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Abstract

Rationale: Bedside biomarkers that allow early identification of
infants with bronchopulmonary dysplasia-associated pulmonary

hypertension (BPD-PH) are critically important, given the higher
risk of death in these infants.

Objectives: We hypothesized that infants with BPD-PH have
patterns of intermittent hypoxemia (IH) that differ from infants
with BPD without PH.

Methods: We conducted a matched case-control study of
extremely preterm infants from 22 weeks 0 days to 28 weeks

6 days born between 2018 and 2020 at the University of Alabama
at Birmingham. BPD-PH status was determined using
echocardiographic data performed after postnatal Day 28.
Physiologic data were compared between infants with BPD-PH
(cases) and BPD alone (control subjects). Receiver operating
characteristic (ROC) analysis estimated the predictive ability of
cumulative hypoxemia, desaturation frequency, and duration

of intermittent hypoxemic events in the week preceding

Bronchopulmonary dysplasia (BPD) is one of
the most common morbidities of very
preterm infants (1) and may result in long-
term sequelae (2). Of infants with BPD, BPD-
associated pulmonary hypertension (BPD-
PH) complicates disease in approximately
40% of extremely preterm infants and is

associated with a substantially higher risk for
mortality (3). As currently recommended,
screening methods (4), including serial
echocardiography, have limited sensitivity in
detecting both disease and disease severity
(5). Thus, additional methods for early
diagnosis of BPD-PH are necessary.

echocardiography to discriminate between cases and control
subjects.

Measurements and Main Results: Forty infants with
BPD-PH were compared with 40 infants with BPD alone. Infants
with and without PH had a similar frequency of IH events, but
infants with PH had more prolonged hypoxemic events for
desaturations below 80% (7 s vs. 6 s; P=0.03) and 70%

(105 s vs. 58 s; P=0.008). Among infants with BPD-PH,

infants who died had longer hypoxemic events below 70%

(145 s vs. 72 s; P=0.01). Using the duration of hypoxemic events
below 70%, the areas under the ROC curves for diagnosis of
BPD-PH and death in BPD-PH infants were 0.71 and 0.77,
respectively.

Conclusions: Longer duration of intermittent hypoxemic events
was associated both with a diagnosis of BPD-PH and with death
among infants with BPD-PH.

Keywords: intermittent hypoxemia; bronchopulmonary dysplasia;
pulmonary hypertension; preterm infant

Immature control of breathing in the
preterm infant results in frequent episodes
of intermittent hypoxemia (IH). Recent
evidence from a randomized controlled trial
of oxygen saturation targeting in extremely
preterm infants suggests that the frequency
and duration of IH may provide clinical
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At a Glance Commentary

Scientific Knowledge on the
Subject: Intermittent hypoxemic
events have been associated with
pulmonary hypertension development
in other pulmonary disease processes,
including sleep apnea and chronic
obstructive pulmonary disease.

What This Study Adds to the
Field: In this investigation, we
detail characteristics of intermittent
hypoxemia that may help care
providers continuously and
noninvasively detect the
development of pulmonary
hypertension in preterm infants.

use for BPD prediction (6). Moreover,
observational data from other patient
populations with obstructive sleep apnea and
chronic obstructive pulmonary disease
suggests that patients who develop
pulmonary hypertension have a lower
average nocturnal arterial oxygen saturation
(~88%) compared with patients without
pulmonary hypertension (~94%) (7) and
spend a longer percentage of time with
oxygen saturations below 90% (8, 9). As IH
may predict which infants develop BPD and
prior data suggest that IH may be associated
with pulmonary hypertension development,
comparing TH between infants with BPD-PH
and infants with BPD but without
pulmonary hypertension may provide a
continuous biomarker for BPD-PH.

We performed a single-center study
contrasting IH events in infants with BPD by
pulmonary hypertension status. In
comparing the frequency, duration, and
severity of IH events, we hypothesized that
IH events in infants who developed BPD-PH
would be more frequent and longer in
duration compared with infants with BPD
but without pulmonary hypertension.

Methods

Study Design

We conducted a retrospective, observational
case-control study of prospectively

collected data in extremely preterm infants
admitted at the UAB (University of Alabama
at Birmingham) between 2018 and 2020.
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The included infants were a subset of the
infants enrolled at UAB as part of the
multicenter cohort of the PreVENT
(Prematurity-related Ventilatory Control)
study (10). Approval from the institutional
review board was obtained for physiological
and clinical data collection with a waiver of
consent. At UAB, infants remaining on
respiratory support after 28 postnatal days
are systematically screened every month for
pulmonary hypertension by echocardiogram.
Infants were included if born at less than

29 weeks gestation, remained on respiratory
support on postnatal Day 28, had an
echocardiogram performed to screen

for BPD-PH, and had oxygen saturation
data available in the week preceding
echocardiographic diagnosis. Infants with
major congenital anomalies or genetic
syndromes were excluded.

Infants diagnosed with BPD-PH at any
time point during hospitalization were
defined as cases, whereas infants with BPD
but without echocardiographic evidence of
pulmonary hypertension throughout
hospitalization were defined as control
subjects. The diagnosis of BPD-PH was on
the basis of echocardiographic findings, as
previously reported (11). The cardiologists
reporting on echocardiograms were masked
to the clinical status of infants. Two forms of
matching were performed: 1) cases and
control subjects were matched on the basis of
gestational age at birth (=1 wk); and 2) IH
comparisons in the week preceding diagnosis
in cases, and, in control subjects, IH events
preceding the postmenstrual age (PMA) of
matched case echocardiograms. Given
known covariates associated with risk for
BPD-PH, demographic characteristics
compared between cases and control
subjects included gestational age,
birth weight, small for gestational age,
patent ductus arteriosus at or beyond 28
postnatal days, early-onset sepsis, late-
onset sepsis, and respiratory support at
postnatal Day 28 and 36 weeks
postmenstrual age.

Characterization of IH

Bedside cardiorespiratory monitoring data
was obtained using Philips IntelliVue MP70
or MP50 monitors using Nellcor pulse
oximetry sensors, an averaging time of 8
seconds, and recorded using the BedMaster
system (Excel Medical Electronics) at 125 Hz
with data analyzed using numeric data at

1 Hz, which were collected as .STP files,
converted to HDFS5 files, and analyzed using

MATLAB. In our neonatal intensive care
unit, oxygen saturation alarm limits are
88-95% for the first postnatal month, after
which alarm limits are increased to 90-95%
with bedside use of oxygen saturation
histograms to iteratively inform care
provider response to desaturations as
previously described (12). As IH events
commonly occur in extremely preterm
infants with changes in frequency by
postnatal age (13), IH in the week preceding
BPD-PH diagnosis was analyzed to better
isolate potential associations between IH and
the presence of BPD-PH.

Recorded data included the lowest
oxygen saturation achieved at the time of IH
(defined as less than 80%) and the duration
of the TH. Therefore, IH events were
compared between cases and control subjects
using: 1) the cumulative duration of
hypoxemia per day; 2) the median daily
frequency of IH; and 3) the median daily
duration of IH events. These parameters
were analyzed with a desaturation threshold
below 80% and below 70%, with data in the
below 80% threshold inclusive of data used
within the below 70% threshold. Both
thresholds were considered to determine
whether more extreme events differed
between groups. Though there is no standard
definition for a desaturation event, prior
studies have investigated a range of
desaturation thresholds contributory to
pulmonary hypertension development
(14, 15) with lower accuracy notable at lower
saturations (16, 17).

The total number of desaturation
events (defined as oxygen saturation as
measured by pulse oximetry [Spo, ] below
80%) with a minimal duration of at least At
(At=1,2,...,100 s) was computed separately
for control subjects and cases groups and
divided by a total recording length of a group
(in h) to get the mean number of events per
hour with a duration of at least At.

Statistical Analysis

There have been no prior investigations
relating the duration of IH to the presence of
BPD-PH limiting the ability for power
estimation. In a prior study analyzing
associations between the duration of IH and
the development of severe BPD (6), the
median proportion of time per day with a
Spo, below 80% was approximately 8%
compared with approximately 3% in infants
without BPD during the eighth postnatal
week across a population with a median
gestational age of 25.5 weeks, which
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approximates the postnatal age at which
BPD-PH is most commonly diagnosed (3).
In addition, the adjusted risk ratio for
developing severe BPD increased by
approximately 1% in the proportion of time
per day with Spo_ below 80% (e.g., the
adjusted risk ratios with 2% vs. 3% per day
below 80% were three and four, respectively).
An additional consideration in this
population was that approximately 40% of
infants with severe BPD would be anticipated
to also have associated pulmonary
hypertension on the basis of prior
epidemiologic studies (3). In the present
study, including a broader population of
infants with BPD (using the mild BPD
definition per National Institute of

Child Health and Human Development
(NICHD) criteria [18]), we anticipated cases
to spend 7% per day with a Spo, below 80%.

Using a confidence level of 95%, a power
of 0.8, and an assumed odds ratio of six,
we anticipated needing 38 infants per
group for adequate power for the proposed
analysis.

To evaluate the diagnostic accuracy
of IH events for BPD-PH classification,
two analytical strategies were employed:
1) receiver operating characteristics (ROC)
analysis of IH characteristics to more
precisely estimate predictive thresholds; and
2) logistic regression to identify the
predictive use of IH characteristics
compared with baseline differences between
cases and control subjects. For ROC
analyses, all continuous IH characteristics
that differed between cases and control
subjects (P < 0.10) for the binary outcome
of BPD-PH were used to generate
independent areas under the curve. ROC

analysis was also performed within cases
for the outcome of death. To appraise the
classification accuracy of IH characteristics
in relation to other known covariates
associated with BPD-PH, logistic regression
included demographic, clinical, and
successively included IH characteristics that
differed between cases and control

subjects (P << 0.10). For regression analyses
of cases for the outcome of death, a
forward stepwise likelihood ratio is used,
given the anticipated lower sample size
between groups. Demographics, clinical
characteristics, and IH characteristics were
compared between cases and control
subjects using a ¢ test or Mann-Whitney
test for continuous measurements and a
Fisher exact test for categorical variables.
All statistical analyses were performed
using SPSS version 28.

Table 1. Demographic and Clinical Characteristics by Pulmonary Hypertension and Survival Status

Demographic characteristics
Gestational age (wk), median (IQR)
Birth weight (g), median (IQR)
Multiple gestation, n (%)

Male sex, n (%)

White race, n (%)

Antenatal corticosteroids, n (%)
Cesarean section, n (%)

Histologic chorioamnionitis, n (%)

Small for gestational age, n (%)
Prolonged rupture of membranes, n (%)

Clinical characteristics
Inhaled nitric oxide, n (%)
Corticosteroids for BPD, n (%)
Pharmacologic PDA treatment, n (%)
B-type natriuretic peptide, n (%)
28-d respiratory support

Max Fip,, median (IQR)
Nasal cannula, n (%)
Noninvasive ventilation, n (%)
Invasive ventilation, n (%)
36-wk respiratory support
Room air, n (%)
Nasal cannula, n (%)
Noninvasive ventilation, n (%)
Invasive ventilation, n (%)

Other outcomes
Patent ductus arteriosus, n (%)
Early-onset sepsis, n (%)
Late-onset sepsis, n (%)

NEC = 2, n (%)
Surgical NEC, n (%)
Death, n (%)

BPD BPD-PH
(n=40) (n=40) P Value
24.6 (23-26) 24.4 (23-26) 0.65
648 (581-851) 589 (528-660) 0.004
1(28) 9 (23) 0.61
2 (55) 21 (53) 0.82
7 (43) 11 (28) 0.16
6 (90) 38 (95) 0.40
8 (70) 24 (60) 0.35
23 (58) 17 (43) 0.18
3 (8) 12 (30) 0.01
16 (42) 8 (20) 0.05
4 (10) 19 (48) <0.001
21 (53) 31 (78) 0.02
6 (15) 21 (53) <0.001
45 (32-65) 52 (45-75) 0.08
3(8) 3(8) 1.00
20 (50) 16 (40) 0.37
17 (43) 21 (53) 0.37
0 (0) 3 (8) 0.08
24 (60) 15 (38) 0.04
10 (25) 11 (28) 0.80
6 (15) 9 (23) 0.39
11 (28) 22 (55) 0.01
1(3) 1(3) 1.00
5 (13) 12 (30) 0.06
6 (15) 4 (10) 0.50
1(3) 1(3) 1.00
3(8) 13 (33) 0.005

BPD-PH

Death
(n=13)

Survivors

(n=27) P Value

0.18
0.15
0.95
0.43
0.75
0.59
0.58
0.75
0.12
0.17

23-26) 23
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Definition of abbreviations: BPD = bronchopulmonary dysplasia; BPD-PH = BPD-associated pulmonary hypertension; IQR =

NEC = necrotizing enterocolitis stage; PDA = patent ductus arteriosus.
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Figure 1. Cumulative hypoxemia by pulmonary hypertension and survival. Heat map detailing
the average cumulative daily proportion (%) of the day infants were hypoxemic below a
saturation of 80% between infants with (A) bronchopulmonary dysplasia (BPD) and infants with
BPD-associated pulmonary hypertension (BPD-PH) and (B) within infants with BPD-PH by
survival status. Each row represents an individual patient. The cumulative proportion did not

differ between any group.

Results

Patient Population

Over the course of the study, data from 265
infants were available. From this population,
40 infants developed BPD-PH at a median
postmenstrual age of 37.8 (interquartile
range [IQR], 28-42) weeks, and 40 infants
with BPD but without pulmonary
hypertension were available for matched
comparisons with a median postnatal age at
echo of 37 weeks (IQR, 33-40). The median
difference in the PMA at echocardiographic

matching between cases and control subjects
was 1.2 weeks (IQR, 0.6-1.6). Of the infants
with BPD-PH, 13 infants died with a median
duration of time between BPD-PH diagnosis
and death of 127 days (IQR, 87-271). At

the time of BPD-PH diagnosis, four infants
had severe disease on the basis of estimated
PA pressures by echocardiogram. As

infants were matched using gestational age,
gestational age did not differ between cases
and control subjects (24.4; IQR, 23-26 vs.
24.6; IQR, 23-26). However, cases were
born at a lower birth weight (589; IQR,

528-660 vs. 648; IQR, 581-851; P=0.004)
and were more often small for gestational age
(12/40 vs. 3/40; P=0.01). Cases were more
often diagnosed with a patent ductus
arteriosus (PDA) (22/40 vs. 11/40; P=0.01)
and had a trend toward higher rates of late-
onset sepsis (12/40 vs. 5/40; P=0.06). Infants
with BPD-PH who died tended to have a
higher Fip, on postnatal Day 28 (0.70 vs.
0.50; P=0.06) and more often had a PDA
(10/13 vs. 12/27; P=0.05) compared with
infants that survived. Additional
characteristics are presented in Table 1.

IH Characteristic Comparisons

With regard to IH characteristics, cases and
control subjects had a similar frequency
(P=0.21) and cumulative duration of IH
below 80% (P = 0.98). Similarly, the
frequency (P =0.09) and cumulative duration
(P=0.15) of IH did not differ among cases
between survivors and infants that died
(Figure 1). In analyzing the median duration
of each IH event, cases had IH events of
longer duration compared with control
subjects whether analyzed by a threshold
below 80% (6; IQR, 5-8 vs. 7; IQR, 6-8;
P=0.03) or below 70% (58; IQR, 41-89 vs.
105; IQR, 54-150; P=0.008) (Table 2 and
Figure 2). In analyzing the IH characteristics
within infants with BPD-PH, survivors

had no difference in the cumulative daily
duration and frequency of IH compared
with infants that died (Figure 1). Infants who
later died had a longer duration of more
severe events below 70% (72; IQR, 40-112 vs.
145; IQR, 116-201; P=0.01) (Figure 3 and
Table 2).

Table 2. Characteristics of Intermittent Hypoxemic Events by Pulmonary Hypertension and Survival Status

BPD-PH
BPD BPD-PH Survivors Death
(n=40) (n=40) P Value (n=27) (n=13) P Value

Cumulative daily duration, s

<80 1,345 (598-2,196) 1,072 (533-2,365) 0.98 1,003 (507-1,824) 2,343 (863-3,257) 0.11

<70* 420 (188-781) 425 (217-1,189)  0.54 409 (190-917) 954 (272-1,394) 0.21
Frequency per intermittent

hypoxemic events/d

<80 87 (61—-203) 72 (45-148) 0.21 59 (41-128) 108 (65—202) 0.06

<70* 8 (5-22) 7 (3-14) 0.16 7 (2-13) 6 (3-25) 0.26
Duration per intermittent

hypoxemic event/d, s

<80 6 (5-8) 7 (6-8) 0.03 7 (6-8) 8 (7-9) 0.25

<70* 58 (41-89) 105 (54-150) 0.008 72 (40-112) 145 (116-201) 0.01

Definition of abbreviations: BPD = bronchopulmonary dysplasia; BPD-PH = BPD-associated pulmonary hypertension.
*Data using a threshold under 70% are not exclusive to data using a threshold under 80%.
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Figure 2. Intermittent hypoxemic events by pulmonary hypertension (PH) and survival. (A and B) Characterization of intermittent hypoxemic
events in the week preceding the initial echocardiographic diagnosis of bronchopulmonary dysplasia associated PH (BPD-PH; n=40) compared
with events in infants with BPD without PH (n=40). (C and D) Comparisons within infants with BPD-PH between survivors (n=27) and infants
that died (n=13). Events are stratified by thresholds of intermittent hypoxemia events ([A and C] <80%; [B and D] <70%) with further
classification by median frequency and median duration of observed events. Data using a threshold below 70% are not exclusive to data using
a threshold below 80%. The duration of events differed between cases and control subjects for desaturations (<80%: P=0.03; <70%:
P=0.008) and between survivors and infants that died with events less than 70% (P=0.01). The frequency of events did not differ.

The mean number of desaturations as a than 18 seconds and more than twice aslikely 1 minute among cases compared with 3.5
function of their minimal duration is shown to have events longer than 1 minute when events per day in the control subject group.
in Figure 3. On average, cases are more likely =~ compared with control subjects. There were,

to have intermittent hypoxemic events longer ~ on average, seven events per day longer than IH and BPD-PH Detection

Using IH severity strata, ROC analysis

140 — 0 resulted in the following areas under the
R curve between cases and control subjects:
5§10 0.64 and 0.71, whether event duration was
g analyzed by a threshold below 80% or below
g 100 | 70%, respectively (Figure 4). The area under
o the curve from ROC analysis for survival in
g 80 infants with BPD-PH using a threshold
L below 70% was 0.77 (Figure 4). In integrating
:,% 60 - clinical and IH characteristics into regression
b models, the model adjusted for the following
::1’ 40 characteristics between cases and control
= subjects: birth weight, PDA, late-onset sepsis,
Q 36 and Fip,. Neither the adjusted odds ratio (OR)
for the duration of IH below 80% (1.09; 95%
2 \ ) : . confidence interval [CI], 0.87-1.35) nor for IH
0 20 40 60 80 100 duration below 70% (1.00; 95% CI, 0.96-1.03)
Duration (seconds) were significant following adjustment

Figure 3. The total number of intermittent hypoxemic events per day by pulmonary between cases and control subjects (Table 3).

hypertension (PH) status. Infants with bronchopulmonary dysplasia (BPD)-associated PH were Within cases, the duration of IH events below
more likely to have intermittent hypoxemic events longer than 18 seconds and more than twice  70% differed by survival status (adjusted OR,

as likely to have events longer than 1 minute when compared with infants with BPD alone. 1.22;95% CI, 1.00-1.47; P=0.04).
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duration of IH below 80% differed between
groups. However, the predictive use of IH
characteristics was only retained within cases
for the outcome of mortality following
adjustment for baseline differences, suggesting
that TH parameters may have greater use

in predicting outcomes in infants with
established BPD-PH rather than establishing
the presence of BPD-PH. Moreover, in infants
with BPD-PH, characteristics of IH events
could discriminate between survivors and
infants that later died, with a median interim
of 127 days between BPD-PH diagnosis

and death.

Previous evidence has related
hypoxemia to increases in pulmonary
vascular resistance and evaluated the impact
of both intermittent and sustained hypoxia
on pulmonary vascular remodeling. Chronic
0.0 0.2 04 0.6 0.8 L0 hypoxia is one of the most common animal

1 - Specificity model exposures used to induce pulmonary
vascular remodeling. In a neonatal rat model,
rats exposed to 14 days of hyperoxia and

Sensitivity

Pattern | IH Threshold Comparison AUC subsequently recovered in IH had increased
= Event Duration <80 Cases: Controls 0.64 arterial wall thickness and increased
----- Event Duration <70 | Cases: Controls 0.71 pulmonary vascular resistance compared

with exposure to control subjects later
exposed to IH (19). In an adult rat model,
Figure 4. Prediction of pulmonary hypertension (PH) status by IH duration. Receiver operating hY.pobaric hypoxia exhibits a doub}ing in the
characteristic curve for the diagnosis of bronchopulmonary dysplasia (BPD)-associated PH by thickness of hilar pulmonary arteries from
case:control comparisons using the duration of hypoxemic events and for survival within infants ~ smooth muscle cell hypertrophy and changes

. —_— Event Duration <70 Death: Survivors 0.77

with BPD-PH. AUC = area under the curve; IH = intermittent hypoxemia. in the extracellular matrix (20). In a lamb
model for persistent pulmonary
Discussion BPD-PH and infants with BPD but without hypertension of the newborn, targeting
pulmonary hypertension in the week before oxygen saturations of 85-89% results in
In this observational case-control investigation ~ PH was diagnosed in those with BPD-PH. reduced pulmonary perfusion and higher
in extremely preterm infants with lung More specifically, the average duration of pulmonary vascular resistance compared
disease, TH differed between infants with individual ITH events but not the total with higher saturation targets (14).

Table 3. Odds Ratios of Bronchopulmonary Dysplasia-associated Pulmonary Hypertension and Survival by Clinical Covariates

95% ClI

Variable Crude OR (95% CI) Adjusted OR* Lower Upper P Value
Analysis between cases and control subjects™

Birth weight? 0.62 (0.44-0.87) 1.00 0.48 0.94 0.02

Patent ductus arteriosus 3.22 (1.27-8.19) 3.18 1.13 8.95 0.03

Late-onset sepsis 3.00 (0.95-9.53) 2.39 0.66 8.64 0.18

Fio, at postnatal Day 28t 1.20 (0.99-1.45) 1.01 0.94 1.44 0.17

IH event duration <80% 1.22 (1.01-1.47) 1.09 0.87 1.35 0.46

IH event duration <70%* 1.00 (1.00-1.00) 1.00 0.96 1.03 0.76
Analysis by survival'

Patent ductus arteriosus 4.17 (0.93-18.62) 6.81 1.09 42.42 0.04

Fio, at postnatal Day 28* 1.03 (1.00-1.06) NS — — —

IH event duration <70%S 1.03 (1.00-1.07) 1.22 1.00 1.47 0.04

Definition of abbreviations: Cl = confidence interval; IH = intermittent hypoxemia; OR = odds ratio; NS = not significant.

*Analyses by logistic regression between cases and control subjects.

TFor every 100 g Change in birth weight.

*For every 10% change in Fio,

SFor every second duration of an intermittent hypoxemic event. Separate regression models performed for each IH characteristic.
llAnalyses by forward stepwise likelihood ratio within cases by outcome of survival.
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Whereas the cumulative exposure to
hypoxemia below 80% did not differ between
cases and control subjects in our study, the
duration of IH events and the duration by IH
severity strata differed. Given that shorter
durations of IH exposure may not result in
increased right ventricular systolic pressures
(21) compared with more prolonged IH
exposure (22) in mice, extremely

preterm infants’ risk for BPD-PH may be
similarly impacted by the duration of IH
events.

The association between IH duration
and preterm outcomes has previously been
reported in randomized trials of extremely
preterm infants exposed to different oxygen
saturation targets. In the Canadian
Oxygenation Trial, a secondary analysis
associated the outcomes of death and
neurodevelopmental impairment by the
duration of IH. By using stepwise logistic
models, varying lengths of IH duration were
related to adverse outcomes, with the central
finding that episodes lasting more than
1 minute were more commonly associated
with late death or disability (OR, 3.40; 95%
CI, 1.95-5.93; P < 0.001) compared with
shorter episodes (23). Similarly, in analyzing
episodes from the Surfactant Positive Airway
Pressure and Pulse Oximetry Trial,
investigators reported that a higher
frequency of both short IH events and long
IH events was associated with an increased
risk for mortality (24). In the present study,
infants with BPD-PH were twice as likely to
have an event lasting longer than 1 minute.
Given that infants with BPD-PH have a high
risk for mortality (3) and other adverse long-
term outcomes (25), the development of
BPD-PH may be a plausible mechanism for
these observations noted from these
secondary analyses.

Few biomarkers accurately predict
extremely preterm infants’ risk for
developing BPD-PH. We and others have
previously reported baseline and clinical
differences associated with the development
of BPD-PH in extremely preterm infants that
were also observed in this cohort, including
birth weight, small for gestational age, Fi ,
and severe BPD status (11, 26). In addition
to these variates, previously considered
predictors of later BPD-PH development
have included metabolomic signature
differences from umbilical blood (27), BNP
(B-type natriuretic peptide) (28, 29), and
various markers of angiogenesis (30).
Although each of these considerations may
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identify infants at higher risk, none of these
predictors confer a continuous, noninvasive
metric through which BPD-PH may be
identified in real time. Moreover, the current
recommendations from the American Heart
Association regarding screening for BPD-PH
are limited to a diagnostic echocardiogram in
infants with moderate to severe BPD at a
postnatal age of 36 weeks postmenstrual age
(4). However, a BPD-PH diagnosis may have
been missed in 50% of infants diagnosed
after 36 weeks PMA in this cohort, and in
20% of infants, disease may have been
detected more than 1 week earlier using the
identified characteristics of TH.

As BPD-PH may increase infants’ risk
for mortality fivefold, investigators have
identified risk factors for death in infants
with BPD-PH, including BNP and
echocardiographic characteristics. Contrary
to our group’s previously reported
association between the highest BNP during
hospitalization and mortality (28), BNP did
not confer predictive use in regression
models for death. However, the present study
only included BNP measurements at the
time of BPD-PH diagnosis. In a recent
cohort study of extremely preterm infants
with BPD-PH, suprasystemic pulmonary
artery pressures were associated with worse
survival (hazard ratio, 6.46; 95% CI,
1.86-22.44; P=0.003) when compared with
infants with subsystemic or systemic level
pulmonary artery pressure (26). Prior
investigations, further classifying BPD-PH
severity with cardiac catheterization, have
similarly related the severity of BPD-PH to
the probability of survival (31). However,
echocardiography has limited ability to
characterize the severity of pulmonary
hypertension compared with cardiac
catheterization (5). Of the infants who died
only in the present cohort at the time of
BPD-PH diagnosis, only one was diagnosed
with severe disease (8%), and 10 infants
(77%) had either mild disease or severity
that could not be estimated. Further
validation studies may support the use of
IH characteristics as a continuous,
noninvasive biomarker for death in infants
with BPD-PH.

Timely detection of BPD-PH using IH
characteristics may confer therapeutic
opportunities in this high-risk population.
Although 33% of cases died in the present
study, 44% of infants had BPD-PH
resolution suggesting that BPD-PH
trajectory, though severe in some patients,

may also be modifiable. Prior animal
investigations have demonstrated that
chronic IH exposure followed by normoxic
recovery may reduce pulmonary vascular
remodeling (32). This is currently supported
by recommendations from the American
Heart Association to maintain oxygen
saturations of 92-95% in infants with BPD-
PH (4). If IH characteristics confer real-time
detection of BPD-PH, monitoring for
attenuation of these same IH metrics may
similarly provide clinicians with a novel
measure of therapeutic use.

There is currently limited evidence for
therapeutic strategies that either prevent
BPD-PH or improve outcomes in infants
with established BPD-PH. Moreover, meta-
analyses of pulmonary vasodilators,
including oxygen saturation targeting and
inhaled nitric oxide, have not specifically
assessed the impact of these therapies on
BPD-PH (33, 34). The use of sildenafil is
associated with improvement in BPD-PH
but does not improve survival (35).
Although the present analysis suggests that
prolonged hypoxemic events may predict
BPD-PH, the impact of event reduction on
outcomes remains to be studied. Regarding
other plausible therapeutic opportunities to
prevent BPD-PH development, the
proportion of infants with a PDA differed
between infants with and without BPD-
PH and by survival status among infants
with BPD-PH. Should evidence support a
PDA as mechanistically contributory to
BPD-PH pathogenesis, the clinical decision
for PDA closure should first consider
temporary occlusion to determine the
hemodynamic implications of permanent
closure (4).

Strengths of this study include a
relatively large cohort of extremely preterm
infants with established BPD-PH for which
high-fidelity physiologic measurements
were available. This not only enabled
case:control comparisons but also regression
modeling to account for anticipated
differences in baseline characteristics.
Although data were prospectively collected, it
was retrospectively applied to infants with
established BPD-PH. Whether prospective,
continuous application of IH characteristics
to infants at risk for BPD-PH can provide
earlier detection remains to be studied. In
addition, the interaction between IH
characteristics and BPD-PH is limited to
association. Whether IH physiologically
contributes to BPD-PH pathogenesis or is a

905



result of existing disease could not be
evaluated. The accuracy of pulse oximetry
may also be limited at the lower saturation
strata used in this investigation, as reported
previously (36). Lastly, validation of these
findings by other centers will be needed
before broader diagnostic application.

Conclusions
In this case-control study comparing
extremely preterm infants with BPD-PH

to infants with BPD but without
pulmonary hypertension, the average
duration of each event but not the
frequency or cumulative duration of IH
events differed between cases and control
subjects. However, the discriminating use
of these findings was not significant after
adjustment between cases and control
subjects and only differed by survival
status within cases. Given the limited
ability of clinicians to predict disease

severity and monitor the impact of
therapeutic strategies in limiting BPD-PH
severity, defining IH characteristics in
individual infants may permit a range of
applications for the detection and
management of PH in this high-risk
population on further validation in an
independent cohort.

Author disclosures are available with the
text of this article at www.atsjournals.org.
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