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Purpose: Preterm infants are at increased risk of systemic hypertension compared to term

infants. Bronchopulmonary dysplasia (BPD) has been shown to be associated with hyperten-

sion in preterm infants albeit with no causation reported. BPD is characterized by abnormal

pulmonary function tests (PFTs), specifically elevated passive respiratory resistance (Rrs),

decreased passive respiratory compliance (Crs), and decreased functional residual capacity

(FRC). There have been no studies comparing PFTs in very low birth weight (VLBW)

infants with and without hypertension. We hypothesized that stable VLBW infants with

hypertension will have altered PFTs.

Patients and methods: Retrospective cohort study of infants <1500 g at birth (VLBW)

who had PFTs performed near 34–36 weeks of corrected gestational age (CGA). We

excluded infants with congenital anomalies, known hypertensive disorders or those at risk

of medication-induced hypertension. Data obtained included PFT parameters (Rrs, Crs, FRC)

and mean systolic blood pressure (SBP).

Results: Fifty-nine VLBW infants were identified for analysis, 14 with and 45 without

hypertension. Hypertensive and normotensive patients were similar in terms of mean gestational

age (26.6 vs 27.4 weeks), mean CGA at PFTs (36.1 vs 34.6 weeks) and proportion of BPD (36%

vs 36%). The Rrs was significantly higher in hypertensive versus normotensive patients [median

Rrs of 0.080 (0.069, 0.090) versus 0.066 (0.054, 0.083) cmH2O/mL/s; p=0.04]. There was no

difference in systolic blood pressure in the infants with and without BPD.

Conclusion: In this cohort of contemporary VLBW infants, those with hypertension had

increased Rrs. This finding warrants a prospective study with a larger sample size and long-

term follow-up.
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Plain language summary
Prior work has linked bronchopulmonary dysplasia (a chronic lung disease that is relatively

common in the most premature of neonates) to systemic hypertension; however, this link has

not been fully elucidated. To add to the limited fund of knowledge surrounding this

association, our group compared objective pulmonary function test parameters of premature

neonates with and those without systemic hypertension. The findings of our work demon-

strate that there is commonly an increase in the airway resistance in those with systemic

hypertension compared to those without. We speculate that since adequate vascular devel-

opment within the lungs and kidneys promotes growth, there could be a common develop-

mental issue within the lung and kidney causing the altered lung mechanics and elevated

blood pressure, but this will require further study.
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Introduction
Systemic hypertension in the neonatal population occurs

rarely, with incidence estimates ranging from 0.2% to

3.0%,1 but has important complications including con-

gestive heart failure, seizures, hypertensive retinopathy,

and failure to thrive.2 The causes of hypertension in

neonates are numerous, including renovascular disease,

renal parenchymal disease, hyperthyroidism, congenital

adrenal hyperplasia, hyperaldosteronism, and coarctation

of the aorta.3–5 In addition, there is a population of

neonates (both term and preterm) with systemic hyper-

tension without diagnostic causality.6–8 The preterm neo-

natal population appears to be at an increased risk

compared with term infants.7 The factors that are attrib-

uted to this increased risk in preterm neonates include,

but are not limited to, intraventricular hemorrhage (IVH),

patent ductus arteriosus (PDA), and bronchopulmonary

dysplasia (BPD).7–10

BPD is a chronic lung condition seen in preterm

infants that results in significant morbidity and mortality,

including neurodevelopmental disabilities.11,12 It is most

commonly defined as the requirement for oxygen supple-

mentation at 36 weeks of corrected gestational age

(CGA).13 The diagnostic dilemma with BPD is that its

diagnosis is largely based on therapeutic management

and the status of an oxygen challenge test at 36 weeks

of CGA, which may not accurately reflect the underlying

pathophysiology. Previous research has demonstrated that

patients with BPD have altered pulmonary function tests

(PFTs), allowing for an objective physiologic measure of

BPD. In particular, BPD is characterized by an increase

in passive respiratory resistance (Rrs), a decrease in pas-

sive respiratory compliance (Crs), and a decrease in func-

tional residual capacity (FRC).13–15 In contrast, preterm

infants without clinical lung disease have been shown to

have FRC measurements corrected for bodyweight that

are comparable to FRC measurements in term healthy

infants.16

Literature from two decades ago suggests an association

between neonatal systemic hypertension and BPD;17–19 how-

ever, this potential association has not been well defined and

the mechanism is not understood. Previously, the mechanism

of the association between systemic hypertension and BPD

was postulated to be related to increased systemic vascular

resistance secondary to hypoxia or hypercarbia.17 There is

evidence to suggest that abnormal antenatal/perinatal vascu-

lar development within the lung vasculature can impair

alveolar lung growth.20–22 The potential relationship between

systemic hypertension and BPD with altered PFTs may stem

from this impaired angiogenesis or other developmental dys-

morphology. Quantifying the potential relationship between

systemic hypertension and BPD with its altered PFTs may

improve our understanding of the pathophysiology leading to

advancements in preventative strategies and therapeutic

management of these disorders.

There have been no previous studies evaluating the

potential association between blood pressure measure-

ments and pulmonary function tests in very low birth

weight (VLBW) infants. The objectives of this study

were (1) to evaluate the relationship between neonatal

blood pressure measurements and pulmonary function

measurements at 34–36 weeks in patients <1500 g

(VLBW) and (2) to investigate the potential association

between BPD and systemic hypertension in a contem-

porary population of VLBW infants. We hypothesize

that altered lung function, specifically elevated passive

respiratory resistance and a clinical diagnosis of BPD,

will be correlated with elevated systemic blood pres-

sure measured at 34–36 weeks of CGA.

Materials and methods
We performed a retrospective cohort study of infants less

than 1500 g at birth born between January 1, 2014 and

August 31, 2016 who had PFTs performed at 34–36 weeks

CGA. This testing is routinely done in our NICU in

VLBW infants at this CGA as part of our clinical respira-

tory consensus guidelines in infants at risk for BPD. If an

infant had multiple PFTs performed during the window of

34–36 weeks of CGA, the PFT performed closest to dis-

charge was utilized as the index PFT. We excluded infants

who had a major anomaly, a known hypertensive disorder,

were intubated at the time of the PFT (since the presence

of an endotracheal tube is known to falsely elevate the

measurement of passive respiratory resistance), were

receiving a short course of a diuretic defined as less than

5 consecutive days of medication therapy (as this can lead

to iatrogenic hypotension), were receiving vasoactive

medications, or had systemic steroid administration within

2 weeks of the BP measurements and PFTs (as these often

lead to iatrogenic hypertension).

The infants were all cared for in the level IV neo-

natal intensive care unit in Doernbecher Children’s

Hospital at Oregon Health and Science University

(Portland, OR).
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Sociodemographic and clinical information was extracted

by two study personnel from two different sources: our institu-

tional electronic medical record and a separate clinical data-

base of pulmonary function tests. Data obtained included

gestational age at birth, singleton or multiple gestation, sex,

maternal race, maternal age, maternal tobacco use, mode of

delivery, birthweight, size for gestation, prenatal steroid expo-

sure, diagnosis and severity of BPD, number of ventilator

days, receipt of antihypertensive medications, symptomatic

PDA, history of umbilical artery catheterization, severe IVH,

extracorporeal membrane oxygenation (ECMO), diagnosis of

neonatal abstinence syndrome (NAS), and corrected gesta-

tional age at discharge. For each PFT, the patient’s day of

life, CGA, and current respiratory support (room air, nasal

cannula, CPAP, or invasive ventilation) were documented.

Each patient had only one PFT measurement during the win-

dow near 34–36 weeks of corrected gestational age to be used

as the index PFT.

Pulmonary function measurements
Pulmonary function tests were performed with a computer-

ized infant pulmonary function cart (SensorMedics 2600;

SensorMedics Inc., Yorba Linda, CA). The Crs, Rrs, and

FRC measurements were performed utilizing previously

described methodology.23 Briefly, however, Rrs and Crs

were measured with the single-breath occlusion technique

while the FRC was measured with the nitrogen washout

technique. Acceptable readings were approved and

recorded based on prevailing criteria.24,25

Blood pressure measurements
Blood pressure measurements were monitored by a per-

ipheral oscillometric device with appropriately sized cuffs

per clinical standards with infant lying in prone or supine

position, prior to a feed, ideally in a quiet or asleep state

per standards outlined in Nwankwo et al.26 Blood pressure

measurements are known to be influenced by clinical

factors such as whether the patient is calm or upset. To

account for this and the uncertainties associated with the

retrospective nature of this study, we averaged the blood

pressure measurements taken within 2 days of the PFT.

Specifically, we averaged systolic and diastolic blood pres-

sure measurements taken during the 5-day period sur-

rounding the date of the PFT.

Systemic hypertension was defined as a mean systolic

blood pressure (SBP) measurement greater than the 95th

percentile for corrected gestational age or by receipt of an

antihypertensive medication. Normative values of systolic

and diastolic blood pressure were based on the work of

Dionne et al.1,27 Ventilator days were counted from birth to

hospital discharge and included the maximum respiratory

support during the 24-hr period, excluding brief ventilator

support (less than 60 mins) for the sole purpose of surfactant

administration. Severe intraventricular hemorrhage was

defined as Grade III or IV in the Papile classification.28 A

symptomatic PDA was defined as receipt of medical or

surgical treatment for a PDA prior to discharge. Sepsis was

defined by blood culture positive infection or blood culture

negative infection as indicated by clinical team based on

chart review. BPD was defined as need for supplemental

oxygen and/or positive pressure ventilation including contin-

uous positive airway pressure (CPAP) at 36 weeks of CGA.

Severe BPD was defined as a need for supplemental oxygen

≥30% and/or positive pressure ventilation including CPAP at

36 weeks of corrected gestational age.13

Analysis
Maternal and infant demographic and clinical characteris-

tics were compared between infants with hypertension (as

defined by the criteria above) to those without hyperten-

sion. For binary and categorical variables, frequencies and

percentages were reported for each group defined by

hypertensive status, and Fisher’s exact test was used to

test whether the distribution was the same between groups.

For continuous variables, means and standard deviations

were reported for each group, and a Welch's t-test with

unequal variances was used to test whether the means

were equal between groups. For the number of ventilator

days, the median and interquartile range were reported for

each group, and the Wilcoxon rank-sum test was used to

test whether the distribution was equal between groups.

To investigate the relationship between blood pressure

and PFT parameters, quartiles of each PFT parameter were

compared between hypertensive and normotensive infants.

Medians and interquartile ranges were reported, and the

Wilcoxon rank-sum was used to compare the distribution

of each PFT parameter between the groups. This nonpara-

metric approach was taken since the distribution of the

PFT parameters were skewed and the groups were small.

To examine the relationship between systolic blood pres-

sure and PFT parameters (specifically Rrs) at a more

granular level, scatterplots of each of the PFT parameters

and systolic blood pressure were created and Pearson’s

correlation coefficients were calculated. Finally, to inves-

tigate the relationship between a BPD diagnosis and sys-

temic hypertension, the proportion of infants with
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hypertension was compared between those with and with-

out a BPD diagnosis. Additionally, blood pressure mea-

surements were compared between those with and without

a diagnosis of BPD.

All statistical analyses were performed with Stata

Statistical Software Release 15 (StataCorp LLC, 2017,

College Station, TX). Since this was a pilot study to

examine possible associations for future investigation, a

convenience sample was used; this study was not powered

to detect a given effect.

Ethical considerations
The protocol was approved by the Oregon Health and

Science University Institutional Review Board and need

for consent waived given there was no more than minimal

risk to the privacy of the subjects with the study. Standard

institutional practices were followed to maintain confiden-

tiality and security of the data collected. All procedures

followed were in accordance with the Declaration of

Helsinki.

Results
We identified 65 preterm infants born between January 1,

2014 and August 31, 2016 weighing less than 1500 g at

birth who were not intubated and had PFTs performed at

34–36 weeks of CGA during their hospital course. Of those,

three patients were excluded due to known congenital

anomalies, none were excluded due to having a known

hypertensive disorder, none were excluded for concurrent

receipt of a short course of diuretic, two were excluded for

recent or concurrent systemic steroid administration, and

one was excluded due to incomplete data due to hospital

back transfer. Congenital anomalies were the exclusion

criteria of three patients, one patient had ambiguous geni-

talia, a cleft palate, facial dysmorphism without renal

anomalies, one patient was diagnosed with pulmonary inter-

stitial glycogenosis, and one patient was diagnosed clini-

cally with VACTERL (which stands for vertebral defects,

anal atresia, cardiac defects, trachea-esophageal fistula,

renal anomalies, and limb abnormalities) which included

left renal cystic dysplasia. Concurrent steroid administra-

tion was the exclusion criteria for two patients, one patient

required dexamethasone to facilitate weaning of respiratory

support, and the other patient required hydrocortisone for

adrenal insufficiency.

The remaining 59 infants were included in the analysis.

None of the patients had more than one PFT performed in

the specified period. A mean of 5.4±2.0 blood pressure

measurements for each neonate was obtained in our cohort

during the 5-day period. Fourteen met our criteria for

Figure 1 Cohort selection process. A total of 65 very low birth weight patients were identified as having PFTs performed during our study period. Six patients were

excluded because they did meet the criteria for exclusion. Allocation to the two groups was based on blood pressure status according to methods described. In the

hypertensive group, there were 14 patients included in the analysis. In the normotensive group, there were 45 patients included in the analysis.
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hypertension (based on a SBP >95th percentile or receipt

of an antihypertensive medication) and 45 had normal

blood pressure status (Figure 1).

When comparing infants with hypertension to those

without, there were no significant differences in mean

gestational age at birth (26.6 vs 27.4 weeks, P=0.19),

sex (64% vs 60% male, P=1.0), or history of placement

of an umbilical artery catheter, UAC (86% vs 67%,

P=0.31; Table 1). No patients in our cohort were man-

aged on extracorporeal membrane oxygenation (ECMO)

or diagnosed with neonatal abstinence syndrome (NAS).

The mean CGA at the time of PFTs was similar between

the two groups, 36.1 weeks in those with hypertension

versus 34.6 weeks in those without (P=0.08). There

were no differences in the rates of sepsis, BPD, IVH,

or small for gestational age (SGA). The presence of a

symptomatic PDA (either medically or surgically trea-

ted) was more common in those with defined systemic

hypertension compared to those without (43% vs 13%,

P=0.03). There were 12 patients treated for a sympto-

matic PDA, seven patients received medical manage-

ment (one with ibuprofen, six with indomethacin), four

patients were surgically treated with ligation and one

patient was treated with indomethacin followed by sur-

gical ligation. The median number of days between the

final dose of NSAID therapy and subsequent PFT mea-

surement was 46 days with the shortest time interval

being 27 days.

Table 1 Demographic characteristics of full cohort and separated by hypertensive status

All patients

(n=59)

Hypertensive patients

(n=14)

Normotensive patients

(n=45)

P-value†

Maternal characteristics

Age (years), mean±SD 29.6±7.0 30.7±7.1 29.2±7.0 0.49

Smoking history, % (n) 18% (10) 7% (1) 22% (9) 0.42

Antenatal steroids, % (n) 83% (49) 93% (13) 80% (36) 0.43

Multiple gestation, % (n) 24% (14) 21% (3) 24% (11) 1.00

Vaginal delivery, % (n) 25% (15) 21% (3) 27% (12) 1.00

Race, % (n) 1.00

Asian 3% (2) 0% (0) 4% (2)

Black or African American 2% (1) 0% (0) 2% (1)

White or Caucasian 76% (45) 86% (12) 73% (33)

Multiple 15% (9) 14% (2) 16% (7)

Other 2% (1) 0% (0) 2% (1)

Unknown 2% (1) 0% (0) 2% (1)

Infant characteristics

Male sex, % (n) 61% (36) 64% (9) 60% (27) 1.00

Gestational age at birth (weeks), mean±SD 27.2±2.0 26.6±2.0 27.4±2.0 0.19

CGA at discharge, mean±SD 40.3±5.0 41.1±5.6 40.1±4.8 0.55

Birth weight (grams), mean±SD 968±235 853±223 1004±230 0.04

Small for gestation, % (n) 10% (6) 14% (2) 9% (4) 0.62

History of UAC, % (n) 71% (42) 86% (12) 67% (30) 0.31

Number of ventilator days, median (IQR) 2 (0,22) 7 (0,22) 2 (1,20) 0.45

CGA at time of PFTs (weeks), mean±SD 34.9±3.3 36.1±2.5 34.6±3.4 0.08

Systolic BP at time of PFTs, mean±SD 79.0±8.0 85.7±10.2 76.9±5.9 0.01

Comorbidities, % (n)

History of symptomatic PDA 20% (12) 43% (6) 13% (6) 0.03

Sepsis 30% (18) 35% (5) 29% (13) 0.74

BPD 36% (21) 36% (5) 36% (16) 1.00

Severe IVH 17% (10) 14% (2) 18% (8) 1.00

Note: †P-value from Welch’s t-test with unequal variances, Fisher’s exact test, or Wilcoxon rank-sum test, as appropriate.

Abbreviations: IQR, interquartile range; CGA, corrected gestational age; UAC, umbilical artery catheter; PFT, pulmonary function test; BP, blood pressure; PDA, patent

ductus arteriosus; BPD, bronchopulmonary dysplasia; IVH, intraventricular hemorrhage.
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The hypertensive group had greater passive respira-

tory resistance than the normotensive group did (median

0.080 vs 0.066 cmH2O/mL/s, Wilcoxon rank-sum

P=0.04; Table 2). As expected, the mean SBP was sig-

nificantly greater in the hypertensive group compared to

the normotensive group (85.7 vs 76.9 mmHg, P=0.01).

Of the fourteen patients in the hypertensive group, six

were treated with antihypertensive medications. The

remaining eight patients were classified as hypertensive

according to the SBP at the time of the PFT but never

received medical treatment for their hypertension. Those

treated with medications received isradipine (three

patients received this medication on an as-needed basis

while two patients were treated with scheduled doses),

spironolactone (one patient received this scheduled med-

ication), chlorothiazide (one patient received this sched-

uled medication), and hydralazine (one patient received

this medication on an as-needed basis). For the eight

patients who did not receive medical treatment for their

hypertension, two patients received a renal ultrasound

following up prenatally diagnosed pelviectasis, two

patients received a renal ultrasound with VCUG follow-

ing recurrent urinary tract infections, one patient received

laboratory evaluations with plasma renin activity and

serum aldosterone due to electrolyte abnormalities, and

the remaining three patients did not have any diagnostic

evaluations for hypertension or renal pathology.

Among the entire group of VLBW infants, there was a

weak positive association between Rrs and SBP (Pearson’s

correlation coefficient: 0.30, P=0.03, Figure 2). There was

no difference in mean systolic blood pressure or rate of

systemic hypertension between the groups according to the

diagnosis of BPD (Table 3). In a secondary analysis of

severe BPD (n=16), the proportion of infants with hyper-

tension was similar between those with severe BPD and

those with mild, moderate, or no BPD (25% vs 23%,

P=1.00).

Discussion
The purpose of this study was to evaluate the potential

relationship between pulmonary function measurements

and systemic blood pressure in stable premature infants

with birth weights less than 1500 g and to investigate the

potential association between BPD and systemic hyperten-

sion in these patients. Results from this cohort of VLBW

infants demonstrated a significant increase in passive

respiratory resistance in hypertensive patients compared to

normotensive patients on PFTs prior to discharge at 34–36

weeks of CGA. There were no differences in the measure-

ments of passive respiratory compliance or functional resi-

dual capacity. There were no differences in blood pressure

according to BPD status in this cohort of infants.

Literature has highlighted numerous postnatal risk factors

for neonatal hypertension in premature infants including, but

not limited to, IVH, SGA, BPD, and placement of a UAC.7–10

When comparing the infants with hypertension to those who

were normotensive in our cohort, there were no differences in

the incidence of these risk factors. The similarities between the

groups are advantageous as it allows us to evaluate the objec-

tive PFT parameters without other potential confounders.

There were two important differences between the groups.

First, the hypertensive cohort had a lower birth weight

Table 2 Pulmonary function test parameters separated by hypertensive status

PFT parameter Hypertensive patients (n=14) Normotensive patients (n=45) P-value†

Rrs (cmH2O/mL/s), median (IQR) 0.080 (0.069, 0.090) 0.066 (0.054, 0.083) 0.04

Crs (mL/cmH2O/kg), median (IQR) 0.95 (084, 1.06) 1.00 (0.82, 1.18) 0.61

FRC (mL/kg), median (IQR) 24.2 (23.1, 25.4) 25.2 (20.0, 27.8) 0.93

Note: †P-value from Wilcoxon rank-sum test.

Abbreviations: IQR, interquartile range; PFT, pulmonary function test; Rrs, passive respiratory resistance; Crs, passive respiratory compliance; FRC, functional residual

capacity.

Figure 2 Systolic blood pressure (mmHg) versus passive respiratory resistance (Rrs,

cmH2O/mL/s) of a cohort (n=59) of very low birth weight infants who had pulmonary

function tests performed between 34–36weeks of corrected gestational age. Pearson’s

correlation coefficient is 0.30 at a significance value of P-value of 0.03.
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compared to the normotensive group. Although this finding is

statistically different, the clinical implications are potentially

less important given the small weight difference of 151 g and

the similar incidence of SGA in the two groups. The second

difference was a higher incidence of symptomatic PDA in the

hypertensive group. It is well documented in the literature that

neonates with a PDA require prolonged ventilation.29–31

Correspondingly, in our cohort, patients with symptomatic

PDA required prolonged mechanical ventilation compared to

those without a PDA. Interestingly, however, there was no

difference in duration of mechanical ventilation in those with a

PDA when comparing the hypertensive group to the normo-

tensive group.With this variation, we can only speculate that a

longer time receiving mechanical ventilation could contribute

to airway remodeling with subsequent increased passive

respiratory resistance in our cohort. Although the presence of

a PDA is linked to systemic hypertension, its linkage to altered

pulmonary function tests remains unclear. Chen et al recently

published an observational study evaluating FRC in patients

with and those without PDA at the time of discharge and did

not identify any differences in pulmonary function.32

McCurnin et al reported improved compliance following

PDA closure in baboons.33 This heterogeneity in the literature

evaluating the relationship between pulmonary function and

PDAmakes it difficult to understand the importance of higher

rates of symptomatic PDA in our hypertensive group in terms

of its impact on pulmonary function test parameters. The

prolonged distance in time between treatment of the ductus

and PFT, several weeks between, renders this relationship

more historical in nature rather than likely of clinical influence.

The majority of studies demonstrating an association

between BPD and systemic hypertension were published

when the pattern of lung injury was heterogeneous due to

damage of the alveolar structure (which has been termed

“classic” BPD) from mechanical ventilation and lack of

surfactant.34 With the scientific advancements that have

improved our respiratory management of premature neonates

(antenatal steroids for lung maturation, CPAP, exogenous

surfactant) there has been a shift to a new pattern of lung

injury (“new” BPD) which is characterized by impaired lung

development from extreme prematurity.35 The previous

reports from decades ago described patients with “classic”

BPD being at risk for systemic hypertension of unclear

mechanistic etiology. In these studies, the diagnosis of

BPD-associated hypertensionwasmade after other etiologies

had been excluded. Studies have worked to characterize the

“old” BPD-associated hypertension. Alagappan et al found

that systemic hypertension was more common in BPD

patients with prolonged hospital stays, prolonged use of

oxygen therapy, and a longer use of aminophylline therapy.18

Anderson et al found that hypertensive infants had greater

respiratory needs including increased use of bronchodilators,

diuretics, and home oxygen along with increased mortality.19

It is possible that the pathophysiologic mechanism for hyper-

tension would be different in the “new” BPD. Based on the

work byAlagappan and Anderson, it could be speculated that

severe lung disease could be causative toward development

of systemic hypertension. However, when evaluating “new”

BPD, recent work has demonstrated the similarities in the

clinical characteristics of hypertensive neonates with and

those without this “new” BPD.10 This dichotomy could

suggest that the etiology of hypertension is unrelated to the

severity of lung disease but rather potentially related to

impaired renal and vascular development from extreme pre-

maturity. Overall, however, given the unclear etiology and

rarity of neonatal hypertension secondary to BPD, it is diffi-

cult to make conclusions to the fidelity of the relationship

between the two diagnoses. In our current cohort, there was

no difference in the diagnosis of hypertension in patients with

BPD compared to those without. The sample size may have

contributed to this lack of association as well as our strict

exclusion criteria that likely excluded those with the more

severe lung pathology and could be contributing to the lack

of difference in hypertension rates.

Another consideration for understanding hypertension

in our cohort as well as in other neonatal ICUs would be

Table 3 Blood pressure data of patients separated by BPD diagnosis

BPD diagnosis (n= 21) No BPD diagnosis (n=38) P-value†

Blood pressure data

CGA at time of PFT (weeks), mean±SD 36.3±3.4 34.1±3.0 0.02

Systolic BP at time of PFT, mean±SD 79.5±5.7 78.8±9.1 0.72

Hypertension diagnosis, % (n) 24% (5) 24% (9) 1.00

Note: †P-value from Welch’s t-test with unequal variances or Fisher’s exact test, as appropriate.

Abbreviations: BPD, bronchopulmonary dysplasia; CGA, corrected gestational age; BP, blood pressure.
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evaluating the exposure to environmental phthalates.

Phthalates are common chemicals used as plasticizers in

medical equipment (including some intravenous tubing

and respiratory equipment tubing). There have been asso-

ciations of phthalate exposure and increased blood pres-

sure in children, including mention of the association in

the recent clinical practice guideline released by the

American Academy of Pediatrics about screening and

management of high blood pressure.36–41

The strengths of our study are several. Our laboratory is

experienced in performing reproducible PFTs and correlat-

ing them with clinical outcomes.42,43 This study is the first

to evaluate a comparison between an objective measure of

PFTs in relation to the elevated systemic blood pressure in

VLBW infants. PFTs have provided important physiologic

data in the field of neonatology during the study of a number

of pharmacologic agents such as surfactant and postnatal

steroids.44 Our laboratory has shown that a single course of

antenatal steroids causes a significant improvement in com-

pliance and FRC in premature infants and those changes

correlate with less need for surfactant and less oxygen

need.45 Another strength is the contemporary evaluation

of the association between pulmonary function and sys-

temic hypertension, as most of the published literature

linking BPD and systemic hypertension is several decades

old. Studies have demonstrated that small changes in pul-

monary function can translate into large clinical benefits as

the infant ages over time.42 We have previously reported

Rrs measurements of 0.043 cmH2O/mL/s in 31 infants

delivered at 40 weeks gestation without any respiratory

disease.16 This gives context and highlights the clinical

impact in our cohort of the Rrs measurements of the hyper-

tensive and normotensive groups of VLBW infants of 0.080

and 0.066 cmH2O/mL/s, respectively. As expected, both of

these latter groups had increased Rrs measurements com-

pared to those previously reported in healthy term infants.

In our cohort, there was a slight difference in the corrected

gestational age at the time of the PFT between hypertensive

and normotensive infants (36.1 weeks vs 34.6 weeks,

P=0.08). Although there is no direct literature highlighting

the expected Rrs by week of corrected gestational age, we

do know that Rrs should decrease with time, typically over

months. Therefore, in our cohort, the resistance in the

slightly younger, hypertensive group was higher which

suggests that the gestational age was likely not impactful

of these results. Interestingly, in the entire group of VLBW

infants, we demonstrated a weak positive relationship

(correlation coefficient of 0.30; P=0.03) between SBP and

Rrs at 34–36 weeks of CGA. Since lung vascular develop-

ment precedes and promotes alveolar growth, we could

speculate that common alterations in vascular development

may be affecting SBP and lung development, but this will

require further study.

Our study has several limitations. Ideally, we would have

prospectively followed VLBW infants to identify those with

elevated SBP and then performed the PFTs. However, given

the routine nature of obtaining PFTs as a part of our clinical

respiratory consensus guidelines at a consistent CGA in

VLBW neonates, we offer a unique consistency potentially

reducing the need for a prospective evaluation. Our sample

size is small making broad generalizations difficult, so the

difference in Rrs between the hypertensive and normotensive

patients may be due to a type I error. However, the patients

who developed hypertension tended to be smaller, more pre-

mature babies so the increased Rrs may be due to the earlier

disruption of lung development with the need for increased

days of mechanical ventilation which may have led to airway

remodeling with an increased Rrs demonstrated by PFT.

Neonatal hypertension is a relatively rare condition, particu-

larly when data are gathered at a single NICU. We were only

able to identify fourteen patients with hypertension, which is a

limited sample size given the variety of factors that may

contribute to the development of hypertension. Our sample

size was also limited by excluding infants who had received

recent postnatal steroids (given the risk of iatrogenic hyperten-

sion) and those who were intubated (given the falsely elevated

respiratory resistance created by the endotracheal tube). Since

infants most at risk for BPD are treated with short courses of

postnatal steroids46 and those who are intubated at 34–36

weeks will likely carry a diagnosis of BPD, we likely elimi-

nated those at highest risk of moderate-to-severe BPD.

Another potential limitation is the fact that some of the hyper-

tensive infants were managed with various medications.

However, these medications have not been shown to impact

pulmonary function testing parameters.47–49 Although PFTs

were performed following a standardized protocol, the perfor-

mance of blood pressure measurements in small infants can be

challenging and this may have affected the quality of this data.

To reduce this potential confounding factor, an average blood

pressure was obtained over multiple days to reduce the varia-

tion. In addition, we measured passive respiratory resistance

which primarily measures the resistance in the large airways,

as opposed to the small airways, which are more likely to be

altered in “new” BPD. Lastly, since this was a pilot study, we

did not have a predetermined sample size and, therefore, the

study was likely underpowered.
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In conclusion, in this cohort of VLBW infants, those with

elevated systolic blood pressure had altered pulmonary func-

tion test parameters, specifically an increased respiratory resis-

tance, compared with those with normal systolic blood

pressure. By adding to the growing body of literature investi-

gating the link between altered lung function and systemic

hypertension in preterm neonates we hope to spur further

research in this important clinical area. In particular, the clin-

ical implication of the resistive difference remains unclear

necessitating larger prospective studies to evaluate the rela-

tionship between pulmonary function and systemic hyperten-

sion in neonates, its evolution over time, and investigation of

mechanisms of this potential association.

Conclusion
In this cohort of contemporary VLBW infants, those with

hypertension had altered pulmonary function test para-

meters, specifically increased respiratory resistance, com-

pared to those with normal systolic blood pressure. This

finding warrants a prospective study with a larger sample

size and long-term follow-up.
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