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Abstract
Background Many causes for neonatal hypertension in pre-
mature infants have been described; however in some cases no
etiology can be attributed. Our objectives are to describe such
cases of unexplained hypertension and to compare hyperten-
sive infants with and without chronic lung disease (CLD).
Methods We reviewed all cases of hypertension in premature
infants referred from 18 hospitals over 16 years. Inclusion
criteria were hypertension occurring at <6 months of age
and birth at <37 weeks gestation; the main exclusion criterion
was known secondary hypertension. Continuous variables
were compared using analysis of variance. Nominal variables
were compared using chi-square tests.
Results A total of 97 infants met the inclusion criteria, of
whom 37 had CLD. Among these infants, hypertension pre-
sented at a mean of 11.3 ± 3.2 chronological weeks of age and
a postmenstrual age of 39.6 ± 3.6 weeks. Diagnostic testing
was notable for plasma renin activity (PRA) being <11 ng/mL/
h in 98% of hypertensive infants. Spironolactone was effec-
tive monotherapy in 51 of 56 cases of hypertension.
Hypertension resolved in all infants, with an average treatment
duration of 25 weeks. Significant differences between the two
groups of infants were a 0.4 kg lower birthweight and a
2.5 weeks younger gestational age at birth in those with

CLD (p < 0.01, p < 0.01, respectively). Hypertension pre-
sented in those with CLD 1.8 weeks later, but at the same
postmenstrual age as those without CLD (p < 0.01, p = 0.45,
respectively).
Conclusion Premature infants with unexplained hyperten-
sion, with and without CLD, presented at a postmenstrual
age of 40 weeks with low PRA, transient time course, and a
favorable response to spironolactone treatment.
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Introduction

Hypertension in premature infants has been recognized since
the 1970s. Cases at that time were often associated with high
plasma renin activity (PRA) from renal artery thromboembo-
lism related to an umbilical artery catheter [1, 2]. Since then,
many causes of hypertension have been reported for this age
group [3–6], but in 8–71% of cases, the cause of hypertension
could only be described as cause not identified [7], idiopathic
[8, 9], or cause not determined [10]. In the search for causa-
tion, many studies have examined risk factor associations
using both univariate and multivariate analyses [5, 7,
10–12]. Chronic lung disease (CLD) is one such association
which is well-documented [5, 7, 10, 13–16]. Although CLD
has appeared on lists of possible causes of neonatal hyper-
tension, a proven mechanism of hypertension due to CLD
remains elusive [17–19]. Throughout the analysis reported
in this review, we consider all of these premature infants
without definite secondary cause for hypertension to have
unexplained hypertension.

With this paper, we seek to further characterize premature
infants with unexplained hypertension, describing common
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clinical features to aid in future recognition and treatment. The
primary objective of this report is to describe the clinical fea-
tures of unexplained hypertension in premature infants in
terms of demographics, disease characteristics, and treatment.
The secondary objective is to compare premature infants with
unexplained hypertension with and without CLD to see if
these groups are similar or different in their presentation, re-
sponse to treatment, or resolution of hypertension.

Materials and methods

A retrospective chart review was accomplished by identifying
all cases of hypertension in premature infants seen within
three referral centers located in the northwestern region of
the USA over the last 16 years. Institutional review board
approval was obtained. Relevant medical records were identi-
fied by querying for the diagnosis of hypertension in the dis-
charge diagnosis list or the problem list. Records searched
included those born in, transferred into, or seen for consulta-
tion at any of the referral centers.

Inclusion criteria for this study were premature birth, de-
fined as a gestational age of <37 weeks at birth, as well as a
hypertension diagnosis before age 6 months. Exclusion
criteria were evidence of secondary hypertension and inade-
quate follow-up data which would preclude determination of
anti-hypertensive therapy duration. Using the classification
categories proposed by Flynn and the expert chart review,
we assigned cases to categories of secondary hypertension,
including renovascular, congenital and acquired renal paren-
chymal disease, pulmonary (CLD), cardiac (thoracic coarcta-
tion of the aorta), endocrine, medications/intoxications, neo-
plasia, neurologic, and miscellaneous [6]. Patients with simple
cysts or mild pelviectasis detected upon ultrasonography were
not included in the renal parenchymal category, as these find-
ings have not been shown to cause hypertension. Patients
with prior history of corticosteroid administration, but not
at the time of diagnosis, were not included in the medica-
tion category.

All patients placed in these categories of secondary hyper-
tension were excluded from the final analysis, with the excep-
tion of those with CLD, which we included by design. These
patients, who had CLD but no other known cause of hyper-
tension, are referred to here as the CLD group. The remaining
patients, in whom no other secondary cause for hypertension
was noted, are referred to in the following text as the non-CLD
group. The presence of CLD was based on the Vermont
Oxford convention of needing oxygen after 36 weeks
postmenstrual age [20].

The diagnosis of hypertension was based on the clinical
judgment of the attending physician—not based on any spe-
cific blood pressure criteria. The date of diagnosis of hyper-
tension was defined as the date on which the attending

physician or consulting nephrologist made the diagnosis of
hypertension in the medical record, whichever came first.
Blood pressure at diagnosis was recorded as the average of
all available blood pressure measurements obtained on the day
of diagnosis. Blood pressures were also recorded for the day
of discharge from the newborn intensive care unit (NICU), the
first outpatient visit, the last outpatient visit while still on anti-
hypertensive medication, and a follow-up visit when no lon-
ger on such medication. The systolic, mean, and diastolic
blood pressures were compared to the 95th percentiles for
blood pressure as reported in a normative data set compiled
by Dionne et al. in 2012 [21]. This data set provides stratified
blood pressures by postmenstrual age and was derived from a
combination of sources [22–28].

All inpatient blood pressure measurements were obtained
using the oscillometric method and included both arm and leg
measurements. For outpatients, systolic and diastolic blood
pressure measurements were obtained with sphygmomanom-
etry, with mean blood pressure calculated using the common
convention of one-third of the sum of two times diastolic
pressure plus systolic pressure. A Doppler device was used
for systolic blood pressure measurement when an auscultatory
measurement could not be successfully obtained.

Demographic data collected included race, gender, gesta-
tional age at birth, birth weight, and history of maternal receipt
of antenatal corticosteroids. Data collected from the time of
diagnosis included chronologic age, postmenstrual age, blood
pressure as described above, presence of any of the above-
mentioned exclusion criteria, basic serum chemistry levels,
PRA, serum aldosterone level, renal ultrasound results, echo-
cardiogram results, presence of CLD, and history of any ex-
posure to corticosteroids, including human milk exposure. We
also determined which infants had umbilical arterial catheters
during their NICU stay and calculated the number of days
between removal of the catheter and the diagnosis of hyper-
tension. PRA and serum aldosterone testing were performed
in one of four referral laboratories, with normal values for each
laboratory shown in Table 1. Twenty-one urine cortisol/
cortisone ratios were obtained at varying time points in rela-
tion to the diagnosis of hypertension in 16 patients. In order to
determine if our cohort was exposed to corticosteroids more or
less frequently than the overall population, their characteris-
tics were compared with a national clinical database of pre-
mature infants [29].

Treatment data collected included the sequence of medica-
tions used for the treatment of hypertension, postmenstrual
age at start and completion of anti-hypertensive medication,
and duration of medication use. The reasons for changes in the
medication regimen were recorded. For a subset of 18 patients
for whom complete daily blood pressure data were available at
onset, diagnosis, and treatment initiation, we calculated the
average interval of time between onset and diagnosis of hy-
pertension, average time to blood pressure normalization, and
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medication needed to bring systolic blood pressure below the
95th percentile for age and gestation. Onset of hypertension
was defined as the first day on which the daily average of
systolic blood pressure was above the 95th percentile and
subsequently stayed above the 95th percentile for more than
2 days. Finally, all charts were examined for evidence of any
recurrence of hypertension between the time of resolution and
January 2017.

Data were analyzed for all infants included in the study,
both combined and separately for those diagnosed with CLD
and those without CLD. Tests for significant difference were
performed with analysis of variance for continuous variables
and with chi-squared tests for nominal variables. A 0.05 sig-
nificance level was used throughout this analysis.

Results

A total of 138 infants originating from 16 different NICU
centers and 2 newborn nurseries were identified who met the
study inclusion criteria. Of this group, 31 were excluded for
known causes of hypertension, including three for renovascu-
lar disease, eight for chronic and five for acute renal paren-
chymal disease, ten for receiving corticosteroids at diagnosis,
four for receiving oral sodium supplements at diagnosis, and
one for hydrocephalus. A further ten infants were excluded for
being lost to follow-up during treatment, thereby preventing
characterization of their disease course.

The characteristics of the remaining 97 infants are shown in
Table 2. Individual data for the cohort are provided in the
electronic supplementary material (ESM 2). Of these 97 in-
fants, 37 were categorized with CLD and 60 without CLD.
Table 3 shows the comparison of characteristics between the
CLD and non-CLD groups. The only significant between-
group differences were a 0.4 kg lower birthweight and a 2.5

weeks earlier gestational age at birth in infants with CLD
(p < 0.01, p < 0.01, respectively).

Laboratory and diagnostic imaging data are also presented
in Table 2, with comparison between groups shown in Table 3.
Very few abnormal values of serum electrolytes, or creatinine,
were found in either group. PRA data were obtained for 86
infants; in almost all cases the PRA level was remarkably low,
and in 33 infants, PRA levels were below the assay detection
limit. Of all PRA levels measured, 98% were below the lower
limit of normal for premature infants, or 92% if normal values
for term infants are used. For those seven patients for whom
the PRAwas not low based on infant norms, all but one were
receiving diuretic therapy when the PRA levels were obtained,
a therapy known to elevate PRA. Serum aldosterone levels
were within norms for premature infants in almost all
cases. Urine cortisol/cortisone levels were 0.06 ± 0.02 at
the time of diagnosis of hypertension, 0.09 ± 0.06 during
treatment, and 0.11 ± 0.07 after resolution of the hyperten-
sion. There was no difference in these ratios between the
CLD and non-CLD groups.

With respect to diagnostic imaging, minor abnormalities
were noted in 14 of the 74 patients for whom renal ultrasound
data were available, including six with mild pelviectasis and
eight with mild nephrocalcinosis. Left ventricular hypertrophy
(LVH) was noted in 14 infants and left ventricular dysfunction
was noted in two of the 67 infants for whom echocardiograms
were obtained near the time of diagnosis of hypertension.
LVH was found in 25% of the non-CLD group, but only in
4.3% of the CLD group, approaching but not reaching a sig-
nificant difference (p < 0.09).

Time course of hypertension presentation and treatment

The diagnosis of hypertension in all infants included in the
studywasmade at 11.3± 3.2weeks of age and39.6±3.6weeks
postmenstrual age. Of these 97 infants, 75 presented

Table 1 Normal values for
serum aldosterone and plasma
renin activity used by each of the
referral laboratories

Serum aldosterone and PRA testinga Premature infants Infants

Serum aldosterone (ng/dL)

Mayo Clinic Laboratories n/a n/a

Esoterix Laboratory Services 5–635 (26–28 weeks, day 4) 5–90

Quest Diagnostics < 144 (31–35 weeks) 2–70

Arup Laboratories n/a 6–179 (1–3 weeks)

Plasma renin activity (ng/mL/h)

Mayo Clinic Laboratories n/a 1.4–7.8

Esoterix Laboratory Services 11–167 2.35–37.0

Quest Diagnostics n/a n/a

Arup Laboratories n/a 2.4–37

n/a, No range provided; PRA, plasma renin activity
a Arup Laboratories, Salt Lake City, Utah; Esoterix Laboratory Services, Austin, Texas; Quest Diagnostics,
Madison, NJ: Mayo Clinic Laboratories, Rochester, MN
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Table 2 Patient, diagnostic, and
treatment characteristics of 97
premature infants with
unexplained hypertension, with
and without chronic lung
disease (CLD)

Characteristics of the study sample
(nominal variables) (n = 97)

Values [n (%)]

Gender

Male 63 (65.0)

Female 34 (35.0)

Race

Hispanic 14 (14.4)

Other 4 (4.1)

Caucasian 79 (81.4)

Size for gestational age

Average 88 (92.6)

Small 2 (2.1)

Large 4 (5.3)

Chronic lung disease

Yes 37 (38.1

No 60 (61.9)

Postnatal corticosteroids prior to hypertension diagnosis

Yes 14 (16.1)

No 77 (83.91)

Antenatal steroids if 24–33 weeks postmenstrual age at birth

Yes 69 (84.1)

No 13 (15.9)

Human milk prior to hypertension diagnosis

Yes 77 (91.7)

No 7 (8.3)

Left ventricular function and morphology

Left ventricular hypertrophy 14 (20.9)

Left ventricular dysfunction 2 (3.0)

Normal left ventricular function and morphology 51 (76.1)

Serum sodium concentration of <134 mEq/L at diagnosis
of hypertensiona

Yes 2 (2.7)

No 73 (97.3)

Serum potassium concentration of <3.5 mEq/L at diagnosis
of hypertensionb

Yes 2 (2.4)

No 81 (97.6)

Serum aldosterone in normal range of <144 ng/dLc

Yes 36 (94.7)

No 2 (5.3)

PRA of <1.4 ng/mL/hd

Yes 76 (91.6)

No 7 (8.4)

PRA of <11 ng/mL/he

Yes 81 (97.6)

No 2 (2.4)

Time course and patient characteristics of the study
sample (continuous variables) n = 97

Mean ± SD Minimum Median Maximum

Birthweight (kg) 1.21 ± 0.59 0.46 1.00 3.61

Serum aldosterone (ng/dL) 65.82 ± 44.43 1.00 51.40 168.00

Plasma renin activity (ng/mL/h) 2.03 ± 7.01 0.06 0.20 40.30

Serum creatinine (mg/dL) 0.28 ± 0.09 0.10 0.29 0.60
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hyptertension before NICU discharge (Table 2). As shown in
Table 3, those with CLD were diagnosed with hypertension
1.8 weeks later than those without CLD by chronological age,
p < 0.01, but they did not differ with respect to postmenstrual
age at diagnosis (39.1 ± 2.5 vs. 39.8 ± 3.4 weeks; p = 0.34).

Blood pressures at diagnosis are shown in Table 4. In all
cases, the systolic blood pressure on the date of diagnosis was
at or above the 95th percentile for postmenstrual age. Only
59% of mean blood pressures and 43% of diastolic blood
pressures were above the 95th percentile at diagnosis of hy-
pertension. No difference was found between CLD or non-
CLD groups for systolic (p = 0.60), mean (p = 0.61), or
diastolic blood pressure (p = 0.45). Duration of treatment
was 25 ± 20 weeks and was not different between groups
(p = 0.52). All patients were successfully discontinued
from anti-hypertensive medication and were considered
to have achieved resolution of the hypertension. Blood
pressures off medication are shown in Table 4. Individual
data for the cohort are shown in the ESM 1 for five key
time points. No patients were documented to have hyper-
tension return in any of the three referral centers in this
study over the 16-year span of this study.

The treatment regimens used for this study are shown in
Table 5. Diuretic therapy was the most frequently used class of
medication, with spironolactone being the most commonly
used medication. Spironolactone monotherapy was used ini-
tially in 56 infants, discontinued in three infants for lack of
efficacy, and was included in the final regimen at hypertension
resolution in 75 infants. Spironolactone was also used as part
of initial combination therapy in 13 other infants. Concern
about somewhat elevated serum potassium levels prompted
replacement of spironolactone with other medications in four
infants, although no electrocardiogram changes or symptoms
of hyperkalemia occurred. Both captopril and hydralazine

were ineffective as monotherapy in all cases. Calcium channel
blockers were used as monotherapy in seven infants, but for
six of these therapy was altered to other medications due to
poor efficacy. Chlorothiazide use was successful in two of
the five infants when used as monotherapy and in five of
the seven infants when used in combination with other
medications. Spironolactone in combination with chloro-
thiazide or hydrochlorothiazide was the most successful
combination therapy.

Close examination of the 18 infants for whom daily blood
pressure and medication dosing were available showed that
the interval between onset and chart diagnosis of hypertension
was 14.2 ± 7.8 days. The time required to normalize systolic
blood pressure below the 95th percentile was 2.3 ± 1.0 days
for spironolactone monotherapy and 3.5 ± 2.6 days for all
patients. The average dose of spironolactone at normalization
of systolic blood pressure was 2.4 mg/kg/day.

Discussion

This evaluation of 97 premature infants with heretofore unex-
plained hypertension revealed common features in certain lab-
oratory diagnostics, clinical time course of the high blood
pressure, and response to treatment. The infants nearly univer-
sally had low PRA levels and normal serum sodium, potassi-
um and aldosterone levels. A majority of patients responded
well to spironolactone treatment, often as monotherapy.
Hypertension presented at around 40 weeks’ postmenstrual
age and resolved within another 25 weeks. Resolution of hy-
pertension occurred in all patients.

This study included 37 infants with CLD and 60 without
CLD, and the results demonstrate that there was little differ-
ence between the CLD and non-CLD groups in all areas other

Table 2 (continued)
Characteristics of the study sample
(nominal variables) (n = 97)

Values [n (%)]

Postmenstrual age at birth (weeks) 28.26 ± 3.07 23.29 28.00 36.29

Postmenstrual age at hypertension diagnosis (weeks) 39.56 ± 3.61 34.71 38.85 59.14

Age at hypertension diagnosis (weeks) 11.30 ± 3.24 4.43 11.14 24.28

Duration of hypertension treatment (weeks) 24.43 ± 19.91 2.00 19.55 116.00

Interval between NICU discharge and diagnosis (days) 3.36 ± 32.05 −152.00f 11.50 64.00

Data are presented for nominal variables as the number of patients with the percentage given in parenthesis and for
continuous variables as mean ± standard deviation (SD)

NICU, Newborn intensive care unit; PRA, plasma renin activity
a Normal range for serum sodium: 134–144 mEq/L
bNormal range for serum potassium: 3.5–5.5 mEq/L
c Normal range for serum aldosterone for premature infants: <144 ng/dL
dNormal range for PRA for infants: 1.4–7.8 ng/mL/h
e Normal range for PRA for premature infants: 11–167 ng/mL/h
f Negative numbers indicate patients with a diagnosis of hypertension made after discharge from the NICU
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than gestational age at birth and birthweight. The finding that
those with CLD were born earlier and at lower birthweight is
not unexpected given the known association of CLD with
more extreme prematurity [30].

The blood pressure data from these infants revealed unex-
plained hypertension to be predominantly systolic, as only
43% of infants meeting systolic criteria also met diastolic
criteria for the diagnosis of hypertension. The reason for this

Table 3 Comparisons of patient, diagnostic, and treatment characteristics between infants with unexplained hypertension with and without chronic
lung disease

Patient and diagnostic characteristics (nominal variables) Patient group p valuea

With CLD (n = 37) Without CLD (n = 60)

Gender

Female 11 (29.7) 23 (38.3) 0.39d

Male 26 (70.3) 37 (61.7)

Race

Caucasian 31 (83.8) 48 (80.0) 0.62e

Hispanic 6 (16.2) 8 (13.3)

Other 0 (0.0) 4 (6.7)

Size for gestational age

Average 33 (91.7) 55 (93.2) 0.93e

Small 1 (2.8) 1 (1.7)

Large 2 (5.6) 3 (5.1)

Antenatal corticosteroids if <34 weeks postmenstrual age

Yes 27 (79.4) 42 (87.5) 0.06d

No 7 (20.6) 6 (12.5)

Human milk prior to hypertension diagnosis

Yes 28 (87.5) 49 (94.2) 0.28d

No 4 (12.5) 3 (5.8%)

Postnatal corticosteroids prior to hypertension diagnosis

Yes 8 (25.0) 6 (10.9) 0.08d

No 24 (75.0) 49 (89.1)

PRA of <1.4 ng/mL/hb

Yes 25 (89.3) 51 (92.7) 0.93e

No 3 (10.7) 4 (7.3)

Low PRA of <11 ng/mL/hc

Yes 27 (96.4) 50 (98.2) 1.00e

No 1 (3.6) 1 (1.8)

Left ventricular hypertrophy

Yes 1 (4.3) 11 (25.0) 0.09d

No 22 (95.7) 33 (75.0)

Time course of the study sample and patient
characteristics (continuous variables)

With CLD (n = 37) Without CLD (n = 60) p valuea

Birthweight (kg) 0.96 ± 0.35 1.36 ± 0.66 <0.01f

Postmenstrual age at birth (weeks) 26.7 ± 2.1 29.2 ± 3.2 <0.01f

Age at diagnosis of hypertension (weeks) 12.4 ± 2.5 10.6 ± 3.4 <0.01f

Postmenstrual age at diagnosis of hypertension (weeks) 39.1 ± 2.5 39.8 ± 4.2 0.34f

Duration of treatment for hypertension (weeks) 24.9 ± 17.1 24.3 ± 21.6 0.52f

Data are presented for nominal variables as the number of patients with the percentage given in parenthesis and for continuous variables as themean ± SD
a Statistical significance was defined at the p = 0.05 level for the two-sided test
b Normal range for plasma renin activity (PRA) for infants: 1.4–7.8 ng/mL/h
c Normal range for PRA for premature infants: 11–167 ng/mL/h
d p value obtained using chi square
e p value obtained using Fisher’s exact test
f p value obtained using analysis of variance
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discordance is unknown but could be partially due to known
difficulty taking manual blood pressures on small infants.
Additionally, with the dataset we used to categorize hyperten-
sion, diastolic norms for many infants were higher than those
for a 1-year-old child using the Fourth Report on the
Diagnosis, Evaluation, and Treatment of Hypertension in
Children and Adolescents [31].

The consistently low PRA in these infants is a novel find-
ing compared to past reports. Since early reports associating
umbilical arterial catheters with hypertension [1, 2], high-
renin hypertension has been considered the dominant form
of hypertension occurring in premature infants [1, 3, 4, 6]. In
2007 Seliem et al. reported elevated PRA in 33% of hyperten-
sive infants, including all infants for which a cause of hyper-
tension could be identified [12]. The authors did not provided
individual PRA levels, but the range of PRA values extended
below the lower limit of the infant norm for PRA [12]. There
is a paucity of data on PRA in premature infants with or

without hypertension with which to compare our results.
We noted just two reports of low-renin hypertension in
premature infants, describing three infants with suspected
monogenic hypertension [32, 33]. Indeed, low-renin hy-
pertension in older children is very often due to genetic
errors in steroidogenesis pathways [34, 35]. Our patients
lacked both family histories of low-renin hypertension and
persistence of hypertension, arguing against a genetic
cause of hypertension in our cohort [36].

There are key differences in the regulation of sodium and
potassium balance in neonatal or premature kidneys as com-
pared to that in older infants. Neonatal kidneys have impaired
regulation of sodium homeostasis which is manifested by el-
evated PRA and serum aldosterone [37–39]. Premature in-
fants have even higher levels of PRA and plasma aldosterone,
and show more sodium wasting than more mature infants
[40–44]. Aldosterone is regulated by serum potassium and
angiotensin II levels by 3–12 months of age in term infants,

Table 5 Anti-hypertensive treatment regimens for the 97 hypertensive infants included in the study

Anti-hypertensive medication Initial regimen (n) Continued to
final (n)

Altered for
any reason (n)

Reasons for alteration (n) Final regimen (n)

Calcium channel blocker 7 0 7 Ineffective: 6 4

Captopril 6 0 6 Ineffective: 6 0

Chlorothiazide 5 2 3 Ineffective: 2 5

Hydralazine 2 0 2 Ineffective: 2 0

Labetalol or propranolol 6 1 5 Ineffective: 5 1

Spironolactone 56 51 5 Ineffective: 3a 75

Spironolactone plus thiazide 6 5 1 Hyperkalemia:1 5

Other thiazide combinations 1 0 1 Unknown: 1 4

Other spironolactone combinations 7 2 5 Simplification: 4b 2

Enalapril plus propranolol 1 1 0 None 1

a 2 of 5 regimens were altered for concern for hyperkalemia
b 1 of 5 regimens were altered for concern for hyperkalemia

Table 4 Blood pressure at key time points for the 97 hypertensive infants included in the study

BP parameters Diagnosis of
hypertension

Discharge from
NICU

First visit as an
outpatient

Last visit on BP
medication

Visit off BP
medication

Average age (days) 79.1 ± 22.7 84.6 ± 33.5 119.3 ± 37.6 237.8 ± 148.1 326.2 ± 265.0

Average SBP (mmHg) 108.3 ± 12.3 85.9 ± 10.6 89.9 ± 11.6 85.4 ± 9.6 87.0 ± 9.5

Average MBP (mmHg) 78.3 ± 12.3 60.6 ± 9.1 64.3 ± 9.0 61.0 ± 7.4 63.6 ± 7.9

Average DBP(mmHg) 64.5 ± 12.0 48.0 ± 13.4 51.1 ± 10.1 48.9 ± 7.6 51.5 ± 9.4

SBP (% > 95th
percentile)

100 15.8 13.8 2.2 1.2

MBP (% > 95th
percentile)

59.1 7.7 10.9 0.0 0.0

DBP (% > 95th
percentile)

42.6 7.4 6.3 0 0

BP, blood pressure; SBP, systolic blood pressure; MBP, mean blood pressure; DBP, diastolic blood pressure
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but it is seemingly dissociated with potassium and PRA at 2–
3 days of age [45]. The lack of correlation between serum
potassium and plasma aldosterone concentrations has also
been noted in young premature infants [40]. Satlin and
Zhou have shown that mechanisms of potassium excretion
are not fully developed in the preterm infant [46, 47] which
may explain the relative lack of hypokalemia in our pa-
tients, and in the few reported premature hypertensive in-
fants with low PRA [32, 33].

The pathophysiology of low-renin hypertension in prema-
ture infants involves enhanced sodium retention leading to
volume expansion and the low-renin state [34, 35].
Assuming normal renal function, this can be due to increased
sodium intake, activation of the mineralocorticoid receptor
(MR), or activation of the receptor’s dependent mechanisms
that enhance sodium channel or transporter activities.
Aldosterone, the principal mineralocorticoid affecting the
MR [48], was not elevated in our cohort relative to other
premature infants. Cortisol can be elevated in the setting
of reduced 11B-hydroxysteroid dehydrogenase type 2
(11B–HSD2) activity, an enzyme which converts cortisol
into the less potent cortisone. Animal models have shown
that placental injury can lead to early hypertension through
this mechanism [49, 50]. Our data on cortisol/cortisone
ratios, although not extensive, uniformly show these ratios
rising from onset through resolution of the hypertension—
opposite of what would be expected if this mechanism was
operant in our cohort. Other corticosteroids or agents, such
as cadmium, can also activate the MR receptor and its
dependent mechanisms as well [51, 52]. Multiple sources
of exogenous steroid exposure were considered in our co-
hort. However, none of these common corticosteroid expo-
sures seem likely to be primary causes of hypertension in
our cohort, although indirect or remote effects from these
exposures cannot be excluded.

In our cohort, spironolactone was initially used for anti-
hypertensive treatment noting the success of others in treating
older patients with low-renin hypertension (whether or not
aldosterone was elevated) [34, 35]. Most of the infants
responded rapidly to spironolactone treatment, often as mono-
therapy in doses of 2.5–3 mg/kg/day. Combination therapy,
particularly when spironolactone was paired with a thiazide
drug, was also very effective and reduced the concern for
hyperkalemia. Other anti-hypertensive agents also appeared
to be less effective as monotherapy; however due to early
success using spironolactone, limited numbers of patients
were treated with other agents, precluding further conclusions
on optimal treatment regimens without further study. Very
little data have been published on the efficacy of diuretics in
treating neonatal hypertension [11].

Our entire cohort showed resolution of hypertension, sim-
ilar to studies reporting on CLD patients or hypertensive in-
fants presenting after NICU discharge [8, 16]. Other studies

did not report complete resolution, but had incomplete follow-
up [7, 9] or included patients with renal injury for which
resolution might not be expected [12]. Long-term follow-up
may be warranted given the connection with premature birth
and hypertension later in life [53, 54].

The strengths of the study include being both large and
multi-centered, with patients coming from 18 different hospi-
tals, thereby avoiding potential single-center or laboratory bi-
as. The prolonged follow-up period and the ability to detect
potential recurrences of hypertension using our shared elec-
tronic medical record are also strengths. The lack of a control
group and the retrospective nature are weaknesses of the
study, suggesting the need for future case-controlled or ran-
domized controlled trials to verify and expand on these find-
ings. The demographics of the Northwestern USAmost likely
also impacted the distribution of race in our study, reducing
our ability to generalize findings to other locations with dif-
ferent ethnic distributions.

In conclusion, unexplained hypertension in premature
infants appears to be transient in time course with onset
at 10–12 weeks of age and 40 weeks’ postmenstrual age,
with resolution over the subsequent 25 weeks. These pa-
tients present with low PRA levels with normal electrolytes
and normal aldosterone levels for age. Most patients ap-
pear to respond well to spironolactone, but further trials are
needed to clarify optimum treatment. The observed hyper-
tension seems to be due to sodium retention and is not
explained by exogenous sodium delivery, excess cortico-
steroid exposure, or downregulation of 11B–HSD2.
Further investigation is warranted into the cause and mech-
anism of unexplained low-renin hypertension in premature
infants.
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