4.0 345+53 316+59 <0.0001*
Mean birth weight (g) 2223 +£927 2453 £ 1095 1850 £ 1166 <0.0001*
Size for gestational age (%)
Small 290 (21.7%) 82 (19.7) 28 (21.2) 0.10
Normal 994 (74.2) 304 (72.9) 97 (73.5)
Large 55 (4.1) 31 (7.4) 7 (5.3)
Male gender (%) 758 (56.6%) 251 (59.9) 67 (50.8) 0.03
Ethnicity (%)
Hispanic 189 (14.1%) 41 (9.8) 14 (10.6) 0.11
Non-Hispanic 943 (70.4%) 300 (71.6) 93 (70.5)
Unknown 208 (15.5%) 78 (18.6) 25 (18.9)
Race (%)
White 737 (55.0%) 244 (58.2) 84 (63.6) 0.16
African-American 257 (19.2%) 69 (16.5) 25 (18.9)
Other 346 (25.8%) 106 (25.3) 23 (17.4)
Outborn delivery site (%) 466 (34.8%) 252 (60.1) 60 (45.5) <0.0001
Mode of delivery (%)
Scheduled C-section 170 (12.7%) 39 (9.3) 15 (11.4) 0.01
Unscheduled C-section 578 (43.2%) 150 (35.8) 59 (44.7)
Vaginal Birth 532 (39.7%) 203 (48.4) 51 (38.6)
Unknown 59 (4.4%) 27 (6.4) 7 (5.3)
Resuscitation (%)
Positive pressure ventilation 617 (46.0%) 198 (47.3) 73 (55.3) 0.13
Intubation 303 (22.6%) 140 (33.4) 75 (56.8) <0.0001
Chest compression 40 (3.0%) 37 (8.8) 9 (6.8) <0.0001
Epinephrine 14 (1.0%) 23 (5.5) 4 (3.0) <0.0001
Normal saline 42 (3.1%) 34 (8.1) 7 (5.3) <0.0001
Reasons for admission (%)
Respiratory symptoms 299 (22.3%) 108 (25.8) 27 (20.5) 0.26
Respiratory failure 622 (46.4%) 187 (44.6) 75 (56.8) 0.05
Sepsis evaluation 712 (53.1%) 183 (43.7) 64 (48.5) 0.003
HIE 69 (5.1%) 38 (9.1) 7 (5.3) 0.01
Seizures 31 (2.3%) 31 (7.4) 3(2.3) <0.0001
Hypoglycemia 160 (11.9%) 40 (9.5) 7 (5.3) 0.04
Hyperbilirubinemia 30 (2.2%) 20 (4.8) 5(3.8) 0.02
Metabolic evaluation 6 (0.4%) 8 (1.9) 0 (0.0) 0.006
Chromosomal anomaly 9 (0.7%) 5(1.2) 2 (1.5) 0.41
Congenital heart disease 30 (2.2%) 20 (4.8) 14 (10.6) <0.0001
Necrotizing enterocolitis 5 (0.4%) 4 (1.0) 8 (6.1) <0.0001
Other surgical evaluation 42 (3.1%) 32 (7.6) 11 (8.3) <0.0001
Maternal
Intrapartum bacterial Infection (%) 113 (8.4%) 46 (11.0) 14 (10.6) 0.24
Diabetes (%) 191 (14.3%) 52 (12.4) 12 (9.1) 0.19
Hypertension (%) 135 (10.1%) 25 (6.0) 10 (7.6) 0.03
Kidney disease (%) 12 (0.9%) 4 (1.0) 1 (0.8) 0.98
IUGR (%) 123 (9.2%) 33 (7.9 16 (12.1) 0.33
Amniotic fluid volume (%)
Oligohydramnios 62 (4.6%) 20 (4.8) 9 (6.8) 0.003
Normohydraminos 1239 (92.5) 379 (90.5) 111 (84.1)
Polyhydramnios 39 (2.9%) 20 (4.8) 12 (9.1)
Hemorrhage (%) 36 (2.7%) 13 (3.1) 9 (6.8) 0.03
Multiple gestation (%) 276 (20.6%) 43 (10.3) 22 (16.7) <0.0001
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Table 2. continued
No AKI (n = 1340) Early AKI (n=419) Late AKI (n=132) p Value®
Assisted conception (%) 105 (7.8%) 20 (4.8) 17 (12.9) 0.002
Drugs used during pregnancy (%)
Steroids for fetal maturation 547 (40.8%) 119 (28.4) 51 (38.6) <0.0001
NSAIDs 46 (3.4%) 9 (2.1) 4 (3.0 0.42
Antihypertension medications 166 (12.4%) 31 (7.4) 13 (9.8) 0.02
Intrapartum complications (%)
Nuchal cord 79 (5.9%) 32 (7.6) 6 (4.5) 0.31
Meconium 139 (10.4%) 61 (14.6) 11 (8.3) 0.03
Vaginal bleeding 53 (4.0%) 20 (4.8) 12 (9.1) 0.02
Shoulder dystocia 10 (0.7%) 6 (1.4) 1(0.8) 0.42
Delivery age 286+6.2 28.5+59 28.2+6.0 0.82
*All pairwise p values <0.05.
®Estimated from chi-square and analysis of variance for categorical and continuous variables, respectively.
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Fig.2 Box plot of hemoglobin levels by AKI status and day of life. The figure shows the hemoglovin levels among the no AKiI, arly and late

AKI groups on daily basis.

10,27,28 and

important factors that predict morbidity and mortality,
further understanding of their relationships is needed.
Studies in adults in different clinical settings have shown an

association between Hb levels and AKL.'>'>2° Henn et al. showed
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higher odds of AKl in adults admitted to the ICU with Hb <10.5 g/
dL compared to those who presented with higher Hb levels.”
Others have demonstrated a significant association between
preoperative Hb and/or postoperative Hb drop with the
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Table 3. Comparison of mean minimum and maximum hemoglobin (Hb) levels by acute kidney injury (AKI) stage stratified by gestational age (GA).

AKI within first 7 days of life* AKI after first 7 days of life®

Minimum p Value® Maximum p Value® Minimum p Value® Maximum p Value®

Whole cohort (n = 1891)

No AKI 15.1+3.0 0.99¢ 16.1+2.7 0.33¢ 149+3.1 0.003¢ 16.1+2.8 0.71¢

AKI stage | 15.0+3.4 0.42¢ 157 +3.4 0.06¢ 129+3.1 <0.0001¢ 15.7+2.8 <0.0001¢

AKI stage II/1I 147 +34 0.71¢ 154+3.2 0.82° 125+3.0 0.76° 147 +3.0 0.08°
GA <29 weeks (n = 259)

No AKI 121426 0.96° 143+24 0.004¢ 121+26 0.78¢ 143+24 1.00°

AKI stage | 122+3.0 0.92¢ 129+3.0 0.10¢ 11.7+29 0.11¢ 143+26 0.26¢

AKI stage 1I/1lI 123+3.0 0.90° 13.4+22 0.51° 11.0+24 0.65° 13.3+3.1 0.38°
GA 29-<36 weeks (n = 864)

No AKI 156+2.8 1.00° 16.4+2.6 0.78° 156+2.9 0.02¢ 164+2.6 0.98°
AKI stage | 15.6+3.1 0.55¢ 16.1+2.9 0.18¢ 13.2+33 0.0005¢ 16.3+3.3 0.11¢

AKI stage II/1ll 15.1+35 0.57° 15.6+3.2 0.55¢ 12.1+28 0.72° 147+24 0.36°
GA =36 weeks (n = 768)

No AKI 152429 0.50° 163+2.7 0.99° 147 3.0 0.70° 16.0+2.8 0.05°
AKI stage | 15.6+3.3 0.99¢ 16.3+3.3 0.73¢ 143+27 0.56¢ 16.8+1.6 1.00¢
AKI stage II/II 152+3.2 0.73¢ 16.0+3.2 0.81° 141+28 0.97° 16.0+2.6 0.19°

%In early AKI analysis, no AKI includes late AKI neonates; in late AKI analysis, cohort limited to those who did not have early AKI and were hospitalized for
>7 days.

bEstimated from a general estimating equation with a normal distribution and identity link using pairwise comparisons and Tukey’s test for correction of
multiple comparisons.

“No AKI vs. AKI stage .

9No AKI vs. AKI stage II/1Il.

€AKI stage 1 vs. stage II/Ill.

Table 4. Crude and adjusted odds ratios (ORs) and associated 95% confidence intervals (Cls) for the association between hemoglobin (Hb) and acute
kidney injury (AKI) after the first 7 days of life with and without correction for fluid balance.

217.0g/dL

Referent

Referent

Crude OR? (95% Cl) Adjusted OR*® (95% ClI) p Value®
Whole cohort (n=1229)
Continuous Hb level (per 1 g/dL decrease in level) 1.26 (1.17-1.36) 1.15 (1.04-1.26) 0.005
Categorical hemoglobin level
<12.6g/dL 7.31 (3.96-13.49) 3.16 (1.44-6.96) 0.004
12.7-14.8 g/dL 3.11 (1.73-5.58) 2.03 (1.05-3.93) 0.04
14.9-16.9 g/dL 1.78 (0.96-3.27) 1.36 (0.71-2.63) 0.35
217.0g/dL Referent Referent —
With fluid balance data (n = 963)
Without adjusting for fluid balance
Continuous hemoglobin level (per 1 g/dL decrease in level) 1.25 (1.14-1.38) 1.10 (0.97-1.25) 0.12
Categorical hemoglobin level
<12.5g/dL 7.51 (3.34-16.88) 2.47 (0.82-7.46) 0.11
12.6-14.8 g/dL 3.24 (1.17-8.95) 1.83 (0.62-5.38) 0.27
14.9-16.9 g/dL 1.95 (0.84-4.55) 1.30 (0.55-3.08) 0.54
217.0g/dL Referent Referent —
Adjusting for fluid balance
Continuous hemoglobin level (per 1 g/dL decrease in level) 1.25 (1.14-1.38) 1.10 (0.97-1.25) 0.12
Categorical hemoglobin level
<12.5g/dL 7.44 (3.32-16.68) 242 (0.82-7.16) 0.11
12.6-14.8 g/dL 3.26 (1.18-8.97) 1.86 (0.63-5.43) 0.26
14.9-16.9 g/dL 1.94 (0.83-4.55) 1.29 (0.55-3.06) 0.56

7 days of life.
PAdjusted for gestational age, intubation, and polyhydramnios.

®Estimated from general estimating equation logistic regression limited to neonates who were hospitalized at least 7 days and did not have AKI in the first
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Table 5. Receiver operating characteristic analysis® of the threshold of minimum hemoglobin (Hb) levels best predicting acute kidney injury (AKI)
after the first 7 days of life stratified by gestational age (GA).

Hb threshold® (g/dL) c-statistic (95% Cl) Sensitivity (%) Specificity (%) PPV (%) NPV (%) LR+
Whole cohort (n = 1229)
Any stage AKI 134 0.68 (0.64-0.72) 65.9 69.7 20.8 94.4 2.0
Stage II/IIl AKI 13.9 0.70 (0.65-0.75) 753 64.3 11.8 97.6 2.6
GA <29 weeks (n = 185)
Any stage AKI 11.7 0.58 (0.50-0.65) 60.8 55.2 341 78.7 1.4
Stage II/1ll AKI 11.3 0.58 (0.48-0.68) 58.6 58.3 20.7 88.3 1.4
GA 29-<36 weeks (n = 680)
Any stage AKI 14.2 0.73 (0.65-0.80) 77.1 70.1 123 98.3 2.6
Stage II/1ll AKI 14.1 0.74 (0.63-0.84) 80.0 70.1 5.7 99.4 2.7
GA =36 weeks (n = 364)
Any stage AKI 133 0.63 (0.55-0.70) 54.3 66.7 19.1 91.0 1.6
Stage II/1ll AKI 134 0.65 (0.55-0.74) 58.6 66.0 13.0 94.8 1.7
PPV positive predictive value, NPV negative predictive value, LR+ likelihood ratio positive.
®Estimated from a general estimating equation logistic regression.
PThreshold value based on Hb value at which the Youden index was maximized.

development of AKlI in adults who undergo cardiac
procedures.'*%213% A similar relationship was reported in patients
undergoing other non-cardiac interventions.'*>'

Although the exact mechanisms linking lower Hb levels to AKI
remain unclear, several feasible explanations for this link have been
suggested. As we showed that controlling for FB removes the
association we documented, it is possible that lower Hb values are
simply a reflection of a dilutional effect on the blood. Lower Hb
levels can directly reduce the delivery of oxygen to the kidneys with
subsequent development of a hypoxic environment and develop-
ment of AKL Segment S3 of the proximal tubule is extremely
sensitive to changes in oxygen delivery,®® which suggests that
hypoxia-related anemia would increase the severity of renal tubular
cell damage and thus contribute to kidney impairment.®® Because
AKI frequently develops in the setting of ischemic conditions, low
Hb may be a mitigating risk factor of AKI during hospitalization.>*
The effect of low Hb on the kidney may be exacerbated in neonates
due to the presence of fetal Hb (HbF). At term, HbF comprises
70-80% of total Hb; this increases to 90% of total Hb in preterm
babies. The high oxygen affinity of HbF is detrimental as oxygen is
not readily given up to the tissues. The HbF oxygen dissociation
curve moves to the left after delivery due to increased pH and lower
carbon dioxide concentration, further limiting oxygen delivery to the
periphery.3® Another possible explanation is that low Hb may
represent hemolysis due to ABO incompatibility or bleeding
(subclinical or overt), which may cause direct tubular injury and/or
reduced renal perfusion pressures.>**” Low Hb may also result from
other illnesses like sepsis and/or extensive surgeries that result in
greater systemic inflammation that may compound the risk of AKI. A
few studies have suggested that blood transfusion in anemic
patients is another possible mechanism of AKI development in the
setting of anemia.*®*° Transfused red cells may be unable to
properly load and unload oxygen, have a shortened lifespan, and
can result in higher levels of circulating catalytic iron, which may, in
theory, lead to AKL*° Importantly, the hypothesized harmful effect of
blood transfusion on AKI was opposed by another study®' in which
blood transfusion significantly improved renal function in endo-
toxemic rats. Those authors speculated that the specific beneficial
effect of blood transfusion on the kidney could have been mediated
in part by improvements in renal microvascular oxygenation and
sepsis-induced endothelial dysfunction via the restoration of
endothelium-derived nitric oxide synthase expression within the
kidney. Unfortunately, the AWAKEN database does not contain
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sufficient data for uncovering these possible mechanisms to explain
why patients with lower Hb are more likely to have AKI. Specifically,
the database does not contain information on blood transfusions,
delayed cord clamping, cord milking, iron levels, presence of ABO
incompatibility, or the use of erythropoietin-stimulating agents.

A major strength of this study is the large number of enrolled
subjects that spanned the GA spectrum and the variety of centers
involved in the study. Our findings were present in the whole
cohort, and similar findings were evident in each of the three GA
subgroups. Our sample size allowed us to control for potential
confounders such that we were able to show an independent
association between low Hb levels and AKI. Despite these
strengths, we acknowledge limitations inherent to retrospective
chart review studies, including the reliance on retrospectively
collected data (Hb levels, SCr, and UOP). There is the possibility of
unrecognized or unmeasured confounders affecting the outcome.
Another limitation is the lack of available information that could
allow us to better decipher the mechanism(s) that may lead to
kidney injury. Finally, the inclusion criteria for the AWAKEN cohort
including receiving at least 48 h of IV fluids were designed to
capture sick neonates at significant risk for AKI and those who had
an expected hospitalization of at least 48 h. As a result, it is
possible that the results of our study may not be generalizable to
all neonates admitted to the NICU and instead applicable only to
those who met the eligibility criteria for the AWAKEN cohort. In
addition, the exclusion of these neonates could have biased the
currently reported associations. However, the direction of the bias
is difficult to ascertain as only data on sex, race, and ethnicity were
collected for the excluded neonates. That said, of the possible
scenarios, the most likely scenario is one in which the excluded,
who are likely less sick than the neonates included in the AWAKEN
cohort, are more likely to have higher Hb levels and lower AKI risk.
As a result, the currently reported estimates are biased toward the
null hypothesis and underestimate the true association as our
observed Hb levels among those without AKI are, overall, lower
than those had all neonates been included. As a final limitation,
whether the correction of low Hb levels might confer long-term
renal benefits in neonates was beyond the scope of this study.

CONCLUSION/FUTURE DIRECTIONS
In this retrospective multicenter study, we describe a novel
association between lower Hb levels and neonatal AKI after the first
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postnatal week, which remained after controlling for multiple
confounders. This independent association was no longer evident
when we controlled for FB. As Hb could be a modifiable factor to
prevent AKI, future studies that evaluate whether and how
interventions to treat low Hb (e.g., blood transfusions, delaying cord
clamping and/or milking of the umbilical cord, and erythropoietin)
protect the kidney in term and preterm babies are warranted.
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