RESEARCH

www.nature.com/pr

Corrected: Correction (M)

Check for
updates

CLINICAL RESEARCH ARTICLE
Incidence of neonatal hypertension from a large multicenter

study [Assessment of Worldwide Acute Kidney Injury
Epidemiology in Neonates—AWAKEN]

Emily J. Kraut', Louis J. Boohaker?, David J. Askenazi?, Jeffery Fletcher'?
and Alison L. Kent'* on behalf of the Neonatal Kidney Collaborative (NKC)

BACKGROUND: Hypertension occurs in up to 3% of neonates admitted to the Neonatal Intensive Care Unit (NICU), and is a
potentially under-recognized condition. The aim of this study was to examine the incidence of documented and undiagnosed
hypertension from the 24-center Assessment of Worldwide Acute Kidney Injury Epidemiology in Neonates (AWAKEN) database, and
to assess risk factors for hypertension according to gestational age.

METHODS: Diagnosed hypertension was documented if an infant had a discharge diagnosis of hypertension and/or discharged on
antihypertensive medications. Undiagnosed hypertension was defined when infants did not have a diagnosis of hypertension, but
>50% of the lowest mean, diastolic and systolic blood pressure recordings were >95™ percentile for gestational age.

RESULTS: Of the 2162 neonates enrolled in the study, hypertension was documented in 1.8%. An additional 3.7% were defined
as having undiagnosed hypertension. There was a significant correlation with neonatal hypertension and acute kidney injury
(AKI). Additional risk factors for neonatal hypertension were hyperbilirubinaemia, Caucasian race, outborn, vaginal delivery,
and congenital heart disease. Protective factors were small for gestational age, multiple gestations, and steroids for fetal
maturation.

CONCLUSIONS: Neonatal hypertension may be an under-recognized condition. AKI and other risk factors predispose infants to
hypertension.

Pediatric Research (2018) 84:279-289; https://doi.org/10.1038/s41390-018-0018-8

INTRODUCTION postconceptional age, as well as with birthweight and

Adelman first reported neonatal hypertension in the 1970s and
since then advances in medicine and the practice of Neonatology
have led to an increased awareness of neonatal hypertension in
Neonatal Intensive Care Unit (NICU) graduates.'™ The diagnosis of
hypertension is considered if the systolic blood pressure (BP) is
above the 95" percentile on three separate occasions for newborn
infants of similar gestational or postconceptional age and size."***
Although relatively uncommon in healthy term infants, hypertension
in the term or pre-term neonate may be seen in up to 0.2-3% of all
neonates admitted to the NICU.2*6~?

The definition of neonatal hypertension is not standardized,
and defining what is considered normative BP in newborns is a
complex task, as studies in both term and pre-term infants

length."2%1%1T Most studies to date investigating the incidence
of neonatal hypertension have been single center studies,
whereby the incidence varies with the population studied.
Additionally, the measurement of BP in infancy is infrequently
and inadequately performed, which may affect the results
achieved and lead to the under-diagnosis of neonatal
hypertension.'>'3

To date there have been no large, multicenter studies defining
neonatal hypertension and determining the incidence in NICU
graduates. Previous cut-offs for BP were defined in the 1970s and
1990s by Adelman et.al and Zubrow et.al, providing guidelines that
have been potentially outdated by technology and an increased
awareness of hypertension in neonates.''> The aims of this study

indicate that BP increases with both gestational and were to: (1) examine the incidence of documented neonatal
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hypertension according to gestational age; (2) assess the antenatal
and postnatal risk factors (specifically acute kidney injury (AKI)) for
neonatal hypertension according to gestational age; and (3)
determine the incidence of potentially undiagnosed neonatal
hypertension according to gestational age from a large, multicenter
cohort. The primary hypotheses of this study were to test whether a
proportion of neonates may have undiagnosed hypertension and
whether infants with the risk factor of AKI developed hypertension
after controlling for multiple confounders.

METHOD

Data for this study was extracted from the Assessment of
Worldwide Acute Kidney Injury Epidemiology in Neonates
(AWAKEN) database, which is a multicenter, international, retro-
spective cohort study.'® Twenty-four level 2-4 NICUs in the United
States (n = 20), Canada (n = 2), India (n = 1), and Australia (n=1)
participated in AWAKEN. A full description of the AWAKEN
cohort'® and the incidence and outcome of AKI in the AWAKEN
cohort'” have been recently published. Each center involved in
the study had received approval from their Institutional Review
Board or Human Research Ethics Committee.

Subjects
All infants who met the inclusion and exclusion criteria at each of
the 24 participating centers from 1 January 2014 until 31 March
2014 were enrolled. The endpoints of the study were: discharge to
home, transfer to another facility, or out of the NICU for escalating
or convalescent care, death, or survival at 120 days of age. The
exclusion criteria of the AWAKEN study included; not admitted to
NICU, no intravenous fluids (IVFs) for at least 48 h, age > 14 days at
NICU admission, lethal chromosomal anomaly, congenital heart
disease with surgery at <7 days of life, and mortality at <48 h.
Neonates diagnosed with severe congenital anomalies of the
kidney and urinary tract were also excluded. Figure 1 outlines the
inclusion and exclusion criteria.'®

BP was captured from all infants during the first week of life, and
the highest and lowest BP for each of the three metrics (systolic,
diastolic, and mean) were recorded. During subsequent weeks of
enrollment, data were captured from a given day of the week, and
the highest and lowest BP for each of the three metrics were
recorded. The AWAKEN study captured data from the medical
record and did not dictate the methods for measurement, thus,
we can assume that there were variations in BP measurement
from center to center and from infant to infant, and from day
to day.

Definition of definite hypertension
Was defined if an infant had a discharge diagnosis of hypertension
and/or discharged home on antihypertensive agents.

Definition of undiagnosed hypertension

A literature review was performed and the 95 percentile systolic
BP, diastolic BP, and mean BP were designated for gestational age
at day 1, day 4, week 1, week 2, week 3, week 4 of life, and at
discharge (Table 1).'*'®23 Undiagnosed hypertension was con-
servatively derived with more than 50% of all the lowest readings
(systolic, diastolic and mean) throughout the admission needing
to above the 95 centile for postconceptual age (Table 1)

Definition of AKI

The definition for AKI was based on the KDIGO definition for
adults and children which includes: a rise in serum creatinine of
>0.3 mg/dl from the lowest previous value, a 50% rise in serum
creatinine from the lowest previous value and/or urine output of
<1 cc/kg/hour.'® This definition has been used in neonatal studies
and was proposed by Jetton and Askenazi in 2012.** A recent
review by neonatal and nephrology experts proposed that this
definition be used as an empiric definition until further data was
available to refine it

Statistical analyses

Data management and statistical analysis was performed at the
University of Alabama in Birmingham using SAS software v9.4.
Descriptive analysis was used to identify the incidence of
neonatal hypertension within the AWAKEN population. Catego-
rical variables were analyzed by proportional differences with
the Chi-square or Fisher exact test (where appropriate). All
continuous variables were tested for normality using the
Shapiro-Wilk test. For normally distributed continuous variables,
the mean and standard deviation (SD) were reported and
analyzed using the Student's t-test. For non-normally distributed
continuous variables, the median and interquartile range (IQR)
were reported, and groups were compared using the Wilcoxon
Signed Ranks test. Logistic regression was used to calculate
crude odds ratio (OR) and associated 95% confidence intervals
(Cl) for the independent association between AKI and the
likelihood of developing hypertension. Forward stepwise logistic
regression model for hypertension was built using a significance
level of entry of p <0.1. Crude and adjusted odds ratios (OR) for
variables that remained in the final model are reported.
Variables considered for regression modeling included AKI,
race, gestational age, birth weight, delivery site, admission for

Enrolled (n=2162) ]

<29 weeks gestation

30-35 weeks gestation >36 weeks gestation

(n=276) (n=958) (n=928)
Total number of
patients screened
(n=4273)
Lethal
Not admitted Age >14 days at chromosmal Severe, bilateral
to NICU NICU ad2rr71|838|on anomaly congenital renal
(n=60) (n=278) (n=25) disease (n =27)
Not enrolled l | | I
(n=2111)* ] ] l
No IVFs for at 'Congenital heart Mortality <48
least 48 hours disease with surgery hours (n =45)
(n=1793) at <7 days of life

Fig. 1 Flow diagram of inclusion and exclusion criteria
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Table 1.  95™ percentile blood pressure values for systolic, diastolic and mean blood pressure, according to gestational age at day 1, day 4, week 1,
week 2, week 3, week 4 of life, and at discharge

Gestation (weeks) Day 1 Day 4 Week 1 Week 2 Week 3 Week 4 Discharge
95t™ percentile systolic blood pressure
22-24 55 55 63 75 73 78 100
25 60 60 63 75 73 78 100
26 60 60 63 75 73 78 100
27 60 60 63 75 73 78 100
28 60 60 63 75 73 78 100
29 60 60 63 75 73 78 100
30 62 65 75 80 80 80 100
31 62 65 75 80 80 80 100
32 65 70 75 80 90 920 100
33 65 70 75 80 90 90 100
34 65 70 85 92 100 100 100
35 65 70 85 92 100 100 100
36 65 70 85 92 100 100 100
37+ 78 88 90 90 95 100 100
95" percentile diastolic blood pressure
22-24 32 35 38 45 45 50 68
25 35 35 38 45 45 50 68
26 35 35 38 45 45 50 68
27 35 35 38 45 45 50 68
28 35 35 38 45 45 50 68
29 35 35 38 45 45 50 68
30 38 40 45 50 55 55 68
31 38 40 45 50 55 55 68
32 42 45 48 50 50 55 68
33 42 45 48 50 50 55 68
34 45 50 55 55 55 68 68
35 45 50 55 55 55 68 68
36 45 50 55 55 55 68 68
37+ 50 55 60 60 65 68 68
95" percentile mean blood pressure
22-24 42 45 48 55 55 60 70
25 45 45 48 55 55 60 70
26 45 45 48 55 55 60 70
27 45 45 48 55 55 60 70
28 45 45 48 55 55 60 70
29 45 45 48 55 55 60 70
30 48 50 55 60 60 60 70
31 48 50 55 60 60 60 70
32 48 50 60 60 60 60 70
33 48 50 60 60 60 60 70
34 52 60 65 65 70 70 70
35 52 60 65 65 70 70 70
36 52 60 65 65 70 70 70
37+ 57 60 65 65 70 70 70
respiratory symptoms or failure, admission for hyperbilirubinae- RESULTS

mia, admission for congenital heart disease, small for gestational
age, multiple gestation, and maternal

maturation.

Pediatric Research (2018) 84:279 - 289

steroids for

fetal

Demographics of the entire cohort

A total of 2162 neonates were enrolled in the study. There were
1229 males (56.8%) and 933 females (43.2%). The mean gestational
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Table 2. Percentage of BP recordings >95™ percentile for all three
metrics (systolic, diastolic, and mean BP) in the AWAKEN cohort
Percentage of BP recordings >95%" Number of neonates in the
percentile for all three metrics AWAKEN cohort

0% 1428

1-10% 171

11-20% 246

21-30% 106

31-40% 91

41-50% 61

51-60% 12

61-70% 21

71-80% 3

81-90%

91-100% 9

age was significantly higher in the hypertensive group than for the
control group (34.9+4.6 weeks vs 34+ 4.5 weeks, p=0.04). The
average birthweight of the hypertensive group was significantly
higher than the control group (2574.3 + 1029.2 grams vs 2278.5 +
989 grams, p =0.002). Table 2 illustrates the percentage of BP
recordings >95" percentile for the AWAKEN cohort. Definite
hypertension was found in 38/2162 (1.8%) with 24 having a
discharge diagnosis of hypertension, 10 were discharged home
on antihypertensive medication and 4 had a discharge diagnosis
of hypertension and were discharged home on antihypertensives.
Undiagnosed hypertension was found in 81/2172 (3.7%), thus, the
overall incidence of diagnosed and undiagnosed hypertension
was 5.5%. The rates of hypertension by gestational age category
are listed in Table 3. Being of Caucasian race, outborn, vaginal
delivery, hyperbilirubinaemia, and congenital heart disease were
significant risk factors for the development of hypertension for
the whole AWAKEN cohort. Factors associated with reduced risk
of neonatal hypertension were small for gestational age, multiple
gestations, and steroids for fetal maturation (Table 4). In
comparison to those without hypertension the length of stay
for the entire cohort was increased for the combined grouping of
hypertension and undiagnosed hypertension (30.4 + 33.6 vs 36.8
+38.9; p = 0.049).

Acute kidney injury

The overall incidence of AKI in the cohort was 29.9%. The
incidence of AKI was significantly higher in the hypertensive
group in comparison to the control group (41.2% vs 26.2%,
p <0.0001). Even after adjusting for other variables associated
with hypertension (overall AKI, Race, gestational age, birth weight,
delivery site, mode of delivery, admission for Respiratory
Symptoms or Failure, admission for hyperbilirubinemia, admission
for congenital heart disease, small for gestational age, multiple
gestation, and maternal steroids for fetal maturation), neonates
with AKI were nearly twice as likely to develop hypertension
(adjusted OR = 2.1 (1.4-3.1), p = 0.004), (Table 5). Table 6 depicts
the relationship between presence or absence of hypertension
with AKI type (urine output vs serum creatinine vs both) and stage
1-3 stratified by gestational age category.

Demographics for infants <29 weeks gestation

Over 5% (15/276) of neonates born <29 weeks gestation had
hypertension. Of these 15, 11 were diagnosed with definite
hypertension and 4 were defined as having undiagnosed hyperten-
sion. The incidence of definite hypertension and undiagnosed
hypertension in this gestational age group was 4.0% and 1.4%,
respectively (Table 3). Definite intrapartum bacterial infection was a

SPRINGERNATURE

Table 3. Incidence of definite and undiagnosed neonatal
hypertension in gestational age groups <29 weeks, 30-35 weeks, and
>36 weeks

Gestational age Cases Definite Undiagnosed
hypertension hypertension
HTN [%)] Incidence HTN [%] Incidence
<29 weeks 276 1 4.0% 4 1.4%
30-35 weeks 958 6 0.6% 31 3.2%
>36 weeks 928 21 2.3% 46 5.0%
Whole Cohort 2162 38 1.8% 81 3.7%

The bold values indicate the total incidence

significant risk factor for hypertension in this gestational age group
(Table 4). In the hypertensive and control groups the rate of AKI was
40% and 42.9% (Table 4). There was no relationship between stage
of AKl and a diagnosis of hypertension (Table 6). There was no
difference length of stay between those without and those with
hypertension (79.7 £44.5 vs 101 £29.5; p =0.07).

Demographics for infants 30-35 weeks gestation

Nearly 4% (37/958) of neonates born between 30 and 35 weeks
gestation were diagnosed with hypertension. Of these 37, 6 were
diagnosed with definite hypertension and 31 were defined as
having undiagnosed hypertension. The incidence of definite
hypertension and undiagnosed hypertension in this gestational
age group was 0.6% and 3.2%, respectively (Table 3). Being of
Caucasian race, heavier birthweight, outborn, vaginal delivery and
hyperbilirubinaemia were all significant risk factors for the
development of hypertension in this gestational age group
(Table 4). In the hypertensive and control groups the rate of AKI
was 29.7% and 16.4% (Table 4). There was an increased risk of
hypertension with Stage 1 AKI (Table 6). There was no difference
in length of stay between those without and those with
hypertension (29.2 £ 27.6 vs 31.9 + 23.7; p = 0.55).

Demographics for infants >36 weeks gestation

Over 7% (67/928) of neonates born =36 weeks gestation were
diagnosed with hypertension. Of these 67, 21 were diagnosed
with definite hypertension and 46 were defined as having
undiagnosed hypertension. The incidence of definite hyperten-
sion and undiagnosed hypertension in this gestational age
group was 2.3% and 5.0%, respectively (Table 3). Oligohydram-
nios, outborn, vaginal delivery, and hyperbilirubinaemia were all
significant risk factors for the development of hypertension in
this gestational age group (Table 4). In the hypertensive and
control groups the rate of AKI was 47.8% and 31.7% (Table 4).
There was an increased risk of hypertension with Stage 2 and 3
AKI (Table 6). In comparison to those without hypertension the
length of stay was increased for the combined grouping of
hypertension and undiagnosed hypertension (16.9+18.7 vs
25.0 £ 33.6; p =0.001).

For neonates that were classified as having undiagnosed
hypertension, all three measurements (systolic, diastolic and
mean) were significantly higher than those without hypertension
or those that had been diagnosed with hypertension (Fig. 2a-c
and Table 7). It is likely that there was no difference in the
measurements between those without hypertension and those
diagnosed with hypertension due to treatment.

DISCUSSION
This study is the first to evaluate the incidence of neonatal
hypertension and that of undiagnosed hypertension in a large,

Pediatric Research (2018) 84:279-289
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Table 4. Baseline characteristics of neonates in gestational age groups <29 weeks, 30-35 weeks, and >36 weeks

<29 weeks 30-35 weeks 236 weeks
No HTN HTN p-value No HTN HTN p-value No HTN HTN p-value
(n=261) (n=15) (n=1921) (n=37) (n=2861) (n=67)
Definite hypertension n=11 n==6 n=21
(73.3%) (16.2%) (31.3%)
Undiagnosed hypertension n=4 n=31 n=46
(26.7%) (83.8%) (68.7%)
Overall AKI 112 (42.9%) 6 (40.0%) 0.79 151 (16.4%) 1(29.7%) 0.01* 273 (31.7%) 32 (47.8%) 0.001*
Maternal demographics
Delivery age (years) 28.0+6.5 28.8+6.0 0.63 29.1+6.1 28364 0.46 283+6.0 285+5.2 0.83
Multiple gestation 67 (25.7%) 4 (26.7%) 1.00 251 (27.2%) 7 (18.9%) 0.26 47 (5.5%) 1 (1.5%) 0.25
Definite intrapartum bacterial 33 (12.6%) 5 (33.3%) 0.04* 67 (7.3%) 2 (5.4%) 1.00 84 (9.8%) 10 (14.9%) 0.18
infection
Diabetes mellitus 29 (11.1%) 0 (0.0%) 0.38 127 (13.8%) 5 (13.5%) 0.96 124 (14.4%) 10 (14.9%) 0.91
Gestational HTN 48 (18.4%) 4 (26.7%) 0.49 275 (29.9%) 7 (18.9%) 0.15 110 (12.8%) 8 (11.9%) 0.84
Kidney disease 1 (0.4%) 0 (0.0%) 1.00 13 (1.4%) 0 (0.0%) 1.00 5 (0.6%) 0 (0.0%) 1.00
IUGR 2 (4.6%) 1 (6.7%) 0.52 114 (124%) 3 (8.1%) 0.61 65 (7.5%) 4 (6.0%) 0.81
Oligohydramnios 11 (4.2%) 1 (6.7%) 0.49 56 (6.1%) 0 (0.0%) 0.16 8 (3.2%) 6 (9.0%) 0.03*
Polyhydramnios 1 (0.4%) 0 (0.0%) 1.00 29 (3.1%) 3 (8.1%) 0.12 4 (5.1%) 3 (4.5%) 1.00
Hemorrhage 13 (5.0%) 2 (13.3%) 0.19 38 (4.1%) 0 (0.0%) 0.39 0 (1.2%) 3 (4.5%) 0.06
Drugs used during pregnancy

NSAIDs 23 (8.8%) 2 (13.3%) 0.63 27 (2.9%) 2 (5.4%) 0.31 10 (1.2%) 0 (0.0%) 1.00

Anti-hypertensive 32 (12.3%) 4 (26.7%) 0.11 148 (16.1%) 4 (10.8%) 0.39 40 (4.6%) 1 (1.5%) 0.35

Steroids for fetal mat. 190 (72.8%) 11 (73.3%) 0.96 495 (53.7%) 16 (43.2%) 0.21 46 (5.3%) 1 (1.5%) 0.25

Assisted conception
Yes 30 (11.5%) 4 (26.7%) 0.10 100 (10.9%) 3 (8.1%) 0.79 19 (2.2%) 2 (3.0%) 0.66
Intrapartum complications

Nuchal cord 7 (2.7%) 0 (0.0%) 1.00 37 (4.0%) 2 (5.4%) 0.66 84 (9.8%) 4 (6.0%) 0.39

Meconium 10 (3.8%) 1 (6.7%) 0.46 33 (3.6%) 1 (2.7%) 1.00 179 (20.8%) 14 (20.9%) 0.98

Severe vaginal bleed 27 (10.3%) 1 (6.7%) 1.00 42 (4.6%) 0 (0.0%) 0.40 18 (2.1%) 3 (4.5%) 0.19

Shoulder dystocia 1 (0.4%) 0 (0.0%) 1.00 3 (0.3%) 0 (0.0%) 1.00 15 (1.7%) 2 (3.0%) 0.35

Infant demographics
Gender
Male 150 (57.5%) 8 (53.3%) 0.75 511 (55.5%) 20 (54.0%) 0.94 504 (58.5%) 36 (53.7%) 0.68
Ethnicity 0.31 0.10 0.71

Hispanic 27 (10.3%) 0 (0.0%) 136 (14.8%) 6 (16.2%) 114 (13.2%) 10 (14.9%)

Non-Hispanic 203 (77.8%) 14 (93.3%) 641 (69.6%) 30 (81.1%) 594 (69.0%) 43 (64.2%)

Unknown 31 (11.9%) 1 (6.7%) 144 (15.6%) 1 (2.7%) 153 (17.8%) 14 (20.9%)

Race 0.83 0.003* 0.19

Caucasian 119 (45.6%) 8 (53.3%) 512 (55.5%) 31 (83.8%) 496 (57.6%) 46 (68.7%)

Black 86 (32.9%) 4 (26.7%) 159 (17.3%) 2 (5.4%) 152 (17.7%) 10 (14.9%)

Other 56 (21.5%) 3 (20.0%) 250 (27.1%) 4 (10.8%) 213 (24.7%) 11 (16.4%)
Gestational age (weeks) 257+1.7 263+1.6 0.19 325+1.8 322+2.1 0.31 382+15 383+1.6 0.38
Birthweight (grams) 867.5+2484 8923% 0.71 1886.6 = 22121+ 0.001* 31272+ 31508+ 0.78

267.5 576.8 832.9 676.1 668.1
Site of delivery
Outborn 92 (35.2%) 4 (26.7%) 0.50 255 (27.7%) 20 (54.0%) 0.0005* 481 (55.9%) 46 (68.7%) 0.04*
Mode of delivery 0.22 0.02* 0.04*

C-section scheduled 9 (3.4%) 0 (0.0%) 116 (12.6%) 6 (16.2%) 149 (17.3%) 3 (4.5%)

C-section unscheduled 147 (56.3%) 5 (33.3%) 452 (49.1%) 9 (24.3%) 243 (28.3%) 20 (29.8%)

Vaginal birth 91 (34.9%) 9 (60.0%) 307 (33.3%) 18 (48.6%) 419 (48.7%) 41 (61.2%)

Unknown 14 (5.4%) 1 (6.7%) 46 (5.0%) 4 (10.8%) 49 (5.7%) 3 (4.5%)

Resuscitation
Positive pressure vent. 216 (82.8%) 13 (86.7%) 0.69 434 (47.1%) 12 (324%) 0.08 259 (30.1%) 19 (28.4%) 0.77
Intubation 203 (77.8%) 11 (73.3%) 0.69 165 (17.9%) 2 (5.4%) 0.05 157 (18.2%) 11 (16.4%) 0.71
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Table 4 continued
<29 weeks 30-35 weeks 236 weeks
No HTN HTN p-value No HTN HTN p-value No HTN HTN p-value
(n=261) (n=15) (n=921) (n=37) (n=2861) (n=267)
Chest compression 24 (9.2%) 0 (0.0%) 0.38 19 (2.1%) 2 (5.4%) 0.19 39 (4.5%) 4 (6.0%) 0.54
Epinephrine 12 (4.6%) 0 (0.0%) 1.00 14 (1.5%) 1 (2.7%) 0.45 12 (1.4%) 3 (4.5%) 0.09
Normal Saline 15 (5.7%) 0 (0.0%) 1.00 26 (2.8%) 1 (2.7%) 1.00 39 (4.5%) 5 (7.5%) 0.24
Reason for admission
Respiratory 248 (95.0%) 14 (93.3%) 0.55 656 (71.2%) 26 (70.3%) 0.90 450 (52.3%) 29 (43.3%) 0.16
Sepsis evaluation 174 (66.7%) 9 (60.0%) 0.59 469 (50.9%) 19 (51.3%) 0.96 364 (42.3%) 27 (40.3%) 0.75
HIE or seizures 12 (4.6%) 1 (6.7%) 0.52 22 (2.4%) 1 (2.7%) 0.60 131 (15.2%) 6 (9.0%) 0.16
Hypoglycemic 11 (4.2%) 0 (0.0%) 1.00 96 (10.4%) 7 (18.9%) 0.10 119 (13.8%) 9 (13.4%) 0.93
Hyperbilirubinaemia 10 (3.8%) 0 (0.0%) 1.00 14 (1.5%) 3 (8.1%) 0.02* 30 (3.5%) 10 (14.9%) <0.0001*
Metabolic evaluation 3 (1.1%) 0 (0.0%) 1.00 1 (0.1%) 0 (0.0%) 1.00 15 (1.7%) 1 (1.5%) 1.00
Chromosomal abnormality 0 (0.0%) 0 (0.0%) — 11 (1.2%) 1 (2.7%) 0.38 32 (3.7%) 2 (3.0%) 1.00
Congenital heart disease 5 (1.9%) 1 (6.7%) 0.29 9 (1.0%) 1 (2.7%) 0.33 67 (7.8%) 8 (11.9%) 0.23
Necrotizing enterocolitis 8 (3.1%) 0 (0.0%) 1.00 9 (1.0%) 0 (0.0%) 1.00 4 (0.5%) 0 (0.0%) 1.00
Omphalocele 0 (0.0%) 0 (0.0%) — 15 (1.6%) 0 (0.0%) 1.00 32 (3.7%) 0 (0.0%) 0.16
Other surgical evaluation 4 (1.5%) 0 (0.0%) 1.00 16 (1.7%) 0 (0.0%) 1.00 71 (8.2%) 5 (7.5%) 0.82
Small gestational age 19 (7.3%) 1 (6.7%) 1.00 229 (24.9%) 4 (10.8%) 0.05 186 (21.7%) 10 (14.9%) 0.19
Large gestational age 1 (0.4%) 0 (0.0%) 1.00 13 (1.4%) 2 (5.4%) 0.11 89 (10.3%) 7 (10.4%) 0.98
pH 0.58 1.00 1.00
pH<7.0 3 (1.1%) 0 (0.0%) 10 (1.1%) 0 (0.0%) 24 (2.8%) 1 (1.5%)
pH>7.0 98 (37.5%) 10 (66.7%) 363 (39.4%) 11 (29.7%) 209 (24.3%) 15 (22.4%)
Base excess 0.76 1.00 0.18
BE<12 53 (20.3%) 5 (33.3%) 268 (29.1%) 6 (40.0%) 128 (14.9%) 7 (10.4%)
BE> 12 1 (0.4%) 0 (0.0%) 7 (0.8%) 0 (0.0%) 11 (1.3%) 2 (3.0%)
Apgar scores
1 min 4(2,6) 4(2,6) 0.98 7 (5, 8) 8 (6.5, 8) 0.16 8(5,9) 7 (4, 8) 0.40
5 min 7 (5, 8) 7 (6, 8) 0.64 8(7,9) 8 (8,9 0.38 9(7,9) 9(7,9) 0.88
Congenital abnormality 0.93 0.07 0.88
None 244 (93.5%) 14 (93.3%) 901 (97.8%) 34 (91.9%) 825 (95.8%) 65 (97.0%)
Mild/moderate 15 (5.7%) 1 (6.7%) 4 (1.5%) 2 (5.4%) 28 (3.2%) 2 (3.0%)
Severe 2 (0.8%) 0 (0.0%) 6 (0.6%) 1 (2.7%) 7 (0.8%) 0 (0.0%)
Outcome: death 0.14 0.18 0.08
No 221 (84.7%) 15 (100%) 903 (98.1%) 35 (94.6%) 842 (97.8%) 63 (94.0%)
Yes 40 (15.3%) 0 (0.0%) 18 (1.9%) 2 (5.4%) 19 (2.2%) 4 (6.0%)
multicenter setting. The incidence of hypertension in previous development, and later cardiovascular complications.?® Therefore,

studies has been reported in up to 3% of all neonates admitted to
the NICU.2*5° In the AWAKEN cohort 1.8% of neonates were
diagnosed with definite hypertension, however, an additional
3.7% of neonates were defined as having undiagnosed hyperten-
sion. The incidence of definite hypertension was greatest in the
<29 week gestational age group, which may be accounted for by
the closer monitoring that occurs in the most premature infants.
The incidence of undiagnosed hypertension increased with
gestational age, indicating a potential lack of monitoring in older
pre-term and term infants. Thus, this data supports our first
hypothesis that many neonates with hypertension remain
undiagnosed.

The diagnosis of neonatal hypertension is important to ensure
adequate treatment, to prevent the possible complications of
cardiac and renal compromise, and to identify the risk of
cardiovascular disease later in life* The concept of early life
physiological programming hypothesizes an association between
prenatal environmental events, altered fetal growth and
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elevated hypertension during the neonatal period may affect the
development and organization of specific tissues, thus producing
effects that persist into adulthood. Neonates that have undiag-
nosed hypertension may be more vulnerable to these complica-
tions later in life. Due to the limited data regarding follow-up of
infants with neonatal hypertension more information is required
regarding the potential cardiovascular and renal risk in adoles-
cence and adulthood.

Relationship between AKI and neonatal hypertension

The second hypothesis was confirmed by the results achieved in
this study, whereby AKI was found to be a risk factor for the
development of hypertension for the whole AWAKEN cohort. For
those neonates diagnosed with an AKI, they were nearly two times
more likely to develop neonatal hypertension, even after adjusting
for other risk factors for hypertension. This result highlights the
requirement for regular BP monitoring of those neonates with a
diagnosis of AKI in the NICU.
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Table 5. Logistic regression analysis illustrating the relationship between neonatal hypertension and AKI
Crude p-value Adjusted p-value

AKI OR =23 (1.6-3.5) <0.0001 OR=2.1 (1.4-3.1) 0.0004%
Hyperbilirubinemia OR=4.5 (2.4-8.5) <0.0001 OR=12.7 (1.3-5.8) 0.01?
Race 0.003 0.01°

AA vs White OR=0.5 (0.3-0.9) OR=0.57 (0.31-1.0)

Other vs White OR=0.5 (0.3-0.8) OR = 0.49 (0.28-0.85)
Mode of delivery 0.002 0.03?

Sch. C-sec vs vaginal OR=0.4 (0.2-0.8)

OR=0.5 (0.3-0.7)

OR=10.47 (0.22-1.0)

Unsch. C-sec vs OR = 0.55 (0.35-0.87)

vaginal

Unknown vs vaginal OR=10.9 (0.4-1.9) OR=0.80 (0.33-1.9)

“Final logistic regression model for hypertension adjusted for AKI, admission for hyperbilirubinemia, race, and mode of delivery (c statistic for entire model =
0.67)

bVariables considered for regression modeling: AK|, race, gestational age, birth weight, delivery site, mode of delivery, admission for respiratory symptoms or
failure, admission for hyperbilirubinemia, admission for congenital heart disease, small for gestational age, multiple gestation, and maternal steroids for fetal

maturation

“Regression model was built using a forward selection procedure and a significance level of entry of 0.1

Table 6. Number of neonates coded with hypertension with a diagnosis of acute kidney injury (AKI), according to various scoring tools in gestational
age groups <29 weeks, 30-35 weeks, >36 weeks
<29 weeks 30-35 weeks 236 weeks
No HTN (n=261) HTN (n=15) p-value No HTN (n=921) HTN (n=37) p-value No HTN (n=861) HTN (n=67) p-value
AKI SCR 0.46 0.52 0.001°
Missing 23 (8.8%) 0 (0.0%) 319 (34.6%) 14 (37.8%) 319 (37.0%) 26 (38.8%)
No 132 (50.6%) 9 (60.0%) 498 (54.1%) 17 (45.9%) 427 (49.6%) 22 (32.8%)
Yes 106 (40.6%) 6 (40.0%) 104 (11.3%) 6 (16.2%) 115 (13.4%) 19 (28.4%)
AKI Urine 0.74 0.08 0.22
Missing 33 (12.6%) 2 (13.3%) 126 (13.9%) 8 (21.6%) 195 (22.6%) 19 (28.4%)
No 218 (83.5%) 13 (86.7%) 733 (79.6%) 24 (64.9%) 480 (55.7%) 30 (44.8%)
Yes 10 (3.8%) 0 (0.0%) 62 (6.7%) 5 (13.5%) 186 (21.6%) 18 (26.9%)
Both AKI? 1.00 1.00 0.08
No 257 (98.5%) 15 (100%) 906 (98.4%) 37 (100%) 833 (96.7%) 62 (92.5%)
Yes 4 (1.5%) 0 (0.0%) 15 (1.6%) 0 (0.0%) 28 (3.2%) 5 (7.5%)
Max AKI Stage 0.65 0.0001° 0.002%
Missing 3(1.1%) 0 (0.0%) 36 (3.9%) 6 (16.2%) 85 (9.9%) 10 (14.9%)
Stage 0 146 (55.9%) 9 (60.0%) 734 (79.7%) 20 (54.0%) 503 (58.4%) 25 (37.3%)
Stage 1 40 (15.3%) 4 (26.7%) 74 (8.0%) 8 (21.6%) 126 (14.6%) 9 (13.4%)
Stage 2 44 (16.9%) 1 (6.7%) 25 (2.7%) 1 (2.7%) 63 (7.3%) 9 (13.4%)
Stage 3 28 (10.7%) 1 (6.7%) 52 (5.6%) 2 (5.4%) 84 (9.8%) 14 (20.9%)

“Both AKI includes those neonates that met the AKI SCR and AKI Urine criteria

Although there have not been any large, multicenter studies in
neonates investigating the relationship between AKI and neonatal
hypertension, Hsu et.al found that in an adult population AKI was
independently associated with a 22% increase in the odds of
developing elevated BP, with higher adjusted odds with more
severe AKI?” Their results extend previous findings in children
regarding the risk of hypertension after various forms of acute
renal disease.”®?

AKI results in parenchymal renal damage and the formation of
inflammatory mediators that abolish the renal autoregulation
mechanisms; myogenic and tubuloglomerular feedback. Renin is
secreted in response to a decrease in arterial BP, detected by
baroreceptors and reduced renal blood flow. Secretion of renin
results in the production of angiotensin I, which constricts the
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small arterioles throughout the body therefore increasing BP and
activating aldosterone. Aldosterone acts on distal tubules and
collecting ducts of the nephron resulting in the conservation of
sodium, thereby indirectly influencing water retention, blood
volume and BP.*° These effects are seen in neonates with AKI with
reduced urine output which can result in fluid overload and
potentially subsequent hypertension. The long-term effects of AKI
in neonates in respect to ongoing hypertension and risk of chronic
disease in adulthood is unknown.

Comparison of risk factors between gestational age groups

During the intrauterine period, the cardiovascular system under-
goes both structural and functional maturation and, therefore,
gestational age is expected to play a role in determining BP.'®
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Fig. 2 Analyses showing differences between all three BP measurements on each day recorded between those with no hypertension,
hypertension and undiagnosed (calculated) hypertension. a Systolic blood pressure measurements for each day recorded for each of the three
groups—no hypertension, hypertension, and undiagnosed (calculated) hypertension. b Diastolic blood pressure measurements for each day
recorded for each of the three groups—no hypertension, hypertension, and undiagnosed (calculated) hypertension. ¢ Mean blood pressure
measurements for each day recorded for each of the three groups—no hypertension, hypertension, and undiagnosed (calculated)

hypertension

Furthermore, the risk factors that may contribute to an elevation
in BP may vary between gestational age groups.

This is the first study to identify hyperbilirubinaemia as a risk
factor for neonatal hypertension. It is unclear whether increased
bilirubin levels elevate BP independently or are a marker of
activation of the heme oxygenase-1 enzyme.

Heme oxygenase (HO) enzymes catabolise heme released from
the breakdown of red blood cells to carbon monoxide and
biliverdin, which is subsequently converted to bilirubin by
biliverdin reductase.>’ Two major isoforms of heme oxygenase
have been identified, an inducible enzyme (HO-1) and a
constitutive isoform (HO-2). HO-1 is a microsomal enzyme whose
benefits are mediated by its by-products, which exert potent anti-
inflammatory, anti-oxidant, and anti-proliferative effects. The
induction of HO-1 is an adaptive and beneficial response following
ischemia-hypoperfusion, rhabdomyolysis, and nephron-toxin-
induced models of AKI. Although bilirubin is a part of this
pathway, it is unclear whether it has protective effects or is a by-
product.

A rodent model of severe hyperbilirubinaemia due to loss of
hepatic UGT1A1, is resistant to vascular remodeling following a
challenge with angiotensin I1.3' Moderate hyperbilirubinaemia has
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also been found to preserve renal blood flow and normalize renal
vascular resistance in angiotensin Il treated mice. Ren et.al and
Wang et.al have demonstrated an important role for bilirubin in
protecting against excessive TGF-mediated constriction of the
afferent arteriole; however, the exact mechanism by which this
occurs is unknown.' Elevated bilirubin levels also result in the
quenching of reactive oxygen species, such as superoxide, thereby
protecting renal vasculature.>' The results from this study support
the above theory, and may suggest that heme oxygenase has a
role in BP control. Further studies are required to investigate the
underlying mechanisms and confirm the influence of bilirubin on
BP.

In the 30-35 week and =36 week gestational age groups,
vaginal delivery was found to be a risk factor for neonatal
hypertension. A study by Sullivan et.al found that those delivered
by cesarean section had lower BP.3? However, these findings have
not been supported by Uhari, making the role of mode of delivery
in neonatal hypertension unclear.>® The data on mode of delivery
and BP in the first day of life and subsequent neonatal
hypertension is very limited. There are many factors that have
not been investigated in these studies including epidurals, types
of anesthesia etc and how long this influence persists. The
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Table 7. Systolic, diastolic, and mean BP results for each day documented throughout the study period between the three groups—no
hypertension, diagnosed hypertension, and undiagnosed hypertension

Variable No HTN (N =2043) Diagnosed HTN (N = 35) Undiagnosed HTN (N = 84) p-value
SBP Day 1 522+123 46.8+11.7 735148 <0.0001
SBP Day 4 59.0+11.6 58.5+14.3 77.1+£11.0 <0.0001
SBP Day 7 624+12.6 59.7+11.6 81.1+104 <0.0001
SBP Week 2 624+12.7 595+ 144 81.2+9.8 <0.0001
SBP Week 3 639+124 62.0+128 823+11.8 <0.0001
SBP Week 4 653+124 64.5+16.3 843+ 144 <0.0001
DBP Day 1 28.6+8.7 25.7+£9.0 440+12.2 <0.0001
DBP Day 4 33.8+86 33.8+11.7 46.4+10.5 <0.0001
DBP Day 7 35.0+94 34.1+10.0 51.2+10.5 <0.0001
DBP Week 2 346 +9.1 34.6+10.9 50.1x12.6 <0.0001
DBP Week 3 349+9.2 33.8+8.6 47.8+10.9 <0.0001
DBP Week 4 346+89 352+9.0 49.6+12.5 <0.0001
MBP Day 1 373+95 328+85 54.1+£123 <0.0001
MBP Day 4 43.2+9.0 427+£11.1 59.2+11.3 <0.0001
MBP Day 7 45.0+10.0 43.9+10.1 613196 <0.0001
MBP Week 2 449+99 45.1£10.7 60.9+104 <0.0001
MBP Week 3 45.7+10.1 443+9.8 60.2+9.9 <0.0001
MBP Week 4 46.0+£9.6 46.4+10.0 6231124 <0.0001
SBP systolic blood pressure, DBP diastolic blood pressure, MBP mean blood pressure

definition of hypertension is also rarely made in the first few days
of life, where the influence of delivery has been noted to influence
BP in normal neonates. The definition of hypertension must take
into account gestation at birth and current postmenstrual age, but
mode of delivery would not be a major factor to be considered in
the diagnosis unless further information becomes available. Being
of Caucasian race was also found to be a risk factor for the
development of hypertension, contrary to a study by Vohr et.al.3*
These differences may be explained by the sample studied and
although our study sampled from multiple countries, the majority
of neonates enrolled were classified as Caucasian.

Protective factors identified for the whole AWAKEN cohort were
small for gestational age, multiple gestation, and antenatal
steroids. Studies investigating the impact of birthweight on BP
in early life have suggested a direct relationship, and Launer et.al
showed that the direction of this relation between BP and
birthweight reverses at 3 months of age.3®> Our findings were
similar to the study by Pejovic et.al, which showed that BP was
higher in neonates with higher birth weights® Antenatal
corticosteroids have become a mainstay of treatment in women
at risk of pre-term delivery. Although our study found corticoster-
oids to be a protective factor, there is no clear consensus in the
literature surrounding this topic.'®*” Multiple gestation neonates
are often delivered electively at earlier gestations due to
chorionicity and discrepant growth but are otherwise well, which
may be protective against the other complications of prematurity.

Similar to our study, a previous study by Kent et.al included
maternal and pregnancy-associated disease states allowing the
investigation of their effects on neonatal hypertension.*® Exclusion
of neonates with congenital and chromosomal abnormalities
prevents the analysis of neonatal hypertension in this high-risk
population, potentially reducing the incidence.""'® Unique to
previous studies, we examined the incidence of definite and
undiagnosed neonatal hypertension and risk factors for neonatal
hypertension according to gestational age group. Previous studies
have examined the incidence of neonatal hypertension according
to birthweight categories, and it is not clear whether this is a
better predictor for risk of developing hypertension.3*3°
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Despite the strengths of the study which include: large cohort
size and contribution from twenty-four NICUs across the globe, we
acknowledge the following limitations: (1) the small cohort for the
<29 week gestational group, which may have had an influence on
the significance of the results noted in comparison to the other
gestational age groups. (2) The AWAKEN study did not document
BP measurement technique, the extremity used, or level of activity
during BP measurement in the twenty-four centers involved in the
study, thus certainty of measurement is not definite. BP
measurement in neonates requires careful attention to how and
under what circumstances the measurements are taken. Invasive
BP measurements are considered the gold standard; however, it
can be affected by arterial spasm and incorrect placement of the
transducer above or below the level of the heart. Non-invasive BP
measurement is more commonly performed as invasive methods
are time limited. Three BP measurements should be taken using
an appropriate sized cuff, on an upper limb, with the neonate in a
resting awake state. The type of measurement along with whether
neonates were sedated, on inotropes or fluid overloaded was not
collected in this study and is required for future prospective
studies evaluating neonatal BP and hypertension. (3) We used an
arbitrary, yet conservative cut-off point of the 95" percentile and
the infant had to have more than 50% of the lowest BP
measurements obtained on the particular day to define undiag-
nosed hypertension. A cut-off point of the 95™ percentile is similar
to previous studies examining the incidence of neonatal
hypertension; therefore, these results are potentially comparable.
Whether this is the most accurate way of defining hypertension in
neonates is still uncertain. We acknowledge potential bias in the
ascertainment of AKl, as many infants may not have had serum
creatinine and/or urine output quantified during a potential AKI
event, thus the true incidence of AKI may have been higher.

The results from this study suggest that neonatal hypertension
is a potentially under-recognized condition seen in NICU
graduates, who have required some degree of intervention for a
heterogeneous group of illnesses. A clear definition and up-to-
date normotensive data is required for future appropriate
diagnosis and understanding of neonatal hypertension.'
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Emphasis should also be placed on closer monitoring of BP in
neonates, especially those with AKI and other risk factors.
Furthermore, the results from this study may suggest that heme
oxygenase has a role in BP control, however further studies are
required to investigate the underlying mechanisms and confirm
the role of bilirubin in neonatal hypertension. More studies are
also required to identify which risk factors are of concern in the
diagnosis of neonatal hypertension according to gestational age.

CONCLUSION

This is the first large, multicenter study to determine the incidence
of neonatal hypertension and potentially undiagnosed hyperten-
sion following admission to a neonatal intensive care unit. The
incidence of definite hypertension in the AWAKEN cohort is similar
to previous studies, however the incidence of undiagnosed
neonatal hypertension highlights the need for up-to-date
normative data and guidelines and regular BP monitoring in
neonates. Considering this is the first study to examine the
incidence of undiagnosed hypertension further studies are
required to validate these findings. This is also the first study to
identify AKI and hyperbilirubinaemia as risk factors for neonatal
hypertension. Further studies are required to identify the
significance of these risk factors and long-term outcomes in
adulthood.
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